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Abstract: Strong chemical gradients between clay and concrete porewater lead to diffusive transport
across the interface and subsequent mineral reactions in both materials. These reactions may influ-
ence clay properties such as swelling behaviour, permeability or radionuclide retention, which are
relevant for the safety of a radioactive waste repository. Different cement types lead to different
interactions with Opalinus Clay (OPA), which must be understood to choose the most suitable ma-
terial. The consideration of anion-depleted porosity due to electrostatic repulsion in clay modelling
substantially influences overall diffusive transport and pore clogging at interfaces. The identical
dual porosity model approach previously used to predict interaction between Portland cement and
OPA is now applied to low-alkali cement—OPA interaction. The predictions are compared with
corresponding samples from the cement-clay interaction (CI) experiment in the Mont Terri under-
ground rock laboratory (Switzerland). Predicted decalcification of the cement at the interface (de-
pletion of C-5-H and absence of ettringite within 1 mm from the interface), the Mg enrichment in
clay and cement close to the interface (neoformation of up to 17 vol% Mg hydroxides in concrete,
and up to 6 vol% in OPA within 0.6 mm at the interface), and the slightly increased S content in the
cement 3-4 mm away from the interface qualitatively match the sample characterisation. Simula-
tions of Portland cement—OPA interaction indicate a weaker chemical disturbance over a larger
distance compared with low-pH cement—OPA. In the latter case, local changes in porosity are
stronger and lead to predicted pore clogging.

Keywords: cement—clay interaction; diffusion; dual porosity; electrostatic effects; reactive
transport modelling; near field; radioactive waste repository; low-pH cement

1. Introduction

Deep geological repository designs include cementitious materials for structural ele-
ments, backfill or waste matrix. While mineralogy in Opalinus Clay (OPA) has proven
stability for the last 170 million years, cementitious minerals are subject to deterioration;
hence, concrete infrastructure has a typical service life between 50 and 100 years.

Chemical gradients between porewaters of cement and contrasting materials cause
diffusive fluxes of dissolved species. In case of cement—clay interfaces, this may lead to
mineralogical alterations, which in turn are expected to locally influence important barrier
properties like permeability, swelling pressure or specific retention.

Experimental literature documents chemical and mineralogical changes at clay —ce-
ment interfaces [1-10]. Local decalcification (instability of portlandite, calcium silicate hy-
drate (C-S-H), and ettringite) is the main alteration of the cement. The resulting Ca de-
pletion within a thin layer down to 0.2 mm can be measured by element mapping with
various techniques, but mineralogical characterisation with such high spatial resolutions
is still demanding [1]. Even more challenging is the characterisation of the measured Mg
enrichments at the interface: the most likely neoformation, nano-crystalline magnesium
silicate hydrate (M-5-H), shows no distinct reflections in X-ray diffraction [11]. Mg X-ray
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absorption near-edge spectroscopy reveal a crystallographic structure similar to certain
clay minerals [12,13], which impedes M-S-H detection within OPA by this technique. The
location and Mg content of the Mg-enriched layer in OPA depend on the nature of the
cement [14]. Other interactions between cement and OPA result in carbonation in the ce-
ment and a sulphate enrichment detached from the interface, and the change of the ex-
changer population in OPA [6]. Reactive transport model approaches predict such
changes [11,14-19], but studies rarely compare modelling results with experimental data.
Of value are modelling studies comparing different cement types interacting with clay
under similar conditions to contribute to the engineering design of a repository.

Changes in porosity, its distribution and connectivity —and therefore also permea-
bility —near such interfaces are important processes governing the long-term physico-
chemical evolution of the engineered barrier and its geological near-field [17]. Increasing
porosity in the Portland cement close to the interface, and clogging in the claystone adja-
cent to it are experimentally observed and commonly predicted by reactive transport
modelling [15-17]. These studies all use a simplified porosity concept and do not account
for the clay-specific influence of clay layer charge on the porewater solute distribution and
on diffusive transport.

Dual porosity reactive transport modelling can take into account such clay-specific
features, and this may be crucial when modelled porosity clogging approaches zero-po-
rosity. Jenni, Gimmi, Alt-Epping, Mader and Cloet [14] describe a novel dual porosity
approach, simulate the short-term evolution of Portland cement concrete (OPC) in contact
with OPA, and compare the results with experimental data from the CI experiment (Ce-
ment-clay Interaction) carried out in the Mont Terri rock laboratory (www.mont-terri.ch).
The current study repeated the simulation but exchanged the OPC concrete with a low-
alkali cement concrete (ESDRED, named after the European project “Engineering Studies
and Demonstrations of Repository Designs” 2004-2008, which included the development
of this concrete formulation). Both types of concrete were installed in the CI experiment,
and their interfaces were sampled and characterised several times after emplacement. The
simulation outcome was compared with element maps of the appropriate interface sam-
ple, and with the outcome of the previous OPC-OPA model.

