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Abstract

Cement-based materials are key materials usedositeries of low, intermediate and
high-level radioactive waste in any host-rock caic&hese materials are used for
waste conditioning, liners, seals as well as stnattcomponents. The CEBAMA
(CEment-BAsed MAterials, properties, evolution, riEar functions) project (2015-
2019) has been an initiative granted by the Eunog@ammission under the Horizon
2020 Research and Training Programme of the Européamic Energy Community
(EURATOM), focused on the study of cementitious enals. The project has
addressed key issues of relevance for long-terratysand key scientific questions
related to the use of cement-based materials ileauwaste disposal applications. This
publication presents the advances resulting from tbsearch undertaken in the
CEBAMA project, with special emphasis on their ¢dnition to decrease uncertainties
in the Safety Case and the Performance Assessreatlioactive waste repositories.
The analysis is presented in three different axesgoincidence with the lines of
research of the project: degradation of cementébasaterials and its impact on
cement/clay interfaces; retention of safety relévieadionuclides and toxicants on
cement-based materials; and modelling advancesnrestitious related systems. The
research investigations have provided important msights on process understanding
and model developments which have significantlyel@sed the level of uncertainty.

Keywords. low-pH concrete, radioactive waste, safety casepemt, clay-concrete interactions,
radionuclide sorption, radionuclide-cement intaact

1 Introduction
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Cement-based materials are widely used in radigactiaste management. This type of materials
conforms sections of the engineered barriers in foren of concrete plugs and backfill in
repositories for High Level Waste (HLW) disposaedsFigure 1A). They are also used for
stabilisation of the excavations comprising accessiels to the deep geological repository as
shotcrete applications (see Figure 1B) and platod@ used in the design of the supercontainer for
deep geological disposal of HLW in the case of Befg(see Figure 1C). In Low and Intermediate
Level Waste (LILW) management, cementitious makeraare used for waste conditioning and
immobilisation, for construction of waste contaseas backfill materials, or for the constructidn o
the deep or surface facilities where the wastedated (see Figure 1D). It is a fact that cementsi
materials are or will be present in large amountgadioactive waste repositories. Thus, their
behaviour and long-term performance deserves dpatiantion when assessing the future
evolution of these type of facilities.

Concrete
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Shotcreeting of a gallery in
ONKALO (Finland). Photo ©
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C)
ViNod weste caniaters Belgian supercontainer concept for
high-level waste.
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D)
View of the LILW facility of El
Cabril (Spain). In the insert, a
picture of one of the drums with
waste conditioned with cement.

‘ Picture by Lara Duro
Figure 1. IIIustratlons showmg some of the appiicas of cement-related materials in radioactive
waste management.

Hydrated cement composition evolves in contact wgitbundwater and produces highly alkaline
leachates that may induce changes in the surrogrtimironment. As it degrades, the composition
of the leachates and the solid phase vary. Atkir{$085) defined the evolution of hydrated cement
in three stages of degradation: (I) a first stagelpcing highly alkaline leachates (pH > 13) rioh i
alkaline metals (Na K"); (Il) a second stage during which the pH of teachates is governed by
the presence of portlandite (Ca(Qfd)) and fixed at a pH12.5; and (lIl) a third stage dominated
by Calcium-Silicate-Hydrates (C-S-H) decreasingrti@a/Si ratio with continuous leaching over
time. This last stage is characterised by a~dH until the hardened cement paste is completely
degraded and the system is generally dominatedaldyonates, reaching intermediate pH values
around 8.5. Table 1 shows the data calculated tsakmwski et al. (2014) and reported in Wieland
(2014) on the composition of the water and the nsailid phases retained in Hardened Cement
Paste (HCP) for each degradation stage.

The extent of cement degradation depends on tkeatawhich it interacts with water and changes
its microstructure, potentially altering its propes of transport of water and physical stability.
Cement degradation can also influence the perfotmai other components of the repository
system, such as the (bentonite) buffer or the rost-

Performance of cementitious materials used in eadiee waste applications must be ensured for
extremely long lifetimes (hundreds and even thodsani years), and alterations due to interactions
with water must be considered. With the aim to miae the possible negative impact of cement on
the clayey barriers, alternative "low-pH” cemermtits material formulations are being tested for
nuclear waste applications (Codina et al. 2008es€hformulations are based on replacing cement
with alternative hydraulic binders such as silioang, fly ash and/or blast furnace slagw-pH
concrete induces a lower alteration of the pH s ghrrounding environment and, therefore, also a
potentially lower impact to the bentonite/clay luffand the host-rock. Cement hydration is
exothermic and in the hydration of low-pH concrédte temperature increase is generally lower
than that of Ordinary Portland Cement (OPC). Thid fs expected to positively impact the long-
term durability of the material, e.g. by reducirtge tformation of cracks in concrete (Cau-dit-
Coumes et al. 2006; Codina et al. 2008), as weledsicing the impact on the contacting clays
(Garcia Calvo et al. 2010). The kinetics of dissoluof clayey minerals increase substantially with
pH in alkaline conditions (e.g. Bildstein and Ctar2015), which is another potentially negative
effect of high pH on clays.

Table 1. Composition of the water in contact withaete and major solid phases in the

composition of Hardened Cement Paste (HCP) atréifitedegradation stages of concrete (I to IlI).
Data in Wieland (2014) from Kosakowski et al. (2014
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Stage | Stage |l Stage Il
Porosity (%) 20 20 18
pH 13.1 12.54 11.07
En (MV) -529.9 -198.1 -1809.7
lonic strength (m) 0.16 0.0983 0.15
pCGO, -13.1 -13.1 -9.65
Solutes (mol/L)
Na 9.68.10 4.21-10° 0.104
K 7.27-10° 3.30-10° 2.55-10°
Ca 2.43.10 1.80-10° 5.35.10°
Sulphate 6.24-1 4.70-10° 7.81-10°
Chloride 2.46-10 3.74-10° 1.23-10"
Carbonate 4.46-10 8.04-10 1.67-1C
Si 4.34-10 3.42-10° 3.45.10
Al 2.61-10° 6.89-10° 1.15-10'
Fe 2.11-10 5.58.-10° 3.86-10°
Major solid phases

C-S-H C-S-H C-S-H

Portlandite Portlandite

Ettringite(i) Ettringite(i) Ettringite(i)

Monocarbonate(ii) Monocarbonate(ii)

Calcite(iii) Calcite(iii) Calcite(iii)

OH-hydrotalcite(iv) | OH-hydrotalcite(iv)| OH-hydrdtite(iv)

i) Ettringite stands for aluminium ferric oxide d¢aming three molecules of anhydrite (AFt)
CasAlo(SOy)3(OH)12- 26H0; (i) Monocarbonate stands for & CaCQ-11HO0; (ii) Calcite:
CaCQy(s); (iii) OH-Hydrotalcite: Al substituted bruci{®g; xAlx(OH)y)

The CEBAMA project (2015-2019) has been an indatgranted by the European Commission
under the Horizon 2020 Research and Training Progra of the European Atomic Energy
Community (EURATOM). The project has addressed iksyes of relevance for long-term safety
and key scientific questions related to the useemhent-based materials in nuclear waste disposal
applications. The scientific quality and impacttbé project builds on joining the best expertise
available to tackle these problems and emphasibiog the knowledge can be applied in
Performance Assessment and the Safety Case. Tjeetphas involved 27 beneficiaries consisting
of Research Institutes, Universities and SMEs frer&EU members countries, Switzerland and
Japan.

To ensure that the research of the project wasephpgirected towards application of the results,
CEBAMA set up a group of End Users, formed by repmeatives of European nuclear waste
management organisations (NWMO) from 9 countrieSlDRA (FR), COVRA (NL), ENRESA
(ES), NAGRA (CH), ONDRAF/NIRAS (BE), POSIVA (FI), RW (UK), SKB (SE) and SURAO
(CZ). These organisations come from countries ny different stages of implementation, so that
the implication that the results of CEBAMA have their interests may vary from one country to
another.

The project was organised in three scientific aaxhnical work-packages. The focus of the first

work package has been the study of the cement temolland of the interfaces between
cementitious materials with natural host-rocks ogieeered barrier components. The aim was to
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guantify relevant alteration processes and how timay impact the physical properties of the
materials. The second work package focused on ttiay ©f the behaviour of several relevant
radionuclides or toxic elements in the presenceeafentitious materials under different degrees of
alteration or under conditions imposed by the preseof these materials. Finally, the third work
package developed, tested and benchmarked numerizidls that were then used to quantify the
evolution of the properties of cementitious matsriander the conditions expected to prevail in
experiments and in a radioactive waste repositdhe publications of Altmaier et al. (2019);
Vehmas et al. (2019); Grambow et al. (2019) andridet al. (2019) present an overview of the
main scientific highlights of each work package ahd interested reader is directed to those
publications for a complete and more detailed deson of the scientific advances of the project.

The research developed within CEBAMA has been phblil in 29 peer-reviewed publications, and
40 additional publications are submitted for puddilcn or in preparation at the present moment.
The intention of this manuscript is not to repeatthas been or is in process to be published, but
to highlight the relevance that some of the redeamdertaken within CEBAMA has for the
development of the Safety Cases and the Performassessment of the repositories of high, low
and intermediate level wastes related with theoiementitious materials.

According to IAEA (2012) the Safety Case is thdaxilon of scientific, technical, administrative
and managerial arguments and evidences in supptire safety of a disposal facility, covering the
suitability of the site and the design, construttemd operation of the facility, the quantitative
assessment of short- and long-term risks, as wet@re qualitative safety indicators and assurance
of the adequacy and quality of all of the safetgterl work associated with the disposal facility.
Safety Assessment, an integral part of the SafetyeCis driven by a systematic assessment of
radiation hazards.

