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Executive Summary

This report is an initial State-of-The-Art (SOTA) literature review in the MAGIC WP (Work Package)
dedicated to synthetize the knowledge on cementitious materials evolution in radioactive waste
geological disposal conditions.

The European Union (EU) member states (MS)’ disposal contexts are not considered in the present
report. Existing previous SOTA reports are listed in this document.

This SOTA has the following objectives:

1) Sharing a collective overview of the main disturbances, from the nanoscale to the macroscale,
in terms of chemistry (with consequences on transport) but also in terms of mechanics and
microbial activity, which will prevail for concrete structure emplaced in clayey and crystalline
environment;

2) Identifying the limitations and gaps especially for chemo-mechanics modelling but also for
microbial impact in representative conditions, in order to update more precisely the perspectives
and adapt the road map of MAGIC’s WP.

MAGIC’s participants contributed to the different SOTA chapters’ writing. The structure is divided in four
parts: Part 1 is a synthesis of key processes controlling the evolution of chemical and transfer properties
of cementitious materials placed in deep disposal environments. Due to the numerous previous SOTA
on this topic, especially on the chemical evolution of concrete in saturated environment, this part focuses
on the key reactive pathways identified in previous studies. The multiscale mechanical behaviours
related to the disturbances imposed in geological disposal environments is detailed in Part 2. Part 3
highlights the existing knowledge on the chemo-mechanical (C/M) modelling approach on concrete.
Finally, the influence of microbial activity on the chemo-mechanical behaviour of concrete is detailed in
Part 4.
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General introduction

In many radioactive waste disposal concepts, cementitious materials are widely used, for example as
structural support material for access galleries and disposal drifts or cells (e.g., concrete/shotcrete), as
well as grouts/mortars used as containment material for low and intermediate level wastes (Neeft et al.
2020). Thus, these cementitious materials can be in contact with both, the host rock clay or granitic
formation as well as bentonite components (NEA, 2012; Neeft et al., 2020; Szab4-Krausz et al., 2021).
Concretes, mortars and grouts are used for structural and isolation purposes in high-level and low-
intermediate level radioactive waste repositories. Cement-based materials are envisaged for a large
number of disposal facilities for intermediate level wastes across Europe and are already used as liners
in disposal cells or as part of waste containers in many member states’ existing facilities for low-level
waste / near-surface disposal. Extensive feedback on the durability of concrete is available from the vast
experience in civil engineering. However, a specific approach during the design and construction of a
repository in terms of stringent safety requirements is of key importance. In addition, further
understanding is required to support their use as a backfill material for high level wastes in geological
disposal, particularly to understand their contribution to the overall system performance during late post-
closure time frames.

The mechanical behaviour of cementitious materials is strongly influenced by the boundary conditions
imposed by the geotechnical system and the host rock (i.e. water saturation, temperature, etc.), during
both the operational phase and the post-closure transient period (period with saturation progress). To
assess the performance of the cementitious components, studies must be extended over long periods
of time, considering various operating conditions. Cementitious materials are planned to be used as
disposal barriers (i.e. buffer, plugs), as conditioning materials (waste packages and waste matrices) and
as structural elements. These multiple uses require further understanding of their long-term behaviour,
taking into account the mechanical initial state and including the impacts of all relevant physical and bio-
geochemical processes (e.g. microbes) on their degradation. Furthermore, over the long term, ground-
and pore-waters, with aggressive chemical ions, are a key driving factor for cementitious materials
deterioration. The mineralogical and microstructural changes generated by these aggressive
environments might have consequences on the mechanical behaviour of the cement matrix.

The HORIZON 2020 European CEBAMA project studied the long-term safety of cement-based materials
in nuclear waste disposal applications and the ability to build complex components for the engineering
barrier system (i.e. buffer). It focused mostly on the chemical degradation of cementitious materials in
contact with other geotechnical barriers or components with different composition (i.e. bentonite, host
rocks) in representative environments of geological disposal. Plugs and seals (building and physical
behaviour) was the purpose of yet another European project named DOPAS.

The present document is a state-of-the-art (SOTA) review of the chemo-mechanical behaviour of
cementitious materials exposed to various representative disturbances including the microbial one, for
use in deep geological nuclear waste repositories. Two types of host rocks are considered in the present
document, i.e. the clayey and the crystalline rocks.

The first main objective of this SOTA review is to share a collective overview of the main
disturbances which will prevail for concrete structure emplaced in clayey and crystalline
environments. It considers all relevant scales (from nano to macro) in terms of chemistry
(processes, nature of mechanisms and extension with time) but also in terms of mechanics and
microbial activity. The second main objective is to identify the limitations and gaps especially for
the coupled chemo-mechanical modelling but also for microbial impact on the chemo-
mechanical behavior in representative conditions, in order to update more precisely the
perspectives and adapt the road map of the MAGIC WP.

To reach this level of knowledge, the SOTA is structured in four parts allowing a progressive increase
in complexity from the chemical consideration to the mechanical one and their coupling, without
forgetting the consideration of a disturbance (microbial activity) rarely tested.
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The first part of this document is dedicated to a synthesis of key processes controlling the
evolution of chemical and transfer properties of cementitious materials placed in deep disposal
environments. The SOTA of CEBAMA and of the CORI WP (EURAD) and numerous review papers
already focused on these literature aspects. Thus, Subpart 1.1 is dedicated to the interactions in
unsaturated conditions representative of the operational period in disposal facilities. A detailed review
of existing literature is developed. It mainly focuses on the carbonation processes of materials based on
highly blended cements (i.e. low hydration heat/ low-pH cements) and Portland cements and its
consequences on rebars corrosion. The Subpart 1.2, dedicated to identify the chemical evolutions of
cementitious materials in saturated conditions, was summarized and only the key mechanisms
considered useful for MAGIC’s WP remain in this part. The Subpart 1.3 offers a feedback on reactive
transport modelling applied to cementitious materials emplaced in deep repositories in saturated and
unsaturated conditions. It also considers the pore scale approach and try to list the current limitations
and perspectives in this field.

The second part is focused on the multiscale mechanical behaviour related to the disturbances
imposed in geological disposal environments. Subpart 2.1 lists the main mechanical constraints
applied to concrete in geological disposal conditions (including natural loading of the host rock) to
consider in the MAGIC WP. Subparts 2.2 and 2.3 provide a review of key studies on concrete
mechanical behaviour at the nano/mesoscale and meso/macroscale. Both subparts consider
experimental and numerical studies.

The third part concerns the core of MAGIC’s WP with a review of the existing knowledge on the
coupled chemo-mechanical (C/M) modelling of concrete. Subparts 3.1 and 3.2 deal with the chemo-
mechanical modelling at the pore/microstructure scales in saturated and unsaturated environment and
at the macroscale, respectively. Subpart 3.3 synthetically suggests a discussion on the limitations and
gaps identified in this field.

The fourth and last part is dedicated to the influence of microbial activity on the chemo-
mechanical behaviour of concrete. By considering other environments, such as concrete emplaced
in sewage pipes or used for marine structures, subpart 4.1 provides a knowledge synthesis of the
microbial impact on cementitious materials. Subpart 4.2 is dedicated to an assessment of microbial
populations likely to be encountered in geological disposals and potentially problematic for concrete
structures. If the studies as part of geological disposal including concrete degradation due to microbial
activity are scarce, subpart 4.3 details the preliminary experiments (in previous project) and results
relative to biodegradation of cementitious materials. Subpart 4.4 identifies gaps to study the concrete
durability in relation to bacterial activity in the repository context.

Due to the large existing SOTA on concrete degradation (CEBAMA SOTA — Vehmas and Holt, 2016)
detailing the context on concrete in geological disposal, the present document will not cover the
formulation and chemistry of concrete planned to be used in the geological disposal and the repository
concept already reviewed in the CEBAMA initial SOTA.

This deliverable constitutes a basis for the work to be carried out in MAGIC’s WP, in terms of
experiments and modelling. MAGIC'’s participants contributed to the SOTA different chapters’ writing.
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1. Synthesis of key processes controlling the evolution of
chemical and transfer properties of cementitious materials
placed in deep disposals environments

The following part highlights the key reactive mechanisms identified in the cement/disposal environment
interactions. The objective is rather to have an overview of the mechanisms that may play a role on the
mechanical behaviour dealt within MAGIC’'s WP than to have a detailed description of the reactivity
(already existing in the CEBAMA SOTA, see Vehmas and Holt, 2016). This synthesis is divided in three
parts. The first one focuses on unsaturated conditions. The second one is dedicated to the key
processes experimentally observed when cementitious materials are placed in saturated environment
(directly with the rock or a representative groundwater)., while the last part is dedicated to the reactive
transport modelling of cementitious materials under both conditions.

1.1 Interaction of cementitious materials in unsaturated
environments representative of the evolution during the operation
of a geological disposal facility

LMDC, LamCube, ANDRA

During the 120-year operational phase of the waste disposal facility, the concrete in the industrial centre
for geological disposal (Cigéo) will be subjected to a period of ventilation in order to ensure safe
operation and to remove the heat from the exothermic wastes (Trotignon et al., 2011). Ventilation will
lead to 'dry' air conditions (relative humidity of around 50% considered in the calculations) and thus to
desaturation of the concrete, which will promote the atmospheric carbonation process.

1.1.1 The carbonation process

Carbonation is a natural phenomenon due to the dissolution of carbon dioxide from the air into the
interstitial solution of the cementitious material. Under the effect of a concentration gradient, atmospheric
carbon dioxide diffuses into the pores of the concrete and dissolves in the interstitial solution to form
calcium carbonate CaCO5 from portlandite Ca(OH), and other calcium-bearing cementitious minerals.

Carbon dioxide is a gas present in the atmospheric air at about 0.04% by volume fraction. When this
gas is in contact with an aqueous solution, carbon dioxide dissolves in the solution to form carbonic
acid H,C0; according to Henry’s law.

The reactions of the dissolution of C0O, in water are written below:

CO, + H,0 » H,CO4
H,CO; + H,0 - HCO3 + H;0% 1-1
HCO3 + H,0 » CO%~ + H;0%

The molar fractions of carbonic acid H,C0;, hydrogen carbonate HCO3; and carbonate ion CO5~ at
equilibrium as a function of pH are given in Figure 1-1 (recovering from the thesis of Thiery, 2005).
At 20°C, for a pH above 10.3, the ion €05~ predominates, and for pH between 6.3 and 10.3, HCO; is
instead the predominant ion. Then, during the carbonation process, the pH of the interstitial solution of
concrete decreases from a basic value around 13 to a value below 9. For this reason, the separate
predominance interval has an important impact on carbonation.
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Figure 1-1: Molar fraction of H,CO5 , HCO3, CO%~ (Thiery, 2005)

The CO: penetrates concrete by gaseous diffusion through the pores or through cracks. It then reacts
with the hydrated cement paste fraction of concrete. This chemical reaction, called carbonation,
transforms the hydration products, particularly portlandite, into calcium carbonates.

1.1.1.1 Carbonation of portlandite

During the hydration of cement paste, the clinker phases (C,S and (;S dissolve to form
portlandite: Ca(OH),. Portlandite is the fastest carbonating hydrate, and its carbonation affects the pH
of the pore solution. The pH of the pore solution remains at about 12.5 until portlandite is exhausted.
The dissolved CO0, in the interstitial solution decreases the pH by using the ions hydroxyl OH~. To restore
the basicity of the pore solution, portlandite dissolves according to the following equation:

Ca(OH), & Ca** + 20H" 12

Thus, the calcium ions released precipitate with the carbonate ions €05~ to form the calcium carbonate
according to the reaction:

Ca** + C0%™ - CaC0y 1-3

In a simplified approach, the reaction mechanism of carbonation of Ca(OH), is synthesised by the
following heterogeneous chemical reaction:

Ca(OH), + CO, — CaCOs + H,0 1-4

1.1.1.2 Carbonation of Calcium silicate hydrate C-S-H

Other hydrated compounds are also susceptible to carbonate (Berner, 1992; Bary and Sellier, 2004;
Hyvert et al., 2010; Kangni-Foli et al., 2021). The calcium silicate hydrates (C-S-H) resulting from the
hydration of C,S and C;S, carbonate to form calcium carbonate, silica gel and water according to the
following reaction:

Ca0,(Si03)y(H,0), + xH,C05 - xCaC03 + ySi0,.tH,0 + (x —t+2z)H,0 1-5

After total portlantdite carbonation, atmospheric carbonation results in neutralization of calcium silicate
hydrates. The decrease in the C/S ratio of C-S-H has long been demonstrated on C3S or CEM | pastes,
indicating a non-congruent dissolution of C-S-H to calcite formation (Groves et al., 1991; Richardson et
al., 1993; Al-Kadhimi et al., 1996). In the case of blended cements, C-S-H are also strongly altered and
decalcified in the same way after natural and accelerated carbonation (Auroy et al., 2018).

The carbonation of C-S-H affects the microstructure of the cement pastes and modifies its physical and
mechanical properties. Therefore, this process has to be taken into account in models predicting
carbonation.
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Usually, the depth of carbonation of mortar or concrete is measured experimentally after wetting the
fresh surfaces and spraying with a phenolphthalein solution. The phenolphthalein solution reveals the
interface between the healthy zone with a pH higher than 9 and the carbonated zone where the pH is
below 9: its pink colouring becomes colourless upon contact with the carbonated zones (Hyvert, 2009).
PR

41 Progression of carbonation

Front of
carbonation

Progression of carbonation

Figure 1-2: Carbonation front of a mortar cement CEM Il detected by phenolphthalein pulverisation
after 211 days of accelerated carbonation with 10% CO2 content (Hyvert, 2009).

Many studies show that the kinetics of carbonation depends on the cement type for different partial
pressure of carbon dioxide (e.g. Hyvert et al., 2010). For CEM Il (clinker and limestone filler) and CEM Il
(clinker and slag) cement paste, where the quantity of portlandite is less than that of CEM | (Portland
cement), the depth of carbonation is more important. From a kinetic point of view, the reactivity is the
same. For blended cement pastes fixing less carbonate, the depth of carbonation is for a given time
greater because the amount of reactive calcium for carbonation is lower and the CO:2 penetrates deeper.
The analysis involves mass balance calculations. This effect can be reproduced by an empirical model
proposed by Hyvert et al. (2010) which allows identifying the depth of carbonation for different partial
pressures of carbon dioxide by taking into account the quantities of carbonatable elements of the
hydrated cement. This model is validated through the experimental results Figure 1-3.
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Figure 1-3: Evolution of carbonation depth for different carbon dioxide content (Hyvert et al., 2010).

Progress of carbonation fronts is known to depend on gas diffusion and relative humidity (Steiner et al.,
2020; Russell et al., 2001; Leemann and Moro, 2017; Winter, 2009; Ashraf, 2016) and is fastest for
relative humidity between 60-80%. Under such conditions, the concrete is de-saturated to such a degree
that relatively fast diffusion of atmospheric CO: is possible and still enough water in contact with the
cement phases exist to allow dissolution of reactants.

Experimental investigations show that carbonation fronts are not sharp (Parrott and Killoh, 1989; Thiery
et al., 2007), which is in part attributed to the influence of chemical reaction kinetics (Morandeau et al.,
2014; Thiery et al., 2007). The role of the ratio between the characteristic time of carbonation reaction
to a characteristic diffusion time was discussed for example by Muntean et al. (2011). In general, if the
characteristic time for reaction is much longer than the time for diffusion of CO2, then the size of the
reaction zone is small, compared to the progress of the reaction front. This case leads to a reduction of
porosity due to carbonation and is frequently observed for OPC-based materials (Meier et al., 2007;
Muntean et al., 2011).

A study carried out on cement pastes highlights the influence of the cement type and the temperature
on the depth of carbonation with time. The results underline the accelerating effect of temperature by
thermoactivation of transport and retrograde solubility of calcite with temperature (the higher the
temperature, the lower the solubility; Drouet et al., 2019).
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1.1.2 Consequences of carbonation

1.1.2.1 Microstructural impact

The carbonation process modifies the microstructure and the mineralogy of the cement paste by the
dissolution of CH, decalcification of C-S-H and formation of calcite. The total porosity of cement paste
decreases by filling the pores with calcite (Figure 1-4). This decrease is greater for low W/C ratio (Houst,
1993; Thiery, 2005). Experimental studies have shown (Ngala and Page, 1997; Bary and Sellier, 2004;
Hyvert et al., 2010; Kangni-Foli et al., 2021) that the reduction in porosity is due to the carbonation of
not only portlandite but also of other hydrates. Then, the chemical zoning of the carbonation process
can be simplified by four main zones (Bary and Sellier, 2004):

e Zone 0: it corresponds to the sound material;

e Zone 1: CH is dissolved linearly; also, the other hydrates (C-S-H, AFt, AFm) start to react, and
calcite precipitates;

e Zone 3: CH and the aluminates are totally carbonated, the C-S-H is present with C/S ratio
between 0.85-0.90;

e Zone 4: it corresponds to the area where all the carbonatable calcium is carbonated and
precipitates as calcite.

From a mechanical point of view, the densification induced by CaCOs precipitation improves the
mechanical properties (increase in strength and modulus) (Jerga, 2004; Ahmad et al., 2017; Merah and
Krobba, 2017; Zhang et al., 2020) but also tends to make concrete more brittle (Merah and Krobba,
2017; Tschegg et al., 2011; Xiao et al., 2022). The main drawback is carbonation shrinkage (Jerga,
2004; Verbeck, 1958; Swenson and Sereda, 1968; Suda et al., 2019) and the consequent (micro-)
cracking (Auroy et al., 2018; Borges et al., 2010; Auroy et al., 2015; Wan et al., 2014). Carbonation
shrinkage appears to be due to C-S-H decalcification and silica polymerization (Swenson and Sereda,
1968; Chen et al.,, 2006; Kangni-Foli et al., 2021) and the combination of carbonation and drying
shrinkage is the main reason for (micro-)cracking.

Carbonation then generates two adverse effects: (1) porosity reduction that tends to decrease the
transport properties, and (2) shrinkage and (micro-) cracking that tends to increase them knowing that
this phenomenon is less significant on a concrete scale than a cement paste scale. The opposing results
about the consequences of carbonation on transport (either increase or decrease in transport properties
after carbonation) highlight the competition between these two adverse effects that depends on the initial
mineralogical composition of the cementitious material that is carbonated (Auroy et al., 2015; Kangni-
Foli et al., 2021; Dutzer et al., 2019).
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Figure 1-4: Distribution of pores sizes of a cement paste W/C=0.4 (Houst, 1993)

1.1.2.2 Corrosion of reinforcement due to carbonation

In the Cigéo context, reactive transport models have been used to simulate atmospheric carbonation of
intermediate-level long-lived radioactive waste (ILW) concrete packages (Thouvenot et al., 2013).
Based on the portlandite and calcite fronts, the results show that the concrete alteration is about 2 to 3
cm over a period of 100 years. This depth of carbonation is in practice compared to the thickness of the

r 2l

EURAD (Deliverable n° 16.1) - MAGIC - T1 - Initial State of the Art on the chemo-mechanical
e UL . evolution of cementitious materials in disposal conditions

onradioscemeneongemen. DiSSEMINAtion level: PU

Date of issue of this report: 09/11/2022 Page 20




eu

EURAD Deliverable 16.1 — MAGIC - T1 - Initial State of the Art on the chemo-mechanical evolution of
cementitious materials in disposal conditions

concrete cover, in order to assess the risk of coupling with the corrosion process of the steel
reinforcements.

e Process of corrosion

Steel corrosion is one of the main factors in the degradation of reinforced concrete structures. In the
case of reinforced concrete, corrosion is due to an electrochemical reaction of steel, and an ion transfer
occurs at the interface.

Aqueous corrosion is the result of two simultaneous electrochemical reactions:

The dissolution of the metal in contact with water by an anodic process (oxidation of iron):
Fe — Fe?* + 2e~ 1-6

The cathodic process is represented by consuming the electrons released from the anodic reaction in
the presence of oxygen:

0, + 2H,0 + 4e~ — 40H"~ 1-7

The products of the two half-reactions react with each other to form an insoluble ferrous hydroxide,
which is then transformed to the more stable hydrated hydroxide, according to the reactions below:

Fe?* + 20H™ - Fe(OH),

1

Figure 1-5 illustrates generalised corrosion in the very simple case of a metal which, in the presence of
water and oxygen, oxidises with oxide formation. In the case of deep geological disposal, the
environment tends to reach anoxic conditions, so water plays the role of oxidant (Figure 1-5). The layer
of corrosion products formed is heterogeneous and consists of Goethite, Maghemite and Ferrihydrite.
(Poupard et al., 2006; Dehoux et al., 2015) The phenomenology of agueous corrosion can be relatively
complex, since, depending on the environmental conditions, the formation of sulphur, carbonate,
chloride or silicate compounds is possible.

¥ 0, +H,0+2 e-—» 2 OH

OXIDES LAYER
Xe-

e M M +ne- |
——

2H,0+2e-—>H, +20H

OXIDES LAYER

METAL

€Y (b)

Figure 1-5: Aqueous corrosion: oxide formation on the surface of a metal in an aerated (a) or anoxic
conditions (b).

e Condition of corrosion:

The stability of a metal in water depends on the pH of the solution and also on the electrical potential of
the metal compared to the solution. The diagram of Pourbaix (1963) divides into zones the state of iron
according to the pH and potential (Figure 1-6).
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Figure 1-6: Potential-pH simplified diagram for iron at 25°C (Pourbaix, 1963) (Diagram only valid for a
given dissolved Fe concentration in aqueous solution)
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The interstitial concrete solution has high alkalinity, but during carbonation and dissolution of Portlandite,
the pH decreases to a value below 9. In the presence of water and oxygen, the electrical potential of the
reinforcement drops to negative values, which leads to the depassivation of reinforcement bars, and it
finds itself in a corrosion zone. The pathology that appears is generalised corrosion leading to a
progressive reduction of the reinforcement section, which causes a loss of bearing capacity of the
reinforced concrete elements. In addition, the formation of expansive corrosion products applies
pressure on the concrete surrounding the reinforcement. This pressure is often sufficient to cause
concrete cracking and then the concrete cover to burst. Corrosion also leads to a loss of steel ductility
and a reduction in bonding between concrete and steel, with an effect on the structural behaviour of the
structure (Zhu et al., 2017).

e Kinetics of corrosion

Different approaches exist to model the corrosion rate of concrete reinforcement. In the case of
reinforced concrete, corrosion is driven by oxygen diffusion, which is one reason for the importance of
the concrete cover. Hence, the modelling of corrosion kinetics is based on a material balance where the
consumption of a species drives the corrosion reaction and its rate (Huet, 2005; Millard and L'Hostis,
2012). The following model proposed by Millard and L’Hostis (2012) considers different parameters
influencing the corrosion process. In Equation 1-9 the corrosion rate V,,..(x,t), depends on the
availability of oxygen in terms of oxygen concentration [0,](x, t); it also depends on the water saturation
rate at the interface S, (x, t), the porosity ¢ and the kinetics of the chemical reaction K. Mg, represents
the molar mass of iron and pg, its density :

Mg,
K.9.5.(x, ). [0,](x, 1) 1-9

Fe

4
Veorr (x, ) = 3

Eq 1-9 model is especially valid in the operational phase (dry and carbonated concrete) for an already
depassivated steel with corrosion products already formed.

The above model is applied to a concrete slab that contains a rebar shown in Figure 1-7, the point
closest to the external atmosphere is called Pext and Pint is the point at the internal part of the slab. The
corrosion rate is measured as the layer of corrosion produced at the interface that causes deformations
in the concrete over time. The results obtained show that oxygen is the main factor that affects the
corrosion kinetics (Figure 1-7), where the kinetics is 40% higher in the area exposed to atmospheric air
(Pext). As a results, the deformed shape of the corrosion layer is not uniform around the rebar interface
(Figure 1-7b).
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Figure 1-7: (a) Average corrosion kinetics (um) after one year, (b) Deformed shape of corrosion layer
after one year (Millard and L'Hostis, 2012)

A sufficient concrete cover delays, minimizes and sometimes even prevents oxygen reaching the steel
bar. A sufficient concrete cover has been defined for a wide range of exposure environments in EN 206.
The available knowledge has been translated into practical executable requirements European codes
such as EN 206. The corrosion rate of steel is minimized if steel is exposed to a reducing, alkaline
conditions since a passivation layer on the steel surface that limits corrosion is stable at these chemical
conditions. Water is used then as an oxidant instead of oxygen during anaerobic corrosion of steel. The
corrosion rate becomes equal to the dissolution rate of the precipitated iron if the steel is passivated.
Consequently, there is no volume increase of the iron precipitating products at the rebar. The stress
intensity between the rebar and surrounding concrete is then too small for spallation of concrete. The
dissolution rate of iron highly depends on the presence of minerals that can uptake iron by chemisorption
or the formation of a solid solution with iron. The kinetics of this iron uptake by cementitious minerals,
as well as the impact of the concrete strength by this iron uptake, are unknown.

1.2 Cement interactions in saturated environments representative
of post-closure evolution in geological disposal

A part dedicated to the presentation of porewaters composition is included in Appendix A in support to
the next development.

1.2.1 Geochemical evolution of cementitious materials exposed to
geological disposal environment

1.2.1.1 Context and boundary conditions
ANDRA, GRS, FZJ

Cement/clay interaction has been intensively investigated in the framework of radioactive waste disposal
(Bildstein et al., 2019; Seigneur et al., 2019; Wilson et al., 2021; Gaucher and Blanc 2006; Savage et
al., 2020; Idiart et al., 2020; Marty et al., 2015; Jenni and Mader, 2021; Gonzalez-Santamaria et al.
2020b; 2020a). Within the context of deep geological disposal, these interactions have been investigated
for more than three decades by means of laboratory and in situ experiments, studies on natural and
industrial analogues, and reactive transport modelling. Comprehensive reviews on various aspects of
these interactions have already been published in the past decades (Metcalfe and Walker, 2004;
Michau, 2005; Gaucher and Blanc, 2006; Savage et al., 2007; Savage, 2009, 2011; Sidborn et al., 2014;
Dauzéres, 2016; Claret et al., 2018; Savage and Cloet, 2018; Bildstein et al., 2019, CEBAMA, 2019).
All details relative to the previous studies are covered in these studies and especially in the CEBAMA
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EC project achieved in 2019. As part of the MAGIC WP, the main objective is to identify the key chemical
reactive processes, which will play a role in the mechanical evolution of cementitious materials. For this
reason, the present part will summarize the key reactive pathways that may have an impact on the long-
term evolution of various concretes in contact with representative clayey environment, in order to drive
the future studies in the WP.

During the operating period and the initial post-closure period, the geochemical processes in the
repository will be dominated first by a drying transient (in situ elements and the host rock in contact).
During this period, tunnels are connected to the surface atmosphere, which will control the atmosphere
parameter in the underground facility (pressure, humidity, O2/CO2 partial pressure,...). These conditions
will lead to a loss of water (drying of all the materials) and oxidation of reduced species, especially of
chemically reduced minerals such as pyrite (FeS2) present in clay rocks, leading to an acidification of
the pore solution and a mobility of sulphate ions. The oxidising conditions prevailing during the operating
period and few years after, will change to reducing conditions once the reduction of the entrapped
oxygen is completed. These conditions may have a potential impact on the microbial activity. In the
longer term, the post-closure period leads to a progressive resaturation of the concrete structures in
contact with the clay host rocks. The process kinetics depend on the site location, the structure design,
the hydraulic state and evolution. The cementitious materials of the structures will be exposed to in situ
porewater after a very long period of partially water saturated condition.

Underground concrete structures are in chemical imbalance with the geological media, especially clay
host rocks (i.e. COx, OPA, Boom clay). The strong (geo-) chemical differences between cement and
clay materials causes solute transport and chemical transformation in both materials, leading to the
formation of alteration fronts. Concrete will therefore chemically change over time according to the
expected chemical reactions, and according to the chemistry of the geological medium. These chemical
degradations are coupled and their extension is highly dependent on boundary conditions and other
types of perturbations, especially mechanical loadings and steel reinforcement corrosion. Also the
temperature in the underground repository may range from about 18 to 50 °C depending on the location
(localization and depth of the host rock). A short-term temperature rise in the host rock, in the range of
5to 10 °C due to hydration of cementitious materials, is expected to have a negligible effect on chemical
or physical processes. Cement formulations will be adjusted to have low temperature increase during
the setting period (e.g. massive concrete plug).

Cementitious materials are employed for various purposes also in waste repositories in crystalline
(granitic) rocks (Neeft et al., 2020). For example, the disposal tunnels are sealed with concrete end
plugs to ensure mechanical and hydrological isolation of different compartments. In the Finnish final
repository for HLW (i.e., spent nuclear fuel), several thousand tons of Ordinary Portland Cement (OPC)—
based grouts, shotcrete and rock bolt mortars will be present in structural applications and for sealing of
fractures. Also, in the LLW repository in Finland (as the SFR for LILW in the Swedish repository),
isolation is achieved by a combination of cementitious barriers and the granitic host rock (Leivo, 2021).
Processes occurring at the interface of cement/mortar/concrete and granite can change both the
properties of the cementitious material and the granite at the interface.

In general, cement-based materials used in the groundwater environment are fundamentally unstable
in a long-term perspective, due to thermodynamic disequilibrium with their environment. Thus, concretes
and cementitious materials/barriers used in geological disposal facilities in crystalline or clay rocks will
inevitably change (close to the interface) their mineralogical, chemical and physical properties in the
long term, both as a consequence of recrystallisation and chemical interactions with their environment.
With respect to the long-term evolution of cementitious materials at the interface to granitic/crystalline
rock, interactions are mainly related to the contact with the groundwater present in the bedrock.
Generally, groundwaters in granitic rocks can exhibit a wide range of chemical characteristics ranging
from lowly mineralised waters (representing, e.g., also glacial meltwater) to higher saline brackish or
marine waters, or basement brines, depending on repository site and depth. The processes occurring
in the cementitious materials in a repository due to the contact with granitic groundwaters depend on
the local environmental conditions (in particular the groundwater composition) and comprise the typical
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processes described in detail in the respective literature in the context of the performance and
degradation of cementitious construction materials in the subsurface (Taylor, 1997; Hewlett, 1998).

Whether in a clayey or granitic environment, the main degradation processes are the following:
e Removal of alkalis and partial neutralization leading to decalcification;
e Carbonation;
e Attack by aggressive species (e.g., magnesium, sulphate, chloride).

Alkali-silica reaction is not directly related to the interactions of concrete with clay or crystalline rock.
Instead, it is an intrinsic reactivity of concrete and is therefore not considered in the following sections.
Deleterious alkali-silica reactions can be prevented with a proper choice of cement and aggregates to
manufacture concrete.

Typically, dissolution of cement hydrates and clay phases are observed in combination with precipitation
of secondary mineral phases at or near the material interface. The thickness of the altered layers depend
on the transport regime (diffusion vs. advection) and the magnitude of solute concentration gradient, as
well as changes of porosity and transport properties of altered materials. Some experimental studies
and nearly all reactive transport calculations of cement/clay interactions show significant porosity
changes due to precipitation/dissolution of minerals on both sides of the interface. Most of the modelling
studies investigate the geochemical evolution of interfaces in low permeability media where diffusive
transport dominates. They calculate a strong porosity reduction in narrow zones. The clogging of the
pore space leads to a strong decrease of transfer properties across the interface, which significantly
slows down the geochemical alteration processes in the long term.

Benchmarking studies related to cement/clay interaction were conducted by Marty et al. (2015) and
Idiart et al. (2020). In general, the results obtained with different numerical codes agree well with each
other. This shows that differences in predictions by numerical simulations are caused mainly by the
modelling assumptions in terms of primary and secondary mineral phase selection, kinetic constraints,
and which type of coupling between transport and chemical processes is assumed. A benchmarking
study specifically on the coupling between chemical and transport processes with respect to porosity,
tortuosity and permeability evolution was conducted by Xie et al. (2015). It is concluded that the results
do not depend on the reactive transport code used and the simulations are shown to be robust.
In addition, 2D modelling allows local differences in porosity and mineralogical assembly to be taken
into account, which leads to a better agreement between the codes compared to the 1D modelling
problem despite the increase in complexity.

1.2.1.2 Cement analogues

Natural analogues provide answers to complex problems such as the evolution of materials in
underground disposal sites. Analogues can help identifying the key mechanisms to consider in modelling
and provide information on the boundary conditions of the system over very long periods.

Characterising the archaeological cements of Pompeii and the concretes of a uranium mine lead to
select the main alteration factors such as the migration of carbonate and sulphate ions, but also the
saturation degree of the material (Rougeau, 1994). Hodgkinson & Hugues (1999) studied 1800-year-
old Roman mortars from Hadrian's Wall. These authors highlight the role of CO2 gas and carbonated
water in the evolution of the cementitious materials. The initial C-A-S-H seems not to have changed
significantly at low temperatures and appears preserved from carbonation in some cases. However, Si
enrichment of the C-A-S-H is visible on contact with the flints. Calcite precipitation is abundant in
Hadrian's Wall mortars. Analysis of the cement used to bind the stone blocks of the Hadrian’s Wall
shows some similarity to Portland cements as they contain calcium silicate hydrates. This is a qualitative
indicator of the good stability and durability of modern cements (Miller et al., 2000). The study of Gallo-
Roman cements older than 1500 years confirms long-term stability of the cementitious material as long
as no major physical disturbances occur. C-S-H shows a low C/S ratio supporting the stability
calculations with time (Thomassin et Rassineux, 1992). The condition of Roman concrete exposed for
two thousand years to a marine environment provides information on the durability of pozzolanic
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materials. This particular case cannot be extended to the different types of cements and is valid under
specific curing conditions (Vola et al., 2011). The cementitious matrix decomposes into C-A-S-H, calcite,
tobermorite and sulfo-aluminates, illustrating the reaction products between hydrated lime and
seawater. Finally, a study of an unusual natural environment at Magarin, northern Jordan, suggests that
pH conditions within a deep geological repository may remain hyperalkaline for up to a thousand years
(Vola et al., 2011). The result comes from the analysis of alkaline waters generated by the dissolution
of a natural portlandite created by the natural combustion of a bituminous marl. Analogues are useful
information for designing models that predict the long-term behaviour of cementitious matrices.
However, the difficulty lies in the fact that the composition and initial state of the material are hard to
figure out. The studies within the MAGIC project therefore focus on the analysis of cementitious
materials in accelerated conditions and on analogues that are several decades old.

1.2.1.3 Key interactions of cementitious materials with clayey and crystalline rocks

Following processes dominate evolution of hydrated cement system (whatever the cement) in contact
with clay or crystalline environment:

The Hydrolysis/neutralization: The leaching describes processes that result in the dissolution
from the cement-matrix under a water flow. This leads to a loss of materials, dissolved in water
without a reprecipitation process. This phenomenon is relevant for porous cementitious materials,
which repeatedly are in contact with solutions (regularly submitted to a water flow), which are not
in equilibrium with the cement. The pore solution pH of sound Portland concrete is in a range of
12.5 to 13.2, so the neutral pH (between 7 and 7.8 for clay pore water) of the geological water
acts as an aggressive/acidic solution. The pH of the agressive solution influences the solubility
(Jantschik et al., 2018) of all minerals (Portlandite, C-S-H...). The chemical stability of all major
cementitious hydrates is highest in the pH range of 10.5 to 12.5. The hydrolysis of a cementitious
material starts with the neutralisation of the alkalis contained in the pore solution and then leads
to the neutralisation of the hydrates by dissolving the portlandite (CH), followed by calcium
aluminate phases (AFm/AFt) decomposition and finally the decalcification of the calcium silicate
hydrates (C-S-H). This results in a concomitant decrease of the pH of the pore solution. Initially,
dissolution of KOH and NaOH within the cement will form a pore water with pH ~13. The pore
water pH will then decrease to ~12.5 buffered by equilibration with portlandite (at 25 °C). This pH
will remain until all portlandite has dissolved, after which, pH will be controlled by equilibrium with
the incongruent dissolution of the C-S-H gel and will decrease down to ~10.5. The ultimate residue
(if all calcium is removed from the material) will consist essentially of hydrous forms of silica,
alumina and iron oxide. By this stage, the cement paste will be disintegrated.

In contact with water from geological formations for long periods of time, decalcification by
leaching, induces loss of mass and alkalinity. Leaching generally leads to an increase in porosity
and transfer properties in cementitious materials. Calcite reprecipitation during the neutralization
process generally leads to a decrease of the porosity and the transfer properties (see below the
carbonation paragraph). In an OPC, due to the crystalline structure and display in the hydrated
cement, C-S-H decalcification represents 1/3 of the increase in porosity against 2/3 for CH. The
effect on mechanical strength is not on the same order of magnitude, as the decalcification of
calcium hydroxides creates macroporosity and as a huge influence on the mechanical properties
while that of the C-S-H has a lower impact (Carde et Frangois, 1999).

Cementitious materials can be described with macroscopic chemical and physical states of
degradation (from sound to neutralized). The state of alteration is characterised by the total Ca/Si
ratio of the cementitious matrix, which progressively decreases under the effect of hydrolysis and
leaching. Leaching of alkalis and decalcification causes changes of many physical and
mechanical properties of cement-based materials such as porosity, elastic modulus, compressive
strength and creep. Leaching of concrete by percolating or flowing water can cause severe
damage, e.g., in dams, pipes or conduits, and is potentially important for the long-term evolution
of repository systems for nuclear wastes. Note that the calcium concentration difference between
Callovo-Oxfordian groundwater ([Ca?*] = 5.4 mmol/L) and the pore water of sound CEM | concrete
is lower than an order of magnitude (Sellier et al., 2011) and therefore less damaging in the long-
term than deionised water. Decalcification by leaching is envisaged when the dissolved
equilibrium calcium concentration of a cementitious material is higher than the equilibrium
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dissolved calcium concentration in clay. The dissolved equilibrium calcium concentration reduces
with the Ca/Si ratio (Berner, 1992) & Vehmas&ltala (2019). There are many host rocks whose
equilibrium dissolved calcium concentration in pore water is larger than the dissolved equilibrium
calcium concentration of a cementitious mineral, especially CSH-phases. In those circumstances,
decalcification by leaching is highly unlikely.