2. Materials and Methods

The multicomponent reactive transport modelling was performed in 1D with the
FLOTRAN code [20] in the same way the OPC—OPA interaction was modelled [14,19].
These publications contain further details, especially on the dual porosity approach used
for the OPA part of the model, which is summarised in section 2.2. Advection is negligible
in these types of clay host systems. Site-specific transport studies on undisturbed OPA
state diffusion-dominated transport [21]. Small hydraulic heads in the OPA close to the
repository are expected, which lead to Peclet numbers in the range of 102 to 10-3 [22].
Glaciations or tunnel convergence might increase the importance of advection only tem-
porarily. Therefore, only diffusion and electrochemical migration were included in this
model approach.

Comparable reactive transport simulations considering electrostatic effects on the so-
lutes were carried out by using CrunchFlowMC and PhreeqC. Alt-Epping, et al. [23] com-
pare the capabilities of these codes with respect to dual porosity. Results of OPC—OPA
interface simulations with these codes have been presented in Jenni, et al. [24].
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2.1. Modelling of the Concrete Domain

Diffusive transport followed by reactions between concrete and clay rock start when
the freshly-mixed cement slurry is applied to a clay rock surface. Substantial interactions
between the materials are likely to occur during the early stage of cement hydration.
Therefore, the initial condition of the simulation should consist of unhydrated cement
clinker and water. Initial conditions with hardened cement are appropriate in case of pre-
cast elements brought in contact with clay, and should not be used to simulate shotcrete
applications.

Concrete properties used in the model (e.g., aggregate content, ESDRED cement com-
position) matched the concrete used in the Mont Terri CI experiment (Table 1, taken from
Jenni, Méder, Lerouge, Gaboreau and Schwyn [6]). The concrete aggregates were consid-
ered as non-porous and were included in the initial condition because they lowered total
diffusive transport. The low specific surface areas and reaction rates of the aggregate min-
erals suggested treating them as inert for the limited time-scale of the model, in contrast
to reactive clinker phases and nanosilica.

Table 1. Characteristics of concrete and cement. Binder represents all reactive components (cement,
silica). Cement composition was determined by XRD Riedtveld analysis using an internal standard.

Concrete Composition

CEMI1425N [kg/m3] 210
silica fume [kg/m3] 140
superplasticiser [kg/m?3] 42
accelerator [kg/m?3] 16.8
water [kg/m3] 175
water/binder weight ratio - 0.5
sand, gravel [kg/m?3] 1800
Cement Composition
alite [wt%] 52.8
belite [wt%] 22.8
aluminate [wt%] 5.0
ferrite [Wt%] 7.9
periclase [Wt%] 1.0
calcite [wt%] 29
quartz [wt%] 0.5
anhydrite [Wt%] 1.9
hemihydrate [Wt%] 1.7
gypsum [wt%] 0.0
syngenite [wt%] 2.0
dolomite [wt%] 1.5

Within the cement, a geometric factor (ratio of constrictivity/tortuosity) of G=0.1 was
chosen, following arguments in Jenni, Gimmi, Alt-Epping, Méader and Cloet [14].

The clinker dissolution rates mainly control the overall cement hydration kinetics,
and the formation of hydrates is generally considered to be instantaneous [25,26]. Here,
all cement hydrates formed with a fast rate constant of 10-* mol/m?/s and a generic surface
area of 0.01 m?/g (rate law described in [27,28]). Two combined dissolution rates per min-
eral (Table 2) were derived by a best-fit of clinker and silica fume dissolution data, meas-
ured by quantitative XRD on reference samples of the same cement [29]. The two rates
were implemented by incorporating two reacting versions of the same mineral. Reaction
rates of potentially forming non-cement hydrates were taken from Palandri and Kharaka
[30] (generic surface area of 0.1 m?/g). Thermodynamic data was taken from the
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Cemdata07.2 [26,31-36] and EQ3/6 databases. More details about clinker composition,
solid solutions of hydrates, and phase reactions are given in [14].

The set accelerator added to the ESDRED concrete leads to a formate content of more
than 0.2 M in the early porewater, slightly decreasing with time [29]. In the initial condi-
tion of the model, 0.2 M formate, charge-balanced by Ca, was added to the pure water to
account for this substantial anionic charge.

Table 2. Stoichiometric clinker composition calculated from measured cement bulk chemical com-
position after Taylor [37], measured silica fume composition, implemented dissolution rates, and
surface areas.