CEBAMA has improved the knowledge base for the tyafase via the following specific items:
(i) Safety impact of microstructural and porosityanges of cementitious materials, (i) Safety
impact of cement degradation, (iii) Development amglementation of long-term models, (iv)
Decrease of uncertainties in radionuclide retenfwocesses, (v) Development of modelling
expertise, benchmarking and methodologies, andUpgcaling modelling in time and space. A
specific focus was put on the investigation of lpk¥-concrete materials, and hence conclusions can
be drawn from the work within CEBAMA on the poteituse of this relatively new material in the
Safety Case.

The state of the different waste management progesmepresented in CEBAMA varies from one
country to another. While some countries, suchialsukd, Sweden and France, are in an advanced
state with construction license applications of p&seological Repositories for HLW in place or
submitted, some others, such as the UK, Germanthemetherlands are still in a stage were
generic repository concepts are being considerbd.case of repositories for LILW is different, as
most of the countries have in place a final dispssktion either on the surface or at depth, fos t
type of wastes.

In the following sections, the main highlights bétproject are described with special emphasis on
their relevance for the Safety Case and Perform#@ssessment of repositories for radioactive
waste disposal. The highlights are organised ieethmain sections, corresponding to the work
packages of the project and to the input receivednfthe waste management organisations
participating in the Group of End Users of the pobj 1) Advances on the study of cement
interfaces; 2) Advances on radionuclide retentaord 3) Modelling advances.
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2 Advanceson the study of the degradation of cement materials and impact on interfaces
with clay

Only limited public experimental data on laboratand field scales were available for the low-pH
concrete / bentonite system when the CEBAMA proggatted in 2015. In the last years, the impact
of low-pH concrete materials on surrounding clagthrocks (e.g. Opalinus clay) has started to be
investigated (Savage and Benbow, 2007; Dauzerds @014; Jenni et al., 2014; Lerouge et al.,
2017) and the impact that these degradation prese&ss have in radionuclide migration have
never been studied before.

The clay/concrete interface and its impact on taegport and mechanical properties is considered
in different ways in the Performance Assessmenh®fvarious countries taking part in the project.
In the case of SKB (SE) the concrete/clay inteddoeind in the low and intermediate level waste
repository (SFR) are those corresponding to coacaetd bentonite, as the host-rock is granite
(Andersson et al. 1998). In the analyses made bi,SHKe properties of these materials are
considered to vary over time with different valugsging different time periods (see e.g. Hoglund,
2014, Table 9-1). SKB follows a conservative apphoand neglects the possible beneficial
properties of the concrete-bentonite interface sasha decrease in porosity which may prevent
water transport or sorption properties. Insteaderiacial reactions are only considered as
contributing to the degradation of the material$haf engineered barriers (concrete and bentonite).
In the case of ONDRAF/NIRAS (BE), the evolutiontime and space of the cement mineralogy is
modelled to understand their consequences on tespgort properties of these structures.
Regarding the Belgian surface disposal for IL-LIL&though the interfaces between cement-based
materials and the environment are taken into ad¢dba processes occurring are not considered
pertinent from the point of view of altering therfsemance of the repository, and the main process
considered to alter cementitious properties is aaabon, being the transport of radionuclides
diffusion-controlled (see Cool et al. 2013 and mefees therein). NAGRA (CH) assumes an
increase in the hydraulic conductivity of the liretween bentonite and the Opalinus Clay (OPA)
host-rock in the HLW repository due to cracks fargat the interface between the concrete liner
and the host-rock (NAGRA, 2014). The bentonite eelj to the liner is affected by the alkaline
plume from the low-pH concrete. This results inl@awslocal porosity increase in the bentonite
adjacent to the liner. The calculations conductecdsess the effect of this interaction show no
impact on dose estimation even after the potedggradation of 20 cm of bentonite (see Figure
6.2-2 in NAGRA, 2010). The transport/sorption paesens in the bentonite barrier are kept
constant as the pH buffering capacity of clay ghhiOnly a small effect on sorption/solubility of
some of the radionuclides is considered (see TABI4-4 in Wieland, 2014), as well as a loss of
swelling capacity of bentonite affected by its sfmmmation from sodium to calcium form due to
cement degradation. The concrete and the hostinbeiaces are neglected because the interaction
zone is much smaller compared to the OPA thickn&ékge. same applies to the Swiss LILW
underground repository: due to the diffusive regimeosed by the clay host-rock, the maximum
extent of the concrete-clay interaction would bewtl2 m into Opalinus Clay, which is considered
negligible in comparison with the OPA thickness.\G®A (NL) considers the positive effect of the
interface in the increase of containment in itseBafCase although no specific calculations
accounting for this effect are implemented in tlegférmance Assessment (Seetharam and Jacques,
2015). ANDRA (FR) considers the use of low-pH cetitemus materials to give mechanical
support for bentonite seals as they slowly hydragdping to isolate the sections of the repository
system.
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The studies within CEBAMA were, therefore, veryenadnt to feed conceptually the Safety Case
and to guide calculations for the Performance Assest of deep and surface repositories where
concrete-clay interfaces are encountered. At tlstpit is relevant to clarify that for some
countries these concrete/clay interfaces occur anthe engineering barriers (concrete/bentonite).
For others, such as France, Belgium and Switzerltdr@dhost-rock is mainly composed of clay so
that the interfaces have relevance also when disayabout the effect on the host-rock.

Although in some of the Safety Assessment exerctbiesevolution of the concrete-clay interfaces

is considered (see previous paragraph), thereaotear indications on whether the use of low-pH

cementitious blends can be more beneficial thaaditional high pH OPC alone. This is the reason
why within CEBAMA low-pH cementitious blends werested, as well as OPC mixes. A specific

CEBAMA low-pH reference material was developed ® used by all interested partners. This

facilitated comparison between results of low-plmheatitious systems (see Vehmas et al. 2019 for
details).

Vehmas et al. (2019) studied the effect of benéomiiter on cement pastes in through-diffusion
experiments and observed that the Ca/Mg ratio ve@$ &nstant and equal to the initial value at
400 um from the interface, suggesting that thetreaéront developed this depth (i.e. 400 um) in 6

months. The same studies did not observe predimtaff calcite in the pore structure but only on

the holes or gaps at the surface between cemenbeamdnite. The experimental results indicate
that, within short time scales, the use of low-pHnent does not minimize the extent of reaction
between bentonite and concrete and it does noésept any advantage regarding ionic transport
across the boundary.

Bourbon et al. (2017) studied the evolution of tberent low-pH concrete formulations under in-
situ conditions in the Bure underground researbbrizory in France: i) dv, rich in fly-ash and ii)
T., rich in slag. The materials were specificallyigaed to fulfil low physical and chemical impact
in their surroundings with two main features: lowah of hydration and low-pH of the pore
solution. Two walls, one with each one of the matemwere built in the tunnel. One of the surfaces
of each wall was exposed to the air ventilationtlod tunnel and submitted to atmospheric
carbonation, while the other surface was in contaitt the Callovo-Oxfordian (COx) claystone. In
both cases, a small impact on the temperature #wolat the surface was observed, with a
maximum of 12°C difference with the ambient tempae at the surface of the walls and 17°C
with the bulk of the wall. Samples taken from théntwalls to perform chemical and physical
analysis indicated no significant evolution/tramsfation of concrete at the interface with the COx
argillite, with the absence of cracks at a larggescNo relevant chemical reactivity in the coneret
was observed within the time frame of the experitm@md very low deformations were measured
after a few years of the emplacement of the wallshe range 100/15@m/m). These results are of
high interest for the assessment of the adequatynwepH concrete performance in the repository.
Additional analyses are on-going and for more detae reader is referred to the original reference
in Bourbon et al. (2017).

Lalan et al. (2016, 2019) studied the influenceéeofperature on the behaviour of high pH-cement
(CEM-I) and different low-pH concrete formulatioms contact with argillite from Tournemire,
France. Low-pH binder was initially designed toueel the chemical and thermal impact of cement
matrix on the argillite. However, at 70°C, the déesiighlight an argillite degradation (clay-phase
dissolution) not clearly observable with the CEMegrtainly linked to the chemical transitory
during the cement paste hydration. In addition,dément alteration is clearly more important for
the low-pH material (decalcification, precipitatiamf Magnesium-Silicate-Hydrates, or M-S-H,
leading to an increase in porosity) compared tdQB& | formulation.
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Gaboreau et al. (2019) and Phung et al. (2018)iestuthe chemical degradation processes
occurring at the interface between cementitiousenes and Boom Clay (reference host-rock for
the Belgian repository) with the focus on leachiagd carbonation as the most dominant
degradation processes. Interfaces between coramdt®oom Clay materials, which have been in
contact for 14 years in the underground Belgiareagsh laboratory in clay (HADES), were
investigated. The microtomography and autoradidgyapsults on the alteration of porosity at the
interface showed an increase in total porositynefd¢oncrete interface due to Ca-leaching. This can
be taken as an indication that clogging at the cetn@us materials side might not occur, contrary
to what is usually hypothesized. In contrast, tlweopity in the clay side seems to decrease
indicating some precipitations which may clog tkeygores in the long-term (see Figure 2).