It is possible to study the chemical degradation of a cementitious material under laboratory
conditions by reproducing the underground conditions using an experimental device allowing CO:
regulation in order to impose a constant pH to the leaching solution (Dauzéres et al., 2014). Under
these conditions, the composition of the hydraulic binder influences the degradation reacting with
the COx pore water. The results show that the low hydration heat/low pH cement paste (37%
CEM | cement, 30% fly ashes and 33% silica fume) is strongly degraded leading to a coarser
porosity. By contrast, the degradation of the CEM | cement paste seems to be limited by the
precipitation of a calcium carbonate crust (see next paragraph) on the surface, which reduces the
exchange of soluble species and thus the degraded thickness. This illustrates the complexity of
multi-ionic degradation as blended cements are usually known for their better chemical
resistance. These results need to be verified under more representative conditions, i.e. for a
cementitious material directly in contact with the rock. At a concrete scale, accelerated ammonium
nitrate degradation of two “low heat of hydration and low pH” concretes clearly shows the interest
of blended cements (ternary blast furnace slag mix and ternary fly ash mix). The results from Bes
(2019) show that after 8 months of exposure to an ammonium nitrate solution concentrated at 6
mol/L, the decrease in mechanical properties is about 10% for low pH concrete compared to 60%
for CEM | concrete. The mechanical performance of low pH concretes changes in a similar way
to that of low pH cement pastes. For an equivalent degraded thickness, the mineralogical
structure of the zones degraded by an accelerated ammonium nitrate process appears to be
similar to deionized water degradation, therefore validating the use of this acceleration technique.
Compared to real disposal conditions, chemical degradation under water is a condition
maximising chemical degradation as the water supply is usually limited by the rock. In the context
of the interaction between low pH concrete and the “Konrad-solution”, the dissolution of C-S-H
seems to be relevant. C-S-H phases are instable in neutral and acid solution (Hagemann et al.,
2009).

Carbonation under water: Carbon dioxide (CO>) is an acid source after dissolving in pore water.
Neutralisation of the interstitial solution causes a re-equilibrium with the cement hydrates and
leads to their dissolution. Carbonation occurs when carbon dioxide dissolves in the pore solution
of cement paste, producing COs?%ions, which will react with Ca?* and produce CaCO3 (calcite) at
the expense of portlandite. Later, when portlandite has totally reacted, C-S-H is first decalcified
and later decomposed. Carbonation of a cementitious material under water leads to lixiviation by
decreasing the pH of the interstitial solution, which leads to the solution of calcium and hydroxides
(Badouix, 2000). This results in a reorganisation of the material in the altered layer (gradient) with
the formation of calcite and carbo-aluminates (Revertégat et al., 1997). The AFm and AFt phases
react with the carbonate anions and can form equivalent carbonate phases (e.g., thaumasite,
CasSi(OH)sS04C03-12H20). If pH is lowered further by addition of more carbon dioxide, these
initially formed carbonate species will decompose. The residues from complete carbonation of
cementitious materials are calcite, amorphous silica, hydrocarboaluminates and different Al- and
Fe-hydroxides. The pH value of the carbonated cement paste first drops to around 10 when all
portlandite is consumed and later to a pH around 8, when the other phases are decomposed.

These carbonation reactions are mostly happening at a slow rate and are expected to be
especially pronounced during the operational phase of the repository, when the cementitious
materials are partially unsaturated and in contact with gaseous CO-2 from the ventilated tunnels.
In later stages of repository evolution, carbonation reactions take place due to CO2 production
from degrading organic wastes or due to interaction with carbonate-rich groundwaters. Due to
microstructural changes, carbonation is often accompanied by a reduction of permeability and
diffusivity of cementitious materials. Indeed, porosity in the cementitious material can be filled by
the precipitation of calcium carbonate, which leads to a change in the transfer properties
compared to the sound material.
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In the case of carbonation in saturated conditions, the reactions and their sequencing do not differ
from what is observed in atmospheric carbonation (see paragraphs 1.1.1.1 and 1.1.1.2), the
products observed and their stability are the same (Revertégat et al., 1997). Atmospheric
carbonation is significantly faster than underwater carbonation due to the several orders of
magnitude gap between the gas and water phase transfer parameters.

Itis particularly important to make a distinction between the carbonation rate, which refers to fixed
COz2, and the carbonation depth, which refers to the evolution of the pH. Carbonation kinetics is
often associated with carbonation depth. The amounts of leached calcium are lower when the
solution contains carbonates.

Exposure to a solution with 25 mmol/L NaHCO3s maintained at a pH of 8.5 shows in particular that
CEM V hydrated cements fix less carbonates and are less sensitive to clogging than CEM |
cements (Richet et al., 2004). On a cement paste scale, the average effective diffusion coefficient
of tritiated water is lower in the carbonated part (Richet et al., 2004). Exposure of a cementitious
material to a carbonated solution can lead to the formation of ettringite behind the calcite
precipitation front. Ettringite precipitation could be the cause of swelling phenomenon (Revertégat
etal., 1997). In fact, the carbonate layer is not homogeneous, consisting of a dense surface layer
mainly composed of calcite with limited diffusion of carbonates, followed by a porous alteration
layer which is the place of ettringite formation and which evolves significantly with time (Badouix,
2000). The carbonation under water linked to the partial pressure of CO:z in equilibrium with the
the Callovo-Oxfordian clay will be maintained throughout the entire disposal period. In the Cigéo
context, the partial pressure in equilibrium with the clay is about 20 times higher than the
atmospheric value.

Attack by aggressive species: The transport and distribution of chlorides in a concrete structure
are very much a function of the environmental exposure, i.e., chloride concentration and duration
of exposure to solutions in contact with the concrete surface. Sulphate attack in concrete made
with cement with a high CsA content originates mainly from interaction with sulphate from rich
groundwaters or bentonite barrier according to the concept. The damage to concrete structures
resulting from external sulphate attack is related to the chemical reactions between sulphate ions
and the solid cement hydration products. By migrating through the porosity of concrete by
diffusion, sulphate ions can react with aluminates in the cementitious matrix and cause
degradation under the effect of crystallisation pressures induced by the precipitation of sulfo-
aluminates, especially ettringite (Cas(Al,Fe)2(OH)12(S04)3-26H20), and gypsum (CaSOa4-2H:0).
This can lead to the generation of internal stresses as a result of the formation of the expansive
products (calcium sulfo-aluminates), which in consequence results in a mechanical response of
the bulk material, such as cracking. However, the potential effects of sulphate attack in
cementitious repository materials can be mitigated by the utilisation of sulphate resisting cements
that have a low CsA content. Having low CsA contents can delay the formation of ettringite but in
the long term it will form wither way, although with less magnitude. These cements called SR
cements, are worldwide commercially available. The presence of chlorides is known to limit the
effects of sulphate attack by forming Friedel salts in addition to ettringite (e.g. marine
environment). Sulphate degradation is also an interdependent process with hydrolysis leading to
an increase in the porosity of concrete. This is one explanation of why concretes formulated with
blended cements (slag, fly ash, pozzolanic addition...) are resistant to sulphates. The limited
amount of CsA in these binders and the consumption of portlandite (CH) during pozzolanic
reactions also explain their better behaviour regarding sulphates. The effect of a sulphate-
containing solution on the degradation of a CEM | paste was studied for a solution representative
of Callovo-Oxfordian waters regarding sulphate concentration and pH (Planel et al., 2006). The
results of the XRD analyses allow to distinguish a zone with dissolution of portlandite, a zone with
gypsum precipitation accompanied by the formation of ettringite, and finally a zone where
ettringite is the only crystallised phase. The quantities of ions exchanged are proportional to the
square root of the time as in the case of hydrolysis with deionised water, which shows that the
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process is diffusive through the degraded layer. The phenomenon is diffusive as long as no large
pressure gradients are present. Load and tests with cycles of immersion and drying are well
known to accelerate sulphate ingress. Prediction of long-term alteration of concrete requires
numerical simulations due to the low kinetics involved. In the case of a Portland cement-based
concrete barrier exposed to moderate sulphate attack (10 mM dissolved sulphate) and
considering the ettringite precipitation front as an alteration indicator, degradation can reach 1.5-
3 m over one million years according to modelling assumptions (reaction kinetics, approximation
of local equilibrium, evolution of porosity). The degradation process leads to an internal zone
where portlandite is dissolved but C-S-H remain mostly intact and an external zone with
degradation of the C-S-H (Trotignon et al., 2005). As previously mentioned, sulphate reacts in
contact with CH and C-S-H in the concrete. In the specific case of low-pH concrete, the reactions
with sulphate are considered only with C-S-H due to the absence of portlandite (Herold et al.,
2020). The reaction with the C-S-H precipitates gypsum and further reactions products depend
on the cation which is bounded with sulphate. Equation 1-1 to 1-3 show the reaction of C-S-H
with sodium sulphate (Na2S04), potassium sulphate (K2SO4) and magnesium sulphate (MgSQOa).
Sodium hydroxide and potassium hydroxide may increase the pH of the pore solution (Herold et
al., 2020).

2Ca0 - 25i0, - 3H,0 + 2Na,S0, + 3H,0 - 2(CaS0, - H,0) + 4NaOH + 25i0,  1-10
2Ca0 - 25i0, - 3H,0 + 2K,S0, + 3H,0 — 2(CaS0, - H,0) + 4KOH + 2Si0,  1-11

2Ca0 - 2Si0, - 3H,0 + 2MgSO0, + 3H,0 1-12
- 2(CasSo0, - H,0) + 4Mg(0OH), + 2Si0,

There are significant differences between the reagents and products. The volume expansion
causes strain in the cement matrix, which can result in a failure of the cement paste. However, a
failure of the cement paste is only expected, if its stability is already affected by chemical attacks
of the C-S-H for low-pH cement (Hagemann et al., 2009) (Kunther et al., 2013) and portlandite for
Portland cement. The molar volume of gypsum (CaSO4 2H20; 74 cm3/mol) is 2.25 times larger
than that of portlandite (Ca(OH)2; 33 cm3®/mol. In addition, the molar volume of monosulfate (309
cm3/mol) replaced with ettringite (707 cm3/mol) indicates a similar increase. The dimensional
variations are however not only explained by these volume increases, which led some authors to
suggest the theory of crystallisation pressure. The magnesium-gypsum reaction (Equation 1-
11;1-12) induces formation of gypsum and attack by magnesium ion at at the same time.
Alteration processes occur simultaneously. Hence, the combined chemical process is very
harmful to the cement (Biczok, 1968). Herold et al. (2020) describe a lower Ca/Si ratio in the C-
S-H-phases in low-pH concretes compared to high-pH concretes resulting in a higher stability of
low-pH concrete in presence of sulphate containing solutions. A part of the sulphur enrichment of
the cementitious material is sometimes attributed to the oxidation of pyrite, e.g. in Opalinus (OPA)
clay, which promotes the mobility of sulphates (Mé&der et al., 2017). Concerning the chloride
attack, at moderate temperatures (40°C) and high chloride ion concentrations (i.e. 10%), concrete
can be degraded due to the formation of Friedel’s salts. The leaching of calcium ions leads to the
formation of calcium chloride and the formation of chloro-aluminates, which can lead to internal
alteration, cracks and increased porosity (Abbas and Safeer, 2014).

Deterioration of material properties due to chloride ingress is one of the causes of concrete
degradation worldwide. Concrete itself is generally not adversely affected by chloride ingress,
though the formation of some chloride-bearing phases such as Friedel's salt
(Cas(Al,Fe)2(OH)12Cl2-nH20) at the expense of other AFm/AFt phases is possible. However, the
steel reinforcement and other steel materials inside concrete can be corroded at elevated chloride
concentrations, which may lead to the formation of (expansive) corrosion products accompanied
by crack formation due to mechanical stress (Zhu et al., 2018). This is deemed to be more relevant
under oxic conditions that may occur in concrete-granite systems when an insufficient concrete
cover has been used or in the presence of glacial meltwaters.
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In the presence of a source of sulphate and carbonate ions, a sufficiently low temperature (in the
range of 5-10°C) and a pH of 10.5, thaumasite can be formed in cement-based concretes
(Schmidt, 2007).

The Magnesium attack: The ingress of magnesium sulphate or magnesium chloride are specific
forms of sulphate or chloride attack. The magnesium can exchange with calcium in the hydrated
cement paste and causes enhanced degradation of cement material. Degradation caused by
exchange reactions results in dissolution of portlandite and the decrease of pH. The attack by
magnesium ions present in groundwaters can be particularly deteriorating for concrete structures,
as it can cause a complete disintegration of the C-S-H phases in the long term. In contact with
magnesium rich groundwaters, the magnesium replaces the calcium in the hydration phases
leading to the formation of amorphous Mg(OH)2, magnesium silicate hydrates (M-S-H) as well as
Mg-containing SiO2 gel, accompanied with a drop in pH to approx. 10.5 (Taylor, 1997; Eglinton,
1998). Calcium bearing phases are dissolved and could be replaced by magnesium bearing
phases such as M-S-H without binding properties, brucite or other.

Granitic, clay, saline and bentonite waters cover many application cases. Recently, the alteration
of a micromortar (CEM 1 42.5 105 468, Silica fume, Blast furnace slag and Quartz filler) in contact
with different interstitial waters representative of the groundwater from the nuclear waste disposal
site was investigated. This include a granitic natural water occurring in the Josef underground
laboratory (Czech Republic), a Callovo-Oxfordian clay formation pore water form underground
research laboratory in Bure (France) and bentonite artificial porewater. The results show in all
cases a depletion of calcium in the cementitious material by leaching. In the case of waters
containing magnesium (clay pore water and bentonites) a magnesium enrichment is shown, which
is explained by the strong chemical gradient between the pore water and the cementitious
material (Vehmas et al., 2020).

The magnesium attack caused by MgCl: solutions leads to the formation of brucite and calcium
chloride:

Brucite can generate a film at the surface and can delay further degradation of the cement matrix.
However, Biczdk (1968) suggests that the brucite-film is stable in stagnant waters only because
it will be leached and or neutralized quickly by advective flow. When the brucite is leached the
degradation retarding effect is lost. Brucite and gypsum (CaS0O4:2H20) are formed by the attack
of magnesium sulphate (MgSOa):

Brucite precipitates and forms a deposit at the surface of SiO2-gel. In contrast to C-S-H-phases,
magnesium-silicate-hydrate-phases (M-S-H) form notably in low-pH concrete, do not exert a
stabilizing effect on the cement matrix, resulting in a lower mechanical stability. Moreover, M-S-
H-phases do not form a stable compound with the cement matrix and are therefore to a much
higher extent subject to leaching by ingressing solution (Jantschik et al., 2018).

The theory of calcium-magnesium exchange by dissolution/precipitation processes in the cement
matrix is also described by investigations of (Dauzéres et al., 2016; Neji et al., 2022 and Gaboreau
et al., 2011). Investigations of the contact zone between OPA clay and low-pH concrete showed
a decrease of calcium concentrations and increase of magnesium concentrations in the contact
zone. Hence, a dissolution of C-S-H and formation of M-S-H may be assumed. Alonso et al.
(2016) specify that magnesium enrichment in the concrete is expected if the leaching solution
from the host rock includes > 3 mmol/l magnesium ions. A more recent publication (Bernard et
al., 2019) shows, however, that M-S-H are rather precursors of clay minerals whereas C-S-H are
cement hydrates. The structures are thus very different and invalidate the hypothesis of a Ca/Mg
exchange previously implied.

1.2.1.4 Influence of the interface with the host rock
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Short term laboratory (Adler et al., 1999; Adler, 2001; Dauzeres et al., 2010, 2014; Fernandez et al.,
2016; Balmer et al.,, 2017) and longer-term in situ experiments (up to about 20 years) at different
underground research laboratories like HADES, Mol, Belgium (Read et al.,, 2001), Mont Terri,
Switzerland (Jenni et al., 2014; Dauzeéres et al., 2016; Lerouge et al., 2017; Mader et al., 2017), Bure,
Department Meuse/Haute Marne, France (Gaboreau et al., 2011, 2012; Dauzeéres et al., 2016), or at the
Tournemire site in France (Tinseau et al., 2006; Techer et al., 2012a,b; Bartier et al., 2013; Lalan et al.,
2016), as well as the FEBEX experiment in the Grimsel test site in Switzerland (Alonso et al., 2017;
Fernandez et al., 2017; Turrero and Cloet, 2017) have demonstrated that at the cement/clay interface,
alteration of both cement paste and clay material takes place. This leads to mineralogical changes
modifying the microstructure of the altered region, which may influence transport relevant properties
such as porosity, diffusivity and permeability, or the radionuclide retention behaviour of the materials.

From a phenomenological point of view, the reactive mechanisms observed when the cementitious
materials are in direct contact with the clayey host rock (in saturated conditions) are similar to those
observed for interaction with representative clayey solution. The main impact is the kinetics of the
chemical evolution on both sides of the interface. The thickness evolution of the degraded layers as a
function of time is mainly controlled by the transfer properties in these layers. With the clogging of the
porosity, the effective diffusion coefficient decreases. This leads to a strong decrease of the chemical
exchanges and thus the chemical evolution in both materials (concrete and host rocks).

Hardened concrete interfacing clay

The nature of the interface affects all chemical reactions, including carbonation. As mentioned above,
immerged in pure clayey solution, an exogeneous calcite crust is likely to be formed limiting the
exchange of soluble species and then the degradation, especially for Portland cement (Dauzéres et al.,
2014; Kamali et al., 2008; Badouix et al., 2000; Albert et al., 2002; Planel et al., 2006). In contact with
the clayey host rock with the same solution in the pore network, the reactive mechanisms are the same
as those observed in the cement paste immersed in solution (sulphate attack, carbonation, leaching,
Mg-attack...). However, heterogeneous calcite precipitates over 20 um in the sulfate-resisting Portland
cement paste and a diffuse carbonation of the cement materials is observed without clogging allowing
a deepest altered zone (Dauzeres et al., 2010). The assumption made in this particular case is that in
contact with the mudstone, the reduction of the local carbonate concentration by calcium fixation from
the dissolution of portlandite is followed by an insufficient carbonate flux to induce calcite precipitation.
In this experiment, it should be noted that the cement paste is placed in contact with the saturated clay
disc once hardened.

Poured concrete interfacing clay during hardening

Concerning the chemical evolution at the interface, the key parameters are the mineralogy and
porewater composition of the clay material (which depends on the repository concept and site), as well
as the cementitious ones, and their initial transport properties (e.g., porosity, diffusivity, incl. water
saturation). The processes occurring at the cement/clay interface (sulphate attack, carbonation,
leaching, Mg-attack...) as well as their kinetics will depend largely on the initial properties of the
materials. The type of binder (OPC or mixed cement) has a significant impact compared to the nature
of the host rock.

As part of the long-term FEBEX experiment, the analysis of shotcrete interacting for 13 years with
granitic groundwater and porewater from FEBEX bentonite showed modifications in the concrete matrix
over a thickness of 5 cm (Alonso et al., 2017; Fernandez et al., 2017; Turrero and Cloet, 2017). As the
cement used is not sulphate resistant, the first centimeter of concrete is the most altered with the
depletion of portlandite and the massive formation of ettringite in connection with the high amounts of
sulphates brought by the bentonite. Measurement of soluble ions in the concrete pore water as a
function of distance from the bentonite interface shows alkali leaching coinciding with a decrease in pH.
However, the calcium concentration is higher in the first few centimeters in contact with the interface,
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which is explained by the penetration of calcium provided during the saturation of the bentonite to the
granite water (Fernandez et al., 2017).

Using sulphate resistant cements, leaching and carbonation are the key degradation processes of
hardened concrete in contact with clay material with a low concentration in dissolved magnesium and
calcium. As an order of magnitude, according to the ACED Deliverable 2.4 Belgian clay at Mol has a 50
to 100 times smaller dissolved magnesium and calcium concentration than other clay host rocks
considered in France, Switzerland and Netherlands.

Formation of C-A-S-H and (amorphous) M-S-H at the interface between low-pH cement paste and
Toacian clay rock affect porosity and transport properties (Dauzeéres et al., 2016). The replacement of
portlandite, C-S-H gel and monosulphoaluminate by ettringite (Savage, 2014) were also observed. Note
that in low-pH formulations, C-A-S-H can be present already as initial hydration phase. In low-pH
cementitious materials, where portlandite may be lacking, and the decalcification of the C-(A)-S-H can
proceed directly, leading to an earlier formation of amorphous silica as residue. Low-pH cementitious
formulations with slag and micro silica, however, have a more refined pore structure leading to lower
diffusivity and thus lower rates of mineral alteration. Low-pH concrete has a higher stability in contact
with magnesium and ammonium rich solutions caused by the lower calcium content in the concrete
(Herold et al., 2020). Hence, the dissolution of calcium from the cement hydrates (C-S-H with low Ca/Si
ratio) has a lower influence on the stability of low-pH concrete compared with high-pH concrete.

For both OPC and low-pH concrete, the redistribution of sulphate towards the unaltered cementitious
matrix due to the decrease in pH close to the interface with Opalinus clay for 2.2 and 4.9 years,
destabilizing earlier formed Ca-Al-sulphates (ettringite, monosulphate (AFm)) that re-precipitate in the
higher pH regions (Mader et al., 2017). The dissolution of Ca(OH)2 followed by decalcification of C-S-H
means a reduction in the Ca/Si ratio of the cementitious material. This change is accompanied by rapid
precipitation of Ca-carbonates directly at the interface, such as aragonite and calcite, due to steep
gradients in hydroxyl ion concentrations (higher on the cementitious material) and the partial pressure
of carbon dioxide (pCOz2(qg) is higher in the clay rock formation) across the cement/clay-interface.

In the long term, some chemical reactions in contact with the rock lead to an increase in the porosity of
the cementitious material as shown in the following examples:

e The evolution of low alkaline concrete in contact with OPA clay was analysed mineralogically
and chemically after 5 years of interaction (Lerouge et al., 2017). The experiment involves a
vertical borehole in the OPA, filled with three different concrete sections and a compacted
bentonite section. The results show that the alteration of the concrete is limited to a very porous
(=75%) white crust of 1 mm thickness. The altered layer contains calcite, C-S-H with a low C/S
ratio and Mg-rich phases (magnesium enrichment and slight calcium and sulphate depletion).

e At the Meuse/Haute-Marne URL, it was possible to sample 5-year-old interfaces between a
cementitious material and the Callovo-Oxfordian clay (Gaboreau et al., 2012). The sample
tested corresponds a class G cement paste injected into a borehole that remained in direct
contact with the clay host rock (at 20°C, the geological temperature) for years. In the
hydrodynamic test conditions, i.e saturated conditions and far from any mechanical perturbation,
the porosity profile showed an opening of the cement paste porosity.

e Micro-tomography and autoradiography analysis of low-permeability high-pH concrete that has
been in contact with Boom clay for 14 years in the Belgian Underground Clay Research
Laboratory (HADES) also shows an increase in porosity at the interface in relation to calcium
leaching (Phung et al., 2018).

e In OPC and LAC (Low Alkaline Cement) concretes, an increase of porosity towards the
concrete/clay interface was measured and explained by decalcification. Gaboreau et al. (2011)
suggest a porosity increase over a depth of up to 3.5 cm from the interface after 15 years of
interaction in the Tournemire URL. The area of increased porosity clearly depend on the longer
contact time and on the concrete composition. In OPC, portlandite dissolves and the Ca/Si ratio
in the C-S-H is reduced from 1.5 — 2.0 to 0.8 (Gaboreau et al., 2011). In LAC, magnesium
enriched in the porosity increased zone, while calcium migrates from the LAC to the clay
(Lerouge et al., 2017).

Other specific conditions result in contrast in decreasing the porosity of the cementitious material:
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¢ Inthe case of shotcrete lining taken from the base of a shaft (Gaboreau et al., 2012) for example,
unsaturated conditions induced by the ventilation of the shaft lead to precipitation of gypsum,
which results in porosity clogging at the interface. The results show a limit of mineralogical
disturbance extension to a few hundred micrometers around the interface. The main processes
observed are dissolution of portlandite, carbonation and decrease of the Ca/Si ratio suggesting
a C-S-H decalcification.

e The reactivity of a Portland cement paste with argillite was investigated in IRSN laboratory using
a diffusion cell at a temperature of 70°C (Lalan et al., 2019). In this experiment, the cementitious
material is poured in contact with a clay disc. The reservoir behind the cementitious material
and the clay is filled with alkaline water and a synthetic porewater from the clay rock,
respectively. The experimental artefact of the alkaline reservoir (voluntary imposed) leads to a
deeper decalcification front and less porosity reduction by carbonation. The results show a
reduction in the porosity of the cementitious paste by carbonate precipitation despite the
creation of macroporosity by dissolution of portlandite to a thickness of 400 um after more than
one year of interaction and hardening. At ambient temperature, the porosity is increasing while
the effect of decalcification on the porosity of the cementitious material is countered by the
temperature effect that enhances the carbonation process.

Regarding the effect of temperature, Glasser et al. (2001) conducted an experiment in the HADES
undergound laboratory (Belgium). Cylinders of different concretes (CEM |, CEM | + fly ash, CEM | +
slag) were placed in Boom clay at 85°C for 12 to 18 months. An over-coring was used to sample and
characterise the cement/clay interface. The concrete alteration with a thickness of 100 to 250 uym zone
shows an evolution with a loss of Ca and an enrichment in Mg, S, Al, Si in comparison to the unaltered
cement material. The contact between the two materials can be distinguished by a line (10 ym) rich in
Mg, Al, Si containing a complex gel of low crystallinity whose composition may correspond to a
hydrotalcite and sepiolite.

Finally, the extent and significance of these processes will need to be assessed on a site-specific basis
(NDA, 2016). Due to this complexity and diversity, it is difficult to establish a general sequence of
secondary minerals forming in the cement domain due to the impact of the clay porewater. Details on
experimental observations with respect to secondary phases formed at the interfaces between various
cementitious materials and clays, clay rocks or bentonite have been compiled by Dauzéres (2016) and
Deissmann and Ait Mouheb (2021).

1.3 Feedback of Reactive Transport (RT) modelling on cementitious
materials in geological disposal

1.3.1  RT modelling of cementitious materials evolution in saturated
environments

PSI, UFZ

1.3.1.1 General overview on the reactive transport modelling

In the last 20 years, a substantial effort has been made in reactive transport simulations of cementitious
materials evolution in contact with i) different clay rocks (i.e. Opalinus Clay, Callovo-Oxfordian and
Boom-Clay), ii) bentonite and iii) crystalline rocks. Although most of the work is related to large scale
modelling of repository systems (De Windt et al., 2004; Trogtignon et al., 2007; Marty et al., 2009, 2014,
2015; Berner et al., 2013; Kosakowski and Berner, 2013; Liu et al., 2014; Mon et al., 2017; Idiart et al.,
2020) some work has also taken advantage of field scale experiments (Dauzeres et al., 2016; Jenni et
al.,, 2017; Jenni and Mader, 2021) or natural analogues (De Windt et al., 2008; Watson et al., 2013;
Soler, 2013) to identify key coupled processes (Yang et al., 2019; Galindez and Molinero, 2010; Oda et
al., 2004; Fernandez et al., 2007; Yuan et al., 2013; Liu and Jacques, 2017; Bildstein and Claret, 2015;
Trapote-Barreira et al., 2016; Samper et al., 2018; Huang et al., 2018). Modelling studies up to 2020
have been summarised by Claret et al. (2018), Savage and Cloet (2018), Bildstein et al. (2019), De
Windt and Spycher (2019), and Wilson et al. (2021).
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During all these years, cement-clay interactions have been mainly modelled including various degrees
of complexity. The main challenge of these models is related to the complexity of the chemical reactions
involved with a large number of mineral phases, solid solutions and aqueous species participating in
ion-exchange, surface complexation and dissolution/precipitation reactions kinetically and
thermodynamically controlled. The earliest modelling attempts used as assumption local equilibrium for
chemical reactions while other authors opted for coupling thermodynamic and kinetic approaches.
Although thermodynamic equilibrium assumption is computationally efficient, in some cases this
approach is not able to capture the fine structure of potential alteration zones in all the studied systems
(Marty et al., 2009). New dual porosity transport modelling concepts, accounting for electrostatic effects
in the clayrock side (Jenni et al. (2017) and Jenni and M&der (2021)) or in the cement (Appelo, 2017,
Yang et al. 2019) have also been recently described. On the other hand, Neretnieks (2014) proposed a
simplified analytical model, which may be useful from a performance assessment point of view, but
cannot reproduce the complex phenomena occurring at the cement interface. Comparison of the
proposed simplified analytical model with reactive transport is described in Idiart et al. (2020a).

Different chemical thermodynamic databases have been used, including EQ3/6 (Wolery, 1983),
CEMDATA2007 (Lothenbach and Winnefeld, 2006), Nagra/PSl database (Hummel et al., 2002;
Thoenen et al., 2014), ThermoChimie (Giffaut et al., 2014) or Thermoddem (Blanc et al., 2012; Blanc
2017). In particular during the last years, the thermodynamic databases for hydration phases in
cementitious materials, zeolites, which play a role in clay/cement interactions and clay minerals have
been significantly improved (Blanc et al., 2015; Lothenbach et al., 2019, Ma and Lothenbach, 2020,
Zhen-Wu et al. 2020).

Most of the simulations were performed at 25 °C; only in few cases the effects of temperature were
investigated. Here, greater rates of dissolution of montmorillonite and other minerals were noted,;
however, leading to relatively little differences compared to simulation results at 25 °C (Savage and
Cloet, 2018). Simulations accounting for non-saturated or evolving conditions with respect to saturation
state has not been described extensively (Idiart et al. 2020b).

Another important aspect is that most of the studies mentioned before are related to the interaction of
ordinary Portland cement with clay (bentonite barrier or clays host rocks), but very few effort has been
dedicated to study ‘low pH’ cements/clay interaction (Berner et al., 2013; Dauzéres, 2016; Idiart et al.,
2020; Jenni et al., 2021).

With respect to the simulation of laboratory and in situ experiments, it can generally be concluded that
reactive transport modelling shows a great capability for reproducing the experiments, e.g., regarding
mineralogical transformation pathways and net porosity evolution (Bildstein et al., 2019). Despite the
differences in the practice of long-term simulation approaches addressing cement-clay interactions
carried out in the last years, there are general similarities in terms of the predicted thickness of the
altered zones in the clay and cement domain, the types of secondary solid products and changes in
porosity. The simulations show a narrow zone (mainly in the order of cm to dm) of perturbed mineral
and fluid chemistry located close to the interface, for timescales up to and beyond 100 000 years
(Savage and Cloet, 2018; Bildstein et al., 2019). Regarding the predicted mineral transformations there
are recurring results, such as decalcification of the cementitious material (portlandite dissolution,
decrease of the Ca/Si ratio in C-S-H), precipitation of ettringite in the presence of sulphates, and/or
carbonation and smectite dissolution, dedolomitisation, and formation of C-(A)-S-H solids, clay minerals
(illite, saponite), zeolites and carbonates in the clay domain.

Critical parameters identified in the various studies comprise dissolution/precipitation kinetics and the
description of evolving reactive surface areas that can play an important role in sequential minerals’
appearance or disappearance, the localization of porosity reduction and increase, the kinetics and the
laws controlling the porosity/permeability and porosity/diffusivity feedback, and the inclusion of certain
secondary phases (e.g., zeolites) and their thermodynamic/kinetic parameters. For example,
thermodynamic data for M-S-H and C-A-S-H phases only became available recently (Roosz et al., 2018;
Lothenbach et al., 2019), and were thus not be included in previous modelling studies.
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Idiart et al. (2020) performed a benchmark study on the interaction of a low pH concrete (Cebama
reference mix concrete) with a Callovo-Oxfordian clay rock (simulation time frame 100 000 years),
comparing different codes, using a number of simulation cases with increasing complexity. Overall, the
results showed a good agreement between different codes, demonstrating the applicability of reactive
transport modelling to support safety assessments. The impact of including the (slow) dissolution
kinetics of the clay minerals was shown to be negligible in the studied system, probably due to the low-
pH nature of the cementitious system studied.

In general, the capability of currently available reactive transport modelling codes (PHREEQC
(Parkhurst and Appelo, 1999), TOUGHREACT (Burnol et al., 2006; Xu et al., 2011), CRUNCH (Steefel
et al., 2015), HYTEC (van der Lee et al., 2003), ORCHESTRA (Meeussen, 2003), MIN3P-THCm (Bea
et al., 2011)) exceeds the level of understanding of the various geochemical processes in the system.
Calculations are mostly done in 1 dimension (1D), but some codes have the capability to tackle 2-D or
3-D with longer simulation times (i.e. coupled PHREEQC v.3 - COMSOL v.6 (iCP) (Nardi et al., 2014),
OpenGeoSys-GEM (Kosakowski and Watanabe, 2014), OpenGeoSys-Phreeqc (Montoya et al., 2021),
Retraso (Saaltink et al., 1998), QPAC (Quintessa, 2012), CORE2D (Samper et al., 2003), HPx (Simunek
et al., 2013); PFLOTRAN (Hammond, 2022). Nowadays, the same codes also have the capability to
tackle the effects of changing porosity due to mineral precipitation and dissolution reactions on diffusion
coefficients by the Archie’s law and permeability, but the exact relationship between these processes
remains as open issue (Kosakowski et al., 2009). Additionally, Marty et al. (2009) have also emphasized
the need to consider the refinement of computational meshes to accurately reproduce potential
alteration in small scale. Nowadays, only few existing transport codes allow for diffusion in porewater
affected by the negative clay sheet surface charge: CRUNCH (Steefel, 2009), PHREEQC (Appelo and
Wersin, 2007), PFLOTRAN (Trinchero et al. 2022), iCP (Idiart et al. 2019) and an in-house development
of Clay Technology AB (Birgersson and Karnland, 2009). In the new concept of Jenni et al. (2017), their
approach can be implemented in any multicomponent transport code considering the Nernst-Planck
equation.

Predictive modelling has shown to be very sensitive to parameters with large uncertainties (i.e geometric
factors for the calculation of diffusive transport, dissolution kinetics, surface areas, initial conditions such
as contents of hydrated and un-hydrated cement phases, and certain thermodynamic data). For
example, the accuracy of the M-S-H and C-A-S-H thermodynamic data and the incorporation on
thermodynamic databases is currently under discussion. The selection of secondary minerals in
predictive modelling also has a large impact upon the estimated amount of alteration (Oda et al., 2004).
In general, the selection of secondary minerals is based on expert judgement and knowledge and
process understanding gained from laboratory and in-situ experiments and natural analogues (Savage,
2011) which increase the reliability and predictive capabilities of the simulations.

Modelling of cementitious materials degradation in contact with crystalline rocks has started already in
the late 1980’s (Haworth et al., 1987; Savage and Rochelle, 1993) and is still developing (Watson et al.,
2017), using different modelling tools. Results are widely available for example in the HPF-Experiment
modelling report (Soler et al., 2006) and the LCS modelling report (Watson et al., 2017). The present
coupled calculational tools are adequate, although improvements could still be made (Alexander et al.,
2013).

In reactive transport modelling, the importance of choosing the right and relevant boundary conditions
is shown in (Chen et al., 2015).

Table 1-1 provides an overview on a number of reactive transport modelling studies on cement/clay
interactions, including studies addressing the simulation of laboratory and in situ experiments as well as
long-term predictive studies.

Generally, the simulations in table 1-1 show that:
o The model for the evolution of an alkaline perturbation in a clay host rock is largely consistent
with experimental observations;
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o Akaline pore water conditions generated by minerals analogous to those in cements can be
long-lived (in excess of tens of thousands of years), depending on the site flow conditions and
the nature of the cementitious material (e.g., dense, high performance cements or porous
grouts, groundwater movement);

e Reactions between alkaline waters and the host rock mostly yield an increase in mineral
volumes (although some initial porosity increase is possible during the early KOH/NaOH phase)
and thus fractures could be sealed by the precipitation of secondary phases; however there still
not enough evidences about this phenomena (Harris et al. 1998)

o The effects of the site hydrology (and tectonic/erosional processes) upon fracture sealing need
to be considered on a repository site-specific basis (Alexander and Neall, 2007).
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Table 1-1: Summary of simulation studies addressing i) laboratory and in situ experiments on and ii) long term predictions of cement/clay interactions.

(Deissmann & Ait Mouheb; 2021)

Cementitious Simulation Thermodynamic . . . Chemical | Porosity
material Clay time Code database Temperature | Dimensions |Geometry | Conditions reactions | update Reference
local
CEMI Boom Clay 15y RETRASO EQ3/6 LLNL 25°C/85°C  |0.002m 1D lsaturated  |equilibrium |Yes Read et al.,
cartesian o 2001
and kinetics
, 15°C local De Windt et
CEM | (concrete) |Toarcian clay 15y HYTEC EQ3/6 LLNL 0.20m 1D radial |saturated |equilibrium |Yes al. 2008
and kinetics ’
local Watson et
CEMI Toarcian clay 15y QPAC LLNL 15°C 0.5m 1D radial |saturated |equilibrium |[Yes al. 2013
and kinetics !
_ 1D/2D local
CEM | Toarcian clay 15y CrunchFlow LLNL 15°C 1.155m radial saturated  |equilibrium |Yes Soler, 2013
and kinetics
CEM | Toarcian cla 18 HYTEC CHESS 25°C 0.044 m 1D saturated I(;)Clillibrium Yes Bartier et
y y CEMDATAOQ7 ' cartesian qurtbriur al., 2013
and kinetics
. Various 1D local Yamaguchi
CEM | Toarcian clay 15y MC-CEMENT 15°C 0.11m . saturated  |equilibrium |Yes
Sources cartesian o etal., 2013
and kinetics
local \
LAC / ESDRED . CHESS o 1D o Dauzéres
low-pH concrete Opalinus Clay 5y HYTEC CEMDATAO7 25°C im cartesian saturated equmk_)rlum Yes etal. 2016
and kinetics
local .
CEM |, low pH . EQ3/6 LLNL  +|,__. 1D I Jenni et al.,
concrete Opalinus Clay Sy FLOTRAN CEMDATA07 25°C 0.25m cartesian [Saturated - jequilibrium jyes 2017
and kinetics
) 25 °C and 1D local Fernandez
CEM | (concrete) |FEBEX bentonite ly CrunchFlow extended LLNL 0.029 m - saturated  |equilibrium |No
120 °C cartesian o et al., 2009
and kinetics
. o 1D local De Windt et
CEM | (concrete) |Toarcian clay 100 000y HYTEC EQ3/6 LLNL 25°C 20 m - saturated A Yes
cartesian equilibrium al., 2004
. o 2D local not De Windt et
CEM | (concrete) |Toarcian clay 100 000y HYTEC EQ3/6 LLNL 70 °C 35mx15m cylindrical saturated equilibrium |specified |al., 2004
llovo-Oxfordi .
CEMI Callovo-Oxfordian 1,5 TOUGHREACT  |EQ3/6 non isothermal 100 m 1D radial |unsaturated jlocal )y, Burnol et
clay (evolving) |equilibrium al., 2006
. local .
CEM | / CEM V|Callovo-Oxfordian
1000000y |HYTEC EQ3/6 LLNL 25 °C 17.5m 1D radial |saturated  |equilibrium |Yes Trotignon et
(concrete) clay al., 2006
CEM | / CEM V|Callovo-Oxfordian local i
1000000y |HYTEC EQ3/6 LLNL 25°C 17.5m 1D radial |saturated  |equilibrium |Yes Trotignon et
(concrete) clay and kinetics al., 2007
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CEM | Callovo-Oxfordian |, TOUGHREACT  |Thermoddem 25°C (initial) |40 m 1D radial |unsaturated jkinetic o Troitignon
clay / saturated |assumption etal., 2011
) ; local
CEM | (concrete) Callovo-Oxfordian 1000000y |[TOUGHREACT |Thermochimie 25°C 10m D saturated  |equilibrium |Yes Marty et al.,
clay cartesian o 2009
and kinetics
; 1D local
CEMI Callovo-Oxfordian 100 000y PhreeqC Thermochimie 25°C 43 fcartesian saturated  |equilibrium |nolyes Marty et al.,
clay 45.4 m and 1D S 2014
. and kinetics
radial
Toughreact,
. PhreeqC, local
Callovo-Oxfordian
CEMI cla 10 000y CRUNCH, HYTEC,|Thermoddem 25°C 43 m 1D radial |saturated  |equilibrium |No glloeirtSy etal,
y ORCHESTRA, and kinetics
MIN3P-THCm
Bentonite and . local Mon et al
Concrete 1 000 000 CORE2D EQ3/6 Non isothermal (25 m 1D radial |saturated |equilibrium |Yes "
clayrock o 2017
and kinetics
iCP,
CORE2D | |
CEBAMA  low-pH|Callovo-Oxfordian OpenGeoSys- Thermochimie/ oca '
P 100000y b d 25°C 43 m 1D lsaturated  |equilibrium |yes * ldiart et al.,
concrete clay GEM, Thermoddem cartesian R 2020
and kinetics
ORCHESTRA,
MIN3P

* depending on calculation case synthesis
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PSI, Empa

1.3.1.2 Reactive transport modelling of cement paste reactivity at nano and micro scale

Depending on the focus of the reactive transport modelling and dominance of advective or diffusive
transport mechanism and heterogeneities, the mass transport can be simulated following a continuum
or pore scale approach.