Alite Belite Aluminate Ferrite Si Fume
CsS C2S GA CiAF
CaO [formula units] 2911 1.975 2.793 4.202 0.024
SiO2 [formula units] 0.956 0.914 0.17 0.293 0.981
ALQO:s [formula units] 0.027 0.041 0.85 1.066 0.001
Fe20s [formula units] 0.01 0.01 0.088 0.665 0
Na20 [formula units] 0.002 0.002 0.036 0.005 0
MgO [formula units] 0.054 0.015 0 0 0.003
K20 [formula units] 0.002 0.014 0.016 0.007 0.003
log rate constantl -5.06374 -5.34159 -4.06095  —4.69578 -9.24229
[mol/m?/s]
log rate constant2 -7.27421 -8.48021 -8.21623 -8.2  -11.39708
[mol/m?/s]

surface area for 1 and 2 [m?/g] 0.00319732 0.00301906 0.00329394 0.0026751 21

2.2. Dual Porosity Modelling of Opalinus Clay

Opalinus Clay was modeled in the exact same manner as described in Jenni, Gimmi,
Alt-Epping, Méder and Cloet [14], that contains further explanations and figures. Rock
composition (Table 3) and porewater chemistry data were taken from Berner, et al. [38],
based on measured and modelled data [39-41]. Thermodynamic data was taken from
EQ3/6, except for chlorite (7A chamosite), K-feldspar, and albite, which were treated as
inert. Too many reactive minerals in the simulation violate the phase rule, and no equilib-
rium initial condition can be achieved. Pyrophyllite represented the TOT layer of smectite,
considered as inert due to the small extent of reaction to be expected within the time-scale
of the model. Reaction rates for all reactive minerals were taken from Palandri and
Kharaka [30].

Table 3. Mineral composition of OPA in wt% of dry rock.

[wt%]

illite 23.9
kaolinite 17.7
smectite 12.2
calcite 13.7
dolomite 0.5
quartz 17.1
siderite 3.3
pyrite 1.0
kalifeldspar 1.3

albite 1.0
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chlorite 8.3

In OPA, 6 vol% of 12 vol% total pores contains porewater with cations balancing the
negative charge of the clay layers. This porosity consists of the water in the clay interlayer
plus the water on clay outer particle surfaces (often called diffuse double layer). Because
both of these porewater domains are similarly influenced by the negative charge of the
clay layers, the sum of the domains was implemented in the model, and is called Donnan
porewater (and Donnan porosity). Its homogeneous chemical composition was calculated
by assuming Donnan equilibrium with the remaining fraction of the porewater, which is
here referred to as freely accessible porewater, free porewater in short (contained in the free
porosity). Donnan equilibrium assumes a homogeneous composition of the Donnan
porewater (averaging a Poisson-Boltzmann distribution), and equal activity coefficients
in both porosity domains [14]. The code inhibited mineral precipitation in the Donnan
porosity, and all minerals kinetically equilibrated with the free porewater. Thermody-
namically, mineral phases at saturation had equal chemical potentials in both domains,
despite the depletion of anions (compensated by an electrostatic potential term). The re-
stricted space in the interlayer was assumed to inhibit nucleation. Chagneau, et al. [42]
give experimental evidence for mineral precipitation in the free porosity only in com-
pacted clay. This implies that the Donnan porosity was not clogged and always provides
a pathway for mainly neutral species and cations that diffuse while maintaining charge
balance (by considering streaming potentials in multi-component transport). The model
approach presented here can handle this type of transport [14].

In a Donnan porosity concept, Donnan equilibrium between the Donnan porewater
and the free porewater replaces conventional cation exchange. An electrostatic term de-
pendent on ionic strength and the mean potential governs the Donnan equilibrium. In
CrunchflowMC or PhreeqC [23,43-47], this is implemented by an explicit partitioning
function that distributes aqueous species between Donnan and free porewater. In the pre-
sent FLOTRAN approach, the ion partitioning resulted from rapid diffusion and electro-
chemical migration between the free and Donnan porewater. The cation exchange capac-
ity (CEC) was represented by immobile anions in the Donnan porewater. Technical im-
plementation details are given in [14]. The geometric factor (G = constrictivity/tortuosity)
in the free porosity was set to 0.023, and to 0.006 in the Donnan porosity (derived from
diffusion experiments in OPA [14]).

The Donnan porosity was not linked to a specific clay mineral in the current ap-
proach, and the total ion charge in the Donnan porewater balanced the bulk CEC of OPA.
Dissolution or precipitation of clay minerals did not decrease or increase the CEC or the
Donnan porosity as they should. This simplification is acceptable, because the clay min-
erals are virtually stable on the time-scale of the model presented here (rate constant <10-13
mol/m?/s after [30]).

The arithmetic averaging of concentrations in the electromigration term between ad-
jacent cells in FLOTRAN [20] was changed to harmonic averaging, as argued in [48]. More
details are given in [14].