Figure 2. In-situ interface between concrete araydfom the HADES laboratory. The materials
have been in contact for 14 years (picture adajtech Gaboreau et al. 2018)

Liu et al. (2019) studied the interfaces betweempdi cement and bentonite. The results showed
that the permeability of the interface sample ithatmagnitude of I8 m® This value is similar to
the instinct permeability of the COx claystone afdhigh-performance concrete, what may be
taken as an indication that the interface doesepesent a weak zone of permeability.

Cuss et al. (2019) examined the temporal evolutiothe host-rock/low-alkali cement interface in
the French repository concept to changes in geostgmmineralogy and stress to assess their
impact on the development of hydraulic permeabditg strength (shear strength). Initial testing of
fresh samples shows that the CQxifiterface has little strength, although it is &iecive seal for
water flow. One order of magnitude reduction inwflavas seen through the re-hydration of the
COX/T_ interface.

The work of Bernard et al. (2019) represented p ateead in the characterisation of Magnesium-
Silicate-Hydrates (M-S-H) and the aged interfacesvben cement pastes and OPA by micro-X-
Ray diffraction.

Studies within CEBAMA of the interface between O&@l bentonite from the FEBEX experiment,
after 14 years of interaction, and from lab te$t$@years of duration allowed the identificatian o
the main processes occurring at the interfacesdétails see Torres et al. 2018). The results were
compared with short term alteration experiments nifatez-Santamaria et al. 2018) and the
processes observed were alike, although occurringuch lesser extent in the case of the short-
term experiments: Accumulation of Ca and Mg obsgraethe bentonite interface with concrete;
penetration of Cl (up to 2-3 cm) and sulphatest@up-2 cm) was detected with a profile decreasing
inside the concrete bulk. The kinetic of the prgces Cl diffusion was modelled and the same
apparent diffusion coefficient was obtained frone tbng and the short-term experiments, what
provides robustness to the value,{P= 3t0.8-10"> m’/s) for use in calculations supporting
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Performance Assessment and to the conceptual mdeleting the Safety Case. Ettringite is

observed at the interface with simulated bentomager also in both cases, the long-term and the
short-term test. The comparison of granitic grouatdw interacted with high and low-pH concrete

indicate that, while in the first case an hyperkfiea water is generated starting at pH 13 and
decreasing to values below 10 only after 1500 pofemes, the pH of the interacting water in the

second case is always kept below 9, showing theedampact of the low-pH concrete on the

groundwater pH (see Figure 11 in CIEMAT, 2019).

Vasconcelos et al. (2018a,b) studied the evolutérthe Nirex Reference Backfill (NRBV)
concrete material and other cementitious formutegioncluding the CEBAMA low-pH reference
material, in contact with three different grounderatlypes: granitic, clay and saline. NRVB is the
backfill cementitious composition proposed by thdigh radioactive waste management agency
(RWM, UK) to use in the repository. The pH of th@gndwaters increased due to the interaction
with the cementitious materials. While the pH afgb groundwaters in contact with the NRBV or
with ordinary CEM I increased to 12.5-13 and waptk®nstant at these levels for more than 250
days, that of the groundwaters in contact with@BAMA low-pH reference material and other
low-pH formulations, reached a maximum of 11 (Giateal. 2019). The results of the investigation
of the CEBAMA reference material showed a layerGQ# on the surfaces of cement pellets
contacted with granite and saline waters, but rntt wlay. Precipitation of Mg-bearing phases was
evidenced on the cement surface in contact withesand clay groundwater solutions. The results
of the analyses of the NRVB solid after interactisith the groundwaters for one year (Thermo-
Gravimetrical Analyses -TGA-, X-Ray Diffraction -XR , Nuclear Magnetic Resonance “Al-
NMR- , Scanning Electron Microscopy -SEM- afi$i NMR) indicated that the changes in the
NRVB composition (and the expected impact in itsisotransport properties) were minimised for
the composition of the granitic groundwater (segufa 3). This is an important conclusion as it sets
the more adequate conditions to ensure the stahilft the proposed material. Ettringite
(CasAlx(SOy)3(0OH)12- 26H,0) formation was favoured in contact with the saliand clay
groundwaters due to their higher sulphate conceoraEttringite can be detrimental to the
durability of concrete due to its expansive natpmentially leading to cracks in concrete.

——NRVB 12 Months Clay
—— NRVB 12 Months Saline
~——NRVB 12 Months Granitid
——NRVB 12 Months

—— NRVB 12 Months

—— NRVB 12 Months Granitic
—— NRVB 12 Months Saline
—— NRVB 12 Months Clay

Ettringite

Alin C-S-H
N Fit

Ql Deconvolution

T T T T
40 -60 -80 -100 -120 -140
Chemical shift (ppm)

T T T T T T T T T T
90 80 70 60 50 40 30 20 10 0 -10 -20
Chemical Shift (ppm)

Figure 3. Comparison of NRVB samples exposed &ettifferent groundwater solutions for 12
months, and comparison to blank (i.e. non-grounewesntacted) material: left’Al NMR
analysis; insert shows SEM images of ettringitedfe=e right: °Si NMR analysis and
deconvolution. For details the reader is referrediasconcelos et al. (2018a,b).

Vehmas et al. (2017) studied the leaching of ceiti@ms materials with Calcium to Silicon (Ca/Si)
ratios from 0.2 to 3.1 when put in contact withatezed water, saline groundwater and saline
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bentonite porewater. The results indicated thatloleer modification of the composition of the
groundwater occurred for the saline waters, dubéacommon ion effect.

The methodological advances help underpinning obagntific arguments to the Performance
Assessment of repositories and the Safety Case. st be put in context with the fact that
several of the interfaces investigated in the mtojare aged, what can be taken as more
representative of the processes of interest inaihg-term assessment needed for radioactive waste
management applications.

The main highlights can be summarized as follows:

- Concrete and clay can co-exist safely.

- A deeper understanding of impacts from materiariate processes for more realistic
description of the performance of the system has laghieved.

- Although porosity changes with time have been olexeand quantified at the interfaces,
clogging effects on transport properties need &urtbsearch.

- The use of low-pH cement contributes to presertiegproperties of the clay as the lower
release of alkaline ions prevents massive transtbom of the clay and dramatic loss of
their swelling properties (Karnland et al. 200Thaugh specific effects on transport of
solutes are not yet clear.

3 Advanceson quantifying and under standing radionuclide retention by cementitious
phases.

The role that cement-based materials have on thedegion of radionuclides transport is especially
interesting in the safety assessment of LILW rdposis, where cement is ubiquitous and, as
previously presented, used for waste stabilisatioowld and containers fabrication, and as backfill
and construction material.

The Swedish waste management organisation, SKBpegein its safety analyses the “Safety
Functions” as “a role by means of which a repogittmmponent contributes to safety”. For the case
of the repository of LILW in Sweden two safety ftinos are defined: limitation and retardation, on
which the design of the SFR1 is based (SKB, 2008 main retarding material being the
cementitious barriers.

In a similar way, in the LILW disposal systems ofi@erland, hydrated cement — or hardened
cement paste (HCP) — is considered as the mairrialateat can retard the release of radionuclides
in the case of water contact with the waste (Wl&014). Aluminum-Ferric oxide phases {B4-
FeOs; with one (AFm) and three (AFt) anhydrite molecufesmed in the course of cement
hydration) mainly control anion uptake in hard cetgastes, while the retention of metal cations is
predominantly controlled by C-S-H phases.

Most of the current models accounting for radiomed and toxicants retention on cement-related
materials rely on the use of conditional distribaticonstants (Rd or Kd values) which are bulk
values relating the concentration of contaminarihensolid phase with that in aqueous solution. Rd
and Kd constants are lump parameters which incaldéhe amount of sorbate which disappears
from the solution after being contacted with adalhder a varying range of conditions (Gaona et
al. 2012), independently on the actual retentiorocgss acting (sorption, precipitation,
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coprecipitation, occlusion, etc.). There are sutisthamount of data in the literature compiled in

reviews such as the ones of Wang et al. (2009) @ols et al. (2016), although the actual

understanding of uptake mechanisms is limited leystarcity of mechanistic sorption studies on

safety-relevant radionuclides with support of spEstiopic investigations (see e.g. Pointeau, 2000;
Schlegel et al. 2004; Stumpf et al. 2004; Bonhatral. 2006; Vespa et al. 2006; Gaona et al.
2011;Tits et al. 2011; Gaona et al. 2013). Theterte of these mechanistic models is important at
the Safety Case and Performance Assessment levalide they support the selected Rd and Kd
values.

CEBAMA has studied the interaction of different edgf relevant elements with different
cementitious solid phases by using synthesised mept@ses such as AFm, AFt and C-S-H with
different Ca/Si ratio, but also high pH cement pasif different compositions (CEM |, CEM V).

The results obtained within CEBAMA have providediacreased understanding of the behaviour
of several safety relevant radionuclides within eafitious materials in the repository environment,
thus decreasing uncertainties with respect to agievadionuclide retention processes. The results
can be used to substantiate and justify assumpiti@te with respect to the radionuclide migration
behaviour in safety assessments. How do specdiomaclides of interest behave in the presence of
cement-based materials, or in media altered by ptesence of these materials? CEBAMA
addressed the behaviour of radionuclides or tolements which have high priority from the
scientific and applied perspective in cement-drigamironments: Be, C, Cl, Se, Mo, | and Ra.

A large amount of data on the interaction of safetgvant and toxicants elements with
cementitious phases has been generated. Thisteelpsing uncertainties in the Safety Case and in
Performance Assessment of repositories of radioaetaste.