Pore-scale simulation equations comprise:

Fluid flow based on the NS equation:

2—1:+ w-MNu= —le+vAu,
P 1-15
V-u=0,

where u is the velocity vector, p is the pressure, p is the fluid density, and v is the kinetic viscosity of the
fluid.

Solute transport and chemical reactions:

oci
a_ct+|7.]i = R;, 1-16

where c; is the molar concentration of species i in solution and R; is the reaction term. Total flux J; of the
species i can represents as the sum of advective and diffusive contributions, with D; being the
dispersion/diffusion coefficient:

Ji = (uc; = DiV¢;) 1-17

The surface reactions:

1-18
—DiV¢; = &imTm,

where r,, denotes the surface reaction rate and ¢,, is the stoichiometric coefficient of the component i
in each surface reaction m.

At the macroscopic scale, the porous medium is typically conceptualized as a continuum with bulk
parameters that characterize its physical and chemical properties. At this scale, mobile and immobile
phases are assumed to co-exist at each point in space. The Darcy’s equation is applied as a momentum
equation, while reactive transport is described by the mass balance equation of each species (Steefel
et Lichtner, 1994).

The total flux (J) in porous (fully saturated) media is equal to the sum of fluxes induced by the different
gradients that may be present: chemical potential, hydraulic head, electrical potential and temperature.
However, the three most dominant mass transport phenomena are:

o Diffusion (created by a gradient in chemical potential, hence concentration);

e Advection (created by a gradient in hydraulic pressure);

e Electrochemical gradient due to charged mineral surfaces.

Diffusion is the movement of species as a result of a difference in the chemical potential (concentration
gradient). The relationship between the diffusive flux and the concentration gradient is described by
Fick’s first law:

J=-D,% 1-19
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Where J is the solute flux [mol/m2s], D¢ is the effective diffusion coefficient of the solute in the porous
medium [m?/s] and C is the liquid phase solute concentration [mol/l].

The microstructure of cement phases acts as the key factor for controlling the effective diffusivity. The
effective diffusion coefficient is expected to be smaller than the bulk diffusion coefficient due to the
interaction with the mineral surfaces and the geometrical complexity of the pore space. Furthermore,
only a small fraction of the porosity (e.g. inter-connected solute and solvent accessible porosity) is
available for the transport in porous media. The effective diffusion coefficient D of each species can be
related to the diffusion coefficient in bulk electrolyte, Do, via the accessible porosity of the medium n [-]
and a geometric factor G [-]:

D, = nGD, 1-15

The geometric factor is a lump parameter that accounts for the complex morphology of the pore
structure. This term is often expressed as a ratio of two contributions, namely the tortuosity 1 [-] and
constrictivity o[-]:

G = iz 1-16

Tortuosity accounts for the increased diffusive path of molecules traveling through a labyrinth of
connected and dead-end pores. Constrictivity accounts for pore narrowing and widening pores, which
hinders the transport of particles. Neither constrictivity nor tortuosity can be independently measured in
a single experiment. Only the geometric factor lumping both factors can be estimated from a diffusion
experiment, provided the porosity is known from independent measurements.

The molecular diffusion coefficient Do depends essentially on the nature of the chemical species, the
temperature and the viscosity of the fluid. Typical values for molecular diffusion coefficients in water are
in the range of 10 and 101° m?/s (Li and Gregory, 1974). For comparison, the molecular diffusion
coefficient of water is 2.3x10° m2/s at normal temperature and pressure conditions (Holz et al., 2000).

Detailed theoretical developments in this part relative to the special effect of the charged surfaces of
cement minerals- double layer effects, the molecular scale limitations of classical Poisson-Nernst-
Planck equation, the nucleation processes at pore scale and the application to Machine learning are
included in Appendix B.

1.3.1.3 3D Microstructure modelling

Recent developments of efficient reactive transport codes based on Lattice Boltzman Modelling (LBM)
approach enables to perform direct reactive transport simulation of cement paste microstructure
evolution at pore scale. In these models the initial microstructure is normally obtained based on
numerical cement hydration models (Bentz, 1997; Van Breugel, 1995a; 1995b). These models provide
grid-based distribution of solid phases in hydrated cement paste and water filled porosity. Depending
on the model resolution and the system setup, either macroscopic, capillary or even gel pores can be
resolved explicitly, and the solid phase can be assigned to have specific transport properties according
to the system composition. The reactivity of the solid phase is described using either kinetic or
equilibrium approach.

Recently, LB code Yantra https://bitbucket.org/yantralbm/yantra/src/master/ coupling with geochemical
solver PhreeqC, was used to simulate microstructure evolution due to Ca-leaching in 3D (Figure 1-8).
The model was able to describe the increase of porosity related to capillary pores due to dissolution of
portlandite and the increase of gel porosity due to the decalcification of C-S-H. The overall evolution of
porosity was compared between initial structures of cement paste generated by two cement hydration
models, CEMHYD3D and HYMSOTRUC, for three water-to-cement ratios. It was observed that the rate
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of leaching is directly proportional to the ability of microstructure to transport calcium ions and higher
fraction of percolated capillary pores results in higher rate of leaching. The model qualitatively
reproduces experimentally observed changes in cement paste porosity and pore size distribution due to
leaching. The quantitative comparison of the model prediction with experimental data is challenging due
to large uncertainties in the initial microstructure model and disparity of the experimental and modelling
time scales (Patel et al., 2018).

Microstructural changes and Ca concentration

HYDRATION MODELS
evolution after 800 s of leaching

CEMHYD3D Microstructure from CEMHYD3D

19.5 3.1
.116 .,,,

.74 654
I“” .J.27
0.000
0.000

Microstructure from HYMOSTRUC

227

HYMOSTRUC

m

IO.JZ

5.55

.177
10.000

Figure 1-8: 3D microstructure evolution (porosity value) modelling obtained with Yantra-LB code coupled
to geochemical solver PhreeqC. Microstructure modelling (Patel et al., 2018).

The model was further extended to include dissolution and precipitation phenomena caused by
carbonation (Patel et al., 2021). The system setup represents a common scenario in which cementitious
materials in underground constructions are exposed to CO2-rich groundwater. Under such a condition,
cement paste is exposed to combined effect of carbonation and calcium leaching. In the developed
model, the capillary pores are explicitly resolved and the solid phases with intrinsic porosity (e.g. C-S-
H) are treated as porous media. Governing equations are solved using a lattice Boltzmann method
based reactive transport solver with chemical reaction under thermodynamic equilibrium. The two-
dimensional scoping calculations on idealized microstructures revealed that carbon content and pH of
boundary solution strongly affect degradation rates, location and thickness of precipitated calcite layer.
Furthermore, reactive surface area plays a dominant role, while the tortuosity of porous media play
rather a secondary role. The 3D simulations using simulated cement paste microstructure based on
HYMOSTRUC model (Van Breugel, 1995b) show that degradation rate exhibits non-linear behaviour
with square root of time. This implies that simple empirical relations for prediction of progression of
reaction fronts are not applicable and use of numerical microscale reactive transport models is
inevitable. The developed model qualitatively captures the progress of carbonation, leaching fronts and
zonation as observed in experiments. Good quantitative agreement between modelling and experiments
is obtained for initial stages of the front propagation (cf. Appendix B). At longer timescales, the modelling
results and experimental observations diverge significantly. This discrepancy is likely due to the lack of
consideration of kinetics of C-S-H dissolution and calcite precipitation (Patel et al., 2021).

1.3.2 RT modelling of cementitious materials evolution in unsaturated
environments

Mines Paris Tech
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1.3.2.1 General consideration and recent development in cement modelling exposed to unsaturated
environment

Reactive transport modelling couples a thermodynamics based description of the reactivity of the
cement hydrates to the advective-diffusive transport of aqueous and gaseous species within the pore
space. By nature, reactive transport simulations are able to represent the evolution of a cementitious
materials in a wide range of conditions. However, an accurate description of the numerous parameters
(and their evolution) which are required for a simulation is challenging. Among others, porosity, gaseous
and aqueous diffusion coefficients and permeability constitute the critical set of hydrodynamic
parameters. While their characterization alone is challenging, they are likely to evolve as mineral
reactions occur and modify the pore structure. For reactive transport modelling, many parameters are
required to constrain the geochemical reactions. Solid properties (solubility, reaction rate, solid solutions,
specific surface area, density, content...) and other geochemical properties (gas - liquid partioning,
existence of aqueous complexes, activity coefficients) are critical to represent the equilibrium between
the solid, the porewater and potential gas phase. We hereby review the general methodology devoted
to the reactive transport modelling of cementitious materials in unsaturated conditions. This topic is
particularly relevant in the context of nuclear waste disposal, but is also important in other contexts. For
example, the integrity of wellbores in subsurface gas repository (Ajayi and Gupta, 2019), agressive
gases may trigger cement degradation which may lead to fugitive gas migration (Cahill et al., 2019;
Sandl et al., 2021).

Description of the physicochemical processes playing during the evolution of cementitious
materials in unsaturated conditions

The volume of cementitious materials, Vcem is decomposed in the pore volume (porosity w) and solid
volume. The pore volume can be filled with water, i.e. in saturated conditions. In general, the fraction of
the pore space occupied by liquid or gas is described by the liquid or gas saturation, S'or S9 (with S'+S9
=1). The solid volume is constituted by the volume of the different cement hydrates (portlandite, C-S-H,
monosulfoaluminate ...). These quantities are linked with the closure relation:

Vwater + Vgas + Vsolid = Vcem 1-22

U)Sl + wS9 + ESOlidj(pj =1 1-23

The behaviour of the fluid phases (phase a = liquid (I) or gas (g)) can be described by the multiphase
flow equations, which describe the mass conservation in the two phases, with the Darcy-velocity and
the definition of the capillary pressure:

1,1 —
2L 1 Vet = p'R, 1-24
9p9 -
5("%4_ V(p9u9) = p9RY 1-25

o = D@ (5#;“(“’ (Vp® — p%8) 1-26

p9 — pl = pcap(sl) 1-27

In the previous equations, k is the cementitious material permeability (m?), kY is the relative
permeability, p@is the fluid viscosity (kg m~1s™), peap is the capillary pressure (Pa), sometimes referred
to as suction, linking the difference between the pressure in the liquid p'and gas p9 phase (Pa). p%is the

phase density (kg L), i is the Darcy-velocity in phase a (m s '): 1Y is the volumetric source term
of phase a (external or internal).
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The relationship defining the capillary pressure, sometimes referred to as suction, pcap(S') is
commonly referred to as the sorption isotherm, usually linking the liquid saturation S'to the relative
humidity RH, defined by (Morrow, 1970; Coussy et al., 2004; Seigneur et al., 2022):

l
RH = exp <— M) 1-28

P['RT

with 27" is the molar density of the liquid phase (mol L=!), R is the thermodynamic gas constant (8.315
J mol~1K™1) and T is the temperature (K).

The transport of species can be described, in the total-concentration formalism (Lichtner, 1996;
Seigneur et al., 2018), as
NwS'T! + wSITY)
ol

v (Df(w, SHVT! + D9 (w, SOV TY — THad' — Tfﬁ”) + R 1-29

-

where D% w,S? represents the effective diffusion coefficient in phase @ (m? s71), T is the total
concentration of species | (Ca, CO=3, Si, H20, ...) in phase a (mol L« I). For example, for calcium:

Tca= [Ca**] + [CaOH*] + [CaCOgs(aq)] + [CaSO4(aq)] + ... 1-30

Riis the production rate of species i by mineral dissolution/precipitation (mol L cem! s71)

Rig = —(I)Sl Zso”djvinj 1-31

with vjis the stoichiometric coefficient of species i within solid species j. Rjrepresents the kinetic rate of

a solid species j (mol L' S_l), usually described using a transition-state-theory based law (Lasaga,
1981); Seigneur et al., 2022):

Rj = k;5; (Qﬁ - '1)
K 1-32
where k; is a kinetic constant with (mol m* s1), Sjis the reactive surface area of the reaction (m? L water*

), Qjis the ion activity product (-) and K;jis the thermodyanmic constant of mineral j (-). This reaction rate
leads to a change in the volume fraction ¢; of mineral j linked to its molar volume V;:

dgj

? = V]R] 1'33

So that the change in porosity of the cementitious materials associated with mineral reactions can be
written as

dg;

dw
E - - Zsolidj? 1-34

Geochemical solvers are used to compute every species concentration to respect the mass balance
and using mass action law.

Poyet (2016) has shown that sorption isotherms can be represented accurately on a wide range of
temperature and for various cement formulations by the use of Van Genuchten expression:

_l 1-m
pcap(sl) = Pe ((Sl) m— 1)
= —p['RTIn(RH) 1-35
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where pe is the air-entry pressure (usually between 10 and 100 MPa) and m is an empirical parameter
of Van Genuchten relations (usually between 0.3 and 0.6).
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Figure 1-9: Representation of sorption isotherm data with Van Genuchten expression for different
temperature and cement composition, from Poyet (2016)

When modelling cementitious materials in unsaturated conditions, sorption isotherms are critical,
since they impose the equilibrium saturation of the system. They also control the vapor pressure and
the drying / resaturation kinetics. At low RH, decrease in relative permeability of water inhibits advective
fluxes of water to favor water transport through the gas phase Li et al. (2021).

The sorption isotherm is a macroscopic representation of the interaction between water and the solid
surface down to the smallest pores (Sin and Corvisier, 2019). In the case of cementitious materials, the
nanometric gel pores induce a very high capillary pressure. Thus, in the case of a chemical degradation,
sorption isotherms may significantly change. For example, in the case of C-S-H decalcification,
polymerisation reactions progressively turn the C-S-H structure into a silica gel, coarsening the pore
structure. Auroy et al. (2015), Auroy et al. (2018), Soja et al. (2020) and Kangni-Foli et al. (2021) have
shown that drying and carbonation have the potential to significantly coarsen the pore structure and
modify the sorption isotherm, generally towards lower saturation. This implies that gas transport may be
enhanced due to these effects (Georget et al., 2018).

As cement hydrates react, the pore structure evolves, altering the macroscopic properties of the
cementitious material. Evolution of permeability k and the effective diffusion coefficients in the liquid and
gas phase are critical to take into account. Unfortunately, these evolutions are usually poorly constrained
and empirical relations are used instead. In general, reactive transport models use Kozeny-Carman
relations to describe the evolution of permeability, starting from an initial porosity wo and initial
permeability ko (Xie et al., 2015; Poonoosamy et al., 2018; Seigneur et al., 2019)

3 2
wWo 1-w 1-36

Evolution of diffusion is usually considered by the use of Millington-Quirk relation, which is an
extension of Archie’s law for unsaturated porous media:

D*(w,8%) = D ()" ($%)" 1-37

This expression suggests that diffusion both in the gas and liquid phase is dependent on the phase
saturation, as observed experimentally (Dridi and Lacour, 2014; Georget et al., 2018).

r 2l
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In the case of reactive gases, such as CO2z or H2S (Omosebi et al., 2017), or when water transport
occurs in the gas phase, both the sorption isotherm and gas diffusion parameters are critical to determine
the degradation extent.

Reaction rate (Equation 1-32) is driven by the saturation of the porewater with respect to different
minerals, and is controled by the reactive surface area, S;. This parameter describes the fluid-solid
surface on which the solid reaction may occur. Surface areas are notoriously variable and hard to
constrain for cementitious materials. In the case of one type of degradation, these values can evolve in
numerous ways. One example is the fact that portlandite grains can sometimes be passivated by the
precipitation of calcite coating (Regnault et al., 2009; Ruiz-Agudo et al., 2013; Galan et al., 2015; Varzina
et al., 2020), leading to residual non-reactive portlandite. Predicting such behaviour is not
straightforward. In the context of carbonation, passivation will be favored when calcite precipitation
kinetics exceed portlandite dissolution. Thus, this is more likely to occur with larger portlandite grains
and higher fluxes of carbonates within the material, typically through CO2 gaseous diffusion rather than
under water carbonation. It may be necessary to be able to quantify the size distribution of the portlandite
grains (Hernandez et al., 2018). This passivation is also observed for C-S-H gels. Scawt Hill (Northern
Ireland) is such a location in which C-S-H gels have been formed about 58 million years ago. This
analogue also showed that precipitated calcite as a result of carbonation may surround C-S-H gels by
which these poorly-crystalline gels are protected from further carbonation (Knight, 2003).

During decalcification, C-S-H polymerization occurs, changing the internal structure of the
cementitious materials, generally resulting in larger specific surface areas. Garcia-Lodeiro et al. (2021)
indicate a change from 20 to 140 m2.g™* after degradation. Also, variation in the kinetic rate coefficients
are reported depending on the Ca/Si ratio (Trapote-Barreira et al.,, 2014) and various values can be
found (Baur et al., 2004; De Windt et al., 2008; Marty et al., 2009; 2015; Tran et al., 2018; Zajac et al.,
2020) for these parameters, as reported in Seigneur et al. (2022).

Chemical reactions within the porespace can induce mechanical stresses which may damage the
cement material. For example, in saturated conditions, the delayed ettringite formation may induce
swelling and cracks (Brunetaud et al., 2008; Sellier and Multon, 2018; Gu et al., 2019) if the C3A content
in cement is too high. In unsaturated conditions, however, presence of a gas phase may partly
accomodate expanding reactions. However, significant cracking may be induced by shrinkage. Usually,
two types of shrinkage are described: drying (Bisschop and Van Mier, 2002; Shiotani et al., 2003; Soja
et al., 2020) and carbonation shrinkage (Ye et al., 2017). Borges et al. (2010), Han et al. (2013), Wan et
al. (2014) and Kangni-Foli et al. (2021) have shown that the carbonation induced decalcification of C-S-
H may lead to shrinkage (Swenson and Sereda, 1968; Chen et al., 2006), and formation of cracks in the
cement paste. Drying shrinkage is associated with the dependence of the C-S-H structure on the water
content (Li et al., 2021).

During carbonation, decalcification occurs and modify the internal structure of the C-S-H. This leads to
a general volume decrease of the material, particularly at high degree of decalcification (Matsushita et
al., 2004), generating internal stresses. Auroy et al. (2018) have shown that cracking in cement pastes
appears both in the case of natural and accelerated carbonation. It was further shown by Kangni-Foli et
al. (2021) that atmospheric carbonation of model cement pastes in controled conditions may induce
severe crackings, particularly for low-pH cement formulation, specifically in the most decalcified regions.

Carbonation reactions are complex in the sense that, depending on the experimental conditions or
cement formulations, they can lead to seemingly opposite effects (Dutzer et al., 2019). Carbonation has
been able to seal fractures ((Harris et al. 1998); Wigand et al., 2009; Liteanu and Spiers, 2011;
Jacquemet et al., 2012) and to induce cracking (Han et al., 2013; Ruiz-Agudo et al., 2013; Auroy et al.,
2015; Ghantous et al., 2017; Dutzer et al., 2019; Kangni-Foli, 2019). Carbonation has been extensively
studied, both experimentally (Ho and Lewis, 1987; Papadakis et al., 1991; Chang and Chen, 2006; Ati.s,
2003; Leemann and Moro, 2017; Drouet et al., 2019) and numerically (Shen et al., 2013; Kari et al.,
2014; Huang et al., 2018).
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However, few attempts have been made on modelling the fully coupled system in unsaturated
systems. Most studies use a variety of simplifications, the most common one being neglecting the
appearance of cracks associated with geochemical reactions. Few studies also include a multiphase
system with an accurate description of water (release, consumption, evaporation).

In recent years, several reactive transport modelling studies were based on a relatively complete
description of all the processes mentioned above (Addassi and Johannesson, 2020; Xie et al., 2021;
Seigneur et al., 2022).

In an attempt to model the experiments from Kangni-Foli et al. (2021), Seigneur et al. (2022) used a
damage factor £ in HYTEC (Van Der Lee et al., 2002, 2003; De Windt and Devillers, 2010) to model the
evolution of gas transport as crack appear in their reactive transport approach:

w\? /592
DI(w, 8% =¢DI [ —) (=5
(0, 5%) = £0s (wo) (Sﬁ') 1-38

This damage factor was constrained based on Dutzer et al. (2019), the damage factor would likely be in
the range of 2.5 - 4. This damage factor was changed to 3 when amorphous silica started to precipitate.
With this damage factor, the authors have managed to reproduce carbonation depths over 1 year. The
model included a complete mass balance of water in the aqueous complex, gaseous and solid
components. Parameters of this study were derived from dedicated experimental characterizations, and
one single model successfully reproduced carbonation extents for the two different model materials (a
CsS hydrated paste and a C-S-H sample). The main simplification in their study is that the sorption
isotherm was not modified during carbonation.

While Seigneur et al. (2022) focused on model materials, Addassi and Johannesson (2020) have
presented a detailed analysis for a more complex cement paste in three different exposure conditions.
They conclude that one single model fails to adequately represent all these different exposure conditions
(Xie et al., 2021).

Huang et al. (2018) have suggested to use a look-up table, based on reactive transport simulations, to
accelerate simulation of cement degradation. However, based on the wide variety of exposure and
conditions, such methods may be limiting.

1.3.2.2 Modelling of cement materials degradation in unsaturated environment at the pore scale
PSI, Empa

Consideration of partial saturation in reactive transport simulations at pore scale brings yet another level
of complexity compared to the corresponding 3D modelling at saturation conditions. Accordingly, the
pore scale simulations of cement paste at partial saturation are essentially limited to the estimation of
effective diffusivities of solutes, moisture distribution and effective permeability as function of saturation
degree. The underlying models for the microstructure are either based on numerical simulation of
cement paste hydration or obtained experimentally through x-ray CT and 1H NMR (Genty and Pot, 2014;
Zalzale et al., 2013; Zhang et al., 2014; 2012). Most of the studies based on numerical microstructure
are dealing with the early age cement paste. Despite the fact that the transformation of microstructure
due to the mineral dissolution and re-precipitation are not considered in such studies, the simulations
provide a basis for the upscaling of effective transport parameters for multiscale modelling including the
mechanical damage of cement paste (Liu et al., 2021).

(Zhang et al., 2012) have systematically applied the Lattice Boltzmann method to model the diffusion
process of the ionic species through the partially saturated cement paste. The simulated relative ionic
diffusivity as a function of the degree of water saturation were found to be in good agreement with the
experimental data available in the literature. Combination of X-ray CT and LB simulation was used to
estimate the water distribution in cement paste at different degrees of saturation (Genty and Pot, 2014;
Zhang, 2017; Zhang et al., 2014). A general trend between the decrease of the saturation and increase
in the gas permeability could be well reproduced. The simulations suggest that the microstructure and,
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in particular the pore network connectivity are the major factors controlling the moisture distribution and
permeability. Each microstructure can be characterised by a critical water saturation at which the liquid-
filled or gas-filled capillary porosity becomes disconnected leading to abrupt change in gas or liquid
permeability. This critical water saturation is strongly related to microstructure model. Despite the fact
that the numerical microstructure modelling or experimental estimation is subject of large uncertainties,
the simulated permeabilities show good agreement with experimental data.

(Zalzale et al., 2013) combined 'H nuclear magnetic resonance relaxation analysis used 3D lattice
Boltzmann model for C-S-H paste to estimate the water and gas permeabilities in capillary pores as
function of water saturation. The numerical model comprises explicit capillary pores and treated weakly-
permeable nano-porous C-S-H as effective saturated porous media, whereas the capilary pore
saturation was obtained from Kelvin-Laplace. It was concluded that the degree of capillary water
saturation is the parameter controlling the variation of experimentally measured permeability of C-S-H
paste. It could be further showed that consideration of partially permeable C-S-H matrix is essential for
the agreement between modelled and measured permeabilities. Recently, Cl diffusivity in limestone
blended cement paste was studied considering its 3D microstructure produced by voxel-based
CEMHYD3D model at different saturation degree (Liu et al., 2022). The results indicate complex
dependence of ionic diffusivity on the saturation degree of capillary pores their percolation and the
underlying microstructure.
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1.4 Synthesis and identified gaps

The still existing constructions built by the Romans two millenia ago provide the evidence that
the chemo-mechanical ageing of concrete can be a very slow process if the concrete has been
well manufactured in specific conditions. After three decades of research, the main reactive
processes controlling the concrete chemical evolution in disposal environment are globally well
understood: 1/ in saturated conditions: leaching, carbonation, magnesium and sulphate attack,
sometimes chloride attack depending on the concentration in solution and type of cement
(ingress of sulphates and chlorides does not necessarily lead to a detoriation of cementitious
materials if a proper choice has been made of the materials that have been used to manufacture
these materials); 2/ in unsaturated conditions: carbonation conducted to different carbonate
phases depending on the cement formulation.

Their impact on the microstructure evolution and transport properties remains challenging. The
rate of solute transport can be strongly delayed by clogging of pores with salt crystals (especially
calcite and ettringite precipitation). The intensity of pore clogging is strongly influenced by the
type and amount of salt and by the pore structure of the substrate. A better understanding of the
salt-substrate interaction and of the connection between pore-clogging and damage (cracking),
must be developed to predict these effects quantitatively. Long-term chemical degradation and
eventually the mechanical stability of cementitious materials depend on the chemical gradients
and the rate of ion diffusive transport at pore scale. Experimental results suggest that the
effective diffusivity of the ions depends on the ion charge and the surface charge of the cement
phases at pore scale, which can be attributed to the electrical double layer near the charged C-
S-H surfaces. Several continuum scale reactive transport models have been developed to
simulate carbonation and leaching processes in cementitious materials. The predictive capability
of such models depend on the accuracy of input parameters such as reaction rate, diffusivity
and permeability and their changes as the pore-structure evolves due to chemical interactions.
If these essential parameters could be obtained from a pore-scale simulation able to resolve
heterogeneities in cement paste microstructures, how to extract these essential parameters
(relation between transport properties and changes in porosity and microstructure) is still
an open issue.

Reactive transport models are used to understand the durability of cementitious materials since
the early 2000s. However, proper coupled description of reactive transport in unsaturated
systems, while accounting for mutliphase flow and transport, evaporation and porosity changes
is only recent. There are a few limitations to using reactive transport models within cementitious
materials under unsaturated conditions:

» The evolution of sorption isotherms is usually neglected. Also, limited data to constrain
the evolution of these isotherms is available.

» Empirical laws to model diffusion in the liquid and gas phases have limited predictive
capacities.

» There remain uncertainties in database parameters for the C-S-H phases (densities,
surfaces ...). C-S-H are usually modelled based on a discrete set of Ca/Si ratios. A solid
solution framework may be more suited for their description (some solid solution already
available), provided that accurate data regarding their density, water intake are
provided.

Reactive transport modelling usually describes one single value for porosity and water content,
while the structure of the cement system expands over a large spatial scale. Hence, the validity
of this approach may not be guaranteed by experimental data (Lothenbach et al., 2008; Blanc
et al., 2010; Blanc, 2017; Blanc et al., 2012). A multi-scale model with lower scale REVs may
be more appropriate.
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2. Multiscale mechanical behaviour related to the disturbances
imposed in geological disposal environments

Andra

After a brief description of mechanical constraints applied to cementitious materials in geological
disposal environments (part 2.1), part 2.2 focuses on the existing data relative to concrete mechanical
behaviour exposed to these types of environment at the nano and microscale, while part 2.3 is devoted
to the meso and macroscale. The general objectives are to identify the current knowledge in terms of
mechanics and to identify the gaps remaining, especially in representative chemical conditions.

2.1 Mechanical constraints applied to concrete in a geological
disposal

Task 2 board

The mechanical behaviour of underground cementitious structures is influenced by various parameters,
boundary conditions, and construction methods.

The first key parameter is the host rock response to the excavation of drifts. Excavation and/or
construction generally disturb firstly the natural initial physical state of the host rock. It generates
interaction of various rock mass parameters and boundary conditions possibly causing further changes
of other rock parameters (Hudson, 1991). The strength of the rock mass is reduced in a plastic zone
around the underground structure. Morrison and Coates (1955) were the first to describe it. That
disturbance induces stresses/strains modification evolving or not with time, guided by the host rock
hydromechanical characteristics and geological context. Therefore, various mechanical processes could
be activated, for instance cracks induced by excavation (damaged zone), convergence, water pressure
evolution, or creep. For instance, in indurated rock like Callovo-Oxfordian claystone or poorly indurated
clay like Boom Clay, the excavation of drifts induces damages zones, convergence and creep (Armand
et al., 2015; Blumling et al., 2007). Due to the high strength of hard rock compared to the in-situ stress
state, mainly the vertical stress, the damage induced by excavation is often limited to the wall and does
not lead to significant deferred strain (Martin et al., 1997; Martin and Chandler, 1994, Aoyagi et al.,
2017).

The underground cementitious structure mechanical characteristics and their evolution is the second
key factor. The underground disposal structures such as linings, plugs, or buffers can be loaded
(directly/indirectly, with or without timelapse) by the host rock. This is particularly in the case of indurated
or soft rocks. The loading is a result of the rock/structure interaction. As the structure stops the
convergence of rocks, it becomes mechanically loaded, with stresses and strains generated as a
function of its stiffness. In addition, the equivalent rigidity of the structure can also evolve in time. This
evolution is due to different potential reasons:

- the level of loading (directly/indirectly) from the host rock, that can affect the stress/strains
relation and increase the mechanical damage,

- the decrease in mechanical characteristics due to the chemical/microbial perturbation, and

- the concrete formulation, in particular with respect to the influence on shrinkage and creep
behaviour. For example, shrinkage can influence the initial interface characteristics of the plug, leading
to radial deformation in concurrence with the rock convergence.

The construction process (method and sequence) has an important impact concerning the delay of the
loading activation (Zghondi et al., 2017) and the hydromechanical characteristics of the interface. It has
also an effect on the mechanical characteristics of the structure and can have an influence on the rock
damaged zone. For instance, the time delay to load a segment lining on a tunneling boring machine
excavation is different from a poured in place lining following a traditional excavation method. The same
applies to plugs and buffers, where the interaction with the rock (direct or indirect) will take place several
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years after excavation, according to rock convergence (when present), which may have a different
kinetics regarding the initial state. The rock/structure interfaces quality and characteristics are connected
to the structural boundary conditions, in relation with the construction process. It is the case for example
of setting up the concrete lining: shotcrete, pouring, or precast elements. Adding also the question of
the progress of the construction that can be different in each method.

Different methods of prediction of the mechanical interaction have been proposed. They permit to
describe at structure scale the mechanical behaviour with time, taking into account various boundary
conditions regarding the building methods: analytical (Panet, 1976; Corbetta et al.,, 1991) and
engineering top-down method. The engineering objective is first established and then appropriate
models are developed (Hudson, 1991), such as a numerical model based on a rock and structure
adapted behaviour law (Brown et al., 1989; Carter and Booker, 1990), or with a neural network approach
(Cai et al., 2000).

2.2 Mechanical behaviour of concrete at the nano/microscale
exposed to geological disposal environments

2.2.1  Experimental developments and key results
PSI, Empa, CEA, IRSN

Experimental methods such as micro-/nano-indentation and distinct types of Scanning Probe
Microscopy (SPM), e.g., Atomic Force Microscopy (AFM), allow probing some mechanical properties
locally and within a very broad range of length scales, in the micro- and nano-domains. Such length-
scale versatility and the intrinsic local probing nature of such methods offer, several advantages for such
heterogeneous composites as cement-based ones, including cement paste itself. The latter is the key
component of concrete, a composite material by definition, mostly participating in the set of chemo-
mechanical processes triggered in geological disposal environments and described in Sections 1.1 and
1.2.

One key advantage of particular relevance for the development and validation of computational models
at the nano- and micro-scales consists of the possibility of probing selectively distinct cement hydrates.
The latter allows estimating mechanical properties of single cement paste constituents, each with a
distinct role in the degradation processes mentioned in Section 1. The local and highly selective
mechanical probing is typically enabled and/or enhanced by the simultaneous use of chemical probes,
e.g., Energy Dispersive X-ray Spectroscopy (EDX). The combination of the mechanical probe, e.g., a
micro- or nano-indenter, with a chemical one, e.g., the electron beam of a Scanning Electron Microscope
(SEM) plus an X-ray detector, already enabled nano- and micro-scale, fully chemo-mechanical
characterizations of cement hydrates and their assemblages (Chen et al., 2010). One investigation
example dealt with the assessment of the correlations between the elemental composition of C-S-H
clusters and their mechanical properties (Krakowiak et al., 2015).

2.2.1.1 Resonant Ultrasound Spectroscopy for cement application

Resonant Ultrasound Spectroscopy (RUS) is a fully non-destructive technique, which can partly
complement indentation-based methods in measuring mechanical properties of cement-based
composites and of their single components.

RUS was originally developed in the condensed matter and mineral physics fields for estimating
guantitatively, by a single measurement, the full tensor of linear elastic constants, independently of the
material's elastic anisotropy class (Migliori and Sarrao, 1997; Zadler et al., 2004; Leisure, 2017). RUS
relies on solving the inverse problem of finding the linear elastic constants, which, together with known
density, specimen size and shape, determine the specimen's mechanical resonance frequencies, under
free stress boundary conditions. The inverse problem is formulated and solved with numerical, iterative
techniques. This leads to an optimal guess of the elastic anisotropy model and optimal estimates of the
linear elastic constants (Zadler et al., 2004).
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The measurement part of RUS, i.e., the measurement of the elastic resonance spectra, is fully non-
destructive, thus enabling truly time-lapse investigations. For the MAGIC purposes, especially for
supporting the formulation and validation of computational chemo-mechanical models, this is a unique
advantage over micro- and nano-indentation techniques, which can be applied only to distinct
specimens at distinct time points.

RUS can be practically implemented for specimens with a broad size range, namely from the cm scale,
of interest in Section 2.3, down to the sub-mm scale. However, it is essentially not implementable at
smaller scales due to technological limitations. Since RUS allows estimating only the bulk elastic moduli
of the measured specimen, the specimen size determines the length scale at which such properties are
guantified. This means that RUS can be used to estimate such mechanical properties starting from
concrete's macroscopic and mesoscopic scales (ASTM C09 Committee, 2014; Payan et al., 2014; Di
Bella et al., 2016) down to a length scale bridging the mesoscopic and microscopic ones, where, e.g.,
cement paste or mortars with fine aggregates can be investigated (Wu et al., 2010; Haecker et al., 2005).
While RUS (in a simplified form) for the characterization of cement-based composites at the macro- and
mesoscopic scales is already standardized since many decades (ASTM C09 Committee, 2014), its
application for the same materials at the mm-scale and sub-mm scale has been more limited (Wu et al.,
2010), mainly because of the need of producing cement paste specimens with size at such scales.
Unless for basic research purposes, specimens at such scales are typically of less practical interest in
concrete technology. Table 2-1 summarizes which RUS results at which length scales, for cement-based
materials, have been reported in the literature.

Table 2-1. Examples from the literature of estimates of linear elastic moduli of cement-based
composites, obtained with Resonant Ultrasound Spectroscopy, with indications of specimen scale/size,
composite type and study target

Reference Elastic moduli Specimen scale/size Study target
measured and composite type
Haecker et al., 2005 Young's and shear Cement pastes Validation of
moduli micromechanical

models of cement
pastes as composites

Wu et al., 2010 Young's and shear 13.78%x11.96x9.64 Validation of

moduli mms3, micromechanical
models of cement

pastes as composites

cement paste

Chen et al., 2011 Bending modulus 25x25%275 mm?, Alkali-silica reaction
induced damage
mortars
Payan et al., 2014 Young's and shear 100x100x60 mms, Damage due to
moduli thermal shocks

mortars and concretes

Di Bella et al., 2016 Young's modulus 40x40%160 mms, Early-age mechanical
properties evolution

mortars :
due to drying
shrinkage and cracking
Génoves et al., 2017 Young's modulus 40x40%160 mms, Damage due to sulfate
attack
mortars

An extension of RUS, called Nonlinear RUS (NRUS), allows quantifying nonlinear elastic constants.
From a computational modelling viewpoint, the latter parameters are of relevance only in deformation
processes involving large (finite, e.g., > 10-4) strains. However, in the last three decades, it has been
shown extensively and for a broad range of materials that nonlinear elastic constants are order of
magnitudes more sensitive to microstructural changes, e.g., micro-cracking or local porosity changes,
than linear ones. Thus, they have been exploited as damage proxy variables. The exploitation of NRUS
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measurements for damage detection in concrete has occurred mainly at its macroscopic and
mesoscopic scales and for a large variety of durability problems, such as carbonation (Bouchaala et al.,
2011; Eiras et al.,, 2015) and sulphate attack (Genovés et al.,, 2015; 2017). However, NRUS
measurements can be implemented also at the mm and sub-mm scales, where they would allow
tracking, in a fully non-destructive and time-lapse way, the microstructural evolution of model cement
pastes subjected to geological repository-relevant boundary conditions.