3.1 Beryllium (Be)

Beryllium is a light element used as neutron réfledn nuclear reactors in order to use more
efficiently the neutrons generated in the reactbrs also used as neutron moderator which
decreases the energy of the neutrons to betteaisutdie fission reaction (Tomberlin, 2004).
Beryllium also represents a neutron source andepi®tmetallic surfaces against corrosion.
Beryllium in the waste, mainly in metallic form, mmes from the dismantling of the nuclear
reactors.. Beryllium is a toxic element which ma&present a toxicological risk in Performance
Assessment exercises. Publications on the discuss$ithe relevance of beryllium in toxicological
assessment of radioactive waste repositories (Bnand Kautsky, 2016) concluded that although it
may represent a toxicological hazard, the scaroitythermodynamic data on solubility and
speciation, as well as the lack of sorption paramseprevent an adequate assessment of its
relevance. It has been considered as a toxic hdaattie UK repository as the dose calculations
indicated concentration levels over the drinkingtewdimit in the base case scenario (Thorne,
2007), while it has not been considered as relef@nbther cases such as the Belgian concept of
the repository.

Before CEBAMA started, beryllium has been assumetl to sorb onto cementitious-related
materials. All the information contained in the paging material to the Performance Assessment
of repositories for low and intermediate level veaassumed no sorption (distribution coefficient
Kd=0) of Be on concrete (Thorne, 2007; Wieland, £08KB 2014; Wang et al. 2009). This
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assumption is based on the understanding thaghtgtil values, the speciation of Be is dominated
by anionic species (Be(OF)and Be(OH)), as seen in Figure 4.

1.0

// Be(OH),(aq) \\\
\\
0.8{Be,(OH)./

044 | ‘;’ Be(OH), -

Fraction
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Figure 4. Fraction diagrams of Be(ll) underlyingetsolubility curve of Be(OH)2(cr). Left diagram
for the solubility proposed by Baes and Mesmer §)9Right diagram calculated with the
solubility proposed by Bruno (1987). All calculatgoperformed at | = 0. For details the reader is
referred to Gaona et al. (2019).

Work developed by (Gaona et al. 2019) within CEBAM»¥as determined the solubility of
beryllium oxide and the associated aqueous speuiatithe pH range 6-13 in different ionic media.

Within CEBAMA sorption studies of beryllium on centeg(CEM I type) in the three degradation
stages, and on Calcium-Silicate-hydrates (C-S-Hisph with Ca/Si ratios of 0.6 and 1.2 has been
investigated. These studies (Gaona et al. 2019 peowvided the first set of sorption parameters for
the Be-concrete system (Gaona et al. 2019) withv#ldes between 1 and 1006/ky, increasing

for the lower pH system, i.e., the more degradederg material, with maximum sorption obtained
with C-S-H phases with low Ca/Si ratios. For dstéile reader is referred to Grambow (2019). This
finding can be very relevant to support the Safedge as it shows a strong uptake of Be(ll) species
at high pH values in all investigated systems. Tikisundoubtedly a relevant result reducing
unnecessary conservativism in transport calculationsupport of Performance Assessment of
repositories.

3.2 Sdenium (Se)

Selenium is present in the waste’ %, a fission product with a half-life of 3.3°}@ars. Selenium
presents four different oxidation states: seleni@e(-Il)), elemental selenium (Se(0)), selenite
(Se(lV)) and selenate (Se(VI)). Selenium in oxidatstates -1l and O are poorly soluble whereas
oxidation states IV and VI are considered to betsleland mobile.

The retention of Se(IV) and Se(VI) was found tantenly due to the uptake by AFm phases and to
a lesser degree by AFt. The retention by C-S-H ehags lower than by AFm and/or AFt. It is
then a conclusion that the high pH cement matewhich presents higher content of aluminate
phases, has a higher affinity for selenite andnseée sorption in comparison with the lower-pH
cementitious material. Nedyalkova et al. (2019)1&d the influence of the redox potential of the
sorption of selenium onto cement phases. To tms #ie potentiality of Se and | to form binary
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AFm solid solutions was investigated in severakg/pf solid solution series. The results indicated
the formation of solid solutions between €&, AFm (see Figure 5), which is a very relevant

indication contributing to process understandingvds also relevant to study the behaviour of Se(-
II) as there was no previous data in the literatmenow this anion interacted with cement phases.
The results suggested that (HSAFm and (HS§,-AFm phases may be stable under the reducing
and alkaline conditions developed by the influeoiceementitious environments.
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Figure 5. Evolution of the (hkl 006) reflexion {)ednd the interlayer distance (right) in the (SeO
SQy)-AFm solid solution series (pH ~13) after 3 morghqsilibration time and drying over a
saturated NaOH solution. The numbers 0.0, 0.1,@3,0.7, 0.9 and 1.0 indicate the mole fraction
of the Se@end member (xSep Figure from Nedyalkova et al. (2018).

3.3 Molybdenum (Mo)

Molybdenum isotopes in LILW ar€Mo and®*Mo. While the former has a half-life of 66 houtset
latter £*Mo) in turn is a synthetic radioisotope with a Hif# of 4000 years formed by irradiation
with thermal neutrons and fast neutrons (Lindgrerale 2007). Sources fofMo are metallic
materials (steels and zircaloy in the core regiany activation of molybdenum in dissolved form
or as corrosion patrticles in the coolant. The mdeaf activation products in the core components is
controlled by the corrosion of steel and stainktsgl.®*Mo poses a threat to LILW disposal safety
as it is able to form highly mobile and thermodymzatly stable molybdate anions in cementitious
porewaters.

Under cementitious conditions, molybdenum may ppitatie in the form of powellite (CaMa(3))
with its solubility dependent on the concentratminCa available. Literature assessment of the
concentration of Mo given by equilibrium with powt under the different water compositions
imposed by the degradation states of concretecatelithat the concentrations of Mo would be in
the range 2-184.10* M (Ochs et al. 2016; Grivé et al. 2012).

Given the large amounts of concrete-related magemathe repository, sorption processes are
usually credited for reducing the concentratiommaflybdenum below its solubility limit. Data on
Mo sorption on cementitious phases is scarce iditér@ature, and this has a direct consequence to
the assessment of concentration limits supporteroRnance Assessment calculations. Analogies
have been sought for when assessing the sorptioMmfonto this type of solid phases.
Selenium(V1) forms the oxyanion SgQ which is similar in charge and size to the oxwani
formed by molybdenum (Mo§). This is why Se has been frequently taken asognal for Mo
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sorption what, as recognized in Ochs et al. (204i6gs a conservative sorption assessment of Mo
sorption in these environments.

In the assessment of the concentration limits supgpthe Swiss Performance Assessment, no
sorption of Mo onto cementitious materials is credli(Wieland, 2014). In the Swedish exercise a
value of 0.003 rilkg (with maximum and minimum values of 3.348and 3.3 10) is considered
for the Kd of molybdenum under degradation statasd Il of cement, while no sorption (Kd = 0)
is considered in state Ill (pH = 10.5 and belowhisTapproach is consistent with the selection in
Ochs et al. (2016), who selects Mo sorption dataabglogy to Se(VI) sorption. In the Belgian
calculations supporting performance assessmentsatre central value of Kd = 0.003/ky for

Mo on fresh cement is considered.

CEBAMA has produced a large amount of data on swrpbf molybdenum onto different
cementitious phases, which represents an impoctearige to the existing state of the art regarding
the start of the project.

The results have shown different modes of retentbmolybdenum onto cementitious phases.
Results of X-Ray diffraction of AFm-S(phases after interaction with Mo in solution shdves
increase in the basal spacing with the increageeofmount of Mo retained in the solid. This is an
evidence of the structural substitution of S®y MoQ,?, given the larger size of molybdate with
respect to sulphate.

When studying the interaction between Mo and AFm&idences of the replacement of two
chloride anions by one molybdate (M3® in the interlayer were found (Marty et al. 2018he
presence of OHof the solution competed with Ma®for CI' substitution in the solid phase. The
work of Marty et al. (2018) goes beyond the Kd mpds it proposes exchange reactions with
associated selectivity coefficient based on then&aiand Thomas convention, providing a more
mechanistic understanding to the process of Maaot®n with AFm phases and increasing the
level of scientific understanding supporting théeBaCase (Marty et al. 2018).

Ettringite, an AFt phase, has been credited inlitamture as the main solid phase responsible for
the sorption of Mo in cementitious environmentsisiphase is present in the stages |, Il and Il of
concrete alteration, and the hypothesis is baseti@analogy of the molybdate (MgfQ with the
selenate (SefJ) anion. Investigation within CEBAMA performed bymphos 21 (2019) compared
the sorption of Mo by AFt and mixtures of AFm ané&tAphases where the ratio AFt/AFm varied
between 2.5 and 0.5. The results indicated nedgigibrption for high ratios (high content of AFt)
and very fast and high sorption extent of Mo fow lAFt/AFm ratio, with Kd values of 1.2 {fkg

for AFt/AFm = 0.5 (see Figure 6). This finding hiaglications on the use of sorption analogies for
Mo, as the results do not support the use of Smalwgue for Mo in sorption estimations, contrary
to what has been done in previous compilationsf/&lues for use in Performance Assessment.
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These results represent a step forward in the métitaunderstanding of the sorption behaviour of
Mo onto cement phases, which improves scientifmugds supporting Performance Assessment
and the Safety Case.