2.2.1.2 Nano-micro indentation measurements for cement application

Indentation (micro and nano) is an experimental technique commonly used for decades to extract the
local elastic properties of materials (Oliver and Pharr, 2004). Basically, nano-micro indentation consists
of making a contact between a sample and an indenter tip of known geometry and mechanical
properties, followed by a continuously applied and recorded change in load, P, and depth, h. The
analysis of the P-h curve proceeds by applying a continuum scale model to condense the indentation
response into two indentation properties; indentation modulus, M and the indentation hardness H (Pharr
and Oliver, 1992).

The high heterogeneity of cementitious materials implies that large grids of indentations are needed to
estimate properly the mechanical properties of each inclusion (cement hydrates + other phases). The
nano-indentation measurements have been mainly carried out on hardened cement paste to determine
the elastic properties of hydrates and anhydrous phases (Ulm et al., 2007; Constantinides et al., 2006).
At this scale, the response of the material corresponds to the compounds located at the surface in the
indented zone. Thus, the indentation depth should be in adequation with the average size of the
elementary components (Ulm et al.,, 2007; Constantinides et al., 2006; Luo et al., 2018). Most
nanoindentation studies on hardened cement paste considered an indentation depth of between 200
and 300 nm (Brown et al., 2018; Kim et al., 2013; Hu and Li, 2015; Constantinides and Ulm, 2004; Chen
et al., 2010; Zhu et al., 2007). Research has shown that the actual indenter-material interaction volume
of a nanoindentation test is larger than the volume of the indenter that has penetrated into the tested
material, and the interaction volume may be up to 1 um?3(Lura et al., 2011) requiring to have a careful
post treatment analyse.

Besides the theory of nanoindentation testing is based on the assumption of an infinite half-space model,
it furthermore assumes that the surface is perfectly flat and smooth (Miller et al., 2008). The sample
preparation has significant effects on the nanomechanical properties obtained from nano-indentation
tests. Miller et al. (2008), for instance, proposed a three-step sample preparation procedure to make the
surface of a sample as flat as possible and limit the surface roughness.

A statistical analysis coupled with deconvolution methods is carried out with the grid nanoindentation
data. The deconvolution steps are based on the experimental cumulative density function CDF (Brown
et al., 2018; Randall et al., 2009) or probability PDF (Ulm et al., 2007; Lura et al., 2011; Constantinides
and Ulm, 2007). The statistical analysis allows an estimation of the volume fraction of each constituent
of the indented zone, provided the mechanical properties of the cement constituents are known, as
detailed in the Table 2-2 (Ulm et al.,, 2007; Constantinides et al., 2006; Randall et al., 2009;
Constantinides and Ulm, 2007, Bernachy-Barbe, 2019; Sasmal and Anoop, 2019). The robustness of
this approach is controlled by the approximation made by chemical or mineralogical analyses allowing
to cross chemical and mechanical data.

Table 2-2: Elastic moduli of individual cement and cement paste phases, taken from several sources in
the literature

Young Modulus Error Young Hardness Halfcrirr?erss References
(GPa) Modulus (GPa) (GPa) (GPa)
(Velez et al.,
C3s 135 7 8.7 0.5 2001)
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c2s 130 20 8 1 (Velzeozoti; al.,
C3A 145 10 10.8 0.7 (Velzeozoi; .
C4AF 125 25 95 1.4 (Velzeozoit) al.,
Sl -
CSH_LD* 23.03 4.48 0.561 0.121 (Vandamme and
_ Ulm, 2013)
CSH_HD* 31.35 3.84 0.812 0.131 (VaJI‘::“;?f;“d
Aft 20.27 1 0.206 0.003 (Yang; g;z)euo,
Afm 40.3 4.2 1.31 0.23 (Hae;ggrs;at al.,

*A difference is made between C-S-H LD (low density) and HD (high density) in agreement with the work of Tennis
and Jennings (2000).

In micro-indentation testing, the load is always up to 10 mN to highlight the macroscopic behaviour of
the indented zone (Oliver and Pharr, 2004). Recently, Xu et al. (2020) developed a model to determine
the fracture properties based on micro-indentation techniques. The model was initiated by the fracture
energy generated additionally that is assumed to be averagely distributed during indentation, and only
involves the load—displacement curves that follow power functions. An explicit equation for estimating
the plastic energy considering the effect of holding procedure that has not been considered before was
established, which, together with the principle of energy balance, allows us to assess the fracture
energy, energy release rate and fracture toughness of the HCP. The accuracy, reliability and robustness
of the model were validated by the experimental data with changing the maximum load, loading speed
and holding time. Overall, the micro fracture testing method developed here provides an efficient way to
assess the fracture properties of cement-based materials in micro scale.

2.2.1.3 Nano-micro indentation measurements on degraded cementitious materials

Currently, no study exists on the micro-mechanical consequences of groundwater on cementitious
materials. Therefore, several authors have investigated the impact of chemical degradation, such as
leaching (Brown et al., 2018; Constantinides and Ulm, 2004; Gaitero et al., 2009), nitric acid (Muthu and
Santhanam, 2018), or carbonation (Han et al., 2012) on the micro-mechanical behaviour of cementitious
materials. These works highlight a non-negligible evolution of elastic mechanical properties of the
cement matrix subjected to an aggressive solution. A significant decrease of the Young modulus is
observed in the leached zone of a Portland cement paste due to the dissolution of portlandite combined
with decalcification of C-S-H (Brown et al., 2018; Gaitero et al., 2009) (Figure 2-1).
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Figure 2-1: Indentation modulus vs. silicon to calcium (Si/Ca) ratio for the hydrates of the (a) the
reference cement paste and the (b) interior, (c) middle, and (d) outer zone of the decalcified cement
paste (Brown et al., 2018).

Indeed, as illustrated by the Figure 2-1, portlandite has a Young modulus equal to 40.3 GPa, its
dissolution decreases necessarily the mechanical properties of the indented zone. In parallel, as
demonstrated by Constantinides and Ulm (2004), high decalcified C-S-H has very low Young modulus,
close to 2-3 GPa.

Previous works on the chemical impact of the groundwaters studied in MAGIC highlight decalcification
of C-S-H and portlandite dissolution in the cement matrix (Dauzéres et al., 2014; Dauzeres et al., 2016;
Lalan et al., 2019). Then, the decrease of mechanical properties due to the leaching would occur in
combination with other unknow mechanisms.

The main challenge of this kind of study concerns the difficulty to obtain an acceptable surface
roughness in the degraded zone (Constantinides et al., 2006). The significant change of mechanical
properties between the sound and degraded zones further complicate the polishing steps for sample
preparation (Miller et al., 2008).

Micro- and nano-indentation methods are on the other side limited in the number of mechanical
properties which can be quantified (typically a single elastic modulus). They are also strongly affected,
in the estimates they can provide, by viscoelastic processes, e.g., creep, in addition to be fully
destructive methods, thus not allowing for time-lapse investigations.

As example of application, very useful results about chemo-mechanical effects were studied on smaller
scale for C-(A)-S-H carbonation (Hay et al., 2022). Authors show that nanoindentation, high-pressure
XRD, and atomic force microscopy can be used to probe the micro and nanomechanical properties of
C-(A-)S-H, whose nanostructure can be described as colloids of globules containing solid C-(A-)S-H,
pores and water. Moreover, nanoindentation is able to capture the aggregate effects of the solid C-(A-
)S-H and pores.

2.2.2 Modelling approaches and key results
LaMcube
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For the work developed by LaMcube on multi-scale modelling, analytical homogenization techniques
are used to formulate the macroscopic strength criteria by considering different scales. For the sake of
consistency, a single synthesis is presented below (section 2.3.2).

CEA

Regarding the modelling and simulation aspects, many studies have been devoted to the analysis and
description of the evolution of the microstructure and mechanical properties of cementitious materials
when subjected to the contact of groundwater and argillite (Heukamp et al., 2001; Dauzeres et al., 2010;
Sarkar et al., 2010). At the nano-microscale, the different minerals (phase assemblage) composing the
hydrated cement paste should in principle be considered. Indeed, they have different mechanical
properties and react differently depending on the ionic species that migrate within the porosity. From
this viewpoint, while mechanical properties of most mineral phases can be considered as relatively well
known, the description of C-S-H phase and modelling of its associated properties and evolution upon
exposure to solution containing different species remains challenging. At the nanoscale, the use of
approaches based on molecular dynamics is widely accepted to this aim, see e.g. (Pellenq et al., 2009;
Fan and Yang, 2018); however, the corresponding simulations require generally a huge computation
time. These approaches allow in particular estimating the Young’s modulus, strength and fracture
energy of C-S-H, and predicting the effects of water on C-S-H behaviour and its related volume changes,
see e.g. (Abdolhosseini Qomi et al., 2021).

At the microscale, as an alternative to macroscopic empirical laws fitted on experimental data to describe
the impact on the mechanical properties of degradation phenomena related to the geological disposal
environment, as for instance calcium leaching, e.g. (Gérard et al., 1998; Le Bellégo et al., 2003), more
advanced and versatile methods have been developed to estimate these properties. Analytically, the
application of micromechanics and upscaling techniques turns out to be particularly well adapted in this
context to estimate the mechanical and diffusive properties, based on more or less simplified
representations of the microstructure. Classical schemes such as the Mori-Tanaka method provide good
estimations of mechanical properties, though the microstructure of cement paste and mortar, whose
morphology is of the matrix/inclusion type, contains an important volume fraction of particulate phase
(greater than 50 %). Thus, many studies have been devoted to investigate the evolution of mechanical
properties of cementitious materials by means of micromechanical approaches in different contexts
including hydration, viscoelasticity (creep) and chemical attack, see e.g. (Bernard et al., 2003;
Constantinides and Ulm, 2004; Pichler et al., 2007; Bary, 2008; Scheiner and Hellmich, 2009; Esposito
and Hendriks, 2016). More recently, such approaches have been extended to the estimation of strength,
see for instance (Konigsberger et al.,, 2014; Konigsberger et al., 2018). Note that in addition to
mechanical properties, diffusive properties may also be estimated by applying similar upscaling
techniques, see e.g. (Stora et al.,, 2008; Stora et al., 2009; Gu at al., 2022). The homogenization
schemes that reveal more adapted to the diffusive properties are in general different from the ones
applied for mechanical properties. This is mainly due to the fact that (1) the key characteristics of the
pore phase responsible for the diffusive phenomena are its connectivity and associated tortuosity, and
(2) the properties contrast between this pore phase and the solid ones is infinite since the hydrated
products are non-diffusive (diffusivity of the C-S-H phase is related to its nanoporosity).

On the other hand, the recourse of numerical approaches to determine the mechanical behaviour of
cementitious materials has gained growing interests in recent years, due to the continuous increase of
computational power. Different numerical methods have been applied to investigate the mechanical
response of samples representative of the studied materials. The most popular ones are the finite
element method (FEM), the discrete element method (DEM) and the fast Fourier transform (FFT), see
e.g. (Camborde et al., 2000; Princigallo et al., 2003; Sun et al., 2007; Dunant and Scrivener, 2010;
Escoda et al., 2011; Bernard and Kamali-Bernard, 2015). These methods rely on numerical samples
constructed from an appropriate representation of the microstructure, which can be either generated
numerically or obtained from the real microstructure characterized e.g. by image analysis from X-CT
scans (Bernachy-Barbe and Bary, 2019). The behaviour of the material is then computed by imposing
classical boundary conditions on the sample borders. The advantages of the numerical methods over
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analytical ones based on micromechanical approaches are that there are generally much less limitations
regarding the shapes and sizes of the different particle phases. Besides, various aspects as the
mechanical interactions between the inclusions, the effect of respective arrangement of phases
(multicomponent phases) and of interfaces between some inclusions and the matrix (ITZ — interfacial
transition zone) are much better captured than with purely analytical procedures. The description of the
initiation and propagation of microcracks and their impact on the effective properties are also deemed
to be much more accurate with 3D simulations, although this aspect remains computationally
challenging. This is related to the inherent complexity of modelling and numerically representing
microcracks satisfactorily (different approaches have been developed to this aim; their description is
beyond the scope of this section, see e.g. (Nguyen et al., 2015; Naderi et al., 2021 for several
illustrations). The main drawback of 3D numerical determination of properties compared to analytical
estimations is the much larger computational resources and simulation time required. Note that recently
several methods relying on machine learning techniques, whose basic idea is to replace the initial
problem by a simplified one, have been deployed to limit the computation time, see e.g. (Bock et al.,
2019).

Whether analytically or numerically, the characterisation of the mechanical properties of cementitious
materials necessitates the knowledge of the evolution of the microstructure and corresponding phase
assemblage of the cement paste in the context of disposal environment. This means that to investigate
accurately the mechanical response, a coupled approach with a chemical model describing the
hydration product changes should be developed. Again, several methods and models have been
proposed in the literature for this purpose. The most simple ones consider only a limited set of ionic
species for defining the chemical state of the system, together with simplified chemical reactions, see
(Tixier and Mobasher, 2003; Bary, 2008; Idiart et al.,, 2011; Cefis and Comi, 2017) for illustrative
examples regarding the modelling of sulphate attack in cementitious materials. More sophisticated
approaches are based on a direct coupling between a reactive transport code and a code dedicated to
solve the mechanical problem (Stora et al., 2009; Bary et al., 2014; Nardi et al., 2014; Deng et al., 2016;
Socié et al., 2021). Such methods allow describing accurately the time evolution of (1) the microstructure
considering the appropriate chemical reactions and related diffusion of species, (2) the effects of the
microstructure changes including microcracking development on the mechanical (and diffusive)
properties, and (3) the impact of possible expansion or shrinkage phenomena, as for instance in the
case of differed ettringite formation, desiccation and carbonation shrinkage of C-S-H, etc. Besides, using
a reactive transport code extends significantly the application domains of the coupled approaches.
Indeed, as the phase assemblage composing the hardened cement paste and the related chemical
reactions and diffusion of species in pore solution are described realistically, it makes it possible to
simulate the behaviour of the materials upon various chemical exposures and configurations. However,
an important limitation of these numerical methods is the computation resources and time required.
Moreover, the formulation of the mechanical and reactive transport problems generally necessitate the
development of specific algorithms to solve them, independently of the coupled problem. For instance,
nonlinear mechanical problems are commonly solved by the finite element methods with iterative
procedures based on Newton methods, while the well-known Picard or ‘fixed point' method is usual for
solving the system of mass conservation equations describing the transport. Note that the modelling
and simulation of cracking at the microscale face the same numerical difficulties as at the meso or
macroscale, and similar approaches may be applied depending on the adopted numerical methods for
calculating the mechanical behaviour. Whatever the scale considered, an accurate description of the
microcracking and its repercussions on both mechanical and diffusive properties is essential to the
simulation of the coupled response of cementitious materials. This topic is beyond the scope of the
present subsection, and should be addressed specifically as many methods and approaches exist to
model its initiation, propagation etc.
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2.3 Mechanical behaviour of concrete at the meso/macroscale
exposed to geological disposal environments

2.3.1 Experimental developments and key results

Based on the D16.3: LMDC (Th. Vidal), ANDRA (O. Helson) COVRA (E. NEEFT)

2.3.1.1 Leaching and reinforcement corrosion and their consequences on mechanical properties

Many authors have studied the influence of chemical degradation on the mechanical behaviour of
cementitious materials (Carde and Francois, 1996; Gérard, 1996; Gerard et al., 1998; Le Bellégo et al.,
2001; Ulm et al., 2002). The overlying principle of these studies was to evaluate the mechanical
behaviour of samples that had previously been subjected to chemical attacks. In order to identify this
influence, it is necessary to carry out tests establishing the behaviour of cementitious materials that have
undergone quantifiable chemical degradation. For instance, the kinetics of leaching with pure water is
relatively slow, so it is necessary to accelerate the process by using an ammonium nitrate solution. The
accelerated leaching test amplifies the kinetics of decalcification without modifying general form of the
portlandite profile. Only the depth of decalcification is higher with ammonium nitrate solution at a same
date. The results will remain analogous to those obtained in decalcification condition with pure water,
which allows studying the consequences of decalcification on mechanical behaviour and physical
properties. This type of test is thus used to characterise the influence of the chemical alteration factor
and the chemical degradation time on the mechanical behaviour and physical properties of concretes.

Goncalves and Rodrigues (1991) examined the influence of chemical attack with ammonium nitrate
(NH4NOs3) solution for different concentrations (0, 0.0625, 0.625 and 6.25 mol/l) on the mechanical
strength of mortar-based samples (W/C = 0.5). After many years of study, the authors have shown that
a higher concentration of the aggressive solution reduces more the residual strength of the sample in
compression or bending. They also showed that Portland cement-based mortar had lost about 90% of
its compressive and tensile strength after fourteen years of leaching with a concentration 6.25 mol/l of
ammonium nitrate solution.

Gérard (1996) analysed the influence of leaching of the cement type by using microhardness
measurements. The microhardness loss of a previously leached material is related to the loss of calcium
in the solid phase. Then, the relationship between Young's modulus of the material and the calcium
concentration in solution is established through the evolution of the microhardness as a function of the
calcium concentration in solution (Figure 2-2).
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Figure 2-2: Evolution of Young's modulus as a function of the calcium concentration in the liquid phase
(Gérard, 1996)

This result shows that the dissolution of portlandite causes a drop in Young's modulus. When all
portlandite is dissolved, Young's modulus continues to decrease with the progressive dissolution (and
decalcification) of the other hydrates. Thus, contrary to carbonation, leaching mechanically damages
concrete.
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Nguyen (2005) determined the evolution of compression strength as a function of degradation rate for
hollow cylinders attacked on the outer and inner surfaces (Figure 2-3a) and solid cylinders attacked on
the outer surfaces (Figure 2-3b).

(a) Hollow cylinder (b) Solid cylinder
Figure 2-3: Degradation depth after 153 days of accelerated leaching with NH4NOs solution 6M
(Nguyen, 2005).

A strong decrease in compressive strength can be observed at the beginning of chemical degradation.
This decrease then stabilizes as the concrete degrades (Figure 2-4). The compressive strength of the
degraded concrete is equal to 24% of the strength of the sound concrete.
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Figure 2-4: Evolution of compressive strength as a function of degradation (Nguyen, 2005).

The results achieved by Nguyen (2005) show that the increase in the rate of chemical degradation leads
not only to a decrease in the compressive strength and in elastic modulus, but also to an increase in
ductility characterized by a higher ultimate deformation (Figure 2-5). The behaviour of concrete becomes
more and more ductile as it degrades. Babaahmadi et al (2015) investigated the effects of leaching on
concrete mechanical behaviour using an accelerated method based on electrical migration to faster
transport of calcium ions. Two types of concretes with W/C of 0.48 and 0.62 were tested. Splitting tensile
strength were reduced by up to approximately 70 % and 55 % for W/C of 0.48 and 0.62 respectively.
The effect on compressive strength was rather similar with a decrease of 70 % and 59 % for W/C of
0.48 and 0.62 respectively. The Young’s modulus decreased by 40% for both concretes.
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Figure 2-5: The stress-strain curves of the compression test at different chemical degradation stages
(Nguyen, 2005).

Some studies have also investigated the behaviour of concrete under creep test in compression coupled
with accelerated leaching (Nguyen et al., 2007; Torrenti et al., 2008; Sellier et al., 2011). Figure 2-6
presents the results of the compression creep test during leaching obtained by Sellier et al. (2011). It
was shown that the creep kinetics increases in the leached concrete. There is, therefore, a strong
coupling between chemical degradation and creep.
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Figure 2-6: Evolution of creep curves for the sound concretes and leached ones (Sellier et al., 2011).

When the concrete is leached, the dissolution of portlandite and the other hydrates modifies the
microstructure of the cement paste. Camps (2008) studied the evolution of physical properties for
concrete specimens with different types of cement attacked with NH4NO3 solution to accelerate the
leaching process. The evolution of the leached calcium for the different types of cement is shown in
Figure 2-7. CEM IF and CEM VF refer respectively to fibre-reinforced concrete containing silica fume
for CEM I-based concrete and for CEM V-based concrete. The W/C ratio of these concretes mixes equal

to 0.40.
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Figure 2-7: Evolution of leached calcium quantity as a function of square root of time (Camps, 2008).
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The values of porosity and permeability measured by Camps (2008) are shown in Table 2-3, with To
corresponding to the date of immersion (around 80 days after casting). The average porosity accessible
to water increases by about 30% during the first nine months of accelerated leaching. This increase is
due to consumption of portlandite and the partial decalcification of C-S-H. In the case of CEM I, the
portlandite content available for degradation is larger, leading to a greater increase in porosity between
9 and 18 months. For CEM V the porosity increases by about 10% between 9 and 18 months. For CEM
IF and CEM VF, the increase between 9 and 18 months is therefore due to the progressive
decalcification of C-S-H.

Table 2-3: Evolution of physical properties in sound specimen at To and after 9 and 18 months of
decalcification

To To+9 months To+18 months
Porosity |Permeability |Dg. Porosity |Permeability |Dg. Porosity |Permeability |Dc.
% (x10'Y" m2) (x10%2 % (x10Y" m2) (x1072 % (x10Y m2) (x102
m2/s) m2/s) m2/s)
CEMI 12.3 £ 85+1.9| 16.1+ - 95+6| 204 96 £
0.3 4.0 0.3 0.3 21.0 20
CEMIF | 128+ 22+1.2| 174+ - 50+ | 19.2+ 85+6
0.2 5.0 0.4 10 | 02 21.0
CEM YV 144 + 55 2.0+£0.3| 182+ - 57+ | 195=% 172 132
0.3 ' 0.1 15 0.2 ) 6
CEMVF| 125+ 20+1.1 - 54+ | 199+ 116 £
0.2 5.0 - 16 | 01 16.8 17

As the modification of the microstructure by leaching leads to an increase in porosity and pore size, the
permeability is also higher in the degraded zone (To+18 months). The influence of fibres on permeability
has not been quantified in these concrete specimens due to the presence of silica fume. Either the fibres
have no influence, or the influence is compensated by the silica fume. The diffusion coefficients have
been measured and are shown in the Table 2-3. Diffusivity is related to the pore network, tortuosity and
connectivity of pores. These different characteristics are influenced by the cement and the pozzolanic
additives it contains. After nine months, the diffusivity of CEM I is about 11 times higher, while for the
other three compositions the value is about 25 times higher. Indeed, the measured diffusion coefficient
between 9 and 18 months are identical for CEM I, while for the other compositions, the diffusion
coefficients have continued to increase.

2.3.1.2 Corrosion of steel reinforcements

In reinforced concrete, corrosion causes mechanical damage to the concrete under the combined effect
of the corrosion-induced expansion (generating internal mechanical stresses) and the loss of cross-
sectional area and bonding of the steel, which causes the structure to lose its load-bearing capacity.

In "classical" civil engineering, when the diffusion front of the aggressive agents (typically CO2 and/or Cl)
reaches the reinforcement, the steel is considered depassivated and the corrosion starts in a so-called
"active" mode. For the reinforced concrete components of Cigéo, the scenario envisaged is mechanical
damage to the concrete due to the growth of the oxide layer in the passive state.

In a cementitious environment, the steel is maintained in a passive state thanks to the high pH of the
the porewater. Corrosion rates are then less than 1 pm.yr? (Tuutti, 1982). However, the impact of
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corrosion is not negligible because of the multi-millennial time scales involved. Even at a particularly low
speed, which is of no consequence on the scale of a few tens to hundreds of years, the growth on multi
secular to multi millennial time scales could cause mechanical damage (cracking).

The microstructure and elastic properties of corrosion products in cement (micro-indentation, Raman
spectroscopy, optical microscopy) were determined under accelerated conditions in the laboratory and
on samples from monuments aged between 50 and 660 (in an ancient ferrous artefact) years (Dehoux
et al., 2015). The results highlighted the heterogeneity of the corrosion product layers and the evolution
of the mechanical properties of the layers with time and ageing conditions. A realistic modelling scenario
should consider a modulus of elasticity close to 1 GPa for corrosion products as in conventional civil
engineering (considered between 0.5 and 1 GPa). However, given the time scales considered for Cigéo,
an increase in the modulus of elasticity up to 30 GPa in the very long term should be considered.

2.3.2 Modelling approaches and key results
LaMcube (J. Shao, W. Shen)

Cement-based materials are characterized by complex and multiscale micro-structures. Their
macroscopic mechanical behaviour is intimately influenced by the micro-structural composition and
evolution. When subjected to chemical degradation processes, for instance leaching and carbonation,
the macroscopic mechanical properties, in particular elastic modulus and strength, can be significantly
modified. In classical phenomenological approaches, different types of empirical relations are
determined based on extensive laboratory data. Such models do not provide explicit relationships
between the macroscopic properties and micro-structural changes. Therefore, they are not predictive
models. Therefore, their predictive capacity is limited.

During the last decades, significant efforts have been devoted to the development of multi-scale models
based on various upscaling techniques for modelling the basic mechanical behaviour of cement-based
materials and the consequences of chemical degradation. The main objective here is to first establish
explicit (analytical) relations between the key micro-structural parameters and mechanical properties
(elastic tensor, strength criterion) and then to interpret the effects of chemical degradation in terms of
evolution of such micro-structural parameters.

There are a high number of works reported on the multi-scale modeling of concrete materials by using
different upscaling approaches including analytical and numerical homogenization techniques. Without
intending to give an exhaustive review, we summarize only some recent representative works.
Considering the CO2 ingression, the effects of damage on concrete carbonation were investigated in a
number of works (Jiang et al., 2015; Pan et al., 2018; Jiang et al. 2018; Metalssi et al., 2002) by taking
the residual strain as an indicator to evaluate damage evolution. The coupled carbonation-porosity-
moisture transfer of concrete is investigated in (Metalssi et al., 2002). A system of mass conservation
equations representative of coupled phenomena has been developed. A three-dimensional lattice type
model was developed in (Pan et al., 2018 ) to simulate the concrete carbonation at the meso-scale. To
construct the meso-scale concrete model, the 3D reconstruction technique was applied to obtain the
shape of real coarse aggregates. In the work (Bao et al.,, 2019), a novel mathematical model was
proposed to simulate random distribution of coarse aggregates in concrete and a new supercritical
carbonation model was developed to study the effect of randomly distributed coarse aggregates and
porosity on the irregularities of carbonation depth of concrete. A mathematical model describing the
diffusion of carbon-dioxide in concrete with considering the effect of concrete carbonation was presented
in (Li et al. 2020). The effect of concrete carbonation on carbon-dioxide diffusion was considered by
using a sink term added in the diffusion equation. The influence of high temperature heating for
carbonation was studied in (lwama et al., 2022). And a multi-scale thermo-chemo-physics model has
been proposed for the description of carbonation, decarbonation and re-carbonation processes during
and after high-temperature heating.
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For the sake of illustration, we shall present below some examples of multiscale modeling performed by
the LaMcube team by using the analytical homogenization method. Indeed, these previous works will
serve as the starting point of the works to be done in the present project.

In this synthesis, the emphasis is put on two widely encountered chemical processes in cement-based
materials, calcium leaching (or lixiviation) and carbonation. Based on extensive laboratory studies, the
main consequences of calcium leaching and carbonation can be summarized as follows.

As mentioned in Section 1.1, the main chemical process of carbonation is the production of solid calcite.
Among others, the key significant and easily measurable micro-structural change is the reduction of
porosity. At the same time, there is also a decrease of pore size, as illustrated in 1-4. As a consequence
of carbonation on macroscopic mechanical properties, it is widely observed that there is a significant
increase of elastic modulus and failure strength. In Figure 2-8, on can see the evolution of peak strength
in triaxial compression tests with different values of confining stress. Based on the classical Mohr-
Coulomb criterion, it is found that both the cohesion and friction angle of concrete are enhanced by the
carbonation process (Takla, 2010; Takla et al., 2011). At the same time, the mechanical behaviour of
carbonated material is generally more brittle than the sound one.

Due to material heterogeneity, micro-cracking is sometimes another important consequence of
carbonation. There is a competition between hardening and cracking due to carbonation on macroscopic
mechanical properties (micro-cracking leads to a decrease of elastic modulus and failure strength).
(Takla, 2010; Takla et al., 2011; Cheng et al., 2016; Auroy et al., 2018; Al-Ameeri et al., 2021).
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Figure 2-8: Evolution of deviatoric failure stress with carbonation ratio during triaxial compression tests
of concrete (Takla, 2010; Takla et al., 2011)

About the chemical calcium leaching, the main micro-structural change is the increase of porosity due
to the dissolution of solid portlandite. As a consequence, there is a significant decrease of elastic
modulus and failure strength, as shown in Figure 2-9 and Figure 2-10, respectively. The leaching
process decreases both the cohesion (related to the strength under uniaxial compression) and friction
angle of material (related to the slope of strength line).
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Figure 2-10: Diminution of deviatoric failure stress of cement paste due to chemical leaching in triaxial
compression tests (Yurtdas et al., 2011)

Analytical homogenization-based multi-scale modelling

The main objective is to develop analytical models which are able to provide explicit relations between
micro-structural compositions and macroscopic mechanical properties and then to describe their
evolution due to chemical degradation. For this purpose, some significations on micro-structural
representation and description are necessary.

In general, three representative scales are selected: nano-micro, micro-meso and meso-macro.
Depending on the related sizes of pores (mainly capillary pores) and calcite grains, two different
representations can be adopted, as shown in Figure 2-11. In the first case, it is assumed that the capillary
pores are larger than the calcite particles, while the second case considers the opposite situation.
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Figure 2-11: Two typical micro-structural representations of concrete materials (Ghorbanbeigi, 2014)
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On the other hand, the choice of micro-structural parameters used in the description of chemical
degradation process is also simplified. Only two basic parameters are retained, namely the porosity and
volume fraction of solid calcite particles. Therefore, the consequence of carbonation is characterized by
the increase of calcite volume fraction and the decrease of porosity. On the contrary, the micro-structural
change due to leaching is simply described by the increase of porosity.

The methodology adopted here is as follows. We shall first establish the analytical expressions of
macroscopic elastic properties and strength criterion of concrete explicitly as functions of calcite fraction,
porosity and aggregate volume fraction. Then, the consequences of chemical processes are naturally
described by the variations of porosity and calcite volume fraction.

This is done by performing three steps of homogenization. Consider the micro-structural representation
1 (Figure 2-11). The first step of homogenization is completed by considering the effect of calcite
particles at the nano-micro scale. The influence of pores is taken into account in the second step of
homogenization at the micro-meso scale. Finally, at the third step, the effect of large aggregates is
included at the meso-macro scale. These steps of homogenization are illustrated in Figure 2-12. The
porosity (f) and volume fractions of calcite (p.) and aggregates (p,) are defined as follows (Ghorbanbiegi
et al., 2016):

- i f= s f= £_!"_T
P-=0. 10 0.+0,+0,° Q.10

LT - s

L
[}
b

2-1

fis the volume of solid cement paste, (2 .the volume of calcite particles, 2,the volume of pores and
,the volume of aggregates.
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Figure 2-12: lllustration of three steps of analytical homogenization

Due to the matrix-inclusion morphology, the classical Mori-Tanaka (1973) scheme is used for the
homogenization of elastic properties. By assuming an isotropic behaviour, the effective elastic properties
obtained respectively from the three steps of homogenization are summarized below.

First step:

At this step, the effective elastic bulk and shear moduli «;,u,; Of the calcite reinforced cement paste is
determined and given as follows.

PcKe n (I—pe)xs

o = 3K +4ps 3K + 4u,
m Pc n (I-pc)

3K +4ps 3K + 4

Pcke n (1= pc)us
_ Us (OKs +8ug) +6pc(Ks +215)  ps (9K + 8ug) + 6pg (K + 2p5) 2.0
Hmi = Pc (I-pc) )

_+_
Hs (9% +8ug) +6uc(Ks +21s) U (9K +8g) + 6pg(Ks + 2p5)

Ks, g are the bulk and shear moduli of solid cement paste, and «, . are those of calcites particles.

r 2l
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Second step:

The second step is devoted to determine the effective elastic moduli of porous cement paste KmpsHp,

by taking into account the effect of porosity f . One gets:

_ 4Q = ) Kmi M . _ (1= i 2.3
W A+ 3y T 14+ 6f Kmi + 2
Ipmi + Bpmi

The values of «,;,un,; are determined at the first step.

Third step:

h .
m,u ™ are determined

Finally, the macroscopic elastic moduli of homogenized equivalent material, K 0
at this step by considering the effect of aggregate at the mesoscopic scale. And one obtains:

PaKa " (1_pa)Kmp
_ 3Ka +4lmp  3Kmp + 4l

hom
K
Pa " (1-pa)
3Ka +4mp 3Ky + 4l
Palla + (- pa)“mp
uhom _ Mmp (9Kmp + 8Mmp) + 6Ha(Kmp + 2Hmp) Mmp (9Kmp + 8!J'mp) + 6lJ-mp (Kmp + 2Mmp) 9.4
Pa 1-pa

+
Hmp (Omp + 8lmp) + 6la(Kmp + 2Ump)  Hmp (Omp + 8lmp) + Olmp (Kimp + 2itmp )

Ka» M, @re the bulk and shear moduli of aggregates.

The macroscopic strength criterion of concrete is also established by three steps of nonlinear
homogenization. The so-called modified secant method (or equivalently variational approach) is here
adopted (Maghous et al., 2009; Shen et al., 2013). For this purpose, both the calcite particles and
aggregates are assumed to exhibit a linear elastic behaviour. The solid cement paste has an elastic-
plastic one. The plastic behaviour of cement paste is described by a Drucker-Prager type linear criterion.
After the first homogenization step, one gets the following plastic criterion of the reinforced cement paste
by the calcite particles:

2-5 2-6

G, G4 are respectively the mean and deviatoric stresses in the reinforced cement paste at the nano-

micro scale. T is the frictional coefficient of sound (not reinforced) cement paste and h its hydrostatic
tensile strength.

After the second homogenization step, the effective strength criterion of porous cement paste is obtained
and given in the following form:
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.24 are the mean and deviatoric stresses of the homogenized porous cement paste at the micro-
meso scale.

Finally, after completing the third homogenization step, one gets the following macroscopic strength
criterion of concrete materials (Ghorbanbeigi et al., 2016; 2017):

2

1+3f+2p (?’f_lj

T2 37 212 2 3f 2 3fpa 2112

F=_1" 24 2L _1 |52 +2(1- f)hs, — 1= £)2h? =
4T -121-9 T e e T AR
6T2 -13f -6 °

2-8

==y are the macroscopic mean and deviatoric stresses on the equivalent homogenized medium

(EHM). Itis clear that the macroscopic strength of concrete is explicitly dependent of the calcite particles,
porosity and aggregates.

Main results:

Based on the homogenized macroscopic strength criterion above and taking into account the evolution
of porosity and calcite particle fraction, the macroscopic strength envelops of concrete samples
subjected to different ratios of carbonation are predicted and compared with experimental
measurements. An example of results is presented in Figure 2-13 (Ghorbanbeigi et al., 2016; 2017;
Takla et al., 2011). It is also possible to evaluate the evolution of strength with carbonation time. In
Figure 2-14, one can see the evolution of uniaxiale compression strength with carbonation time (Chang
et Chen., 2005; Ghorbanbeigi et al., 2016; 2017). There is a very good agreement between analytical
predictions and experimental data.
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Figure 2-13: Failure envelops of cement paste samples with different carbonation ratios (experimental
data from Takla, 2010; Takla et al., 2011)
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Figure 2-14: Evolution of uniaxial compression strength with carbonation time (experimental data from
Chang and Chen (2005)

On the other hand, incorporating a suitable plastic hardening law and a plastic flow rule, one can predict
fully stress-strain curves under different loading paths. In Figure 2-15, one shows the stress-strain
curves in uniaxial compression tests of concrete samples with different carbonation ratios. There is still
a possibility to improve the model in order to describe well the transition from volumetric compressibility

to dilatancy.
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Figure 2-15: Stress-strain curves in uniaxial compression tests of concrete samples with different
carbonation ratios (experimental data from Chang and Chen (2005))

The efficiency of micromechanics-based model for the description of chemical leaching effects is also
assessed. By determining the increase of porosity due to cement paste dissolution, the evolution of
strength envelops are predicted with degradation ratio, as shown in Figure 2-16. It is seen that the
chemical leaching induces the diminution of both tensile and shear strength and the increase of failure
surface curvature (or non-linearity). In Figure 2-17, the stress-strain curves in uniaxial compression tests
of samples subjected to different leaching ratios are presented. Again, there is a good agreement
between model’s predictions and experimental data.
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Figure 2-16: Failure envelops of concrete samples with different chemical leaching ratios
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Figure 2-17: Stress-strain curves in uniaxial compression tests of concrete samples with different
chemical leaching ratios (experimental data from Nguyen, 2005)
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2.4 Synthesis and identified gaps

The mechanical behaviour of underground cementitious structures depends of various
parameters: boundary conditions and construction methods. One needs to take into account
the host rock loading and the evolution of the rigidity of the structure. This evolution is
depending to the chemical and microbial perturbations, the level of loading and also the
concrete formulation.

In the case of reinforced concrete, corrosion causes mechanical damage to the concrete
under the combined effect of the corrosion-induced expansion (generating internal
mechanical stresses) and the loss of cross-sectional area and bonding of the steel, which
causes the structure to lose its load-bearing capacity. Previous experimental results
highlighted the heterogeneity of the corrosion product layers and the evolution of the
mechanical properties of the layers with time and ageing conditions.

The multiscale characterization and especially the coupled approach at nano/microscale
with RUS, nano/micro indentation, SEM/EDX allows to obtain key data allowing to feed
numerical chemo-mechanical modelling. Currently, studies of the micro-mechanical
consequences of groundwater interaction with cementitious materials are very scarce
(mainly in pure water, nitric solution or sulphated water). These works highlight a non-
negligible evolution of elastic mechanical properties of the cement matrix subjected to an
aggressive solution.

The recourse of numerical approaches to determine the mechanical behaviour of
cementitious materials has gained growing interests in recent years, due to the continuous
increase of computational power. The characterisation of the mechanical properties of
cementitious materials necessitates the knowledge of the evolution of the microstructure
and corresponding phase assemblage of the cement paste in the context of disposal
environment.