34 lodine(l)

129 is an important radionuclide contributing to tthese in radioactive waste repositories. This is
partially supported by the fact that being an antsninteraction with the cementitious phases at
high pH values is considered very low. Kd valuesdus Performance Assessment exercises are in
the order of 0.001 Fkg (Wieland, 2014). Nevertheless, iodine can utadter different retention
processes (Ochs et al. 2016 and references thdrgiahion substitution in the different cement-
related phases that can retard its movement anéxtemt of this retention is one of the studies
developed within the CEBAMA project.

Uptake of iodine onto different cementitious phases studied. The mechanism was found to
depend on the redox speciation. I(-1) was founlé@xchanged in the interlayer of AFm-S0 a
larger extent than on AFm-GOThe uptake of iodate (K by the same type of phases and by AFt
occurred by anion exchange or phase transformatiba.uptake of iodide by C-S-H phases was
generally lower than on AFm and AFt phases and ithats inversely correlated with the Ca/Si
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ratio of the C-S-H phase. Therefore, the major roution to iodine uptake can be attributed to the
minor cement hydration phases like AFm/AFt thatikitslightly higher R values for IQ than for
I

A detailed structural and thermodynamic understagaif | uptake by AFm phases was achieved
which allow a quantitative justification of the Kalues selected in radionuclide sorptaatabases
for application to Performance Assessment. Alse ttiermodynamic studies allow an estimation of
the effects of the degradation of cement on Kd eslfor iodine (see Nedyalkova et al. 2019 for
details).

3.5 Radium (Ra)

??°Ra is a daughter nuclide 5¥U, the most abundant uranium isotope, as resuhe#n+2 decay
chain.?®®Ra decays with a half-life of 1600 years*ttRn. ?*Ra can be a main contributor to dose
in the long term (i.e. after more than 100,000 geaue to the high concentrations of uranium
present within some waste inventories (SKB, 20R3dium is present in the waste in the ion
exchange resins and scrap, and as release andvihgh@mm the spent nuclear fuel alteration.
Radium forms the divalent cation ®and, in solution can form aqueous carbonates alpthates,
and it can also precipitate from solution in thenfoof solid carbonates and sulphates. Radium
forms solid solution with calcium and barium sul@saand this process is accounted for in several
assessment of concentration limits of use in Perdoce Assessment under mild alkaline
conditions.

Sr has been used as analogue for the sorption @nRaC-S-H phases. Kittnerova et al. (2018)
showed a significantly higher retention of Ra thiaat of Sr onto C-S-H phases, in agreement with
the specification by NAGRA (Wieland, 2014). This aag decreases uncertainty and
conservativism, and leads to a recommendationvisegesorption analogies used in Safety Case to
date, as Sr seems not to be a meaningful analogube uptake of*Ra in cementitious systems.
As the carbonation of the solid proceeds,?f¥@a bound to C-S-H is released into the pore salutio
with some Ra still retained in the newly formedcdal This process must be carefully considered,
especially in the case of carbonate-rich groundmsatethe repository environment.

3.6 Carbon (C)

In literature, very few sorption data exist foriganic*“C in fresh non-carbonated HCP (pH=13.5).
Pointeau et al. (2008) reported a distributionorgfkd) value of 600 L/kg for a CEM | HCP
(pH=13.2). In cement-based materidf®; may react by isotopic exchange with calcite which
considered as the main phase ¥&€ uptake in “real” materials (such as mortar orarete).*C
may also react with Portlandite and C-S-H. For &% fast sorption mechanism is suggested with
rather low Rd values (40 L/kg) (Henocq et al. 2018)

For inorganic“C (carbonates), a new set of sorption/desorptica @a fresh HCP has been
produced in CEBAMA (see RATEN, 2019 and Armines/&@ebh, 2019). For non-carbonated
HCP, data are completely in line with the trendcdé®d in literature. For carbonated HCP, data
close the gap between sorption data on calcitenaogk complex calcareous materials (mortar,
concrete). Interpretation of kinetics data with @& d4olid diffusion model was rather successful.
Finally, in-diffusion experiments gave a first idefa the upper limit of C-14 diffusion coefficiemt i
non-carbonated and carbonated HCP (Armines/Suh&26d8).
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The complete set of Kd values obtained in CEBAMA tlee different radionuclides and materials
tested is compiled in Grambow 2019. The comparibetween the Kds used in different

performance assessment exercises and the Kd \altw@sed by the different groups working in

CEBAMA is shown in Figure 7. Only data obtained wWi€SH and CEM materials have been
included. For details on the obtention of the datahe experiments, the reader is referred to
Grambow (2019).
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Figure 7. Comparison between Kd values experimgntditained in CEBAMA for sorption onto
Hard Cement Pastes and CHS phases and the Kd vadeelsin different Performance Assessment
exercises. SKB data reported in Tables 7-8, 7-97ft0 of SKB (2014); NAGRA data reported in
Table 6.1 of Wieland (2014); SURAO data reported\byokal, pers.com; ONDRAF-NIRAS data
from Ben Hadj Hassines pers.comm relates to Kacs=leonto fresh cement pastes for the Belgian
Surface Disposal Repository safety case.

Experimental data is within the range of Kd datedus performance assessment exercises for state
Il and III of the degradation of cement, exceptiMeaigh sorption obtained for radium, most likely
responding to a precipitation process in the expents with CSH 0,8. In general, the experimental
Kd values obtained are in the upper range of tles aised in performance assessment, implying the
conservativism implemented in the evaluation ofghgormance of facilities for radioactive waste
disposal.

4  Advancesin modelling

Modelling of the evolution of the cementitious nré&iks in the repository is a very difficult task
especially due to the coupling of physico-chempraicesses, their long-term nature, and the large
scale of the systems that need to be evaluatedirdihsport properties of concrete (permeability,
pore diffusion coefficient, porosity) depend on #wolution of the pore structure and chemical
composition during hydration and during long-tertieration. The different NWMO use various
approaches to model the processes at the reposttaky, which generally imply an important level
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of simplification. These simplifications need a wesound scientific basis in order to allow for
uncertainties to be assessed and quantified.

At the onset of the CEBAMA project, a review of hawe different NWMO modelled the
repository system processes was done. The mainomoetcwas that, although clay-concrete
alteration processes were usually conceptualisatiarSafety Case, in several cases they are not
explicitly considered in the models. Instead, olleffiects of the different processes are consilere
when assigning data for the quantification. Fornepke, it is considered that corrosion of metals
may cause cracking of concrete surrounding therd,thus changing the transport properties of
concrete. However, the process of metallic cormssonot explicitly coupled with degradation of
concrete in the models. Other examples are the aisélifferent sorption parameters for
radionuclides as concrete degrades: while Kd datihanged in some cases for different stages of
cement degradation, this change is not coupledéodissolution/precipitation of different solid
phases of cementitious materials.

Development of modelling tools to support the Saf€ase decision-making process has been
performed within CEBAMA. For example, Rohmen et @017a,b) developed a coupled code
namediPP (interface Palabos PhreeqC) able to calculatetiveatransport processes in porous
media at the pore scale using the operator sgjiteéchnique (Sequential-Non-Iterative-Approach,
SNIA) to distribute the task of transport to thelidated advective-diffusive transport code, while a
chemical simulator solves the chemical system. Biom benefits of using a Lattice Boltzmann
based technique compared to finite element metfiBEdM) comprise straightforward obtainable
computational parallelization, due to localizedcoédtion of transport properties and simple and
flexible implementations for updating pore geonestras a function of chemical alteration.

Leroy et al. (2019) developed a modelling tool unithg the Poisson-Boltzmann equation to
compute the electrochemical properties of highlgrglbed micropores containing multivalent ions.
Meeusen et al. (2019) and Hax Damiani et al. (2@E3)eloped new and very efficient ways to
implement multi-component diffusion (Nernst-Plameguations), which implies taking into account
species-dependent diffusion coefficients and thaultieg interaction via charge and potential
effects. This was implemented in the ORCHESTRA BEdiCS-Reaktoro modelling tools, used to
perform safety assessment calculations for radigactaste repositories.

Perko and Jacques (2019) developed a procedurecelesate simulations of the dissolution
process in cementitious materials at the pore sc@ereasing the number of time steps needed.
This procedure is based on reducing the iteratadnthe calculation by bringing transport to the
steady-state. The accelerated simulations carabhsfarmed back to time-scales for the real system.
Without acceleration, the calculation takes one tmomhile the accelerated process solved the
problem in hours (see Figure 8). This optimizataiows for fast sensitivity and uncertainty
analyses, helping decision-making processes nefedqubrformance and safety assessment as per
the long-time scales involved in this type of assemts.
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Figure 8. Calcium concentration in a dissolutioorit of mortar after 100 days. Left: non-
accelerated solving at 100 days calculation; rigtte same system after 2 days of accelerated
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Validation of the developed models consisted in ganmg the modelling results with the
experimental data generated within CEBAMA at theotatory and field scales (Montoya et al.,
2018; Rosendorf et al., 2018; Samper et al., 2¥H8concelos et al., 2018b; Yang et al., 2017).
Vehmas et al. (2017) compared data on low-pH cdecheteraction with different types of
groundwater compositions and concluded that thee robf Kkinetics of mineral
precipitation/dissolution is essential when simulatthe evolution of cementitious materials at
laboratory time-scales.

The long-term benchmark modelling exercise perfarnmeldiart et al. (2019) was undertaken to

build confidence on the prediction of the long-teewolution of the interface between low-pH

concrete and a clayey host-rock (COx claystonek Tésults obtained with different reactive

transport codes used within CEBAMA, showed in gehea very good agreement of the

geochemical evolution of the system. They also ssgtihat including kinetic reactions in that time

scale is not an essential feature for the studystem due to the low-pH nature of the cementitious
system and the relatively small concrete/claystadieme ratio.