Regarding the modelling and simulation aspects, many studies have been devoted to the
analysis and description of the evolution of the microstructure and mechanical properties of
cementitious materials when subjected to the contact of groundwater and argillite. At the nano-
microscale, the different minerals (phase assemblage) composing the hydrated cement paste
should in principle be considered. At the nanoscale, the use of approaches based on
molecular dynamics is widely accepted. At the microscale, more advanced and versatile
methods (micromechanics and upscaling, Mori-Tanaka method, homogenization scheme...)
have been developed to estimate the properties evolutions.

carbonation and leaching have antagonistic effects on porosity and some mechanical
parameters. Both processes are integrated in the multi-scale model but treated separately
experimentally. This raises several questions:

- Will one process dominate the other? If so, over what period of the concrete's life?
- Would one process dominate in the short term and the other in the longer term?
- Has their superposition been treated experimentally?

Whatever the scale considered, an accurate description of the microcracking and its
repercussions on both mechanical and diffusive properties is essential to the simulation of
the coupled response of cementitious materials in the disposal environment.
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3. Existing knowledge on the chemo-mechanical (C/M)
modelling of concrete including parallel applications

Part 3 is directly linked to the approach developed by MAGIC to make the link between the chemical
evolutions and the mechanical behaviours. As this effort was not highly supported in the past as part of
the geological disposal context, the next development takes into account modelling carried out beyond
the boundaries of the disposal context, at the pore/microstructure scales (part 3.1) and the
meso/macroscale (part 3.2). A last part (3.3) has for objective to identify what are the key limits and
gaps remaining to obtain representative chemo-mechanical models of concrete in geological disposal
context.

3.1 C/M modelling at the pore scale/microstructure scale in
saturated and unsaturated environment

SCK-CEN/ CSIC

The term pore scale defines spatial scales that take into account separate phases and pore structure of
cement paste. In other words, the pore scale builds on the understanding of material and processes
below representative elementary volume (REV) of continuum scale. Pore scale models aim at reducing
the use of constitutive models to the minimum and focusing on the use of physical parameters that can
be measured.

Knowledge of the evolving cement pore water and solid phase composition during hydration and ageing
processes of cementitious materials is a key aspect for the understanding of dissolution-precipitation
mechanisms. Hence, pore scale modelling became an important approach in the modern research and
engineering studies related to porous material (Blunt et al., 2013). The heterogeneity and complexity of
cement makes the use of the pore scale study even more necessary. In the framework of MAGIC project
(at least) three main physics are involved, namely bio-geochemical reactions, ion transport and
mechanical behaviour of material. This overview covers all three fields. First part relates to the coupling
of geochemistry and ion transport. The focus is on the processes of leaching and carbonation of cement
paste. The second part includes an overview of mechanical processes and chemo-mechanical
processes although the literature on coupled processes at pore scale is very scarce.

3.1.1 Reactive transport at pore scale

Pore-scale models increase the detail of micro-scale heterogeneity such as the explicit representation
of the pore structure or mineral structure (Li et al., 2006; Raoof et al., 2012; Prasianakis et al., 2018;
Molins and Knabner, 2019). Several reactive transport models are already developed to study
dissolution-precipitation reactions at micro- and mesoscales: finite-volume methods (Deng et al., 2016;
Li and Jun, 2017; Molins et al., 2017; Seigneur et al., 2017), smoothed particle hydrodynamics
(Tartakovsky et al., 2007), pore-network models (Li et al.,, 2006; Raoof et al., 2012), and lattice
Boltzmann methods (Kang et al., 2007; Kang et al., 2010; Yoon et al., 2012; Prasianakis et al., 2018;
Patel et al., 2014; Poonoosamy et al., 2019). Most numerical studies for carbonation of cementitious
materials deal with CO2-rich environments for the application in fields such as CO2 sequestration. The
process and the evolution of carbonation are different when concrete structures are exposed to CO:
concentrations close to atmospheric conditions or to high CO2 concentration conditions. Furthermore,
some case studies for dissolution-precipitation considered only constant boundary dissolved CO:2
concentrations (Raoof et al., 2012; Seigneur et al., 2017). However, for structures exposed to
atmospheric conditions, a fixed partial pressure of CO: at air-liquid boundary interface would be an
appropriate choice.

In cementitious materials, the rate of chemical evolution is often controlled by ion transport. This is
because cementitious materials are characterized by very fine pores, majority below the scale of a few
micrometers. Moreover, cementitious materials also have heterogeneous distribution of solid phases.
Similar to pore sizes, also the sizes of solid phases are mostly below the scale of a few micrometers.
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Hence, the study of processes needs to be done at least on the spatial scale of micrometers (Shih et
al.,, 1999; Thomas et al., 1996). Cement paste microstructure is described by a complex network of
different phases, either being physical phases (solid/liquid) or distinct minerals at different scales. Each
transition between phases or minerals requires an interface with mostly a very sharp transition of
physical, chemical and mechanical properties. The numerical description of such system requires
numerical approaches that can cope with many boundaries, sharp transitions and are computationally
cheap. In addition to the traditional numerical methods (finite difference, finite element and finite volume
methods), the lattice Boltzmann method is often used in recent years (Molins et al., 2021). The lattice
Boltzmann method stems from particle methods and solves a simplified form of the discrete Boltzmann
equation, which describes the evolution of a particle distribution function fi(x,t) at position x in time t and
direction i. The particle distribution function fi(x,t) in the lattice Boltzmann method does not represent
discrete particles, but the probability of finding a particle with speed e; at position x in time t. Because
the method is based on particles, the definition of particle translation and collision in the lattice are quick
operations and boundary conditions can be very easily defined (e.g. particle bounce-back for no-flow
condition). Moreover, the behaviour of particles at position x is only defined by the particles at the
neighbouring nodes in the lattice. Hence, there is no need to solve systems of equations, which makes
the method very attractive for parallelization. Moreover, because of the particle nature of the method
and inherent link between spatial and temporal scales, von Neumann criteria are always respected.

Although the description of the system at pore scale assumes different discrete phases, some phases
and processes cannot be represented explicitly in the model. The pore size distribution of a typical
microstructure of a hardened cement paste (Phung et al., 2017) shows pore sizes ranging from a few
nano-meter scale to micrometers. Such large range of scales (102-103) obviously cannot be represented
in a single model. Many pore-scale dissolution-precipitation models assume that the voxels contain
either pore space or a single solid phase (Kang et al., 2004; Kang et al., 2010; Yoon et al., 2012).
However, the regions with mixtures of very small pores and solids are often more homogeneous (e.g.
C-S-H amorphous phase in hardened cement pastes).

For such “multiscale” materials it has been proposed to upscale the properties for these phases and use
them as effective properties in the pore-scale model (Patel et al., 2021). When we have a combination
of discrete phases and phases with effective properties in the same model, we refer to this approach as
multi-level approach (Patel et al., 2021; Varzina et al., 2020).

Multi-level models have been used to examine the role of gel porosity in the diffusivity of cement paste
(Patel et al., 2018), to study the evolution of leaching from cement paste (Perko et al., 2020) and
carbonation of portlandite (Varzina et al., 2020). An example of 3D dissolution at pore scale is shown in
Figure 3-1.

Figure 3-1: Modelling of leaching of cement paste with de-ionised water (left boundary condition).
Portlandite is marked with red colour, C-S-H phases with grey and clinkers with blue. The cross-
section represents dissolved Ca concentration (Perko et al., 2020).

r 2l

EURAD (Deliverable n° 16.1) - MAGIC - T1 - Initial State of the Art on the chemo-mechanical
e UL . evolution of cementitious materials in disposal conditions

onradioscemeneongemen. DiSSEMINAtion level: PU

Date of issue of this report: 09/11/2022




EURAD Deliverable 16.1 — MAGIC - T1 - Initial State of the Art on the chemo-mechanical evolution of
cementitious materials in disposal conditions

One of the open questions to date with multi-level approach with several primary and secondary phases
is simultaneous dissolution and precipitation reactions in the same voxel containing one or more phases.
For example, dissolving portlandite in a voxel provides space for calcite precipitation and additional
pores. These processes can only occur in adjacent voxels when single phase voxels are assumed. To
overcome the discussed limitations in most available pore-scale models that deal with combined
precipitation-dissolution processes in general, and with carbonation of cement-based materials in
particular, a new pore-scale modelling concept is introduced in (Varzina et al., 2020) to account for
simultaneous dissolution and precipitation reactions within a voxel and the development of residual
porosity. The pore-scale coupled reactive transport process is solved with a lattice Boltzmann method
using the multilevel approach that allows representation of voxels with mixed phases. A specific
framework is added to handle sub-grid dissolution and precipitation patterns and effects of limitation of
the precipitation in confined spaces with extreme small pore radii (Emmanuel and Berkowitz, 2007) also
termed as pore-size dependent solubility (Ghosh et al., 2001; Liu and Jacques, 2017). Taking a pore-
size dependent solubility into account may prevent the pore space to be completely occupied by solid
phases during carbonation. Consequently, a so-called residual porosity remains in a carbonated layer
allowing for diffusive transport of agueous species.

Recently, a lot of attention has been devoted in the nucleation principles in pore-scale models. Most
models until now assume heterogeneous nucleation that initiates at the boundary of dissolving mineral.
This assumption is based on the classical nucleation theory (CNT) where it is shown that the energy
barriers and formation of critical nuclei is higher for homogeneous reaction (Prasianakis et al., 2017).

Several studies touched upon the effect of nucleation to the precipitation process. For example,
Nooraiepour et al. (2021) investigates the precipitation of calcium carbonate crystals on a
heterogeneous sandstone substrate as a function of chemical supersaturation, temperature, and time.
The goal of the study is to delineate the amount and location of nucleation and precipitation events in
the spatio-temporal domain. The results showed that probabilistic nucleation contributes to broad
stochastic distributions in both amounts and locations of crystals in temporal and spatial domains. The
influence of the use of CNT on heterogeneous nucleation has been studied in (Starchenko, 2022). This
study coupled the pore-scale reactive transport modelling with the Arbitrary Lagrangian-Eulerian
approach which allowed for tracking evolution of explicit solid interface during mineral precipitation.

Pore scale models can be time consuming. The reason is that in order to capture the critical features at
the pore scale, such as the presence of capillary pores or heterogeneity in mineral phases, geometrical
information with high resolution is needed. Often the purpose of a microstructural model is to upscale
the information obtained at the pore to the continuum scale. In practice this entails respecting
representative elementary volume (REV) which, in heterogeneous materials, can be large. Thus,
detailed spatial information for a sufficiently large simulation domain requires a fine and large
computational discretization resulting in a large number of unknowns and huge memory and
computational costs, especially for three-dimensional domains.

The time step is constrained by numerical stability criteria, for example by Neumann criteria for diffusion,
or Courant-Friedrichs-Lewy (CFL) stability criterion for advection/diffusion transport conditions. These
criteria are linked to the spatial discretization and smaller time steps are needed for finer spatial
discretization. Usually the size of the numerical domain and its discretization are defined by the
experimental settings and characterization methods. Consequently, when more complex and larger
models are imposed, the most straightforward approach is to computationally optimize the solution,
either by parallelization of processes or by increasing of computational resources e.g. solve the problem
on a supercomputer. Groen et al. (2013) have shown that lattice Boltzmann method can be well scalable
up to 32.000 cores with only 11% slowdown. However, even for a parallelized framework, the number
of time steps is fixed as it is defined by stability criteria enforced by the migration conditions, either being
diffusion or advection/diffusion (fixed by physics) and spatial discretization (fixed by the model). This
issue has also been recognised in (Blunt et al., 2013) for flow simulations on pore-scale. Another way
of reducing computational time in a coupled reactive transport model is by making the computationally
demanding geochemical calculations less demanding by e.g. look up tables (Huang et al., 2018), first-
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order estimations (Leal et al., 2014, 2016a, 2016b, Allan et al., 2017) or surrogate modelling (De Lucia
etal., 2017).

For chemically buffered materials, a very efficient approach is to reduce the number of geochemical
time steps by scaling of solid amount. The conditions under which the scaling is possible and the extent
to which they could be scaled is described in (Perko and Jacques, 2019).

3.1.2 Mechanical pore-scale models

Mechanical evolution at pore scale can be simulated with different approaches. One of the most used
approaches are lattice (or spring network) models (Ostoja-Starzewski, 2002). The Lattice model is a
type of discrete element model in which the continuum is discretized by a set of simple beam or truss
elements. These models have shown excellent capabilities for simulating deformation and fracture
processes in quasi-brittle materials like cement paste and/or concrete (Zhang et al., 2018; Schlangen et
al., 2007; Man and Van Mier, 2008).

One example is the Delft lattice model (Schlangen and Vanmier, 1992; Schlangen and Garboczi, 1997),
the solid material is discretized as a set of Timoshenko beam elements, which can transfer normal
forces, shear forces, and bending and torsional moments. An example of an overlay procedure for the
cement paste is proposed in Figure 3-2.

lattice element

<—— cubic grid 3
<—— node i

element i

node j

lattice node

(a) (b)

Figure 3-2: (a) Node and mesh generation procedure; (b) an example of the overlay procedure for
cement paste, shown in 2D for simplicity (pink — outer product, red — inner product, light blue —
unhydrated cement), adapted from (Savija et al., 2019).

Typically, each element is assigned with a linear ideal elastic brittle behaviour. Loading is stepwise
applied to the global mesh, and once an element becomes critical, meaning the element has reached
the highest stress-to-strength ratio, it is identified and removed from the mesh. This procedure is then
repeated until a certain force or displacement criterion has been reached. This is commonly referred to
as a sequentially linear solution procedure (Rots and Invernizzi, 2004). As this approach closely mimics
the process that obviously occurs during fracturing of quasi-brittle materials, very realistic global and
softening behaviour of crack propagation paths can be simulated. The downside of the lattice model is
that they are computationally expensive when dealing with heterogeneous materials, such as cement
paste.

A computational framework based on analytical and numerical homogenization for estimating elastic
properties at the cement paste scales already exists. The following review focusses on numerical
homogenization. Smilauer et al., 2006, studied a microstructure-based model in order to predict
mechanical properties of hydrating cement paste. They utiized CEMHYD3D (Bentz, 2000) for
microstructural modelling and finite element (FE) and fast Fourier transform (FFT) techniques for
computation of Young’s modulus. Mazaheripour et al., 2018 used micromechanical modelling for
estimation of Young’s modulus using a lattice model. Their lattice model was verified with the results
from FEM. They used HYMOSTRUCS3D (Ye, 2003) to generate a synthetic microstructure, which formed
a basis for the micromechanical analysis. More recently, Babaei (2021) presented a combined
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CEMHYD3D and CAST3M (FEM code) (Cast3M, 2019) framework to determine not only elastic
properties but also thermal and drying shrinkage coefficients, including interpretation of complex stress
distribution at the pore scale. Essentially, all these approaches first produce a synthetic microstructure
from the hydration models and assign mechanical properties for individual phases of hardened cement
paste. By solving a boundary value problem, average thermo-mechanical properties of hardened
cement paste are estimated. This framework can be easily extended to chemo-mechanical coupling
within the MAGIC project, via tracking the chemical evolution of each phase in the cement paste due to
leaching and/or carbonation.

3.1.3  Hydro-(thermo)-mechanical pore-scale models

Traditionally, THM models are set up through continuum approaches based on mathematical
frameworks combining sets of equations to describe thermodynamics, solid mechanics and hydraulics
principles. However, continuum modelling approaches based on FEM or the finite difference method
(FDM) would suffer critical computational and continuity limitations when applied to discontinuous and
highly deformable media. As an alternative, the discrete approaches like, for instance, the discrete
element method (DEM) (Cundall and Strack, 1979), have proven successful at modelling the behaviour
of these discrete systems. Several studies have proposed hydraulic (Catalano et al., 2014) or thermal
(Caulk et al., 2020) (Figure 3-3), (Feng et al., 2008) couplings with DEM.
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Figure 3-3: Heat transfer model notations and geometric considerations for fluid flow, advection, and
conduction models. The figure is taken from (Caulk et al., 2020).

3.1.4 Chemo-mechanical pore-scale models

The Chemo-Mechanical pore scale models are very scarce. The model based on micromechanics has
been published by (Stora et al., 2010) related to the process of leaching from the cement paste. In this
paper the multi-scale homogenization has been used to evaluating the evolution of the mineral
composition, diffusive and elastic properties inside a concrete material subjected to leaching. Hence it
does not deal with the pore scale itself, but the model takes into account separate solid phases on the
geochemical level that are homogenised before performing the mechanical modelling. The basic idea
used by this micromechanical model for dealing with damage consists in representing the microcracks
as voids in which the length of its revolution axis is reduced to zero. Damage variables that characterize
material microdefects are the crack density parameters characterizing a family of cracks having the
same normal vector associated with the driving forces. The damaged material is then viewed as a
homogeneous matrix of cement-based material in which the microcracks are distributed.

The microstructural changes presumably affect the concrete porosity, diffusion, and permeability,
detrimentally modifying the concrete mechanical properties (Stora et al., 2010; Kuhl et al., 2004;
Mahadevan et al., 2014; Ulm et al., 1998). Understanding the link between these reactions and the
mechanical response of concrete relies on the perception of the heterogeneous nature of concrete (i.e.,
multiscale heterogeneity), characterized by underlying mineralogy and microstructure. Accurate transfer
of this lower-scale information towards the macroscales is a requisite for simulating the impact of
chemo-mechanical degradations on concrete durability, which can be accomplished only by combined
multiscale and multiphysics approaches (Ulm et al., 1998; Bosco et al., 2020).
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The continuum hypothesis holds separately from pore scale to macro/structural scales. Thus, continuum
conservation equations (mass/energy) and thermodynamic expressions can be written for every single
point at every location of the concrete domain. Nevertheless, the domains of many problems of interest
are too large, and phase contributions are too complex to be modelled at the pore scale. The most
miniature scale addressed in microstructural models has the characteristic length of 10-°-107 meters,
where the C-S-H matrix forms (Heukamp, 2003). Indeed, this scale is the smallest material length that
is at present accessible by the nanoindentation test, where it is established that C-S-H exists in two
forms with two different volume fractions and mechanical properties (Ulm, 2003; Stora et al., 2010; Kuhl
et al., 2004).

Numerical models accounting for coupled chemo-mechanical processes at the microscale for concrete
are rare (Dunant and Scrivener, 2010; Sciume et al., 2013). Analytical models, however, can be
formulated from either phenomenological or mechanistic points of view. Nevertheless, the lack of
consensus about the origin of the degradation mechanism and the difficulty of measuring the advance
of chemical reactions rather than their consequences make the formulation of experimentally based
mechanistic models burdensome. That is why we focus on analytical phenomenological-based models
from this point on. These models rely on the underlying hypotheses about degradation mechanisms and
are categorized based on the primary chemical reactions they are focused on.

Calcium leaching is the paramount degradation reaction covered in microscale modelling, as the most
critical and sluggish reaction that deteriorates concrete. Some developed models, though, account for
alkali-silica reaction or sulfate penetration in which concrete encounters internal expansion forces due
to gel or ettringite forming reactions (Dunant and Scrivener, 2010; Chen et al., 2016; Wu et al., 2011).
In a general sense, chemo-mechanical models work based on the definition of two damage variables (if
they are based on mechanics damage). One accounts for mechanical loads (d™), and the second
elucidates chemical aging (d¢). The damage constitutive equation then reads broadly as follow

o'l.]. = (1 —_ dm) (1 - dc)-Eijkl'gkl ’ 3-1

where o, E, and ¢ are the stress, initial stiffness, and strain tensors, respectively. The chemical damage
variable is a non-dimensional scalar varying between 0 and 1 and is considered independent of the
mechanical one. Isotropic damage is typically considered in these models. Several models define d¢ as
a function of ion concentration in the pore fluid solution, e.g., calcium in leaching reactions (Gerard,
1996). It may also be described through a variable named chemical porosity ¢c depending exclusively
on the reaction extent (Pignatelli et al., 2013). Ulm (2003) described ¢c as volume changes related to
calcium leaching reaction occurring at the solid phase boundary. Pignatelli et al. (2013) have used the
same concept to describe the chemical damage variable for the alkali-silica reaction.

The mechanical damage variable d™ also varies between 0 and 1. Diverse models are proposed in the
literature differing in the way they calculate this parameter. The most widely used, though, is the one
proposed by Mazars (1986) due to its simplicity. This model defines an isotropic damage variable with
tensile and compressive strength contributions, depending on the stress state (Mazars, 1986).

The concept of continuum damage modelling outlined above is mainly concerned with homogenous
single-phase materials. Thus, a rigorous model is needed to build a homogenous material over the
complex heterogeneous concrete structures at different scales. The underlying idea of this approach is
that it is possible to separate the heterogeneous concrete into phases with, on average, constant
material properties. Such models involve three main steps:

e Representation deals with the geometrical description of the considered heterogeneous material.
This step includes the identification of different mechanical phases of the microstructures in a REV
and their mechanical and geometrical characteristics. In the sense of continuum micromechanics,
a phase is a material domain that can be identified with a homogeneous deformation state at a given
scale, with constant material properties. Geometrical representations at a given scale are commonly
generated from statistical information about the size, location, and orientation of the concrete
constituents or microscale imaging data (Bosco et al., 2020; Dunant et al., 2013). However,
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mechanical properties are measured from mechanical testing, e.g., nanoindentation, at the
microscales (Ulm, 2003; Ulm et al., 2004).

e Localization is concerned with the mechanical modelling of the interactions between different
phases. This step also accounts for the link between the local stress and strain fields within the REV
and the macroscopic stress and strain quantities.

e Homogenization delivers the effective macroscopic properties of the REV as a function of the
microscopic phase properties, their volume fractions, and their specific geometries. Homogenization
schemes aim to replace an actual heterogeneous complex body with a fictitious homogeneous one
that behaves globally in the same way.

A rough breakdown of the concrete domain into three elementary levels is shown in Figure 3-4.

cement paste
aggregate ITZ

Inner C-S-H
Outer C-S-H

Calcium Hydroxide

pore

Microscale
<10°m

Mesoscale
10°-102m
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10%10'm

Figure 3-4: Idealized concrete representation involves three different length scales: the macroscale,
the mesoscale, and the microscale. ITZ stands for interfacial transition zone.

Concrete is assumed to be a homogenous material characterized with effective material properties at
the macroscale. Itis then idealized as a two-phase material composed of particle aggregates embedded
in the (porous) cement paste at the mesoscale. The presence of an interfacial transition zone (ITZ) at
the interface between aggregates and cement paste is also reported for this scale, which is
characterized by a higher porosity than the adjacent cement paste. The porous cement paste finally
represents the microscale of concrete. This paste comprises a solid phase and capillary pores filled or
not filled with water for saturated and unsaturated concrete, respectively. The solid phase typically
consists of amorphous hydrate-S-H, portlandite, and unhydrated cement products. Due to the difficulty
of identifying material properties for each of these individual components, the cement paste is commonly
treated as an isotropic and homogeneous medium (Bosco et al., 2020; Ulm et al., 2004). Yet,
homogenization approaches can be extended in a straightforward manner to account for different solid
phases at the microscale by modelling them as separate components. Note that these models allow for
incorporating even smaller length scales, for instance, to explore the influence of heterogeneities in the
hydrate-S-H phase on the effective material properties (Ulm, 2003, Ulm et al., 2004). After this scale
separation, the general problem of obtaining apparent or homogenized properties of the concrete at
each scale can be approached by employing proper homogenization schemes. As the well-known Mori-
Takana, self-consistent and asymptotic schemes have reportedly given reasonable estimates of the
time-evolving effective properties of the concrete at different scales (Stora et al., 2010; Wu et al., 2011,
Dunant et al., 2013). In homogenization processes, concrete aggregates and pores are generally
modelled as sphere-shaped phases for simplicity and regarding the difficulty in characterizing their
actual shape. This approximation works quite well for concrete. However, it should be noted that studies
on modelling the chemo-mechanical behaviour of sedimentary rocks as analogue cementitious
materials have used more generalized prolate or oblate sphere shapes for inclusion phase/pores with
different aspect ratios to better capture the rock behaviour (Arson and Vanario, 2015). It is worth
mentioning that homogenization schemes may fall short if the phase contrasts at each scale are too
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high or the geometrical characteristics are too complex. These limitations, however, are not commonly
involved in the case of concrete (Dunant et al., 2013).

3.2 C/M modelling at the macroscale (in saturated and unsaturated
environment)

LMDC

3.2.1 Saturated environment

Underground disposal concrete structures are exposed to chemical degradation combined with
mechanical loadings due to the host rock convergence and the nuclear waste heating. The saturated
environment leads to the concrete leaching. The leaching of calcium can be a matter concerning their
service life caused by long-term contact with low pH water, which decreases the performance of
concrete (Figure 3-5).

. Performance level of sound concrete
Increasing phase

@
2 | (hydration)
1 s N (SES———
g Decreasing phase
< (leaching, acid
g. attack, ...)
3
5}
1=
S
-1
I
Q

Early age Long term

. _/

~—

Service period

Figure 3-5: Life cycle of concrete in aggressive solution (Buffo-Lacarriére and Sellier, 2011)

3.2.1.1 Modelling of calcium leaching

Calcium is the main element of hydrated cement. It can be used as an indicator to describe the chemical
degradation of a cement-based material. Therefore, a simplified approach based on the mass
conservation of calcium has been used by some authors to model the chemical degradation of
cementitious material, then to reflect these phenomena on mechanical properties (Adenot, 1992; Berner,
1992; Gérard, 1996; Gérard et al., 1998; Torrenti et al., 1999; Gérard, 2002).

The mass balance equation allows to determine the kinetics of calcium leaching where the calcium of
the interstitial water can be chosen as a state variable:

6(<pCa2+) n 0Cago1iq
Jat at

= div [D(Ca“).grad Ca“] 3-2

Where Ca?* is the calcium ionic concentration in interstitial water,¢ is the concrete porosity, D is the
effective diffusion coefficient of calcium, a function of porosity and the calcium concentration.

The principle of modelling is based on the thermodynamic equilibrium between the pore solution and
the surrounding hydrates element of cement (Figure 3-6). Therefore, the dissolution of cement hydrates
is controlled by the global equilibrium curve of solid calcium represented by the evolution of the
CaO/SiO2 ratio as a function of the calcium concentration in interstitial water (Adenot, 1992; Berner,
1992; Buil, 1992; Gérard et al., 1998).
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Figure 3-6: Thermodynamic equilibrium curve of solid/liquid calcium (Gérard et al., 1998)

The conservation of mass equation is solved by different methods such as finite difference method, finite
element method, finite volume method. The non-linearity of the equation is due to the diffusivity term
and the relationship between calcium in solution and solid calcium (the equilibrium curve of Figure 3-6).

The study carried out by Yokozeki et al. (2004) apply the mass conservation equation in the pore
solution and the degradation depth of concrete is estimated by the first-order finite difference method.
This model is verified with measured experimental data. Yokozeki et al. (2004) studied the effect of
bentonite in contact with the concrete on the degradation depth. They showed that the maximum
degradation depth of cementitious hydrates is 100 mm in 100 years. This depth decreases in the case
of presence of bentonite in contact with concrete to only 70 mm Figure 3-7.
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Figure 3-7 : Degradation depth of concrete in contact with water and in the case in presence of
bentonite (Yokozeki et al., 2004)

Another study in the scale of the structure based on the mass conservation equation to simulate the
degradation depth using the non-linear FE code Cast3m. The geometry of the tunnel is shown in Figure
3-8. Two types of cement are tested, the CEM | have an effective diffusion coefficient 2.5 x 10712 m? /s
and for CEMV this value is 0.65 x 10712 m?/s. The initial concentration of calcium in the concrete is
22 mol/m?3 and the surrounding soil has a value of 10 mol/m3 of calcium concentration. The results of
the simulation over 106 years of leaching is shown in Figure 3-8. The leaching depth for CEM | is more
critical, reaching first the internal corner of the tunnel. The CEM V has high chemical stability and a
smaller diffusion coefficient; hence, the leaching process is less important.
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Figure 3-8: The concentration of calcium in interstitial water after 10° years of leaching (Sellier et al.,
2011)

3.2.1.1 Chemo-mechanical coupling:

The chemo-mechanical coupling models explained previously at pores scale are applicable at macro
scale. These models were based on damage theory by defining two variables, the first variable
describing the mechanical damage due to cracking and the second to account for chemical
degradation(Gerard, 1996; Ulm et al., 1999; Bernard et al., 2003; Heukamp et al., 2003; Kuhl et al.,
2004).

Bangert et al. (2003) proposed a chemo mechanical analysis of a concrete panel based on the
continuum damage theory of Kanchanov. An isotropic damage parameter dm is used this model. The
leaching of calcium is modeled by a transient non-linear diffusion equation where s is the amount of
calcium in the skelton and c is the calium in the pore solution. The coupling between calcium leaching
and mechanical damage was achieved by defining the total porosity. The damage parameter increases
in the leached area (Figure 3-9) wich illustrate the influence of chemical degradation on the materials
properties.
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Figure 3-9: Distribution of the (a) calcium concentration c in the pore solution, (b) concentration of
calcium in the skelton s, (c) scalar damage parameter dm in a concrete pane (Bangert et al.,2003)
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The model proposed by Choi et al. (2018), based on an experimental study of a reinforced concrete
beam (Figure 3-10), considers a 20-60% reduction in the strength of the sound concrete specimen to
simulate the damage associated with leaching. They used the finite element code Abaqus and a model
of concrete damage plasticity provided by this code. This model has shown a good agreement to the
tests results (Figure 3-11). It was shown that the propagation of leaching degradation increases the
compressive block in the beam and the concrete behaviour becomes ductile (Figure 3-12).

e,
(@) (b)

Figure 3-10:The finite element mesh (a) for the concrete, (b) for the reinforcements ans stirrups in the
concrete member. (Choi et al.,2018)
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Figure 3-11 :Load-displacement curve (w/c = 0.5) of test results and calculated curves considering a
partial reduction of the flexural compressive strengh due to the leaching effect. (Choi et al., 2018)
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Figure 3-12: Stress-strain curve (w/c=0.5) of the damaged members for different ration of degradation
(Ad/At) (Choi et al.,2018)
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Danéese (1997) proposed a law (Equation 3-4), based on experimental results, allows following the
evolution of the microhardness of cement paste as a function of the calcium concentration.

Ca\?
H =Hy40.2 + (0.8—CH0)<E) + CH 3-3
0

Where: - H, is the microhardness of the sound material,
-Ca, is the initial calcium concentration,
-Ca is the calcium concentration during leaching process,
-CH, is the initial volume fraction of portlandite in the sound fully hydrated paste,

-CH is the volume fraction of portlandite during leaching process.

In order to simulate the mechanical behaviour of concrete specimen. This law has been generalised by
Lacarriére et al. (2006) and Sellier (2006) to examine the evolution of different mechanical properties
during the leaching process.

X=X, {a + <(1 —a) (1 - %) (CC—ZO)Z + %)} 34

The mechanical property of the sound material is represented by X,, and X is the same property during
the leaching process. The coefficient a« has been calibrated for each mechanical parameter by an
inverse analysis technique based on an experimental. § (equal to 0.8) is a parameter fitted on
experimental micro-hardness profile.

Simulations of tensile and compressive tests were performed using the attenuation laws of the
mechanical model parameters as a function of the decalcification rate (Lacarriere et al., 2006). The
uniaxial behaviour laws of the sound and decalcified materials are compared in Figure 3-13 and Figure
3-14, where the loss of strength and stiffness and the increase in ductility of the decalcified material can
be seen.
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Figure 3-13: The simulation of tensile behaviour for sound and leached concrete (Lacarriére et al.,
2006)
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Figure 3-14: The simulation of compressive behaviour for sound and leached concrete (Lacarriere et
al., 2006)

A structural scale simulation for a leached tunnel was performed by Sellier et al. (2011) (shown in the
part 2.3.1). The equation 3-4 has been implemented in a FE code to simulate the mechanical behaviour
of the tunnel. The CEM | was chosen for the simulation over 10° years. The chemo-mechanical coupling
is treated using a "weak" formulation, where the chemistry and mechanics equations are solved
separately. Once the mass equation of calcium is applied to the tunnel mesh and the calcium content
has been calculated, the mechanical simulation starts. The deformed mesh shown in Figure 3-15
represents the change of the volume due to the creep in the CEM | based concrete at different times.
During the first period, the evolution of volume is due to the interstitial water pressure. After 1300 years,
water resaturation is expected to be complete, and decalcification of concrete is calculated to occur,
leading to a decrease in its mechanical properties. Creep and leaching of concrete cause localisation of
compressive stress in the sound core in the very long term and the occurrence of damage at the tunnel
corners (Figure 3-15). At the end of the simulation (1 million years), the radial convergence calculated
is about 10 cm between the ceiling and floor of the gallery.
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Figure 3-15: Volumetric change after 1 million years due to creep in CEMI based concrete (Sellier et
al., 2011)
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A hydro-chemo-mechanical model was also developed and implemented in iCP, starting from the
previous reactive transport models (Idiart et al., 2019). The HCM model is used to analyse the effect of
calcium leaching on the mechanical stability of the BHK vault (SKB concept for geological disposal),
studied with 2D models of a cross-section. A range of sensitivity cases is used to evaluate the influence
of mechanical boundary conditions and material parameters on the results.

3.2.2 Unsaturated environment

In an unsaturated environment, the durability of reinforced concrete structures is affected by
atmospheric carbonation. The modelling of the carbonation process in unsaturated environment is
based on the mass conservation equation of the carbon dioxide diffused into the pores (Saetta, Schrefler
and Vitaliani, 1993; Ishida and Maekawa, 2000; Ishida, Maekawa and Soltani, 2004; Bary and Miigler,
2006; Phung et al., 2016). The carbonation process can be briefly described as follows: atmospheric
carbon dioxide diffuses into the concrete in gaseous form, dissolves in the solution, and reacts with the
hydrates in the cement paste, especially the portlandite, to form calcium carbonates CaCOs (calcite).
The simplified equation of carbon dioxide mass conservation is:

2| ((1-s)cof +5,c0%)]|
at

6CaC03 3-5

+ div[—(Dto,-VCOL + DE,,.VCOI] = o

Where: - CO; is the carbon dioxide concentration in gaseous form,
- €0l is the carbon dioxide concentration in aqueous form,
- is the concrete porosity,
-S; is the concrete saturation degree,
- Dty is the effective diffusion coefficient of aqueous carbon dioxide,

-DZ,, is the effective diffusion coefficient of gaseous carbon dioxide.

Henry’s law allows to express the equilibrium between the CO2 concentration in the water in the pores
and the atmosphere. Thus, using the law of ideal gases, the concentration of carbon dioxide can be
written as follows at a constant temperature, and it's proportional to the partial pressure of COo.

1 atm
co,l = nop, —2 3-6
[ 2] co2 " pr

Where [CO,] is the concentration of carbon dioxide in the atmosphere, n.y, its molar fraction in air,
P,:m the atmospheric pressure, R= 8.32 J.mol-1.K-1 the constant of ideal gases and T the temperature.

Henry's law then allows us to write:

[COz]aq = H X Pcop = H X NcorPaem 3-7
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Where H is Henry constant equal to 3,4x10-2 [mol.L-t.atm!] in pure water at 25°C, this constant depends
on the electrolyte studied and on the temperature (Zawisza and Malesinska, 1981); [C0,]4q in [mol.L]
is the concentration of carbon dioxide in the aqueous solution, P, is the partial pressure of CO,.

The Ca ionic species is supplied to the pore water by the decalcification of hydrates, while the CO3s
results from the dissolution of carbon dioxide present in the gas phase.

This phenomenon progressively modifies the chemical composition and the internal microstructure of
the concrete by acting on the products resulting from the hydration of the cement. The calcite formation
equation is represented in Equation 3-8, and the thermodynamic equilibrium of calcite in water at a
temperature 20°C is reached according to Equation 3-9 (Plummer and Busenberg, 1982). Ishida et al.,
(2000) express the rate of this reaction as follow in Equation 3-10 which is the source term in the mass
conservation equation.

CO%™ + Ca?* » CaCO5; (calcium carbonate) 3-8
[CO%37] [Ca?t] = Kc = 107835 3-9
9Caco, o
o = k[CO3 ] [Ca™] 3-10

The resolution of the mass conservation equation is based on finite element simulations. The modelling
of the carbonation process must be able to manage the transfer phenomena that occur in a partially
saturated environment; the coupling of all the equations that govern these transports in a porous medium
and then resolution of different equation in parallel.

Saetta et al. (1993) propose a model based on the consideration of carbon dioxide diffusion carbon
dioxide diffusion, water transfer coupled with heat transport and the formation of calcium carbonate
crystals and the evolution of porosity as a function of the rate of carbonation.

Ishida et al. (2004) show the importance of the water saturation rate of the material on the evolution of
the carbonation depth. The reduction of porosity is driven by the W/C ratio. The authors conclude that
the most important factor influencing the depth of carbonation is the diffusion of carbon dioxide. The
model is enhanced by Ishida and Li (2008) to integrate a detailed description of the evolution of the
microstructure of C-S-H. The model achieves a better accuracy in predicting the evolution of the
carbonation depth. Figure 3-16 below shows the progress of carbonation depth in accelerated condition,
however this model is limited for CEMI.
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Figure 3-16 : Progress of carbonation depth for different w/c ratio (Ishida and Li, 2008)

The model proposed by Bary and Sellier (2004) couples the transfer of CO: in the gas phase with those
of liquid water and the calcium ions Ca2* in interstitial solution. The model is based on three mass
conservation equations: the mass of water, the mass of calcium and the mass of carbon dioxide.

The model provides the carbonation profiles during decalcification and drying of the material. This model
was applied to a CEM | concrete, and the experimental results of accelerated carbonation allowed the
parameters calibration and the validation of the model.

The simulation results of accelerated testing are shown in terms of calcium concentration profiles in
Figure 3-17 and 3-18 and porosity profiles in Figure 3-18 Bary and Sellier observe that the transport of
Ca?* ions, by diffusion and by convection, occurs from the non-carbonated zone (rich in Ca?*) to the
carbonation front (where the concentration of calcium is closed to zero), inducing from there the
beginning of decalcification and thus an increase in porosity downstream of the carbonation front. After
70 days, the profile of calcium concentration is modified due to calcite formation.
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Figure 3-17: Profiles of calcium concentration in interstitial water for different stage of degradation

(Bary and Sellier, 2004)

Therefore, the filling of pores by the calcite increases with the progression of the carbonation front,
simultaneously, an increase in porosity occurs just before the carbonation front (Figure 3-18).
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Figure 3-18: Profiles of porosity for different stage of degradation (Bary and Sellier, 2004)

Analytical models of carbonation have been proposed in the case of unidirectional carbonation. These
models characterise the carbonation of concrete by calculating the depth of carbonation and its kinetics
(Papadakis et al., 1991; Rafai et al., 2002; Hyvret et al., 2010). The evolution of the carbonation depth
is often expressed as follows (Equation 3-11):

x, = AVE 3-11

x. Is the depth of carbonation, t is the exposure time, and A is a coefficient that depends on many
preponderant parameters in the carbonation mechanism and is related to the accessibility of carbon
dioxide, to the quantities of carbonatable calcium, and also depends on the CO: partial pressure.

Papadakis et al. propose a modelling of the physico-chemical processes of concrete carbonation which
the coefficient A of the above equation takes into account : the diffusion of CO2 in the aqueous phase
in the pores of the concrete ; the dissolution of portlandite, its diffusion in the pore solution and its
reaction with the dissolved carbon dioxide ; the carbonation of C-S-H and residual C2S and C3S
compounds in the anhydrous state; the porosity of the concrete decrease during hydration and
carbonation and an equilibrium between the condensation of water vapour on the pore walls of the
concrete and the relative humidity.

The elementary model proposed by Hyvert et al. (2010) considers different parameters influencing the
carbonation depth evolution (Equation 3-12):

co2
X, = ’Z.DO Po.t 3-12
RT.Q

DE°? is the diffusion coefficient on carbon dioxide, which depends on moisture and porosity filling by
calcium carbonates, P, the partial pressure of carbon dioxide, T the temperature, R the constant of ideal
gases and t the exposure time. The parameter Q in the denominator depends on the quantities of C-S-
H as a function of partial pressure of carbon dioxide, as well as the quantities of carbonatable calcium
contained in the other hydrates of the cement matrix. This approach shows the dependency of
carbonation on partial pressure of carbon dioxide for different types of cement validated with experiment
results (Figure 3-19).
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Figure 3-19: Evolution of carbonation depth as a function of carbon dioxide content for different types
of cement (Hyvret et al., 2010)
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3.3 Synthesis and identified gaps

3.3.1 Pore-scale models

Since the field of pore-scale modelling is relatively young, there are many limits and gaps. The
pore scale follows below the continuum REV scales and thus require new conceptualisations that
might be different from more established continuum approaches. This is true for both, chemical
and mechanical processes. Typically, pore scale models have discrete phases, but they also
might include sub-scale elements (for example amorphous phases) that are treated differently.
Because of the heterogeneity of cement paste microstructure, the number of voxels/elements of
pore-scale models is large. The need for computationally efficient approaches is paramount. The
most obvious approach is to use parallelization and more powerful computers, but the physical
limit of small time steps at lower spatial scales results in huge amount of iterations and requires
broader solution. One mitigation strategy is an effective geochemistry calculation. The solution
time of non-linear equations for the geochemical system can be reduced by the use of tabulated
values or abstracted chemical systems. On the other hand, the number of time steps can be
reduced by adjusting the chemical systems.

Another field that needs attention is the validation of pore-scale models. Most experiments provide
continuum or effective values (e.g. mass of a specific solid phase) or information without spatial
information, for example pore size distribution. It is very difficult to obtain spatial information of a
property at precisely the same location in an evolving material, for example after the geochemical
alteration reaction. For this reason, pore scale models are usually validated using averaged
values. However, it is important to stress that this is an indirect validation where a part of the
important information is lost during averaging. In the future, more efforts need to be devoted to
the experimental techniques that can directly support validation of pore scale models.

Coupling between chemistry and mechanics is very recent on the pore scale. This coupling can
result in the complex spatial-temporal evolution of composition, microstructure and morphology
in materials. The relationships are interconnected as for example not only the formation of the
secondary phases cause stresses, but also the stresses influence the conditions of the formation
of secondary phases. Reliable chemo-mechanical models are not very common, especially not in
a multiscale framework.

Appropriate upscaling is another challenge. The purpose of pore-scale models is to support the
choice of parameter values and constitutive laws on larger scales. The upscaling in this sense
usually stretches beyond pure mathematical principles and includes the development of
conceptual models and concepts that are appropriate to use on larger scales.
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revious structural chemo-mechanical models (Sellier et al., 2011; Buffo-Lacarriére and Sellier,
2011; Nguyen et al., 2007a; Nguyen et al., 2007b) decoupled the macroscopic modelling from
the mesoscopic phenomena; however, in order to compare concrete made of the different
matrices, a non-linear analytical homogenisation model for the chemical-mechanical behaviour
of concrete is required to be implemented. This model must be able to manage the solid phases
of cement paste versus the chemical state of concrete, and this must be reflected in the
mechanical properties (Young's modulus, compressive and tensile strength, creep rate of
concrete, anchorage of steels). Furthermore, during the chemical damage processes (leaching,
carbonation, NaCl ingress...in the hydrated cement paste), this model should also consider the

\amount and nature of aggregates on macroscopic residual mechanical properties. /

3.3.2 Up-scaling of mechanical properties versus cement alteration

3.3.3 Impact of chemo-mechanics damages on transfer properties

Another phenomenon to be considered and incorporated into this model is the cracking of
reinforced concrete, along with predicting its impact on the transport properties (permeability,
diffusion coefficient, water retention curve...) of the concrete.

3.3.4 Reinforcement chemo-mechanical damage

4 )

In the case of reinforced concrete, until now, the phenomenon of reinforcement corrosion was
decoupled from the chemical state of the concrete (Chalhoub et al., 2020; Millard and L’Hostis,
2012); hence the lock to be lifted in this chemo-mechanical model will consist in predicting the
progress of steels corrosion as a function of the chemical state of the concrete at the interface
and in localised cracks, and deducing its effect in terms of steel anchorage and their contribution
\on reinforced concrete mechanical performances. )

3.3.5 Implementation of the improvements in finite element codes

The filling of these gaps must be carried out together with the implementation in a Thermo-Hydro-
Chemo-Mechanical finite element code able to compute the evolution of a tunnel during several
thousand years. Once implemented, it will allow a more accurate prediction of the lifetime of
radioactive waste disposal structures, but also the simulation of their very long-term behaviour
under mechanical loading (induced by host rock convergence) and physicochemical degradation
caused by host rock water (carbonation, leaching, corrosion of the reinforcement bars...).
Different chemistry of binders could be considered to perform comparative studies of envisioned

Qolutions. )

r 2l
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4. Microbial activity influence on the chemo-mechanical
behaviour of concrete

Microorganisms are highly adaptable and versatile single-cell living organisms inhabiting diverse
environments including highly alkaline ones. Microbes utilize nutrients and energy sources from the
living environment for their growth. As a result, they secrete metabolic by-products that are either
harmful (causing bio-deterioration) or beneficial (healing of the concrete cracks by calcium carbonate
precipitation) to surrounding environments. However, the extent of both processes in the frame of
geological disposal are not yet clarified. Studies carried out in the past in this type of context are very
limited. However, several experimental programs were conducted in other environments like sewage
pipes and structures exposed to marine conditions (Part 4.1). A second part (Part 4.2) will focus more
on the assessment of microbial population likely to be encountered in geological disposal and likely to
alter the chemo-mechanical properties of concretes. A synthesis is also proposed about the preliminary
studies existing in the field of geological disposal (Part 4.3) before a synthesis (Part 4.4) identifying the
remaining gaps and justifying the studies proposed in the MAGIC WP.

4.1 Knowledge synthesis of microbial impact on cementitious
materials in various contexts (sewage pipes, marine structures)

TUL (T.D. Le, V. Hlavackova), SCK-CEN (K. Mijnendonckx)

Microbial degradation of cementitious materials has been shown in various environments such as
sewage pipes, marine structures and wastewater treatment systems (reviewed in Wei et al. 2013).
Generally, immediately after its construction, the highly alkaline environment imposed by the cement
inhibits microbial activity. However, several processes affect the chemical evolution of cementitious
materials, resulting in a local decrease in pH, which enables microbial activity. Furthermore, concrete is
a quasi-brittle material, leading to the formation of (micro)cracks through which microorganisms are able
to migrate. Microbes generally form biofilms, clusters of dead and alive cells embedded in extracellular
polymeric substances (EPS) to protect themselves from harsh conditions. Biofilms contract and swell
due to physical tension and continue weakening minerals underneath the surface crust and
disintegrating binding material of the outer surface. This process increases the moisture content in the
pores. EPS and metabolic products can dissolve and bind salts from the concrete. This can favour
microbial growth and degradation of cement (De Graef et al., 2005). Moreover, biofiims facilitate
generation of locally high concentrations of harmful metabolites (Magniont et al., 2011) leading to
dramatic changes in concrete material properties such as loss of alkalinity, corrosion of rebars, erosion,
and finally collapse (De Belie et al., 2000; Bertron et al., 2005).

Microbial influenced degradation of concrete is caused due to excretion of the metabolic intermediates
or end products and exoenzyme (De Graef et al., 2005). In general, the metabolic by-products can react
with the cement, resulting in the formation of soluble calcium salts. Leaching of calcium from the cement
can result in an increased porosity and a decreased pH value at the surface layer. Subsequently,
degradation proceeds gradually to the interior concrete matrix, affecting the whole structure. The rate
and degree of concrete biodegradation depend on physical and geochemical parameters that control
microbial growth and activity. Some parameters are carbon flow, H2, availability and abundance of
energy sources like compounds involved in sulphur, iron, and nitrogen oxidation, and bioavailability of
microbes (Turick and Berry, 2016). The main microbiological actors of biodeterioration in concrete are
bacteria and fungi, both being major components of an acidic or neutral biofilm. Fungi are able to disrupt
chemically and mechanically the surface by growing fungal fibres (Warscheid and Braams, 2000;
Mahapatra and Banerjee, 2013) and also produce an extracellular matrix that helps to maintain biofilm
cohesion. Three different genera of bacteria are primarily responsible for cement degradation: organic
acid-producing heterotrophic bacteria, nitrifying bacteria, and sulphur-oxidizing bacteria. Heterotrophic
bacteria can produce organic acids by assimilating organic carbon compounds such as lactic, citric,
gluconic, malic, and some other acids that are by-products of their metabolism. Nitrifying bacteria are
commonly found in soil and are chemoautotrophs. They obtain energy through the oxidation of inorganic
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nitrogen compounds and produce nitric acid, which can dissolve the concrete and break it down into
calcium nitrate. Their growth is not sequential; instead, they are found as mixed cultures of different
nitrifying bacteria. Sulphur-oxidizing bacteria (SOB) are most often associated with the biological
degradation of concrete. They corrode the cement by producing sulphuric acid (Rogers et al., 1996).
The biodegradation process of cement in the natural environment is slow, which makes it difficult to
study its kinetics. Nevertheless, the mechanism of biodeterioration is known in several environments.

4.1.1 Biodeterioration of sewage systems

Wastewater collection and its transportation occurs through sewer systems, which are mainly
constructed of reinforced concrete. Since the 1940’s it is clear that the most important cause of sewer
concrete corrosion has a biological origin (Parker 1945). Concrete corrosion is a considerable problem
with a serious economic impact with the catastrophic biogenic sulphuric-acid attack of the Hamburg
sewer system reported by Sand and Bock in 1988 as an example. A newly completed sewage system
with its high alkalinity provides an antimicrobial environment. However, processes such as carbonation
and the production of hydrogen sulphide (H2S) lower the pH, providing a more favourable environment
for microbial activity (Figure 4-1). Hydrogen sulphide is ubiquitously present in sewer systems and is
produced by SRB mostly in the pumped sections of the sewer network. On its turn, H2S is transported
to the gravity flow sections of the sewer network and is released to the gas phase and absorbed in the
condensation layer of the pipe surface. There, H2S is oxidized to H.SO4 by sulphide oxidizing bacteria
(SOB) that disrupts the concrete surface and further lowers the pH (Okabe et al., 2007). Furthermore,
H2S04 can diffuse through a biofilm layer to the concrete surface up to 2 mm deep (Okabe et al., 2007).
The interaction of H2SO4 with calcium silicate results in the formation of gypsum (CaS0QOa4-2H20). Further
watering of cement leads to the reaction of gypsum with calcium aluminate and the formation of ettringite
((Ca0)s3-Al203-(CaS04)3-32H20)). Both gypsum and ettringite are expansive minerals and cause internal
cracking and spalling. This provides a large surface area for chemical reactions to occur, hence
increases the corrosion progress (Parande et al., 2006).

C0o, H.S
8042' 000 3042'
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Figure 4-1: Part of the sewer network and cross-sections of a pumped section and a gravity pipe with
the main biological reactions that result in concrete deterioration. Figure adapted from (Li et al. 2017)
and created with BioRender.com.

However, the negative impacts are not just only exerted by sulphur bacteria but also by the whole
microbial community colonizing on the surface of the concrete (Satoh et al., 2009; Wei et al., 2013). In
some cases, acidophilic iron oxidizing bacteria also play a role as these bacteria can be involved in the
formation of magnetite, which can cause local changes in the structure of concrete (Yamanaka et al.,
2002, Jiang et al., 2014). Moreover, in environments with a low concentration of H2S, locally microbially
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produced acids, whether inorganic (HNOs, H2COs) or organic (lactic, acetic etc.) can cause the
deterioration (Turick and Berry, 2016).

4.1.2 Deterioration and biofouling of marine structures

Chloride ingress and magnesium attack are considered as the most important degradation processes
for concrete structures in marine environments. However, microbial induced corrosion can also be
significant. Deterioration of the marine constructions depends on the level of irrigation. A marine
environment can be classified into four zones with their own effects: atmospheric, tidal, splash, and
submerged zones (Islam et al., 2010; Ting et al., 2021). Structures that are repeatedly watered and
splashed are prone to higher rate of corrosion (high concentration of oxygen and chlorides) whereas
those steadily submerged or atmospheric places with low oxygen exposure and low chloride content
respectively, are less affected (Ting et al., 2021).

Once the concrete structure is submerged, seawater with high concentration of chloride (up to 17087
ppm) penetrating into the structure via pores initiates the corrosion in the absence of oxygen and carbon
dioxide (Mohammed et al., 2004). Furthermore, increasing hydrostatic pressure with depth and other
penetrated harmful ions can intensify the deterioration. However, the main corrosive cause in marine
environments is not in the submerged zone, but the tidal and splash zones. The variation of tidal current
levels causes the different wetting and drying cycles initiating the electrochemical process of corrosion,
and building up harmful ions at the rebar level (Browne et al., 1977; Ting et al., 2021). Moreover, the
availability of oxygen and carbon dioxide can speed up the deterioration.

Recently, it has been shown that a biofilm on submerged concrete constructions can have a protective
effect by a process called biofouling (Chlayon et al., 2018; Georges et al., 2021; Lv et al., 2021) (Figure
4-2). After being immersed underwater, the structure surfaces absorb organic and inorganic compounds
with a mechanism known as “surface conditioning” adsorption. This modifies the physicochemical
properties of the structure surfaces and makes them favourable to the adhesion of marine bacteria
(Siboni et al., 2007; Grzegorczyk et al., 2018). The biofilm facilitates the colonization of other organisms
(e.g. cyanobacteria, fungi, algae and protozoa) on the concrete surfaces and eventually form the
macrofouling (Chambers et al., 2006; Mieszkin et al.,, 2013; Grzegorczyk et al.,, 2018). The
characteristics of each biofouling depend on the thickness and adhesive strengths of the macrofouling
(Bixler and Bhushan 2012). The biofouling functions as a barrier against physical and chemical attack
by reducing surface permeability and accessibility of aggressive ions (Cl-, Mg2*, and OH-), which in turn
leads to an increase of durability of concrete structure underwater (Coombes et al., 2017; Chlayon et
al., 2018). On the contrary, other studies show detrimental effect of biofouling on mechanical properties
of concrete marine structures (Hughes et al.,, 2013; Georges et al., 2021). For example, at the
microscale, colonization and growth of algal filaments between fine aggregates and cement proves how
filamentous microorganisms may contribute to loss of mechanical strength (Hughes et al., 2013).

1 2

Figure 4-2: Principle of biofouling. (1-2) microbial film formation allows (3-4) the growth of diatoms,
algae, invertebrates and other eukaryotes. Figure adapted from (Hayek et al. 2021) and created with
Biorender.com.

4.1.3 Microbial induced calcite precipitation

Early studies reported that almost all bacteria are capable of CaCOz3 precipitation, which occurs as a by-
product of their metabolic processes such as sulphate reduction and urea hydrolysis and are beneficial
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for healing of cracks in cement-based materials (Siddique et al., 2011). These bacteria species are
found in various natural environments like soil, geological formations, freshwater biofilms, oceans, and
saline lakes. Some of the most common bacteria used in crack healing of concrete that produce
carbonate are Bacillus pasteurii, Pseudomonas aeruginosa, Bacillus sphaericus, and Shewanella spp.
(Alshalif et al., 2016).

Calcium carbonate precipitation can occur by two different mechanisms: controlled or induced by
microbes (Lowenstam and Weiner, 1989). First, the controlled mechanism in bacteria has several steps
i.e. nucleating and maturely growing mineral particles, which are independent of environmental
conditions and specific for a certain species (De Muynck et al., 2010). However, the second mechanism,
microbial-induced mineral deposition, is considered to be the most dominant pathway. This calcite
production pathway is heavily dependent on the environmental conditions and can involve various
microbial species (Boquet et al., 1973; Rivadeneyra et al., 1994; Douglas and Beveridge, 1998).

Microbial-induced calcite precipitation (MICP) is a chemical process with four key factors: the
concentration of calcium and inorganic carbon, pH, and the availability of nucleation sites (Hammes and
Verstraete, 2002). Two broad metabolic pathways are involved in bacteria: the autotrophic— and
heterotrophic-mediated pathway. In brief, the autotrophic-mediated pathway occurs when calcium ions
and CO: are available in the environment. In the heterotrophic-mediated pathway, MICP occurs through
two different cycles: sulphur and nitrogen cycles with the urea degradation pathway belonging to the
nitrogen cycle widely used in various applications (Castanier et al., 1999). The urea hydrolysis pathway
is induced when urea is available in the environment where bacteria comprising a urease enzyme are
present. The urea is hydrolysed into carbonates, ammonia, and hydroxide ions. The amount of ammonia
increases the pH level creating an alkaline environment around the bacterial cell. The negatively
charged components of the bacterial cell wall attract positively charged cations e.g. Ca2* and Mg2* from
the surroundings and as such enable formation of the favourable nucleating sites. The formation of
carbonate together with the availability of calcium ions precipitates calcium carbonate at the bacterial
surface (Joshi et al., 2017).

The intrinsic characteristic of the MICP in cementitious materials have been intensively investigated.
MICP has been approached as a promising eco-solution to reduce the permeability and mechanical
properties of the concrete structure. It can support the refinement of pores and enable healing of external
cracks up to 1 mm (Wang et al., 2014; Luo et al., 2015; Kaur et al., 2016). Ramachandran et al. (2001)
suggested the use of MICP in cracked mortar with an improvement of compressive strength. However,
using MICP to heal deeper cracks is less effective than to heal shallow ones. An improvement in strength
and leakage preventing properties was observed when treating the fly ash-amended mortar and
concrete specimens with Bacillus megaterium (Achal et al., 2011). Kim et al. reported the forming of
denser calcium carbonate crystals and lower weight increment when using Bacillus sphaericus in
comparison with Sporosarcina pasteurii (Kim et al., 2013). Two other studies report an increase in
compressive strength of 49% with treatment using B. cohnii (Kumari et al., 2017) and of 30% for
treatment using B. subtilis (Kalhori and Bagherpour, 2017) showing promising advantages of ureolytic
organisms in this field. However, optimizations are still needed. Bacteria actively growing in oxygen
conditions better perform calcium carbonate precipitation (Nielsen et al., 2020). To enhance the
effectiveness of calcium carbonate precipitation, a technology using polyurethane-immobilized
S. pasteurii cells in the treatment of cement matrices could be used (Bang et al., 2001). Luo et al. (2015)
found a decrease in the healing effect of 60-day-old cracks due to the reduction of viable bacteria in
such an environment of aged cement mortar. Jonkers (2011) also investigated and confirmed a higher
healing effect in B. pseudormus spores than vegetative cells in proper conditions and enough nutrients.
Moreover, a dramatic decrease in bacterial survival rate shows the unstable self-healing efficiency.

Some investigators address the putative negative aspects of the ammonia production in the ureolytic
cycle by using alternative energy sources or alternative microorganisms. To challenge this, the usage
of carbon dioxide instead of urea as an energy source in B. megaterium SS3 has been proposed (Kaur
et al., 2016). The treatment of CO: resulted in a higher compressive strength (117 %) in comparison to
urea (49 %) showing the improvement of this replacement. Another way to overcome the problem is
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using alternative genera with different mechanisms of MICP. For instance, cyanobacteria
Synechococcus PCC8806 can form a thick layer of calcite-cell aggregation attaching to the concrete
and leading to a decrease of water permeability (Zhu et al., 2015). Byrd et al. (2021) studied the
degradation of citric acid in anaerobic conditions with initial pH of 11.2. The degradation of citrate COs%
/HCOs species. These species could react with Ca?*(aq), derived from cement, to form sparingly-soluble
minerals such as calcite. There was a decrease in pH to a value of 9 and a decrease in Ca2*. Data from
SEM, EDS, and 3D XCT revealed precipitation of calcite coating on the cement sample.

4.2 Assessment of microbial populations likely to be encountered
in geological disposals and to create problems for concrete
structures.

ANDRA, Uni. Manchester

Microbes are exceedingly adaptable, and they are successful in colonizing new environments. In fact,
environments provide the conditions necessary for the selection and adaptation of the organisms
(Chapelle, 2001; Onstott et al., 2009). The relative importance of various microbial processes in a
specific repository greatly depends on the ambient environment of the repository, and the materials to
be emplaced. Free space/open volumes (porosity, cracks...), moisture, energy sources and supply of
nutriments are limiting factors with respect to microbial life (Stroes-Gascoyne et al. 2002; Masurat et al.,
2010a,b). In addition to this, several environmental parameters like pH, temperature, or pressure could
influence the microbial activity. Waste disposal concepts considered by a large majority of the waste
management agencies around the world include various environments that we have to distinguish in
order to assess the microbial populations able to affect the concrete structures (Meike and Stroes-
Gascoyne, 2000).

4.2.1  Physiochemical factors that influence microbial activity

Successful approaches to assess microbial population associated to concrete biodegradation will likely
be most successful if they take concrete composition, present materials and specific environmental
parameters into account at each location and each life-phase of a disposal. For instance, some specific
localizations and time conditions are known to reduce the microbial potential:

- Localization (sedimentary or crystalline host rock; EDZ; interface or inside materials) and
present materials (reworked clay materials; steel re-bars; metallic overpack) to constrain space
availability and nutriment flux;

- Before (short-term) / after closure (medium-long-term) to constrain the moisture and the redox
conditions;

- Inside / outside waste cells to constrain the carbon sources availability.

By taking in account these space and time conditions and considering the vast diversity of
microorganisms and their capacity to grow in harsh environments, the following parameters provide
some guidance as to potential occurrence of microbial activity susceptible to change the mechanical
properties of concrete.

4.2.1.1 Free space and porosity

The Bacteria and Archaea are exclusively microorganisms and are usually in the range 0.2 - 2 ym in
diameter (Ultramicrobacteria could be smaller with less than 0.1 ym? in volume) , whereas unicellular
eukaryotes (i.e., protozoa, fungi, primitive animals) may be as large as 1 mm in size. Due to their small
size and simple, often specialized, metabolism, many microbial representatives have the potential to
survive within the small matrices of subsurface environments, as evidenced by numerous reports of
various members of Bacteria and Archaea having been recovered from subsurface samples (Urios et
al., 2012 ; Mayeux et al., 2013 ; Bagnould, 2015 ; Gam et al., 2016 ; Leupin et al., 2017).

Whatever is the cement considered, the porous network limits the penetration of microorganisms
because the access to the network in hardened cement paste is made by pore diameters that are lower
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than the size of many bacteria. The presence of aggregates in mortars/concretes produces a second
family of porosity, at the interface of cement matrix and aggregates. Their thresholds of access can
reach few uym and could authorize the penetration of the microorganisms (Bur et al., 2010). By
characterizing the porous network and its evolution on several samples of mortars, Bur et al. (2010)
revealed a “skin phenomenon”. This zone of 8 to 12 mm thickness, depending on the cement grades
studied, controls the penetration of water with the chemical and biological elements present in it. This
skin can therefore be colonized by bacteria. This study also shows the effect of the formulation on the
microstructure of the material by increasing the macroporosity and the skin phenomenon. In particular,
the accessible porosity increases with the proportion of blast furnace slag in the cement and is
accessible at an increasing average threshold: 0.4 ym for CEM |, 0.9 um for CEM IlI/A and 1.3 pm for
CEM Il/C. Interfaces between concrete structures and other materials are privileged places for
microorganisms to develop and to be active. At these interfaces, the bacteria have generally more space
and moisture and sufficient nutrients could be accumulated or be transited (Krumholz et al., 1997). In
opposite, in the concrete material itself, if the open porosity and the pore interconnectivity is not
sufficiently developed, microfauna or microflora will only be able to develop on the external surfaces.
On the other hand, the local environment, at the concrete pore scale, should be enough evolved to
impose a bacteria life-adapted pH and an ionic strength of the pore water solution (see below).

4.2.1.2 Moisture

Water is essential for microbial growth. The hydric conditions of a disposal settled in a sedimentary rock
could be considerably modified by the closure of the repository and then the resaturation of around the
galleries and ILW disposal cells. Before, during and after the thermal transient, the hydric conditions are
also going to change.

Water availability can be expressed as water activity (aw), a ratio of air vapor pressure in equilibrium
with a solution to the vapor pressure of pure water. Water activity values are from 0 to 1, with most
agricultural soils between 0.9 and 1. In general, microbial growth occurs at aw values from 1 to 0.75
(Pedersen and Karlsson, 1995; Brown, 1976), with fungi usually more tolerant of low moisture conditions
(Turick and Berry, 2016). Many bacteria are not able to grow below approximately 0.90 and most of
them perish, sporulate, or become dormant when water activity falls below 0.6 (Lin et al., 2007 ; Leupin
et al. 2017).

In a full-scale test conducted at Atomic Energy Canada Ltd. (Stroes-Gascoyne, 1996), a simulated waste
container was buried for 2.5 years, surrounded by compacted buffer materials. Extensive microbial
analysis of this test has shown that most viable organisms in the buffer material disappear around a
moisture content of 15 percent (corresponding to a relative humidity 95 to 96 percent).

4.2.1.3 Energy and carbon sources

The metabolic pathway that a given microorganism will use depends on the energy source (light or
chemical); thus, a microorganism is described as either a phototroph or chemotroph, respectively. In a
deep geological repository after closure, the activity of phototrophs can be excluded because of the lack
of a light source.

If a chemotroph uses organic carbon as its source of carbon, itis referred to as a heterotroph; if it derives
energy from the oxidation of inorganic compounds and derives cell carbon from COy, it is called an
autotroph. Because of their different nutritional requirements, the activities of these two types of
microorganisms in a deep geological disposal are limited in different ways, depending on the ambient
chemical environment.

CO2 is a common inorganic carbon source used for growth by organisms like eukaryotic algae,
cyanobacteria, iron oxidizing bacteria (IOB) and sulphur oxidizing bacteria (SOB). Autotrophic microbes
play a potentially important role in concrete biodegradation (as discussed below). Because COz: is only
a carbon source and not an energy source, energy must be supplied from photons or reduced inorganics
like H2S and FeS. Since CO: is present in most systems, autotrophic activity is expected to persist and
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the availability of reduced inorganic species (e.g., H2) is expected to be a major limiting factor for
autotrophs.

The overall activity of heterotrophs is limited by the supply of organic carbon; the relative importance of
individual reaction pathways depends on the availability of electron acceptors. The interior of a low and
intermediate level nuclear waste contain a large portion of organic materials (e.g., cellulose) and a
significant amount of inorganic nutrients (e.g., NOs~) whereas, outside, the organic carbon supply is
relatively limited (MO of host rocks and the introduced materials). Cellular biomass and waste products
produced by autotrophs will also contribute to organic carbon content to some degree.

Concrete mixes used for repository applications typically include 0.5 to 1% of a superplasticizer (SP)
(i.e., sulphonated naphthalene condensates, co-polymer ether-polycarboxylate...) to reduce the w/c and
to improve the workability and strength of the cement. These plasticizers are carbon-containing
compounds and thus they may be subject to microbial breakdown as a possible carbon source. The
study of plasticizer leaching from concrete still remains incomplete, and despite the small quantities of
SP added, there is evidence to suggest that some microorganisms use these compounds as a carbon
source (reviewed in Garcia et al. 2018).

4.2.1.4 Redox conditions

The redox potential of a specific environment relates to the balance between oxidizing and reducing
conditions in the considered environment and can be controlled by chemicals present in this
environment. For instance, oxygenated soils demonstrate more oxidizing conditions compared to
anaerobic soils. Regarding microbial activity, aerobic microbial growth and respiration is generally
favoured in soils with oxidizing redox conditions while anoxic soils favour anaerobic growth and
fermentation. The range of redox conditions can favour specific metabolic functions of microorganisms
and hence, specific physiological types of microbes.

Microbial groups are known to use many redox pairs to derive their energy. Metabolic activities involve
coupling the oxidation of an energy source to the reduction of a terminal electron acceptor (TEA),
resulting in the conservation of energy used for cellular activities (Albrecht et al., 2013). Microorganisms
tend to accumulate at redox interfaces, where both metabolic electron donors and electron acceptors
are available. As discussed previously, heterotrophs derive their energy from the oxidative breakdown
of external organic substrates; hence, microbial ecologies are frequently classified in terms of dominant
pathways. The principal pathways are aerobic respiration, denitrification, manganese reduction, iron
reduction, sulphate reduction, fermentation, and methanogenesis (Albrecht et al., 2013). From a
biochemical point of view, the energy-yielding metabolic processes involve complex electron transfer
chains. From a geochemical perspective, the significant reaction is the final electron transfer to an
external electron acceptor. The common electron acceptors in subsurface environments are Oz, NOs™,
MnO2, Fe(OH)s, SO4%-, and CO2. Fermentation does not rely on an external electron acceptor; instead,
it partially oxidizes and reduces an organic substrate. The final fermentation products include COz, Hz,
alcohols, and organic acids.

A repository in unsaturated igneous rock formations is generally expected to be oxidizing in its chemical
environment longer than a repository in a hydrologically saturated zone, particularly in sedimentary
rocks, which could be reducing. Sedimentary rocks contain a certain amount of organic matter, which
may stimulate significant microbial activities and, thus, maintain the repository and its surrounding areas
in a reducing condition.

With time, the redox conditions could evolve. After closure, and the stop of the ventilation, O2 may
become depleted, thereby allowing the emergence of anaerobic metabolic pathways. In opposite, during
the exploitation time, aerobic respiration is the most energetically favourable reaction, aerobic bacteria
have a competitive advantage over anaerobic microorganisms when a certain level of Oz is present.
Anaerobic chemotrophic organisms can utilize various chemicals as sources of energy and therefore,
depending on the chemistry of the system, have the potential for being highly active.
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Sustainable autotrophic microbial activity requires the accumulation of a certain amount of reduced
inorganic species in the repository, implying that a reducing environment is a prerequisite to possible
autotrophic microbial activity within a geologic repository. Reduced inorganic species may be brought
in by groundwater or gas flows from the surrounding areas. The anaerobic oxidation of organic
compounds by heterotrophic bacteria can serve as the primary source of both the reduced inorganic
substrates and the inorganic carbon for autotrophic metabolisms. For instance, fermentation produces
Hz and COz, both of which are needed by autotrophic methanogens for synthesizing methane.

Evidence from surface (e.g., roads, bridges) and underground cement structures (e.g., sewer pipes) has
shown that the integrity of concrete over extended timescales can indeed be influenced by
microorganisms, particularly the well-known sulphur-oxidizing bacteria such as Acidithiobacillus
thiooxidans (previously Thiobacillus thiooxidans), which produces sulphuric acid under aerobic
conditions through the oxidation of reduced sulphur, sulphide, and thiosulphate compounds. The
oxidation product, sulphuric acid, contributes to the degradation of concrete by dissolving the calcium
silicate hydrate and calcium hydroxide cement matrix constituents (Spor et al., 1992 ; Aviam et al., 2004;
Okabe et al., 2007). Nitric acid, produced by ammonia and nitrite oxidizing bacteria, may similarly lead
to acid-mediated concrete deterioration. It is noteworthy that within a deep geological repository, oxygen
would be in finite supply in sharp contrast to the situation of roads and bridges. Thus, once utilized during
corrosion, mineral dissolution and microbial redox reactions, oxygen would no longer be able to
contribute to the formation of sulphuric acid.

4.2.1.5 pH conditions

Regarding the pH, most of the microorganisms have an optimum of growth around the neutrality (pH ~
7), and thus are classified as neutralophiles. Microorganisms that have their optimum of growth in slightly
alkaline conditions (pH ~ 11) are named as alkalophiles, and the ones which tolerate acidic conditions
(pH < 5.5) are classified acidophiles. Among neutralophiles, a significative part can be alkalo- or acido-
tolerant. In this case, bacteria will be able to survive a higher or lower pH than their optimum of growth
but their growth will be zero or limited. Indeed, the energy used to growth in neutral conditions are
redirect to establish pH gradients over their membranes when the surrounding pH is more or less
alkaline than the intracellular pH.

Several geochemical processes can affect the chemical evolution of concrete buffer such as chloride
ingress, sulphate attack, alkali-silica reactions, carbonation and Ca?* leaching, which are mostly
followed by alteration of the microstructure what might change the physical properties (e.g.transport and
mechanical properties) of the concrete. Moreover, these processes can result in a local decrease in pH,
leading to niches where growth of microorganisms can be possible.

In addition, when the alkaline plume reaches the interface of the clay host rock with the disposal gallery,
chemical reactions are likely to occur. For instance, some primary minerals are unstable at high pH and
tend to dissolve, forming new secondary minerals. Possibly this will lead to the consumption of OH- ions.
Moreover, the CO2 will diffuse, driven by the relatively high partial pressure within the clay rock, towards
the cementitious repository and react with the high concentration of calcium from concrete to form calcite
at the interface of the repository and the clay host rock.

The combination of chemical reactions results in lowering of pH to maximally 10.5 This pH of 10.5 is not
expected to be limited for microbial activity (Bertron et al., 2013; Horikoshi, 1999; Pedersen et al., 2004),
thus, microbial activity might be present at the clay rock - disposal gallery interface of the repository.
Furthermore, concrete has a low capacity for deformation under tensile stress, leading to the formation
of (micro)cracks through which microorganisms are able to migrate and at the surfaces of cracks, they
are able to form a biofilm. Microbial degradation of cementitious materials in a wide variety of conditions
is commonly known, and might result in a loss of alkalinity, erosion, spalling of the concrete skin,
corrosion of reinforcing bars, loss of water- or airtightness, and collapse. In addition, microorganisms
can produce organic and inorganic acids, which can be corrosive towards cementitious materials and
can lead to a decrease in pH. On the other hand, microbial metabolic activity can lead to the formation
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of calcium carbonate, which can result in partially clogging of the fractures, as the molar volume of
calcite is larger than that of portlandite.

4.2.2 Physiology of relevant types of microorganisms

Wide varieties of microorganisms are capable of contributing to the degradation of concrete surfaces.
Potential bio-reactions on concrete surfaces are multiples and complexes. These reactions range from
those occurring on concrete exposed to air and light as well as those after the disposal closure without
oxygen and fully saturated.

4.2.2.1 Autotroph

Autotrophic microorganisms can utilize CO2 (atmospheric or from carbonates) as a carbon source for
growth. Energy for growth of these organisms is from a variety of sources such as light (phototrophic
autotrophic microorganisms), or reduced chemicals like H2S, Fe(ll), etc. (chemotrophic autotrophic
microorganisms).

In presence of air, light and moisture, evolved concrete surface (pH<11) can become colonized by
photosynthetic microorganisms like algae and cyanobacteria (Gorbushina, 2007). Biofilms made up
predominantly of algae and cyanobacteria are resistant and are able to survive under some relatively
harsh conditions. Damage to concrete could occur as a result of adsorption of chemicals necessary for
microbial growth, like calcium and magnesium, from the concrete (Javaherdashti et al., 2009). This
process can lead to drying and cracking of the concrete. However, the occurrence of air, light and
moisture on evolved concrete structures at the same time is not expected in a repository in sedimentary
host rock. Alcalinophilic (pH>11) chemo- (without light) autotrophic (CO2 as carbon source)
microorganisms, like Alkaliphilus metalliredigens (Ye et al., 2004), could yet colonized concrete
structures in case of sufficient relative humidity. If these microorganisms form biofilms, a variety of other
physiological types can be encountered (as described below) taking benefit of the increasing complexity
of physico-chemical conditions and of the microbial community in the biofilm organization.

4.2.2.2 Sulphur-oxidizing and sulphate-reducing bacteria

Sulphur oxidizing bacteria (SOB) play a key role in the overall biogeochemical cycling of sulphur. The
sulphur cycle is complex, but the portions most pertinent to concrete degradation include sulphur
oxidation and sulphate reduction. SOBs are well documented in degradation of concrete structures
associated with nuclear waste containment (Aviam et al., 2004; Spor et al., 1992). In general, these
bacteria grow at neutral to acidic pH; can utilize CO2 as a carbon source (some SOB are also
heterotrophic and use organic carbon), reduced sulphur compounds such as metal sulphides and H2S
as energy sources and oxygen as the TEA. For repositories in sedimentary host rock, the concomitance
of aerobic conditions, a sufficient moisture and an efficient atmospheric carbonation to reduce the pH
as lower as 9 in concrete niche to allow SOB to colonize is unlikely except, maybe, after the closure
phase and the beginning of the saturation process in the near field, during the transient period until the
complete Oz consumption by rock oxidation, steel corrosion and bioactivities.

Exceptions do exist however, for instance, an alkaliphilic concrete degrading SOB was isolated and was
shown to be capable of using NOs- as a TEA (Maeda et al., 1998).