All in all, the outcomes of modelling efforts withCEBAMA represent a significant step forward
in the quantitative assessment of physical and cdamrocesses of cementitious materials and
their interface to clayey host-rocks and the dgwelent of numerical tools. Results showed a high
level of understanding of governing processes aedgbod agreement between reactive transport
codes, which is essential for the use of thesestéml the purposes of the Safety Case and
Performance Assessment. The specific focus putowpH cement-based materials, allows
drawing conclusions on their potential use for eaclwaste geological disposal. CEBAMA has
improved the knowledge base for the Safety Casenpyoving the following modelling aspects: (i)
impact of cement degradation, microstructural aagity changes of cementitious materials, (ii)
development and benchmark of long-term and upscaledels, (iii) development of modelling
expertise and methodologies. CEBAMA clearly repnésea step forward in modelling the
behaviour of cementitious materials and cement-citgrfaces.
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Some of the most relevant modelling results araildet below:

 New model features developed and implemented iecladupling between porosity
changes and diffusion coefficient, development lefcteo-chemical multi-component
diffusion, homogenization schemes for mechanicald atransport properties,
development of more efficient pore-scale reactivangport tools, and extended
membrane polarization models for porosity and pare distribution.

 These models have been developed and used to fgulaoiv chemical interaction of
concrete with other materials affect the mechanictgrity of cement-based barriers
(i.e mechanical strength, stiffness, pore space).

* Thermo-hydro-mechanical models of clay-concreterfates, based on elasto-plasticity,
have been developed that can now be used in fasgessments of the behaviour and
evolution of interfaces between concrete and diffehost-rocks.

* New insights on low-pH cement and concrete werdveds including: hydration
modelling in low-pH systems; assessment of diffnsproperties from microscopic
considerations; pore structure (pore-scale readtiaasport models, homogenization
models and membrane polarization models); assesshémermodynamic data in low-
pH systems: C-S-H, C-(A)-S-H, Fe speciation, alkgliake, etc.; and hydro-mechanical
behaviour of clay/concrete interfaces.

* For the first time, reactive transport models haxplicitly considered the hydration of
low-pH cement and how water consumption during agdn impacts the final
mineralogical composition. This information is ad#s# in Safety Assessments to
determine the initial state and the early evolutddiow water-to-binder ratio low-pH
cementitious materials in the post-closure period.

* The comparison between the results of the modekrad by using different reactive
transport codes in benchmark study of the intesackietween low-pH concrete and a
clayey host-rock rendered a very good level of @guent. This is crucial for application
purposes to the Performance Assessment supposdloglations. On the one hand, the
uncertainty in the calculations was decreased thiedagreement provides confidence on
the Safety Case and the decisions taken on matamal repository layouts (see Idiart et
al. 2019 for more details).

5 Summary and conclusions

The project CEBAMA has generated data and modd{srgeto improve the understanding of the
role and evolution of cementitious materials usedadioactive waste management applications.
The evolution of the composition of cementitioustenials with time due to interaction with
groundwater and clayey materials has been stutileslchanges observed in chemical and physical
properties have been related to the alteratiomamisport properties. The influence of the presence
of cementitious materials in contact with clayshei used as engineered barriers or as host-rock,
has been assessed. The results obtained have helgedng very relevant uncertainties for
Performance and Safety Assessment of radioactigewaanagement. Comparisons between the
performance of traditional OPC mixes and the nedayeloped “low-pH” cement blends have
shown the benefit of the latter materials in tewh$owering the pH and the extent of alteration of
the contacting clays. This benefit is in part doethe more favourable chemistry of low-pH
concrete (low alkalis and calcium contents) andithproved physical properties of the hydrated
concrete (low permeability and diffusivity).
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A special contribution of the project relies on thse and experimental study of cement-clay
interfaces where cement and clay have been in coftalong periods of time, up to 14 years in
some cases, and under conditions of undergroureanas laboratories which resemble those
expected in repositories. Methods of investigatbrthe surfaces have been developed that will
certainly be useful in the characterisation neemhedupport of Performance Assessment. This
constitutes unique opportunities as the project puastogether a large amount of resources and
investigation techniques rarely found at a singlglity or country.

Results obtained in the project from the investayatof the interaction of safety-relevant
radionuclides with cementitious phases, for whiohprevious data existed is of an unquestionable
value. CEBAMA has provided data unknown to date clwhreduces both qualitative and
guantitative the level of uncertainty. Qualitatwecertainty is reduced as the processes responsible
for the retention of solutes onto cementitious pbadave been investigated,. This type of
investigations helps to build the conceptual moaleli arguments needed in any Safety Case.
Quantitative uncertainty has been reduced as speatata on the strength of the interaction of
radionuclides onto different cementitious phases been generated. In this line, some of the
achievements of the CEBAMA project for future Pemiance Assessment exercises are: the need
of revising element analogies, reducing unnecessangervativism in solute and radionuclide
transport calculations, and understanding the éxikalteration of cement-related materials under
different groundwater compositions.

Finally, modelling developments in the project hdaen innovative and with large domain of
application for Performance and Safety Assessn@&mipling processes in a numerical model that
considers long-term and large-scale simulatiorfisaisght with difficulties. CEBAMA has provided

a unique forum for discussions and joint model tlgsments. Models upscaling the observations
made at the pore-scale to the large-scale have teegloped, implemented and benchmarked.
Optimization of the codes have shortened the tiewdad for calculations. This allows for more
adequate decision-making procedures as the maiturésaof the complete domain can be
visualized and numerically considered in the model.

The formula used in the project, which consista cbmbination of experimentalists, modellers and
end users, has proven to be an excellent frametscgksure the focus of the investigations towards
the application needs.

Nonetheless, many open issues remain, and furthea © needed in particular for better
understanding and modelling the impact of minerakggalteration of cementitious materials on
their transport properties (e.g. extent to whiakgging of pores is relevant for solute transpauby

to derive more consistent and realistic thermodyoand kinetic data for key mineral reactions.
The results, nevertheless, have shown that conanetelay can safely co-exist.

6 Acknowledgements

The research leading to these results has rectinelthg from the European Union's Horizon 2020
Research and Training Programme of the Europeamiaticnergy Community (EURATOM)
(H2020-NFRP-2014/2015) under grant agreement nl46ACEBAMA). The authors are very
grateful to all the beneficiaries of the projectida the organisations and representatives of tite E
Users Group (EUG) of the project: ANDRA (Pierre ldeq); COVRA (Erika Neeft); ENRESA
(Miguel Angel Cufiado); NAGRA (Veerle Cloet and Lskiartin); ONDRAF/NIRAS (Seif Ben
Hadj Hassine); POSIVA (Marja Vuorio); RWM (Amy Shkah); SKB (Per Martensson) and

21/



SURAO (Lucie Hausmannova). The EUG have very paditicontributed to the discussions, have
guided the project objectives and applicabilityd dmave reviewed the technical and scientific
contributions to the annual meetings of CEBAMA.

7 References

e Altmaier, M., Montoya, V., Duro, L., Idiart, A., \ia, A., Claret, F., Grambow, B., Holt, E.,
Mader, U. (2019) CEBAMA: Research and Innovatioticecon cement-based materials,
properties, evolution and barrier functions. Prooegs of the EURADWASTE'19, 4-7 June
2019, Romaniasubmitteql.

« Amphos 21 (2019) Technical Summary — AMPHOS 21 -2Wi® Amphos 21 and KIT
(Eds.) Draft of the 4th and Final Project Workspceeding. Deliverable n°D4.19.
Project: CEBAMA, Contract Number: 662147, pp. 1PB1Available from the project
website: www.cebama.eu.

« Andersson, J., Riggare, P., Skagius, K. (1998)detAFE Update of the SFR-1 safety
assessment Phase 1. SKB Report, R 98-43.

« Armines/Subatech (2019) Technical Summary — Arnithgsatech — WP2n: Amphos 21
and KIT (Eds.) Draft of the 4th and Final Projecbishop Proceeding. Deliverable
n°D4.19. Project: CEBAMA, Contract Number: 66214, 139-144. Available from the
project website: www.cebama.eu.

» Atkinson, A. (1985) The time dependence of pH watairepository for radioactive waste
disposal. AERE Report R-11777.

* Baes, C.F. and Mesmer, R.E. (1976) Hydrolysis didda. New York, Wiley.

e Bernard, E., Lothenbach, B., Chlique, C., WyrzykkiwM., Dauzéres, A., Pochard, I., Cau-
Dit-Coumes, C. (2019) Characterization of magnesiivate hydrate (M-S-H). Cement
and Concrete Research, 116, 309-30.

* Bildstein, O. and Claret, F. (2015) Chapter 5 -b#ity of clay barriers under chemical
perturbations. In: C. Tournassat, C.l. Steefel, 1.C. Bourg, F. BeagafEds.) In
Developments in Clay Science, Elsevier, Vol. 6,-188.

e Bonhoure, I, Baur, |., Wieland, E., Johnson, C3cheidegger, A.M. (2006) Uptake of
Se(IV/VI) oxyanions by hardened cement paste antkoé minerals: An X-ray absorption
spectroscopy study. Cement and Concrete Resed&c138.

* Bourbon, X., Yannick, L., Nicolas, G. (2017) Phydiand chemical behaviour of Low
Hydration Heat/Low pH concretelsi: Altmaier et al. (Eds.). Proceedings of the First
Annual Workshop of the HORIZON 2020 CEBAMA ProjeldtT Scientific report, 7734.