During the course of growth of SOB, reduced S is oxidized ultimately to H2SOa4. The process of SOB
growth on concrete has been defined in three steps (Okabe et al., 2007). In step 1, prior to concrete
degradation by SOB, the pH of the concrete surface is reduced by atmospheric CO:2 to around 9, which
can facilitate growth of neutrophilic SOB. Based on XRD and SEM observations the surface at the end
of step 1 is covered with calcium carbonate, resembling limestone more than concrete (Wiktor et al.,
2011). Growth continues in step 2 until a pH of about 4 is reached. At step 3, the population shifts to
acidophilic SOB, which continue to drop in pH to around 1.0 (Knight et al., 2002; Aviam et al., 2004).

Growth rates of the common acidophilic SOB Acidithiobacillus thiooxidans were reported to range from
0.342 to 2.874 d! between pH 0.9-4.3, with optimum growth demonstrated in the pH range of 1.0-3.5
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(Jensen et al., 2011). In these studies, oxygen, COz and sulphide were not limited, so the growth rates
are likely close to maximum growth rates. The lower pH results in dissolution of hydrated cement. In
addition, the alkaline components of concrete, such as calcium, react with H2SO4 (from SOB activity) to
form gypsum (CaS04.2H20). Due to the weak structural properties of gypsum, this process can lead to
additional weakening of concrete (Jensen et al., 2011). The deposition of jarosite (KFe3(SOa4)2(OH)s)
and gypsum are stimulated by SOB activity during concrete biodegradation (Tazaki et al., 1992; Grengg
et al., 2015). The gypsum formation process continues into the concrete and increases the rate and
degree of degradation due to the large density difference between the reaction products and concrete
(Aviam et al., 2004). When newly formed gypsum reacts with less acidic (pH > 3) calcium aluminate
inside the concrete (Mori et al., 1992; Grengg et al., 2015), this leads to formation of ettringite
(3Ca0.Alx03. 3CaS04.32H20). Ettringite is much more destructive because it increases the internal
pressure leading to crack formation, which leads to increased surface area that is open to microbial
activity and acid penetration.

In the environment, the source of H2S is likely the ubiquitous sulphate reducing bacteria (SRB) that
function in anaerobic zones and are associated with the cycling of numerous S compounds. Contrasted
to SOB, SRB are strict anaerobes that can use a variety of carbon sources (autotroph and heterotroph)
and typically do not tolerate pH values below 5.5 (Muyzer and Stams 2008, Sanchez-Andrea et al. 2015)
. In this case, SO4 serves as the TEA with the resultant HS released into the environment. The reactive
HS- can react with metals in solution and form sulphide minerals or it can be used by SOB as an energy
source.

4.2.2.3 lIron oxidizing and reducing bacteria

Iron exists naturally as ferrous (Fe2*) and ferric (Fe3*) oxidation states. Ferric iron reduction is common
in clay materials with the ferric iron often serving as a TEA for dissimilatory iron reducing bacteria. This
reaction can occur when ferric iron is in solution or if it is in solid form as a ferric oxide. The resulting
ferrous iron can be assimilated biologically, react with other metals in solution or oxidize rapidly if it
diffuses into aerobic zones. Ferrous iron can also be oxidized by iron oxidizing bacteria either in non-
acidic, nutrient rich aerobic zones where ferrous iron is chelated to humics, or in acidic zones where
ferrous iron is stable. Iron oxidizing bacteria (IOB) are similar to SOB except they utilize ferrous iron as
an energy source and may accelerate the corrosion of steel rebar used as reinforcement in concrete
structures.

Exposure of the rebar in the concrete to the environment can occur through microbial corrosion or abiotic
corrosion. In any event the exposed steel is a likely energy source for I0OB. In the presence of biofilms
with SOB activity, the resulting low pH will increase Fe2* solubility and 0B activity. IOB enhanced pitting
corrosion as determined through electrochemical impedance spectroscopy and scanning electron
microscopy in the presence of steel coupons, compared to sterile controls. Compared to I0B alone,
steel exposure to IOB and SRB together resulted in a synergistic effect on the steel, demonstrating a
greater degree of corrosion than IOB or SRBs alone (Xu et al., 2008).

4.2.2.4 Nitrifying bacteria

Nitrifying bacteria are similar to sulphur oxidizers as they can use CO:2 or carbonate as a carbon source.
They differ from sulphur oxidizers based on their energy source for growth. Nitrifying bacteria obtain
energy through the oxidation of NH4* or NOz:, ultimately to NOs, resulting in nitric acid production.
Nitrifying bacteria have been detected in a wide variety of environments and are more tolerant to low
water activity than sulphur oxidizers (Gu et al., 2011).

Microbial activity is responsible for catalysing a majority of redox reactions involving nitrogen. Similarly,
nitrogen is a major requirement for microbial growth as a component of proteins and other cellular
constituents but also as alternative terminal electron acceptors in a number of anaerobic respiratory
reactions.
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4.2.2.5 Heterotroph

Heterotrophic microorganisms require organic carbon as a source of carbon and energy for growth. In
aerobic environments, and especially on concrete exposed to the air, growth with oxygen as TEA
(aerobic respiration) could predominate. In this scenario, fungi may play a significant role in this process
due to their rapid growth rates and greater tolerance of low water availability and pH ranges (Wiktor et
al., 2011). In addition rock-inhabiting fungi demonstrate enough mechanical strength in their hyphae to
penetrate into crevices for nutrients. Fungi in this case, especially those that produce melanin, which
confers extra-mechanical strength, can rapidly penetrate millimeters to centimeters into concrete-like
structures (Magniont et al., 2011; Gorbushina, 2007; Wiktor et al., 2011). Fungi can also produce
peroxide, by the enzyme peroxidase. This is usually associated with their ability to breakdown complex
organic molecules to serve as carbon and energy sources. These reactions in close association to
concrete will likely have deleterious effects on the concrete structure (Gu et al., 2011).

For repositories in sedimentary host rock, the concomitance of aerobic conditions and a
sufficient moisture to allow alkalinophilic fungi to colonize concrete surface exist only during
the closure phase and the transient period until the complete O2 consumption by rock oxidation,
steel corrosion and bioactivities. In these periods, organic wastes would not be accessible to provide
a source of carbon for fungi outside the concrete containers. The only organic carbon sources should
be the carbon of the organic matter present in the host rock and backfill materials or the carbon of
organic concrete adjuvants whose bioavailability is not fully demonstrated. These carbon sources have
been sufficiently demonstrated to maintain a microbial activity but limited to allow microorganisms to
take a large expansion. Nevertheless, in case of successful colonization during this period, these
organisms can serve as primary colonizers that potentially condition the surface for other
microorganisms, like fermenters or sulphur oxidizers.

Heterotrophic microorganisms comprise another large segment of environmental inhabitants capable of
growth on concrete without oxygen: anaerobic fermenter microorganism using organic carbon as a
carbon and energy source. However, the occurrence of these anaerobic fermenter
microorganisms should be also limited by the low availability of carbon sources and high pH
conditions as long as the carbon in organic wastes remains inaccessible. When fermentation is
the primary type of growth, for the most part, acid production occurs during anaerobic growth (Spor et
al., 1992). Fermentation conditions can occur as a result of increased microbial biomass and activity
which can decrease dissolved oxygen levels. Fermentation rates will be linked to the availability of
organic carbon and in turn, acid byproducts will be controlled by the type of organic carbon used for
growth as well as the type(s) of microbes present. Since fermentation is an incomplete oxidation of
organic carbon, many organic acids are produced as byproducts, hence fermenters could take part in
concrete biodegradation processes. Their diverse physiologies provide a wide range of acid byproducts
such as, lactic, citric, gluconic, malic and many others. A description of concrete biodegradation by a
pure culture identified intense chemical zonation and decalcification in the concrete matrix due to the
close proximity of fermenters to the concrete surface (Magniont et al., 2011).

Heterotroph bacteria that can undergo respiration without the need for oxygen must utilize other TEAs:
S04%, Fe®*, NOs,, NO2, N20... In relation to concrete degradation SRB contribute significantly to
this process both directly and indirectly but, as anaerobic fermenters, SRB activity should be
limited by the low availability of carbon sources and high pH conditions as long as the carbon
in organic wastes remains inaccessible. Indirectly, (as mentioned above), sulphate reduction is
responsible for H2S production, which can feed into sulphur oxidizing metabolism resulting in H2SO4
production and concrete degradation. In addition, H2S can contribute directly to concrete structure
degradation through penetration into concrete and contribute to both concrete and metal rebar corrosion
(Gu et al., 2011). Because concrete structures are reinforced with steel rebar, structural degradation of
these reinforcements over many years may contribute to significant corrosion and structural instability.
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4.2.3 Natural analogous sites representing cement systems

There are several natural analogous to the cement system of a geological disposal facility (GDF), giving
the opportunities to assess the impact of cementitious conditions on microbial communities over
prolonged periods. De Putter and Charlet (1994) studied the thermally metamorphosed limestones and
organic-rich marls at Maragin, Jordon, cement-like materials. Leaching of minerals in this system
increased the alkalinity of Maqgarin natural spring to pH of max 12.9 (Pederson et al., 2004). A low
abundance of microbial communities was found in the Maragin sediment samples, but their origin is still
a question (Butterworth et al., 2021). Serpentinization of the olivine rocks of Semail ophiolite Nappe of
Oman also resulted in groundwater alkalinity and a reduced environment (Bath et al., 1987). From this
alkaline groundwater, a range of minerals is precipitated like brucite, magnesium hydroxide, and
portlandite, making it an excellent analogue to a late-phase cementitious repository of GDFs. A low
abundance of SRB spores with high tolerance to extreme pressure, temperature, and ratio doses was
identified in this site samples.

4.2.3.1 Studies on Harpur Hill, an analogue site in the UK

Another analogue is the lime (CaO) working site at Harpur Hill, Buxton, with a pH range of 6.5-12. Highly
alkaline calcium hydroxide leachates (pH > 12) were produced by rainwater and groundwater
percolation, and these leachates further reacted with local bicarbonate water and atmospheric carbon
dioxide to precipitate calcium carbonate downstream (Milodowski et al. 2013). The Manchester group
has made several studies using alkaliphilic microbial communities from this site, addressing the upper
pH limit for microbial metabolism (including anaerobic respiratory processes), degradation pathways for
cellulose and other organic substrates, and the potential for microbial reduction and precipitation for
priority radionuclides. Anaerobic microorganisms have the potential to degrade organic matter through
the fermentation process which can lead to enzymatic radionuclide reduction and resultant reductive
immobilization. The formation of reduced iron and sulphide phases through biogeochemical reactions
can provide new reactive biomineral surfaces for radionuclide reduction and sorption. The sample from
Harpur Hill was incubated at a range of high pH (10, 11, 12) values and was supplemented with electron
donors and a range of electron acceptors (nitrate, Fe(lll), and sulphate) to explore the upper limits of
alkali tolerant microbial communities. The general order of utilization of electron acceptors that are
observed is nitrate> Fe (lll)-citrate> Fe (lll) oxyhydroxide> sulphate, which was calculated in accordance
with free energy yield and Eh values over the pH range 10-12. This study suggested that a subsequent
robust redox cascade would be expected at a pH value up to 11. (Rizoulis et al., 2012). The solubility of
various redox-active metals and radionuclides is partially controlled by microbial metabolism under
anaerobic conditions. Metal-reducing bacteria are diverse and have a complex respiratory network in
the cell which gives them the advantage to utilize a wide range of electron acceptors which include
redox-active metal and radionuclides like Fe(lll), Co(lll), V(V), Cr(VI), U(VI), Np(V), Tc(VII), I (V), Te(VI),
Se(lV) and Pu(lV) (Kuippers et al., 2021).

There is a wide range of anaerobic, alkaliphilic microbial communities in Harpur Hill sediments, capable
of reducing metals and radionuclides. This can give an indication of the wide range of microbial activities
that may be expected in cementitious GDF environments. This range of microorganisms and their
activities is illustrated by the work of Williamson et al. (2013, 2014, 2015, 2021). In 2013 they reported
the reduction of Fe(lll) (as ferrihydrite) to magnetite. Magnetite behaved as a reducing agent of
radionuclides with U(VI), Np(V), and Tc(VIl). Microbial communities in the starting sediments were
dominated by organisms mostly from the bacterial phylum Bacteroidetes. But after incubation in the
presence of Fe(lll) and a suitable electron donor (lactate), the community was dominated by Gram-
positive bacteria of the genus Clostridium. In 2014, the group investigated the biogeochemical fate of
radionuclide U(VI) in the presence and absence of Fe (lll), which is a common element expected in
waste and sub-surface facilities. In the first case, the removal of U(VI) from the solution and sorption to
the Fe (Ill) mineral was reported, which formed a complex U(IV)-bearing phase with the uraninite present
followed by bioreduction and biomagnetite formation. In the second case, U(VI) was reduced to U(IV)-
bearing non-uraninite phase. Bacteria from the phyla Firmicutes and Bacteroidetes dominated in the
post-reduction phases. In 2015, Williamson et al. studied the biogeochemistry of Np(V) reduction in the
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presence and absence of Fe(lll) again. Through X-ray absorption spectroscopy (XAS), they observed a
partial reduction of Np(V) in the system with no Fe and a complete reduction of Np(V) in the system with
Fe, with Fe (II)-a mediated pathway for Np(V) reduction in the same time. The pH also dropped from 10
to ~7, suggesting active microbial metabolism in these systems. Again, the role of alkali-tolerant, Gram-
positive bacteria belonging to the phylum Firmicutes was suggested for Fe(lll) reduction and Np
immobilization. In their recent studies, Williamson et al. (2021) reported the reduction of Tc(VIII)
mediated by high pH microbial community via reaction with biogenic Fe(ll) at pH 10.

Cementitious ILW and LLW are a heterogeneous mixture of different substrates like nitrate, iron, metal
oxides, radionuclides, and organic carbon. ILW and LLW also contain a substantial amount of cellulosic
material in concrete. This cellulosic material undergoes chemical hydrolysis in alkaline conditions and
forms a water-soluble low molecular-weight compound. ISA and VFA are the major product of alkaline
cellulose hydrolysis. ISA can form soluble complexes with radionuclides and mobilize them in a period
of time. Bacteria can degrade ISA and couple this with a reduction of electron acceptors like nitrate- and
Fe (lll) post-closure. That reduces the mobility of radionuclides from ILW-GDFs (Bassil et al., 2015).
Kuippers et al. (2019) studied microbial degradation of ISA under the anaerobic conditions at pH 7 to
10 with Fe(lll) oxyhydroxide (ferrihydrite) as a terminal electron acceptor. They found that the ISA
degradation was constrained to pH not more than 9. Bacteria from the genera Clostridium and
Geobacter, as well as Rhodoferax ferrireducens were catalysing this process. There was a microbial
reduction of ferrihydrite into siderite and vivianite possibly as a result of chelation of ISA with Fe (lIl).
This could potentially impact the reductive immaobilization of U(VI), Np(V), and Tc(VII) when adsorbed
on the surface of Fe(ll)-bearing biominerals. This is reported in the recent experiments done by Kuippers
et al. (2021) where they found that in a neutral pH system containing ISA as the sole carbon source with
Fe(ll)-reducing condition and high phosphate concentration, uranium was precipitated as reduced
U(IV)-phosphate by enzymatic reduction of Geobacter spp. This study is of importance for the far-field
geosphere that surrounds a GDF.

Other than this, the presence of other organic complexes, which can mobilize radionuclides via
chelation, is also a challenge in waste disposal sites. Byrd et al. (2021) studied the fate of citric acid, a
polycarboxylic organic decontaminants, in experiments using Harpur Hill sediment. This study showed
that citrate is readily degraded at high pH under nitrate- and Fe-(lll) reducing conditions, potentially
reducing the mobility of citrate-complexed radionuclides It also developed a reducing condition and
prevent mobility of metal and radionuclides further. Durban et al. (2018) investigated nitrate reduction
abilities of microbial consortia in lime-rich Harpur Hill sediments, with a pH of 11-12 of pore water in a
cementitious environment. Reduction of oxyanions such as nitrate promotes an oxidizing condition in
the vicinity of the waste and thus promotes the mobility of redox-sensitive radionuclides. The
consortium's maximum total oxidized nitrogen reduction rate was 0.124 mM/h in the bioreactor identified
in this site samples.

Studies conducted at Huddersfield University also support the view that organic carbon sources present
within the near-field of a GDF provide substrates for methanogenesis and sulphate reduction. Rout et
al. (2015) observed ISA degradation under iron-reducing conditions at pH 10 considering fermentative
and methanogenic processes are likely to play an important role in ILW-GDF post-closure. Methane was
generated from the resultant H2/CO: produced from fermentation processes. The dominating microbial
community appeared to be Clostridium spp. with methanogenesis being attributed to
Methanobacterium spp. and Methanomassiliicoccus spp. Incubation of cellulose facilitated a range of
active microbial processes, including sulphate reduction by Desulphobacter spp. and hydrogenotrophic
methanogenesis by members of the order Methanomicrobiales. Their survival in an extreme
environment is facilitated by extracellular polymeric substances (EPS) and metabolic acid. At pH 10.0
for hydrogenotrophic metabolism, sub-cultures of the alkaline methanogenic microcosms show the
ability to utilize precipitated calcium carbonates as a reported potential carbon source (Wormald, 2019).
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4.2.3.2 Microbes from other cement systems

Apart from natural analogues, some other high alkaline cement systems have a range of bacteria thriving
in that harsh condition. Kunal et al. (2014) treated alkaliphilic bacteria from rhizosphere soil with highly
alkaline cement kiln dust (CKD), resulting in an increase in the strength of concrete with a reduction in
water absorption and porosity. Bacterial treatment of CKD concrete also increased calcium silicate
hydrate and formed non-expansive ettringite in pores, increasing the compressive strength.
Tummalapalle Uranium mine, Andhra Pradesh, India is a rich source of Uranium. Vempalle carbonate
rock formation is the host rock for U mineralization (Rana et al., 2015). Water samples collected from
the area have a high quantity of U, Fe, Al, Mg, Mn, Na, and Ca. The reported pH is of groundwater
varies from 7.28 to 8.61 (Kumar et al., 2020). Other alkalic sites where microbial diversity is studied are
the salterns of Turkey and Peruvian Andes (Cinar & Mutlu, 2016; Maturrano et al., 2006).

Some anthropogenic activities also create an alkaline environment suitable for finding alkaliphilic
bacteria. The Solvay soda process produces multistage sodium carbonate from limestone and sodium
chloride in Poland. Alkaline soda lime is generated as a by-product of the third process stage. This
alkaline soda-lime is deposited in a "white sea" repository pound. It has a high pH (~11) and is a potential
habitat for haloalkaliphilic and haloalkalitolerate microbes. The upper surface layer was a highly alkaline
and nutrient-poor environment and phyla Proteobacteria and Firmicutes were dominant there. In
contrast, the more stable deeper zone was dominated by members of the genera Phenylobacterium,
Chelativorans, Skermanella, and aerobic genus Bacillus (Kalwasinska et al., 2017). Leon and Silao cities
have lots of leather industries and car manufacturing plants. The residue generated is alkaline with a
high amount of Fe and Cr. Brito et al. (2013) investigated the microbiome of the area and found an
abundant population of Bacillus, Lysobacter, and Thiobacillus and talked about Cr (VI) reducing bacteria.

Early studies also reported that almost all bacteria are capable of CaCOs precipitation, which occurs as
a by-product of their metabolic processes such as sulphate reduction and urea hydrolysis and are
beneficial for healing cement crack (Siddique et al., 2011). These bacteria species are found in various
natural environments like soil, geological formation, freshwater biofilms, oceans, and saline lakes. Some
most common bacteria used in crack healing of concrete that produce carbonate are Bacillus pasteurii,
Pseudomonas aeruginosa, Bacillus sphaericus, and Shewanella spp. (Alshalif et al., 2016).

Overall, GDFs condition is very different from surface. In a geological timescale, conditions of GDFs will
evolve. The pH of 10-11 is expected to dominate for low-pH cementitious materials (and highly altered
Portland materials) over the period. So, there is considerable potential for alkaliphilic anaerobic microbes
to colonize and influence the cementitious ILW and LLW. They can have a positive as well as negative
impact on the properties of cement used as a backfill in LLW and ILW. But fewer studies about activities
under GDF conditions at dilute porewater conditions with lower carbon levels and limited electron
acceptor is reported to date. Quantitative work on the impact of microbial colonization and metabolism
with GDF relevant porewater electron donors and acceptors on the structure and properties of cement
in long-term experiments performed on the chemo-mechanical evolution of low pH cement will be done
in this project through geochemistry, 3D X-ray CT microstructure analysis, XRD, ESEM, X-ray
fluorescence, and 16S/18S rRNA analysis.

4.3 Preliminary studies on the degradation of concrete due to
microbial activity in geological disposals.

SCK CEN

Cementitious geological waste repositories are typified by their high alkalinity. In general, alkaline
conditions hamper microbial processes as the lack of hydrogen (H*) ions likely impedes the proton
motive force needed by most respiring microorganisms to synthesize adenosine triphosphate (ATP) and
the need to maintain a circumneutral intracellular pH (Horikoshi and Akiba 1982) (see 4.1 and 4.2).
Extreme alkali-tolerant microorganisms have been identified and microbial processes at high pH are
studied using several sites analogue to a cementitious waste repository (Takai et al. 2001, Pedersen et
al. 2004, Roadcap et al. 2006, Shapovalova et al. 2008, Smith et al. 2016). However, there is no
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consensus regarding the upper limit for microbial life. Nevertheless, the high alkaline pH (up to 12.5)
alone is probably not sufficient to eliminate microbial presence in a geological repository, but it can
induce a significant shift in the microbial community and inhibit microbial activity (Mijnendonckx et al.
2019). Moreover, several geochemical processes can affect the chemical evolution of the cementitious
material, resulting in a local decrease in the pH value, which enables microbial activity. Such a
heterogeneity was also observed in the large-scale Finnish gas generation experiment, which illustrated
a pH neutralization and homogenization after 10 years, while initially pH values ranged from neutral in
the waste drums to 11 in the tank water buffered by the concrete (Small et al. 2008, Small et al. 2017).
Heterogeneity in pH value or a decrease to values <11 could enable microbial processes. Furthermore,
at the interface with the host rock, pH is not expected to be limiting for microbial activity (Mijnendonckx
et al. 2019).

Although a multitude of studies is published investigating microbial metabolism at high pH, most of these
studies do not include a solid fraction to examine microbial degradation of cementitious material
(Rizoulis et al. 2012, Bassil et al. 2015, Wormald et al. 2020, Byrd et al. 2021). Nevertheless, accelerated
biodegradation tests of low-level radioactive waste solidified in cement have been performed (Rogers
et al. 1996, Rogers et al. 2003, Aviam et al. 2004). In a first set of tests, biomass and spent medium of
different microbial species were exposed to different types of simulated cemented low-level waste forms
for different time periods (Figure 4-3). Representative species of heterotrophic, nitrifying and sulphur-
oxidizing bacteria were selected as these types of organisms were shown to be indigenous to soils from
low-level waste repositories. It was demonstrated that the buffering capacity of the cement formulations
was sufficient to resist the chemical attack from organic acids produced by heterotrophic organisms
(Pseudomonas cepacia) for 60 days. It was not examined if biofilms were formed on the cement.
Nitrifying bacteria (Nitrosomonas europea) were not active as long as the pH remained 11-12. Growth
on fresh cement samples could only be initiated after a pH decrease (due to carbonation). This resulted
in the observation of biofilm on the cement and microbial induced cement deterioration after 66 days.
Thiobacillus ferroxidans and Thiobacillus thiooxidans were selected as representatives for sulphur
oxidizing species. Total immersion of the spent medium of these species caused extensive damage
(spalling, material loss and lightning of colour) to the cement matrix compared to immersion in sterile
growth medium after 60 days. Material loss and lightning of colour was also observed after intermittent
immersion of the spent medium. Intermittent immersion with T. thiooxidans lixiviant was also used to
test degradation on actual radioactive waste forms from power reactors (ion exchange resin and filter
sludge). Physical damage was observed for both waste forms after 60 days. The ion exchange resin
samples crumbled with unattached resin beads and the filter sludge samples completely disintegrated.
Moreover, waste forms exposed to the Thiobacillus lixiviant showed a greater loss of 8°Co, 1C, %Tc,
and °°Sr compared to waste forms exposed to sterile medium. Biofilm formation on the cemented waste
forms was not examined (Rogers et al. 1996).

In a follow-up study, the test procedure with Thiobacillus was modified as the spent medium immersed
on the cemented waste forms has a pH of 1.5-2 (Figure 4-3). Consequently, no distinction between the
acidic pH of the bulk solution and the acid generated by microbial metabolism near the surface of the
waste form can be made. Moreover, with this test it is impossible to evaluate inhibitory effects of the
waste components or from nutrient limitations on biofilm development and activity (Rogers et al. 2003).
The main difference in the modified test procedure is that samples were pre-exposed to T. thiooxidans
lixiviant or sterile growth medium for 12 days followed by an additional exposure to sterile growth
medium for 18 days. This demonstrated the development of an active biofilm on the waste form, which
did not protect the cement from additional degradation. Instead, the active biofilm amplified degradation
rates as the same amount of calcium released in 46 days in the original test procedure was now released
in 30 days (Rogers et al. 2003).
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Figure 4-3: a) Original accelerated test where cemented waste is exposed to sterile growth medium
are to a combination of biomass and spent medium; b) modified accelerated test were cemented
waste pre-exposed to sterile medium or to microbial cells is further exposed to sterile medium (Rogers
et al. 1996, Rogers et al. 2003).

Another study used semicontinuous cultures of Halothiobacillus neapolitanus and Thiomonas
intermedia to study biodegradation of cement in frame of low-level radioactive waste disposal (Figure
4-4). To allow bacterial growth, the cement cubes were first exposed to atmospheric air to allow
carbonation and consequently a pH decrease of the surface layer. However, when cementitious samples
were exposed to a medium with initial pH 6.5, the pH rapidly increased up to pH 11 and no growth was
observed after 4 days. Therefore, the initial pH of the exposure medium was reduced to pH 5.5, which
resulted in a final pH of ~ 6.5. This allowed a rapid biodegradation of the cement. Up to 16% weight loss
was observed after 40 days and clear cracks in the cement cubes were observed (Aviam et al. 2004).
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Figure 4-4: Accelerated cement biodegradation test with semicontinuous cultures. Cement cubes are
exposed to a medium with (above) or without (below) 5x108 cells. Samples are incubated 4 days at
30°C at 100 rpm. Afterwards, the spent medium is analysed and the cement cubes are transferred to
fresh exposure medium with or without cells and the steps are repeated.

Although these studies demonstrate a rapid biodegradation of cemented waste, the pH conditions were
decreased to favourable conditions for microbial growth, which is not representative for disposal
conditions. A more representative study was performed where two cement cylinders were immersed in
a mineral medium inoculated with either a mixture of fungi and heterotrophic organisms or with a mixed
culture of Thiobacillus for 12 months. In the samples without bacteria, a rapid pH increase up to pH 12
was observed. This pH increase inhibited Thiobacillus up to 80 days but H2SO4 production started
afterwards. This resulted in a pH decrease and an increase in acid production and calcium leaching.
Notably, a pH increase was not observed in the exposure medium inoculated with fungi and
heterotrophic microorganisms. These organisms are rapidly adapted to the alkaline conditions and
immediately produced acid to lower the pH (Libert et al. 1992). These experiments showed that
microorganisms can adapt to the high pH, however, oxygen was present throughout the entire
experimental setup. To investigate microbial degradation of cement in anoxic conditions, Alquier et al.
(2014) focused on the barrier between bituminized waste and the concrete overpack with the denitrifying
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bacteria Halomonas desiderata. Batch experiments showed that the presence of a solid cement fraction
enhanced the denitrification rates and enabled denitrification at pH 10-12. This was accompanied by
biofilm formation on the cement paste. A follow-up study where a bioreactor was connected to an
exposure chamber with the cement paste examined various scenarios likely to occur in a geological
repository, i.e. a nutrient limited environment (Rafrafi et al. 2015). It was shown that planktonic cells in
the bioreactor were not able to carry out denitrification at pH 12, while denitrification was still ongoing in
the biofilms formed at the cement surface in the exposure chamber (Rafrafi et al. 2017). Putative biofilm
structures were also observed in preliminary batch experiments with Ordinary Portlandite Cement in
nitrate— and sulphate-reducing conditions and a decrease in the pH value from >12 to 10 was observed
in some conditions. A pH decrease was also reported in experiments studying a cement-bentonite
interface (Mijnendonckx et al., 2019b). As the focus of these studies was more on possible microbial
activity in such extreme conditions, no detailed experiments were performed to investigate
biodegradation of the cement.
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4.4 Synthesis and identified gaps

Although much research has been performed to characterize microbial interactions with cementitious
materials (see sections 4.1 and 4.2), studies in relation to disposal of nuclear waste remain scarce
(see section 4.3). Microbial degradation of cementitious materials has been shown in various
environments such as sewage pipes, marine structures and wastewater treatment systems (see
section 4.1 and Wei et al., 2013). Cementitious materials impose a highly alkaline environment, which
inhibits microbial activity. However, several processes affect the chemical evolution of cementitious
materials, which can resultin a local decrease in pH, enabling microbial activity. Furthermore, concrete
is a quasi-brittle material so that (micro)cracks can give microorganisms space to migrate and attach
along the surfaces. In such a case a biofilm can be formed. Microbial degradation of cementitious
materials is mainly caused by the biological production of organic and inorganic acids, which can react
with the cement, resulting in the formation of calcium salts. Leaching of calcium salts from the cement
can result in an increased porosity and a decreased pH at the surface layer. Subsequently,
degradation proceeds gradually to the interior concrete matrix, affecting the whole structure.

On the other hand, microbial-induced calcite precipitation is a well-known process and is studied
extensively including different metabolic activities leading to calcium carbonate precipitation, their
native environment, and potential applications (see section 4.1 and review from Zhu and Dittrich,
2016). Microbial carbonate precipitation can be induced by different metabolisms such as ureolysis,
denitrification, sulphate reduction, iron reduction and methane oxidation. Microbial-induced calcite
precipitation results in decreased concrete permeability and decreased penetration of corrosive
substances, thus improving concrete durability (Wang et al., 2016). However, carbonation has a pH
value-lowering effect and increases the corrosion rate of reinforcing bars (Phung et al., 2017).

Heterogeneity in pH or a decrease to values <11 (e.g. at the interface with the host rock) can promote
microbial processes. Furthermore, low-pH cement is considered for the massive plugs and seals to
close the disposal gallery. Specific research on this cementitious material is needed with respect to
microbial activity and will be studied within MAGIC. Most studies have been performed in the frame of
LLW and not deep geological disposal (see section 4.3). Therefore, the conditions for a deep
geological repository will be considered for the planned experiments.

Otherwise, the durability of cementitious materials has so far been explored mainly with limited or no
mechanical load, e.g., the Roman concretes and mortars. In geological disposal facilities, all
cementitious materials are envisaged to be under a mechanical load. The generation of fractures
within the chemically evolved zones of cementitious materials by mechanical loading is expected
(creating space for potential bacterial activity development) to change the transport properties and
thereby the chemical evolution is expected to take place at a faster rate than without or limited
mechanical load. Microbial activity is limited by space restriction in so-called impermeable engineered
concrete that is used for liners, plugs and buffers but can be increased by the generation of these
fractures. This is another important gap that will be addressed within MAGIC.

The alteration processes in cementitious materials under complex coupled perturbation phenomena
(i.e., pore saturation, chemical evolution of the barriers, loading and gas formation) including the
microbial activity has not been yet studied. Therefore, the impact of microbially induced processes on
the chemo-mechanical behaviour of cementitious materials will be studied in this project. Former
studies that focused on deep geological disposal did not take into account cement degradation and
focused mainly on microbial activity in such conditions (see section 4.3). The effect of microbial activity
on the chemical evolution will be addressed as well.
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Conclusion

Three decades of extensive Research & Development (R&D) allow to identify the key reactive
mechanisms, the alteration processes and consequences on the microstructure in cementitious
materials emplaced in underground environment. However, the evolution under complex coupled
perturbation phenomena are still not fully explored and understood. Moreover, recent innovations in
terms of material formulations (low-pH cements notably) require dedicated R&D to better understand
how their long-term performance is influenced by the host rock and the near-field conditions (i.e., pore
degree saturation, chemical evolution of the barriers, microbial impact, loading and gas formation).
Nowadays, most of the experimental data are limited to the short-term material evolution. Long-term
mechanical integrity of the cementitious material remains largely unknown, despite data existing about
ageing of Roman cement or natural analogue, providing evidence that the ageing of cementitious
materials can be a very low process, if well manufactured in function to the environment.

Summary about the physico-chemical evolution

The main reactive processes controlling the chemical evolution of cementititous materials are globally
well understood in interface with the host rock or directly with the natural water:

e |n saturated conditions: leaching, carbonation, magnesium and sulfate attacks, sometimes
chloride attack (in function to the envrionment and concentration in sulfate) are the main
processes identified.

e In unsaturated conditions, carbonation is the main process.

If some studies focused on it, the impact of chemical changes on microstructure evolution and transport
properties remains challenging. For example, the intensity of the pore clogging is influenced by the type
and amount of salt and by the pore structure of the substract. Several continuum scale reactive transport
models have been developed to simulate these coupled disturbances (especially leaching and
carbonation process). Recent works focused on the Mg attack modeling due to the knowledge
improvement in the field of Si-Mg phases precipitations. The predictive capability of such models depend
on the accuracy of input parameters and their changes as the pore-structure evolves. If these essential
parameters could be obtained from a pore-scale simulation able to resolve heterogeneities in cement paste
microstructures, how to extract these essential parameters is still an open issue.

Proper coupled description of reactive transport in unsaturated systems, while accounting for multiphase
transport, evaporation and porosity changes is only recent. This SOTA lists a few limitations to using
reactive transport within cementitious materials in unsaturated conditions. The long-term processes
impacting the cementitious materials exclude a simple approach and require multiscale modelling to
take into account the relevant reactive pathways identified at the nano/micro and mesoscale, including
the skeleton evolution. Indeed, the classical REV approach with a single porosity seems not relevant to
reproduce complex materials like concrete composed by several porosity level (capillary, C-S-H...) at
long term.

Summary about the microbial interactions with cement

Limited research has been performed to characterize microbial interactions with cementitious materials.
Especially studies in relation to nuclear waste disposal remain scarce. Microbial degradation of
cementitious materials has been shown in various environments such as sewage pipes, marine
structures and wastewater treatment systems. Cementitious materials impose a highly alkaline
environment, which inhibits microbial activity. However, several processes affect the chemical evolution
of cementitious materials, which can result in a local decrease in pH, enabling microbial activity.
Furthermore, concrete is a quasi-brittle material in which the formation of cracks gives microorganisms
space to migrate and attach along the surfaces. In such a case, a biofilm can be formed. Microbial
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degradation of cementitious materials is mainly caused by the biological production of organic and
inorganic acids, which can react with the cement.

Summary about mechanical evolution

The main part of studies relative to cementitious materials in geological disposal environment focus in
the chemistry and microstructure evolutions. But cementitious materials will play essentially a
mechanical role in repositories and consequences of the chemical and microstructural changes on the
mechanical properties were under-explored.

The mechanical behaviour of underground cementitious structures depends of various parameters:
boundary conditions and construction methods. It requests to take into account the host rock loading
and the rigidity evolution of the structure. This evolution is depending to the chemical and microbial
perturbations, the level of loading and also the concrete formulation.

In the case of reinforced concrete, corrosion causes mechanical damage to the concrete under the
combined effect of the corrosion-induced expansion (generating internal mechanical stresses) and the
loss of cross-sectional area and bonding of the steel, which causes the structure to lose its load-bearing
capacity. Previous experimental results highlighted the heterogeneity of the corrosion product layers
and the evolution of the mechanical properties of the layers with time and ageing conditions. A specific
effort has to be made on this point.

The multiscale characterization and especially the coupled approach at nano/microscale with RUS,
nano/micro indentation, SEM/EDX is a key to recover key data to feed numerical chemo-mechanical
modelling. Currently, studies on the micro-mechanical consequences of groundwater on cementitious
materials are very scarce (mainly in pure water, nitric solution or sulphated water). These works highlight
a non-negligible evolution of elastic mechanical properties of the cement matrix subjected to an
aggressive solution.

The recourse of numerical approaches to determine the mechanical behaviour of cementitious materials
has gained growing interests in recent years, due to the continuous increase of computational power.
The characterisation of the mechanical properties of cementitious materials necessitates the knowledge
of the evolution of the microstructure and corresponding phase assemblage of the cement paste in the
context of disposal environment.

Many studies have been devoted to the analysis and description of the evolution of the microstructure

and mechanical properties of cementitious materials when subjected to the contact of groundwater and
argillite. At the nano-microscale, the different minerals (phase assemblage) composing the hydrated
cement paste should in principle be considered. At the nanoscale, the use of approaches based on
molecular dynamics is widely accepted. At the microscale, more advanced and versatile methods
(micromechanics and upscaling, Mori-Tanaka method, homogenization scheme...) have been
developed to estimate the properties evolutions.

Concretely, carbonation and leaching have antagonistic effects on porosity and some mechanical
parameters. Both processes are integrated in the multi-scale model but treated separately
experimentally. This raises several questions:

- Will one process dominate the other? If so, over what period of the concrete's life?
- Would one process dominate in the short term and the other in the longer term?
- Has their superposition been treated experimentally?

Whatever the scale considered, an accurate description of the microcracking and its repercussions on
both mechanical and diffusive properties is essential to the simulation of the coupled response of
cementitious materials.
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Summary about the chemo-mechanical coupling

The multiscale chemo-mechanical modelling was not sufficiently supported in the past as part of the
geological disposal context. Two main reasons explain this situation: (i) logically the limitation (now
outdated) of the power of the modelling tools, (ii) the isolation of themes and researchers between
chemistry and mechanics with difficulties to communicate. In the SOTA, this part was considered beyond
the boundaries of the disposal context, at the pore/microstructure scales, mesoscale and the macroscale
A special attention was paid to identify what are the key limits and gaps remaining to obtain
representative chemo-mechanical models of concrete in geological disposal context.

The pore scale modelling

The pore-scale modelling is relatively young, and then, there are many limits and gaps. The pore scale
approach requires new conceptualizations that might be different from more established continuum
approaches. This is true for both, chemical and mechanical processes. Typically, pore scale models
have discrete phases, but they also might include sub-scale elements (for example amorphous phases)
that are treated differently. Because of the heterogeneity of cement paste microstructure, the number of
voxels/elements of pore-scale models is large. The need for computationally efficient approaches is
paramount. The most obvious approach is to use parallelization and more powerful computers, but the
physical limit of small time steps at lower spatial scales results in huge amount of iterations and requires
broader solution. One mitigation strategy is an effective geochemistry calculation. The solution time of
non-linear equations for the geochemical system can be reduced by the use of tabulated values or
abstracted chemical systems. On the other hand, the number of time steps can be reduced by adjusting
the chemical systems.

Another field that needs attention is the validation of pore-scale models. Most experiments provide
continuum or effective values (e.g. mass of a specific solid phase) or information without spatial
information, for example pore size distribution. It is very difficult to obtain spatial information of a property
at precisely the same location in an evolving material, for example after the geochemical alteration
reaction. For this reason, pore scale models are usually validated using averaged values. However, it is
important to stress that this is an indirect validation where a part of the important information is lost
during averaging. In the future, more efforts need to be devoted to the experimental techniques that can
directly support validation of pore scale models.

As mentioned, coupling between chemistry and mechanics is very recent on the pore scale. This
coupling can result in the complex spatial-temporal evolution of composition, microstructure and
morphology in materials. The relationships are interconnected as for example not only the formation of
the secondary phases cause stresses, but also the stresses influence the conditions of the formation of
secondary phases. Reliable chemo-mechanical models are not very common, especially not in a
multiscale framework.

The challenge of upscaling

Appropriate upscaling is another challenge. The purpose of pore-scale models is to support the choice
of parameter values and constitutive laws on larger scales. The upscaling in this sense usually stretches
beyond pure mathematical principles and includes the development of conceptual models and concepts
that are appropriate to use on larger scales.

Previous structural chemo-mechanical models decoupled the macroscopic modelling from the
mesoscopic phenomena; however, in order to compare concrete made of the different matrices, a non-
linear analytical homogenisation model for the chemical-mechanical behaviour of concrete is required
to be implemented. This model must be able to manage the solid phases of cement paste versus the
chemical state of concrete, and this must be reflected in the mechanical properties. Furthermore, during
the chemical damage processes (leaching, carbonation, NaCl ingress...in the hydrated cement paste),
this model should also consider the amount and nature of aggregates on macroscopic residual
mechanical properties.
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The specific case of reinforced concrete

Until now, the phenomenon modeling of reinforcement corrosion was decoupled from the chemical state
of the concrete. Hence the lock to be lifted in this chemo-mechanical model will consist in predicting the
progress of steels corrosion as a function of the chemical state of the concrete at the interface and in
localised cracks, deducing its effect in terms of steel anchorage and their contribution on reinforced
concrete mechanical performances.

Another phenomenon to be considered and incorporated into this model is the cracking of reinforced
concrete, along with predicting its impact on the transport properties (permeability, diffusion coefficient,
water retention curve...) of the concrete.

The implementation solution

The implementation in a Thermo-Hydro-Chemo-Mechanical finite element code able to compute the
evolution of a tunnel during several thousand years seems a relevant solution. Once implemented, it will
allow a more accurate prediction of the lifetime of radioactive waste disposal structures, but also the
simulation of their very long-term behaviour under natural mechanical loading and physicochemical
degradation caused by the host rock water. Different chemistry of binders could be considered to
perform comparative studies of envisioned solutions.

The following knowledge general gaps were identified through the development of this SOTA:

e What is the impact of various chemical degradation phenomena on the mechanical behaviour
of massive cementitious materials?

e What is the impact of microbially induced processes in the chemo-mechanical behaviour of
cementitious materials (by considering the recent material development and the
chemical/structural evolution during the lifecycle of the concrete)? Do these processes change
the expected chemical evolution without microbiological activity?

¢ How to model the long-term mechanical behaviour of cementitious materials during hydraulic
transients or fully saturated media with respect to the chemical evolution with and without
microbial activity?

¢ Howto achieve a comprehensive model based description of the multi-scale modelling process?

Based on this SOTA review, the MAGIC WP was built to increase the confidence in chemo-mechanical
simulations by reducing uncertainties in input data and understanding of key coupled processes (for
both young and aged materials). Specific conditions for waste disposal (microbial activity, chemical and
mechanical stress, variable saturation, etc...) are taken into account by addressing implementation
needs and safety aspects, e.g. regarding selection of materials, dimensioning, and (long-term)
behaviour of seals and plugs.
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5. Appendix A

Natural water compositions in the host rocks

e Composition of water representative of crystalline rock environment

Synthesis of contributions

The chemical compositions of pore water in crystalline rocks are conditioned by the properties of the
rock. A pore water sample comes from the groundwater flowing in the (micro) fractures (the porosity of
the crystalline rock is less than 1%).

The Bukov URL (Czech Republic) was built on the 12th level of former uranium mine of Rozna.
The determination of the chemical composition of the pore water was analysed for drill core in the
laboratory, by installing a packer inside an intact borehole and by high-pressure extraction techniques.
The results show that all examined pore water samples contain sodium. The pore water samples from
the laboratory contain mainly carbonates, whereas the pore water samples from the in situ experiments
contain chlorides and sulphates in addition to carbonates (Bukovska et al., 2020). The groundwater has
a very low salinity as the majority of species have a concentration below mmol/L (Figure 1-1Figure 5-1).

Figure 5-1 shows a comparison of out-diffusion experiment with groundwater chemical composition on
the 12 level, groundwater chemical composition, sampled in-situ and finally with model representation
of water/mineral phases equilibrium (Model HH). Model HH with the additive NaCl steps represents the
reaction of equilibrated solution with fluid inclusions/external source of NaCl (Bukovska et al., 2020).

-1

® PVP Bukov 12.p
= in-situ BGS12_H_7.3-7.7m

2 m Model HH 12p.

Model HH + Nacl

M Lab.exp. 12 p.

log concentration (mol |)

Na K Ca Mg Fe Al s(6) c(a) cl

Figure 5-1: Chemical composition of the crystalline host rock groundwater.

The chemical composition of groundwater in the RoZzna mine galleries is influenced by two primary
factors. The first one is vertical location of groundwater inflow the mine; the second one is the influence
of oxidative environment in mine galleries.

Table 5-1 gives the mean composition of the Bukov URL used in the research programs (S25
groundwater).
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Table 5-1: The chemical composition (main anions and cations) of S25 groundwater

cl- S0 | Si0s2 | HCOs pH TOC

525 (mg/l) | (mg/l) | (mg/l) | (mg/l) (mgll)

groundwater 20.4 455 215 89.0 9.5 1.89
composmon Na K Mg Ca Fe Al

(mall) (mgll) (mgll) (mgll) (mg/l) (mgll)
56.6 0.702 0.215 1.57 0.434 0.345

The pore solution composition can vary in function to the crystalline rock considered (Neeft et al., 2020).
As example, Table 5-2 indicates the pore water chemistries in granitic host rocks pore water chemistries
for granitic rocks in Czech.

Table 5-2: Measured pore water chemistries in granitic rocks (Neeft et al., 2020)

Parmeter Unit Czech Czech
(600 m) (2000 m)
Temperature °C 25 25
pH -log(H") 8.2 9.4
Na* mmol/kg 0.865 3.81
K* mmol/kg 0.0537 0.0179
Ca?* mmol/kg 0.864 0.0324
Mg?* mmol/kg 0.342 0.00412
Fe2* mmol/kg 0.00179 0.00179
AlR* mmol/kg 0.00371 0.00371
SiOz (aq) mmol/kg 0.520 0.481
Cl- mmol/kg 0.0931 0.528
SO4* mmol/kg 0.219 0.109
HCO:s- mmol/kg 2.68 5.048

The lab tests conducted at GRS are related to the disposal system T1 (Disposal system in clay formation
of larger thickness) appropriate to the RESUS project (Reinhold et al., 2013). A salt content around
150 kg/m? is estimated for the disposal area. The pore water of the disposal system T1 is comparable
with the pore water of Schacht Konrad (Table 5-3; Herold et al., 2020). The measurement conditions
and analysis methods are not detailed in the available references (see above).

Table 5-3: Parameter for "Konrad-solution" at 25°C (Herold et al., 2020)

Component Mass [mmol/l]
Sodium 3380.721
Potassium 5.422
Calcium 223.040
Magnesium 113.598
Chloride 3823.541
Sulphate 8.661
Additional parameter
pH 7.9
Density 1155 kg/m®
Viscosity 2.0 mPa-s

Table 5-4 gives the composition of salts for production of a synthetic “Konrad-solution” at GRS lab.
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Table 5-4: Composition for synthetic “Konrad-solution” at 25°C

Chemical Formula Mass [g/1]

Sodium chloride NaCl 150.08

Magnesium chloride MgClz - 6 H20 19.414
hexahydrate

Sodium sulfate-10-hydrate Naz:S04 - 10 H20 30.94

Potassium chloride KCI 0.459

Calcium chloride hexahydrate CaClz - 6 H20 96.072

Silicium Si 6.58
Aluminium Al 30.89

According to the European standard NF EN 206/CN (2014) such a geological medium is ranked in the
exposure class XAz. This is a moderately aggressive chemical environment for concrete due to the
presence of sulfates and magnesium.

e Composition of water representative of clayey rock environment

Porewater in equilibrium with the argillaceous surrounding rock of either the French Callovo-Oxfordian
argilite (Bure - France), the Toarcian argillite of Tournemire (France), the Opalinus clay of Mont Terri
(Switzerland) or the Boom clay (Belgium and the Netherlands) has a multi-ionic composition (HCOs., CI-
, SO4%, Mg?*). For example, in the Bure URL (France), the data coming from in situ measurements at
five different depths between -430 m and -505 m with three experimental set-ups [2] indicate that the
groundwater contains high levels of sulphate and chloride ions, which leads to an exposure class XA:
according to the European standard NF EN 206/CN (2014).

Table 1-5 shows the mean values and maximum deviations for measured concentrations of major
species and pH for Callovo-Oxfordian pore water. These are averages for PAC1002 (Vinsot et al., 2008),
POX1201 and EPT1201 during the post-drilling period and OPA pore water (Mader 2018; Wersin et al.,
2020) based on Measured compositions (mmol/L) of water circulated in the BCI-4 B and C borehole at
the Mt. Terri Underground Rock Laboratory.

Table 5-5: Chemical composition of the clayey host rock groundwater.

Cox pore water Opalinus Clay
Parameter PAC1002 ; POX1201, water from Mont
EPT1201 Terri
pH 7.0+0.3 7.24 —7.78* (x 0.05)
lonic strength (meqg/L) 0.08 (= 5 %)
Chloride (mmol/L) 39.5 (£ 6 %) 271.45 (£ 5 %)
Sulfate (mmol/L) 12.6 (x4 %) 135 (x5 %)
TIC** (mmol/L) 4.1 (£ 31 %) 2.45 (x5 %)
Sodium (mmol/L) 47.6 (x3 %) 239.55 (£ 5 %)
Calcium (mmol/L) 5.4 (£ 8 %) 15.15 (x 5 %)
Magnesium (mmol/L) 4.5 (£ 6 %) 16.1 (x5 %)
Potassium (mmol/L) 0.6 (£ 12 %) 1.4 (x5%)
Strontium (mmol/L) 0.2 (£11 %) 0.5 (x5%)
Silica (mmol/L) 0.4 (72 %) 0.12
Ammonium (mmol/L) 0.2 (£ 30 %) <0.8 (x5 %)
Bromine (mmol/L) 0.081 (£ 14 %) 0.5 (x5%)
Fluorine (mmol/L) 0.033 (+ 32 %)
lodine (mmol/L) 0.029 (+ 15 %) 0.02 (£ 5 %)
*Lower pH: stable values measured after short storage time. Higher pH: stable values reached after long storage

time

** T|C: Total Inorganic Carbon
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The data in the second column of Table 5-5 come from a large number of data acquired from several
holes and therefore have a good representativity of the Cox pore water composition. The measured
pore water compositions for clay host rocks can be influenced by experimental artefacts such as the
difference in partial pressure of COz2, the accuracy of redox potential measurements and the oxidation
of the host rock (when exposed to air, for example during the measurements).

The chemical analysis of the Opalinus clay pore water is possible by sampling the water accumulated
at the bottom of dry bores with compressed gas flushing. The Opalinus clay pore water of Mount Terri
differs from the Cox pore water by its higher content of chloride, sodium and magnesium (Mazurek and
de Haller, 2017).

Given the inherent spatial heterogeneities of the clay formation, the Opalinus (OPA) Clay pore solution
from exactly the same location as for the mock-up OPA/concrete interface systems studied in Task 2 of
the MAGIC WP, i.e., the location of the Cement-clay Interaction (Cl) experiment at the Mt. Terri
Underground Rock Laboratory (URL), is taken as the reference.

The composition of the OPA pore solution is approximately known at the location of the HE-D Niche (CI-
D location) at the Mt. Terri URL. It was measured based on the pore solution sampling, carried out in
2016 at this site, from the observation interval in borehole BCI-4 (U. Mader 2018). The measured
composition of water circulated in the borehole of BCI-4 is shown in Table 1-5. For the lab synthesis of
an analogue pore solution, the composition from the BCI-4 samples was adjusted to atmospheric pCOa,
by reducing alkalinity and maintaining calcite equilibrium. This resulted also in a somewhat higher pH
value, compared to the in-line measurement performed during sampling.

It is important to mention that the Swiss experience deals mainly with cases where the clayey pore
solution diffuses into the cement-based parts of the EBS. The conditions relevant for the Swiss
repositories never deal with the case of a cement-based component of the EBS being completely
saturated as if submerged into the pore solution.

In the case of Boom clay, the chloride concentration strongly depends on the borehole location.
The chloride concentration is 26 mg L at the URF HADES in Mol and up to 3,100 mg L in the Essen
boreholes (De Craen et al., 2006). For comparison, the chloride concentration variations in the pore
water of the Opalinus clay at Mont Terri (Switzerland) reaches a maximum of 12 to 14 g/L.

The natural production of water via the boreholes present in the underground laboratory is generally low
(~ 20 ml per day and per mz2 of surface for the Cox for example). Thus, all partners developed specific
protocols for the synthesis of the pore water.
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6. Appendix B

Relative to the Part 1.3
PSI, EMPA

Special effect of the charged surfaces of cement minerals- double layer effects, potential and charge
reversal

The formation of the electrical double layer at a mineral surface is controlled by the surface charge of
cement particles formed as result of protonation deprotonation reactions (e.g. C-S-H). Macroscopically,
the interaction of solutes with mineral surface is described using thermodynamic surface complexation
models (SCM) (Lyklema, 1995). In such models, the surface of the mineral is represented by a planar
or at best a spherical interface. The surface reactive sites, typically oxygen atoms with uncompensated
bond charge balance, are the source of the surface charge due to the protonation/de-protonation and
ion adsorption reactions. Depending on the SCM approach used, the ions at contact with the surface
are considered either as part of the diffuse double layer or as part of the surface (Figure 6-1). Several
extensive reviews of the SCM and their historical development exist in the literature (Kulik, 2009;
Lutzenkirchen, 2002). The effect of the ion-ion interaction on the surface complexation reactions and
protolysis is typically considered in a mean-field approximation (e.g. as an average relative electrostatic
potential resulting from the superposition of all single ion potentials).

x, Distance —» X, Distance —»

\Péqu r _ Shear plane :
-7 Diffuse Layer T)~¢
Y D - “Bulk”
oFr H

layer (TL) model (right) (Lyklema, 1995). Surface sites are shown by pink (negatively charged, (-)) and
light blue (zero charged) spheres surrounded by black circles. The net negative surface charge emerges
due to deprotonation of surface sites, controlled by the pH in solution. The distribution of ions charge in
the diffuse layer is described by the Poisson Boltzmann equation for external electrostatic potential ¥ (x).

In the MGC model, the surface potential is equal to the contact potential of the diffuse double layery, =
Y¥,. The TL model assigns the location of surface sites and inner-sphere complexes, the outer-sphere
complexes and the contact of the diffuse layer to three distinct surface plains with corresponding net
charge densities (ay, 05, 04). Inner-sphere complexes are located in the O-plane. The g,charge density
is the sum of the charges contributed by surface sites and the inner-sphere complexes. The § -plane
indicates the location of outer-sphere surface complexes, whereas the d-plane marks the beginning of
the diffuse layer. These charged planes form two sequential capacitors with the capacitance C: and Ca,
respectively. The potentials at each plane are thus linearly related: ¥, — ao/C; = ¥ = ¥4 — 04/C,. The
MGC model can be formally deduced from TL model setting the capacitance to infinity. The shear plane

-
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indicates a virtual boundary between “immobile” ions bound to the surface and “mobile” ones in the
aqueous solution. The choice of the shear plane position is not constrained by SCM parameters and
has to be tuned to independent data on ions mobility. In TL models the shear plane is often assumed
to co-inside with d-plane. Figure adapted from (Churakov and Prasianakis, 2018).

In the MGC model (Figure 6-1), the amphoteric reactive sites at mineral surface participate in
protonation/de-protonation reactions, and the mobile ions are distributed in the diffuse layer according
to the Poisson Boltzmann equation. The surface potential is assumed to be equal to the contact potential
in electrolyte at the interface. The standard state of the surface reaction is defined for the neutral surface
and the intrinsic acidity of the surface sites. The effective surface complexation constant depends on
the mean electrostatic potential due to the surface charge. The finite dimensions of the surface sites
and aqueous ions do not enter into model parameters explicitly, but, in principle, can be accounted for
via the activity coefficient.

The TL model assumes that the (de)protonated surface sites, inner-sphere complexes and
outer-sphere complexes are located within a set of individual planes at increasing distance to the surface
(Figure 6-1). The distribution of ions between the sorption sites is obtained by the speciation
calculations. In the currently most widely accepted TL model CD-MUSIC (Hiemstra and Van Riemsdijk,
1996) the formula charge on each surface complex is distributed between 0, § and d planes according
to the mineral specific constants. These charged planes form a series of parallel capacitors. The
electrostatic potential in each plane contributes to the activity coefficients. Free model parameters are
the surface complexation constants. Due to potentially strong correlations with the surface complexation
constants, the capacitance of two layers is not fitted but fixed constantly at some physically meaningful
values. The capacitance can be further broken down into the di-electric permittivity of the media and the
distance between charged planes. It is, however, difficult to obtain an unambiguous estimation of all
model parameters (Sverjensky, 2001; 2005). Neither capacitance density nor the dielectric permittivity
of the interfacial region can be directly measured (Cheng and Sprik, 2014). The model has been applied
with success to a large number of systems (Sahai and Sverjensky, 1997; Sverjensky, 2006). The
thickness of the sorption layers can, in principle, be estimated based on various spectroscopic methods
(Hofmann et al., 2016). The distribution of ions between inner- and outer-sphere complexes may depend
on the nature of the surface and on the electrostatic properties of bulk minerals, e.g. magnitude and the
structural position of surface charges. The location of ions in the inner- and outer-sphere complexes is
a complex result of a balance between the surface-ion and ion solvent interaction.

In the simplest approximation, the effect of electrical double layer at the mineral electrolyte interface in
taken into account in reactive transport simulations using either Poisson Boltzmann or Donnan
equilibrium models. In the Poisson Boltzmann model, the distribution of ions at the interface is obtained
solving the Poisson equation assuming Boltzmann distribution of ions for a given electrostatic potential:

V2(x) = —%;7; Ci(x) 6-1

Ci(x) = CPT;(x) exp (%f(x)) 6-2
where ¢ (x) is the local potential as a function of the distance to the surface, CZ the ion concentration in
the bulk solution unaffected by the surface charge, I;(x) the ratio of the activity coefficients in bulk
solution and in the double layer at position x, z; the charge number of the ion, F the Faraday constant,
R the universal gas constant, and T the temperature. These equations are solved together with the
electro-neutrality and the boundary conditions for the mineral surface charge. The activity ratio T;(x) is
usually not known and assumed to be unity in most of the simulations. Solving the Poisson Boltzmann
equation for a symmetric electrolyte and a single planar charged surface leads to the Gouy-Chapman
(GC) model and modified GC model if ion adsorption in a Stern layer is taken into account.

In the Donnan approach the concentration dependencies of ion distributions at a charged interface or in
a pore enclosed by charged surfaces are replaced by a uniform concentration of solutes. The equilibrium
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with the bulk electrolyte is described by the equalization of the chemical potential for the species in the
Donnan volume and in the bulk electrolyte:

ui* +RT Inaf = w° + RT Inaf + zFpp, 63

where a? and a? are activities, and ¢,, is the Donnan potential. The superscripts B and D are referred
to as bulk and Donnan solution, respectively (Alt-Epping et al., 2018).

This description leads to the Donnan equilibrium concentration:

ziFo
CP = CPT; exp (— ‘R—Tm) 6-4
The Donnan potential ¢,,, depends on the surface charge and the solution composition, but in contrast
to the Poisson Boltzmann concept is constant in the entire Donnan domain. It is obtained from balancing
the charge over the Donnan porosity through

YizCl = -Q 6-5

where Q is the net surface charge per volume of Donnan solution (typically negative for clays). The net
charge may be smaller (or larger) than the basic clay layer charge originating from isomorphic
substitution, in response to a partial shielding (or an addition) of charges by more strongly bound surface
ions (e.g., a Stern layer) or protons.

Poisson-Nernst-Planck equation

In present of diffuse double layer, the transport of charged species becomes electrochemically coupled
since the local charge conservation must be maintained at all times, when the global boundary condition
implies zero electrical current.

These effects are taken into account by Nernst-Planck equation, which describes the transport of
charged particles (ions) in presence of electrical field. Transport is therefore described by the combined
effect of an ionic concentration gradient (or a gradient of the chemical potential 4 [J]) and a gradient of
the electrical potential ® [J C1]. Based on that the Nernst-Planck equation is an extension of Fick's laws
where in addition the diffusing particles are influenced by electrostatic forces. In the frame of the Nernst-
Planck formalism the diffusive flux j; [mol m2 s?] of the i-th ion species in the liquid is according to
Pivonka et al. (2009):

Ji = - (c;+ % c,70) 6-6

The first term in the brackets describes Fickian diffusion of the i-th ion species down its individual
concentration gradient; the second term accounts for transport along the gradient of the electrostatic
potential ® [V =J C?1] dependent on the charge of the ion. In Equation 1-27 C; [mol m3?] is the
concentration of the i-th species in the mobile phase and D; [m? s ] is individual diffusion coefficient. F
[C mol1] is the Faraday constant and z; the valence (|z] is the charge number) of the i-th ion type, R
[J K2 mol?] represents the gas constant and T [K] the temperature.
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For practical purposes, the Equation 1-27 has to be solved with appropriate initial and boundary
conditions based on the physical problem to be modelled (Figure 6-2). Consideration of electrostatic
effects is particularly important in the presence of a salt concentration gradient and highly charged
mineral surfaces. In such surfaces the electro-chemical coupling can result in the transport of tracers
against concentration gradients (Hax Damiani et al., 2020).
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Figure 6-2: Simulation of a steady state ion distribution in a nhanoscale pore with charged surfaces
resembling the surface charge of illite/smectite particles. At the beginning of the simulations, two
reservoirs separated by narrow pores are filled with 5 mol/m3 and 1 mol/m3 NaCl solution, respectively.
Results of the calculation show a redistribution of cationic and anionic species and formation of
diffused double layer as a result of the salt concentration gradient and the electrostatic potential due to
the presence of the charged mineral surface (Hax Damiani et al., 2020).

Molecular scale limitations of classical Poisson-Nernst-Planck equation

In a most simple representation the negative structural charge results in formation of diffuse double layer
at the interface as shown in Figure 6-2 for the simple Poisson Boltzmann equation and in Figure 6-3 for
the more elaborate GC model. The electrostatic potential of the negatively charge surface results in
accumulation of positive ions at the mineral surface (Stern layer). The Stern layer dimensions are
comparable with the diameter of a hydrated ion. The potential at the surface of the first adsorbed cationic
layer is still negative. This region is essentially anion-free due to the strong electrostatic repulsion.
Beyond this region, ions are distributed according to the Poisson Boltzmann equation (consistent with
classical Nernst-Planck description). The concentration of cations exponentially increases and the
concentration of anion exponentially decreases towards the surface.
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Figure 6-3: Conceptualisation of modified GC model and ¢-potential measurements of effective surface
charge (A). lons in the Sterner layer are tightly attached to the surface and contribute to the net surface
charge. In an applied electric field, the colloidal particles of C-S-H move in direction of the field strength
or opposite to it depending on the surface charge. (B) Concentration profile of positive and negative
species in DDL according to Poisson Boltzmann equation. PB-model predicts negative effective
potential due to depletion of anionic species and limited sorption of cation. Accordingly, PB-model
always predicts a net repulsive force between charged surface at short distances, if noticeable overlap
of DDLs takes place (C). Reactive Monte Carlo simulations of C-S-H surface charge indicate strong
dependence of surface ¢-potential as function of pH and concentration of divalent cations (e.g. Ca)
(Churakov and Labbez, 2017; Churakov et al., 2014; Jonsson et al., 2005; Labbez et al., 2009).
Simulations and measurements demonstrate that with increasing Ca concentration the surface potential
change from negative to positive. In a 20mM Ca(OH)2 solution (e.g.) in equilibrium with portlandite,
positive {-potential (surface overcharge), leads to co adsorption of anionic species (E). Furthermore, the
ion-ion correlation leads to attractive force between C-S-H surfaces at short distances, the phenomena
that are not captured by PB-theory.

Both the Donnan and Poisson Boltzmann approaches rely on several fundamental assumptions, which
limits the applicability and the extrapolation range of the theory. Essentially, both approaches neglect
ion-ion correlation effects and the finite sizes of the solvent and solute species. This strictly limits the
reliability of the approximation to low ionic strength and low charged ions. These effects have been
closely looked at in cement systems (Churakov and Labbez, 2017; Churakov et al., 2014; Jonsson et
al.,, 2005; Labbez et al., 2009), The PB theory is known to fail for 2:1 electrolytes, e.g. solutions
dominated by divalent cations. In these systems, the strong cation—surface interaction leads to an
overcharging of the mineral surface and co-adsorption of anions. Fig. 6 shows predictions of the ion
distribution by the Poisson-Boltzmann theory and Monte Carlo simulations. Strong disagreement is
observed in the surface of the 2:1 electrolyte. Poisson Boltzmann equations predict a larger extent of
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the diffuse double layer and fail to reproduce the co-uptake of the anionic species. Thus, Poisson
Boltzmann overestimates the anion exclusion effects.

The ion-ion correlation aspects can in principle be included into the Poisson Boltzmann and Donnan
approaches via activity coefficient. Recently, a modified formulation of Poisson Boltzmann Nernst-
Planck equation (MPB-NP) has been developed, which takes into account the contribution of the ion
activities and the gradients from Monte Carlo simulations (Yang et al., 2019):

iCi Ci
Ji = =Dy (VC; + vy + SLyper) 6-7
kTIn(C; ) = kTin(C;(x)) + ezap(x) + (ﬁf" +kTin (yy%))) = kTIn(C;(x)) + ez (x) + uf*(x) (4.20)

CiGCMC(x))

Ci,oo

%ufx(x) = — Ly GeMC () — ln( 6-8
The difference to the conventional approach is that the gradient of the chemical potential is evaluated
from the Monte Carlo simulations and implemented into transport simulations via Eqg. 13. This approach
enables to reproduce the exact electrostatic potential and concentration profiles at the charged mineral
surface and their effect on the effective diffusion coefficient (Figure 6-4). This MPB-NP model was
applied to study ion transport in gel pores of C-S-H particles as function of inter-particle distance and to
derive the effective diffusion coefficients of water sodium and chlorine ions in the aggregates of C-S-H
particle. Eventually, a multiscale modelling approach was used to access Cl transport in heterogeneous
cement paste (Figure 6-5). The effective diffusivities in C-S-H gel pore obtained with MPB-NP model
were to estimate the CI mobility C-S-H aggregate and cement paste in 3D using continuum scale
diffusive transport.
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Figure 6-4: The electrical potential (A) and ion concentration distribution (B) with respect to the distance
normal to the surface of charged surface calcium-silicate-hydrates. The red lines represent predictions
of the Monte Carlo simulations, which account for the ion-ion correlations and the finite size of the ions.
Black lines are results from the conventional Poisson Boltzmann Nernst -Planck theory (PB-NP)
modelling chain. Blue lines are predictions of a modified PNP model (MPB). Solid and dashed lines
represent cationic and anionic species, respectively. The system corresponds to a mix of 10 mol/m3
NaCl with 20 mol/m?3 Ca(OH)2. Adopted from (Yang et al., 2019)
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Figure 6-5: A: Multiscale modelling approach for the assessment of diffusive mobility of water and
cation in cement paste taking into account molecular scale interaction of ions with surface of C-S-H
phases and the heterogeneous microstructure of cement paste (Yang et al., 2019).. The normalised
effective diffusion coefficients for Na*, H20 and CI- obtained with the classical PB-NP model (dashed

lines) and the modified MPB-NP model, taking into account the activity of the cationic and anionic

species (B). Estimation of diffusion parameter at the scale of cement grains (anhydrous phases).

Lattice Boltzmann method

The lattice Boltzmann method (LB) is a special discretization of the Boltzmann equation and originates
from the gas kinetic theory. The LB method is vitally applied for reactive transport processes at pore
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scale. The advantages of the method include simple discretisation approach on a regular grid, locality
of numerical operation enabling efficient parallelisation using domain decomposition.

The elementary variables are the so-called populations or distribution functions fi which represent the
probability of finding in space a particle with a given velocity. To every distribution function corresponds
a discrete velocity vector (Succi, 2001). Depending on the dimensions and number of discrete velocities,
there exist different lattice models. For two-dimensional simulations the standard D2Q9 square lattice
with 9 discrete velocities is implemented. The projection of this lattice in 3D results in the D3Q27 cubic
lattice with 27 discrete velocities (Figure 6-6).

These lattices require communication and exchange of information only within the next neighbouring
nodes. This has the advantages of (a) simple implementation of complex geometry boundary conditions,
and (b) efficient parallelization of the algorithm for use in high performance computing facilities.
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Figure 6-6: Lattice models: (a) two dimensional 9-velocity lattice (D2Q9); (b) three dimensional 27-
velocity lattice (D3Q27). Only next-neighbours communication is required for these space-filling
lattices.

The lattice BGK equation is a discrete variant of the Boltzmann equation and can be written as:
1 eq
filx + ¢;8t, t + 8t) = fi(x, t) +;[fi — fi(x, )] 6-9

where i is the index of the lattice velocity vectors, i = 0...8 for D2Q9 lattice and i = 0...26 for D3Q27
lattice, ciq = Cieq are the discrete lattice velocities, the direction vector of velocity eq is given as,

ea
(0,0) a=0
={ (cosb,, cosb,) c; a=1,3,57
(cosb,, cos@a)\/i ¢ a=2468

6-10

where a is the coordinate index (a = X, y, z), and c; = dx/6t is the lattice discrete velocity speed. Here,
O6x and ot are the lattice spatial step (spacing between consecutive nodes) and lattice time step,
respectively. For a single component LB model 6x=1 and &t=1 in lattice units. Parameter 1 is the
relaxation time that controls the viscosity of the fluid and the diffusivity of the solutes in a passive scalar
approach; fed is the equilibrium distribution function and the most commonly used form is:
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29, w) = wip [1 +3(25) + g (Ci'zu)2 —;(%)2] 6-11

where the weight factors w; for D2Q9 lattice model are w, = 4/9, w1734 = 1/9, wse75 = 1/36. Every
species has each own population set. The local density p and the local velocity u are calculated as the
first moments of the distribution functions:

8

8

P C- .

p= Zf“ u, = Zz_op safi 6-12
i=0

For multicomponent simulations the model can be scaled up to an arbitrary number of species using a
passive scalar approach (Molins et al., 2020; Prasianakis et al., 2018; 2017). Dissolution-precipitation
reactions leading to the change of microstructure and the alteration properties of porous media are
followed by either kinetic rate equations or equilibrium approach. Particular strength of the approach is
that effective permeability and a diffusivity test can be conducted by applying a differential pressure and
a differential concentration along the sides of the evolved geometries using the same lattice Boltzmann
solver.

Nucleation processes at pore scale

Reactive transport within porous media is governed by several mechanisms that are also dependent on
the porosity, connectivity and the degree of confinement. The mineral dissolution and precipitation
reactions can alter the transport pathways and affect the microstructural evolution either promoting or
reducing the mass transport rates. Depending on the size of the pores different mechanisms compete
during mass transport and phase change. For example, at small scales (few nm), the electrostatic forces
have a very strong influence in transport and in some cases may totally restrict the transport of ions
depending on the surface charge. Reaction kinetics and crystallization paths are also dependent on the
pore sizes. Very often for the initiation of precipitation, a threshold supersaturation must be achieved,
before which, the solution remains in a metastable state.

The classical nucleation theory or its extended variants may be used to model such processes. The
model developed by Prieto (2014) can be used to calculate the Supersaturation-Nucleation-Time (SNT)
dynamics. Through describing crystallisation in porous media, it is essential to distinguish between
homogeneous and heterogeneous nucleation mechanism. Heterogeneous (HET) nucleation assumes
growth of new phase on the existing substrate of the same of another phase. Contrarily, in homogeneous
(HON) nucleation process no initial seeds or template are present; crystallisation is initiated with
formation of the first crystal nuclei from a homogeneous aqueous solution. Once stable crystals are
formed crystallisation proceeds by the growth on existing substrate. For both HET and HON, the
nucleation rate, J [m3/s], varies exponentially with the free energy change AG. associated with the
formation of a nucleus of critical size:
J = Texp (— %) 6-13

where k is the Boltzmann constant, T is the absolute temperature and I" a pre-exponential factor. The
nucleation energy barrier is highly dependent upon the interfacial tension o and saturation index Sl. This
barrier is higher for HON compared to HET. In Figure 6-7, a schematic plot of the total Gibbs free energy
(AG) for HON and HET is shown as a function of the radius of spherical nuclei. As soon as a critical
nucleus is formed and the energetic barrier is exceeded (at the maximum of the AG curve), further growth
of the nucleus is more favourable than starting disaggregation and precipitation. Compared to HET, a
higher activation barrier has to be exceeded for HON nucleation to occur, which further explains why
homogeneous nucleation requires higher levels of supersaturation to occur. The exact relation reads:
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2,3
AG, = Bveo

= T In(SD)2 6-14

where B is a geometry factor, o is the interfacial tension, v is the volume of a single spherical monomer
of the mineral. The pre-exponential factor " represents the rate of attachment of monomers controlled
by diffusion and is a function of the diffusion coefficient of the monomers, the number of nucleation sites,
the number of monomers that form a critical nuclei and the degree of supersaturation. The appearance
of many nuclei and their growth are responsible for the breakdown of the solution metastability. This
process can be quantified with the induction time t;, the time that the system remains in a metastable
state before the onset of precipitation.
t; = (L) 6-15
IVp

where Vp is the volume of the local pore under consideration.
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Figure 6-7: Schematic of the Gibbs free energy (AG) for homogeneous (HON) and heterogeneous
(HET) nucleations as a function of the radius of spherical nuclei. As soon as a critical nucleus is
formed (reriical) @and the energetic barrier is exceeded (at the maximum of the AG curve) further growth
of the nucleus is more favourable than its disaggregation and precipitation starts. (Prasianakis et al.,
2017)

The validity of the classical nucleation theory for the description of precipitation processes in
confinement has been recently tested against microfluidic experiments in which nucleation and growth
of barite crystal and barite celestite solid solution have been observed as function of sup saturation
degree in solution and dimensions of confinement (Poonoosamy et al., 2021; 2019; Prasianakis et al.,
2017).
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Figure 6-8: Initial distribution of portlandite and C-S-H in cement phase (left) and the evolution of
portlandite dissolution front followed by carbonate precipitation front after 1 day of reaction time
(Right). The simulations are performed in a 250 um x 250 um x 450um with 435 um? grid resolution
(Patel et al., 2021).

Application of Machine learning for thermodynamic coupling

Major computational efforts in reactive transport simulations are related to the calculations of
thermodynamic equilibrium and geochemical speciation. The reason for that is the large number of
involved species, and the need to perform chemical calculations at each mesh point and every time
step. Geochemical speciation calculations are used to find the quantities of chemical species in the
system under the assumption of local equilibrium. This type of calculations can be done using the Law
of Mass Action (LMA) (as in PhreeqC (Parkhurst, 1995)) or Gibbs Energy Minimization (GEM) (as in
GEMS-Selektor (Kulik et al., 2012)). In a reactive transport code, reactions and mass transport are
usually coupled in one of three main ways: by directly implementing the chemical speciation routines
within the code (Xu et al., 2011), by using a pre-calculated look-up table that contains speciation
calculations (Huang et al., 2018; Poonoosamy et al., 2019), or for more complex chemical systems by
coupling the mass transport code to an external geochemical software (Kosakowski and Watanabe,
2014). The look-up table approach is in general faster but requires the pre-calculation of the full
geochemical system, and the accuracy depends on the resolution of the look-up table. On the other
hand, a direct calculation solving the chemical system will give an exact result, whereas it will be slower
due to the involved calculations. In a reactive transport simulation, the number of geochemical
calculations scales linearly with the number of computational grid points and the involved time steps.

Artificial neural networks (NN) are computational models that can represent complex relationships
between input and output data in multidimensional spaces (Jain et al., 1996). Different NN’s types are
assembled to exhibit specific behaviour depending on their architecture, and the type of problem to be
solved. The main challenge of machine learning algorithms is to sufficiently train a NN using an existing
training set of input and output data, such that the NN can be used to forecast accurate output values
for data that do not belong to the training dataset. Meanwhile, it should be noted that there is no optimum
predefined number of neurons or an a-priori guarantee that a trained NN with a specific number of
neurons can predict the output with the desired accuracy.

The feedforward type of NN’s is used for the pore-level simulations. This is one of the simplest but most
efficient network type, suitable for solving complex regression problems. The neural networks used in
this study were obtained by a supervised learning approach in order to encode the thermodynamic
equilibrium depending on the composition of the solution, with the data that GEMS provides. The mean
squared error loss function is used.
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The NN training is using the backpropagation technique introduced by (Rumelhart et al., 1986). The
right balance between the size of the network and its resulting accuracy was pursued. For that, several
networks were tested, by varying the number of neurons per hidden layer, the number of hidden layers
and the activation functions of the neurons. Moreover, several training algorithms were tested. It is
noted, that a common issue in this type of networks is the element mass conservation between input
and output of the networks, which cannot be fully preserved and which at the moment is source of
uncertainty (Guérillot and Bruyelle, 2020; Jatnieks et al., 2016). However, the resulting networks trained
in this work achieve an excellent accuracy which is not affecting the simulation results similar to
(Prasianakis et al., 2020).

6.1 References for appendixes

See references of Part 1.
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