« Bruno, J. (1987) Beryllium(ll) hydrolysis in 3.0 ftrdm > perchlorate. J. Chem. Soc., Dalton
Trans., 2431-2437.

» Cau-Dit-Coumes, C., Courtois, S., Nectoux, D., eedj, S., Bourbon, X. (2006)
Formulating a low-alkalinity, high-resistance anditheat concrete for radioactive waste
repositories. Cement and Concrete Research, 38(62}-2163.

« CIEMAT (2019) Technical Summary — CIEMAT CSIC, UAMWP1.In: Amphos 21 and
KIT (Eds.) Draft of the 4th and Final Project Wadnkg Proceeding. Deliverable n°D4.19.
Project: CEBAMA, Contract Number: 662147, pp. 31-Btailable from the project
website: www.cebama.eu.

* Claret, F., Holt, E., Maeder, U. (2019) Enhancemé¢mistate-of-the-art understanding for
cement- clay interactions based on CEBAMA experiaestudies (M42 — November
2018). Deliverable n® D1.06. Project: CEBAMA, Caur Number: 662147. Available from
the project website: www.cebama.eu.

22/



Codina, M., Cau-dit-Coumes, C., Le Bescop, P., ©erd., Ollivier, J.P. (2008) Design and
characterization of low-heat and low-alkalinity camts. Cement and Concrete Research,
38(4) 437-448.

Cool, W., Vermarién, E., Wacquier, W., Perko, JO1@ The long-term safety and
performance analyses of the surface disposal tiaddr the belgian catgory A waste at
Dessel. Proceedings of the 15th International Genfee on Environmental Remediation
and Radioactive Waste Management — ICEM2013 Semendbl2, 2013, Brussels,
Belgium. ICEM2013-96208.

Cuss, R., Wiseall, A., Dobbs M., Parkes D., Hatongl., Talandier J., Bourbon X. (2019)
Experiments on interface processes at the cemdlnyGaOxfordian claystone interface and
the impact on physical properties; mechanical & properties of fresh interfacds:
Altmaier, M., Montoya, V., Duro, L., Valls, A. (EgsProceedings of the Third Annual
Workshop of the HORIZON 2020 CEBAMA Project. KITi8tific report in press.
Available as Deliverable n° D4.13 in the projecbsite: www.cebama.eu.

Dauzeres, A., Le Bescop, P., Cau-Dit-Coumes, @né&; F., Bourbon, X., Timonen, J.,
Voutilainen, M., Chomat, L., Sardini, P. (2014) @e physico-chemical evolution of low-
pH and CEM | cement pastes interacting with Call@sdordian pore water under its in situ
CQO, partial pressure. Cement and Concrete ResearcipSEs.

Gaboreau, S., Phung, Q.T., Claret, F., Maes, NL9PMulti-Scale Characterization of the
spatial heterogeneities of microstructural and malogical evolution of 14 year in-situ
concrete-clay interfaceb: KIT (Eds.) Proceedings of Mechanisms and Modelbhg
Waste / Cement Interactions.

Gaona, X., Cevirim-Papaioannou, N., Béttle, M.,madier, M. (2019) Solubility and
hydrolysis of Be(ll) in dilute to concentrated Nag&ld KCI solutionsln: Altmaier, M.,
Montoya, V., Duro, L., Valls, A. (Eds.). Proceedsngf the Third Annual Workshop of the
HORIZON 2020 CEBAMA Project. KIT Scientific repart press. Available as Deliverable
n° D4.13 in the project website: www.cebama.eu.

Gaona, X., Dadhn, R., Tits, J., Scheinost, A., WidleE. (2011) Uptake of Np(IV) by C-S-H
phases and cement paste: an EXAFS study. EnviconT&chnol., 45, 8765-8771.

Gaona, X., Kulik, D., Macé, N., Wieland, E. (201&)ueous-solid solution thermodynamic
model of U(VI) uptake in C-S-H phases. Applied Geaistry, 27, 81-95.

Gaona, X., Wieland, E., Tits, J., Scheinost, Alahn, R. (2013) Np(V/VI) redox
chemistry in cementitious systems: XAFS investmyagion the speciation under anoxic and
oxidizing conditions. Applied Geochemistry, 28, 1088.

Garcia Calvo, L., Hidalgo, A., Alonso, C., Fernandlecco, L. (2010) Development of low-
pH cementitious materials for HLRW repositoriessR&ance against ground waters
aggression. Cement and Concrete Research, 40@);11207.

Gonzalez-Santamaria, D.E., Angulo, M., Ruiz, Azernandez, R., Ortega, A., Cuevas, J.
(2018) Low-pH cement mortar-bentonite perturbationg small-scale pilot laboratory
experiment. Clay Minerals, 53, 237-254.

Grambow, B. (2019) Manuscript for peer review @ tesults generated in WP2 of the
CEBAMA project. Deliverable D 2.06. Project: CEBAMA&ontract Number: 662147.
Available from the project website: www.cebama.eu.

Grivé, M., Montoya, V., Valls, A., Domenech, C.,|&s, E., Duro, L. (2012) Assessment of
solubility limits for radionuclides and toxics und#ay and cementitious conditions:
Recommended solubility limits calculated with Thetnimie v.8.0. ANDRA Report.

Hax Damiani, L., Kosakowski, G., Glaus, M., Churak8.V. (2019). A framework for
reactive transport modelling using FENICS-REAKTORfOverning equations and
benchmarking resultsudmitted

23/



Henocq, P., Robinet, J.-C., Perraud, D., MunieiMendling, J., Treille, E., Schumacher,
S., Hart, J., Dijkstra, J.J., Meeussen, J.C.L..d0ap M., Meert, K., Vandoorne, T.,
Gaggiano, R., Dorado, E., Nummi, O., Diaconu, an§antin, A., Bucur, C.,
Grigaliuniene, D., Poskas, P., Narkuniene, A., IoRg Vetesnik, A., Ferrucci, B.,
Levizzari, R., Luce, A., Rubel, A., Gray, L., Carté., Mibus, J., Smith, P., Kampfer, T.
(2018) Integration of CAST results to safety assesg. European Commission.
Deliverable D6.3. Project: CAST (Carbon-14 Soureen). Available from the project
website: http://www.projectcast.eu.

Hoglund, L.O. (2014) The impact of concrete degtiadaon the BMA barrier functions.
SKB Report, R 13-40.

IAEA (2012) The Safety Case and Safety Assessnoenhé Disposal of Radioactive
Waste. IAEA Safety Standard Series, Specific SaBatile. No. SSG--23.

Idiart, A., Lavifia, M., Kosakowski, G, Cochepin, Blunier, I., Meeussen, J.C.L., Samper,
J., Mon, A., Montenegro, L., Montoya, V., Deissma@n, Rohmen, S. and Poonoosamy, J.
(2019). Benchmark of reactive transport modellihg tow-pH concrete / clay interface.
Applied Geochemistry (accepted for publication).

Jenni, A., Mader, U., Lerouge, C., Gaboreau, Siwya, B. (2014) In situ interaction
between different concretes and Opalinus Clay. iegynd Chemistry of the Earth, Parts
A/B/C, 70-71, 71-83.

Karnland, O., Olsson, S., Nilsson, U., Sellin,Q7) Experimentally determined swelling
pressures and geochemical interactions of comp&¥temming bentonite with highly
alkaline solutions. Physics and Chemistry of thelEdarts A/B/C, 32, 275-286.
Kittnerova, J., Lange, S., Drtinova, B., Deissmdan,Bosbach, D., Vopalka, D. (2018)
Impact of carbonation on the uptake of radium hyestitious materials. Poster.
NUWCEM 2018, Avignon, France, October 24 — 26, 2018

Kosakowski, G., Berner, U., Wieland, E., Glaus, MBegueldre, C. (2014) Geochemical
evolution of the L/ILW near field. Nagra Techni¢aport, NTB 14-11.

Lalan, P., Dauzeres, A., De Windt, L., Bartier, Barnichon, J.-D., Detilleux, V. (2016)
Impacts of 70°C temperature on an OPC paste in aitu clayey environment: chemical
and microstructural characterizations coupled wetictive transport modelling. Cement and
Concrete Research, 83, 164-178.

Lalan, P., Dauzeres, A., De Windt, L., SammaljadviBartier, D., Techer, I., Detilleux, V.,
Siitari-Kauppi, M. (2019) Mineralogical and microsttural evolution of Portland cement
paste/argillite interfaces at 70 — Considerations for diffusion and porosity pdjes.
Cement and Concrete Research, 115, 414 - 425.

Lerouge, C., Gaboreau, S., Grangeon, S., Claréy&mont, F., Jenni, A., Cloet, V.,
Mader, U. (2017) In situ interactions between QpadiClay and Low Alkali Concrete.
Physics and Chemistry of the Earth, Parts A/B/C,3921.

Leroy, P., Hordt, A., Gaboreau, S., Zimmermann(Hayet, F., Blicker, M., Stebner, H.,
Huisman, J.A. (2019) Spectral induced polarizatblow-pH cement and concrete. Cement
and Concrete Composites, 104, 103397

Lindgren, M., Pettersson, M., Wiborgh, M. (2007)rfétation factors for C-14, CI-36, Ni-
59, Ni-63, M0-93, Tc-99, I-129 and Cs-135, In opienzal waste for SFR 1. SKB Report,
R-07-05.

Liu, Z.B., Shao, J.F., Xie, S.Y., Bourbon, X., Can. (2019) Shear strength of interface
between high performance concrete and claystotteeicontext of French radioactive waste
repository. Cement and Concrete Reseawchmitted

24/



Marty, N.C.M, Grangeon, S., Elkaim, E., Tournas€atFauchet ,C., Claret, F. (2018)
Thermodynamic and crystallographic model for aniptake by hydrated calcium aluminate
(AFm): an example of molybdenum. Scientific Repad8tsarticle number: 7943.

Meeussen, J.C.L. (2019) An efficient implementatidmulticomponent diffusion in
reactive transport calculations. prep.

Montoya, V., Ait Mouheb, N., Schafer, T. (2018) Reae transport modelling of
radionuclides migration in the low pH cement/claterface”. 3rd International Symposium
on Cement-based Materials for Nuclear Wastes (NUWQB18), Avignon, France,
October, 2018.

NAGRA (2010) Beurteilung der geologischen Unterlafj& die provisorischen
Sicherheitsanalysen in SGT Etappe 2. NAGRA TeclnaisBericht, 10-01.

NAGRA (2014) Provisional Safety Analyses for SGagd 2 Models, Codes and General
Modelling Approach Dezember 2014. Nagra Techniggdrt, NTB 14-09.

Nedyalkova, L., Lothenbach, B., Tits, J., Wielakd, Mader, U. (2018) Effect of redox
conditions on sulfur, selenium and iodine bindingAFm phasedn: Altmaier, M.,

Montoya, V., Duro, L., Valls, A. (Eds.) Proceedimngfghe Third Annual Workshop of the
HORIZON 2020 CEBAMA Project. KIT Scientific repart press. Available as Deliverable
n° D4.13 in the project website: www.cebama.eu.

Nedyalkova, L., Lothenbach, B., Tits, J., Wielakd, Mader, U. (2019) Effect of redox
conditions on the structure and solubility of stifand selenium-AFm phases. Cement and
Concrete Research, 123, 105803.

Ochs, M., Mallants, D., Wang, L. (2016) Radionuelehd Metal Sorption on Cement and
Concrete. Springer International Publishing.

Perko, J. and Jacques, D. (2019) Numerically acatelé pore-scale equilibrium dissolution.
Journal of Contaminant Hydrology, 220, 119-127.

Phung, Q.T., Gaboreau, S., Claret, F., Maes, NL§pDegradation of concrete in a clay
environment. % International Conference on Service Life Designlfifrastructures

(SLD4).

Pointeau, I. (2000) Etude Mechanistique et moditisale la retention de radionucliedes
par les silicates de calcium hydrates (CSH) degwim Doctoral dissertation.

Pointeau, 1., Coreau, N., Reiller, P. (2008) Uptakanionic radionuclides onto degraded
cement pastes and competing effect of organic digaRadiochimica Acta, 96, 367-374.
RATEN (2019) Technical Summary — RATEN — WHR2. Amphos 21 and KIT (Eds.) Draft
of the 4th and Final Project Workshop Proceeding/ivierable n°D4.19. Project:

CEBAMA, Contract Number: 662147, pp. 133-138. Aahle from the project website:
www.cebama.eu.

Rohmen, S., Idiart, A., Deissmann, G., BosbachH2D17a) Implementation of
crystallization and precipitation mechanisms inggscale models based on the Lattice-
Boltzmann methodn: Altmaier, M., Montoya, V., Duro, L., Valls, A. (Ed) Proceedings

of the Second Workshop of the HORIZON 2020 CEBAMAjEct. KIT Scientific Reports,
7752, 259-265.

Rohmen, S., Idiart, A., Deissmann, G., BosbachH2D17b) Pore-scale reactive transport
modeling of degradation processes in cementitigaems: Concept development based on
the Lattice-Boltzmann approach. Interpore 2017 t&tdam, The Netherlands, May 8 — 11,
2017.

Rosendorf, T., Hofmanova, E., Vopélka, D., Vete3aik Cervink, R. (2018) Comparative
study of HTO diffusion on individual and coupledgstms of compacted bentonite and fresh
ordinary Portland cement paste. Applied Geocheif).102-108.

25/



Samper, J., Mon, A., Montenegro, L., Naves, A.,YaseJ., Fernandez, R., Turrero, M.J.,
Torres, E. (2018) Coupled THCM model of heating hpdration concrete-bentonite
column test. Applied Geochemistry, 94, 67-81.

Savage, D. and Benbow, S. (2007) Low pH Cements R&igort, 2007:32.

Schlegel, M.L., Pointeau, I., Coreau, N., Reilfer(2004) Mechanism of Europium
retention by calcium silicate hydrates: an EXAR&Igt Environ. Sci. Technol., 38, 4423—
4431.

Seetharam, S. and Jacques, D. (2015) Potentisdiztipn processes of cementitious EBS
components, their potential implications on safatyctions and conceptuel models for
guantitative assessment. OPERA-PU-SCK514, 1-91.

SKB (2008) Safety analysis SFR 1. Long-term saféiB Report, R-08-130.

SKB (2010) Data report for the safety assessmer®isR SKB Technical Report, TR 10-
52.

SKB (2014) Data report for the safety assessmerPSB. SKB Technical Report, TR 14-
10.

Stumpf, T., Tits, J., Walther, C., Wieland, E., §aanel, Th. (2004) Uptake of trivalent
actinides (curium(lll)) by hardened cement pastima-resolved laser fluorescence
spectroscopy study. Journal of Colloid and Intexf&cience, 276(1), 118-124.

Thorne, M.C. (2007) An Evaluation of the Potenfiakicological Significance of Releases
of beryllium from a Deep Geological Repository. Mikhorne and Associates Limited
Report No. MTA/P0017/2007-1: Issue 2.

Thorne, M.C. and Kautsky, U. (2016) Report on akshop on toxicants other than
Radionuclides in the context of geological dispadabdioactive wastes. SKB Report, P-
16-11.

Tits, J., Geipel, G., Macé, N., Eilzer, M., Wielad, (2011) Determination of uranium(VI)
sorbed species in calcium silicate hydrate phasésser-induced luminescence
spectroscopy and batch sorption study. Journabddid and Interface Science, 359, 248-
256.

Tomberlin, T.A. (2004) Beryllium — A Unique Matekim Nuclear Applications.
INEEL/CON-04- 01869 PREPRINT 36th International SRE Technical Conference, 12.
Torres, E., Turrero, M.J., Garralon, A., Cuevasikdrnandez, R., Ortega, A., Ruiz, A.l.
(2018) Stable isotopes applied to the study ottrecrete/bentonite interaction in the
FEBEX in situ test. Applied Geochemistry, 100, 4B3.

Vasconcelos, R.G.W., Beaudoin, N., Hamilton, A.akllyN.C., Provis, J.L., Corkhill, C.L.
(2018a) Characterisation of a high pH cement bldkfithe geological disposal of nuclear
waste: The Nirex Reference Vault Backfill. Appli€@ochemistry, 89, 180 — 189.
Vasconcelos, R.G.W., Idiart, A., Hyatt, N.C., P\d.L., Corkhill, C.L. (2018b) Leaching
of Nirex Reference Vault Backfill cement by clayagite and saline groundwaters. MRS
Advances, 3, 1175 - 1180.

Vehmas, T., Montoya, V, Alonso, M.C., V&gk, R., Rastrick, E., Gaboreau, S.c¥mik,
P., Leivo, M., Holt, E.,.,., Ait Mouheb, Svobodh, Read, D Cervinka, R., Vasconcelos
and R., Corknhill, C. N., (2019) Slag Containing L-p#d Cementitious materials for Deep
Underground Nuclear Waste Repositories. ApplieddBemistry (accepted for publication)
Vehmas, T., Leivo, M., Holt, E. (2017) Comparisdrerperimental and modelled pore
solutions of low-pH ordinary Portland cement basexl designsin: Altmaier, M.,

Montoya, V., Duro, L., Valls, A. (Eds.) Proceedirgfghe Second Workshop of the
HORIZON 2020 CEBAMA Project. KIT Scientific Repoyté752.

Vespa, M., Déhn, R., Gallucci, E., Grolimund, D.ie¥ind, E., Scheidegger, A.M. (2006)
Microscale Investigations of Ni Uptake by Cemenirigsa Combination of Scanning

26/



Electron Microscopy and Synchrotron-Based Techrsgiaviron. Sci. Technol., 40(24),
7702-77009.

 Wang, L., Martens, E., Jacques, D., de Cannier&dery, J., Mallants, D. (2009) Review
of sorption values for the cementitious near figé near surface radioactive waste disposal
facility. NIROND TR 2008-23E, ONDRAF/NIRAS.

* Wieland, E. (2014) Sorption Data Base for the Cditiens Near Field of L/ILW and ILW
Repositories for Provisional Safety Analyses forTsE2. NAGRA Technical Report, NTB
14-08.

* Yang, H., Xie, S.Y., Secq, J., Shao, J.F. (201 fdfimental study and modeling of
hydromechanical behavior of concrete fracture. Wateéence and Engineering, 10(2), 97-
106.

27/



Highlights

« Concrete and clay can co-exist safely in radioactive waste repositories

+ Low-pH cement contributes to preserving the properties of the clay
barrier

+ Experimental sorption values are in general in the upper range of the Kds
used in performance assessment exercises. Sorption analogies
considered in Safety Cases for anionic radionuclides should be revised.

+ Reactive transport models developed a ver for the first time considered
hydration of low-pH cement and how wter consumption during hydration
impacts the final mineralogical composition of cement.

+ Good level of agreement in a long-term reactive transport modelling
benchmark has provided confidence on the Safety Case and the
decisions taken on cementitious materials and repository layouts
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