3. Results and Discussion
3.1. Model Predictions of Low-pH Cement— Opalinus Clay Interaction

The initial conditions of the unhydrated ESDRED cement matrix consisted of pure
water with Ca-formate (accelerator) in the free porewater, which was undersaturated with
respect to the cement clinkers (Figure 1). The OPA free porewater was in chemical equi-
librium with the reactive OPA minerals as well as in Donnan equilibrium with the Donnan
porewater. This initial condition describes the fresh (unhydrated), well-mixed concrete
right after casting into the borehole drilled into OPA (start of the Mont Terri CI experi-
ment), or by analogy a shotcrete just applied to a tunnel wall for stabilisation within a
repository.
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Figure 1. Phase volume fractions of initial condition of the concrete —OPA interface. The legend
shows all phases considered in the model (por.: porosity; HyTlct: hydrotalcite; Stratling: stratlingite;
HyGt: hydrogarnet; AFm: monosulphate; AFt: ettringite; Portland: portlandite; Clinopt: clinoptilo-
lyte; Crist (a): alpha-cristobalite; SiO2am: amorphous silica; SiFume: silica fume; Sulfate: sum of
gypsum, hemihydrate, anhydrite; C4AF: ferrite; C3A: aluminate; C2S: belite; C3S: alite). Only reac-
tive phases ondergoing visible volume changes are shown in subsequent figures (top 30 vol%, black
frame). The entire domain was discretised into 16 x 100 pum-cells close to the interface, 30 x 1 mm-
cells further away, and two large cells at the outer concrete and OPA boundaries.

Comparably fast dissolution of clinkers and silica fume led to the precipitation of
mainly C-5-H and ettringite (Figure 2). The high Si content and lower pH in the porewa-
ter compared to OPC suppressed portlandite formation and favoured low Ca/Si C-S-H,
which is the main difference compared with Portland cements [49]. During the dissolution
of the clinker phases, Ca and OH species diffused directly into the OPA due to the con-
centration gradient. At the same time, some OPA porewater species diffused into the con-
crete. At the interface, the pore solution in ESDRED was slightly lower in pH and dis-
solved Ca, which led to the instability of C-S-H and ettringite. In turn, Mg diffusing in
from OPA porewater led to precipitation of Mg-phases.

Over time, the model predicted the precipitation of hydrotalcite in the unaffected
ESDRED due to a slow dissolution of MgO associated with clinker, as predicted in [29].
However, hydrotalcite was not observed experimentally as a hydration product of ES-
DRED (same reference). In the present approach, hydrotalcite might have been more sta-
ble due to a overpredicted availability of Al in the pore solution that might be consumed
in reality by Al uptake by C-S-H [50] and by M-S-H [51].

At the interface, hydrotalcite, M-S-H and/or talc precipitated. M-S-H is described in
literature as a hydrated nano-crystalline precursor of phyllosilicates like talc or Mg-smec-
tite [52], and therefore the presence of talc in the database inhibited the precipitation of
early M-5-H due to its precursor character, i.e., M-S-H is a less stable phase compared to
talc. Predictions of the nature of the Mg precipitates are uncertain due to uncertainties in
thermodynamic data for Mg (Si-) hydroxides. The formation of a specific Mg (Si-) hydrox-
ide depends on local pH and Mg, Ca, Al, and Si concentrations. Regardless of its nature,
the Mg (Si-) hydroxides precipitated within the Ca-depleted zone of the cement, and could
partly compensate the additional pore space available due to C-S-H dissolution. Availa-
bility of Mg from OPA, the Mg content in the cement, and the capability of the OPA to
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lower the pH in the cement determined the extent to which the porosity in the cement at
the interface could be clogged. The model prediction clearly shows that Mg (Si-) hydrox-
ides have the highest potential to clog the porosity in the cement at the interface.

Calcite formed in the cement with ongoing in-diffusion of inorganic carbon species
from OPA. Transport was fast enough to carbonate the entire cement domain, but only
resulted in calcite contents below 1 vol% due to the limited reservoir in the OPA porewa-

ter. Therefore, carbonation reduced porosity and transport insignificantly according to
this model prediction.
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Figure 2. Predicted volume evolution of the reactive phases (legend and explanation of horizontal

axis in Figure 1 and captions). The pH of the free porewater is indicated in the dark blue free porosity
area.
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13
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From the very beginning of interaction, the high-pH front entered the OPA, where it
was buffered by dissolution of clay minerals. Only negligible volumes of dissolving clay
were required to efficiently buffer pH, but the limiting factor was the slow reaction kinet-
ics relative to the OH diffusion. Two scenarios were calculated using the slow reaction
rates in Palandri and Kharaka [30], and the increased rates (four orders of magnitude)
proposed by Marty, et al. [53]. Figure 3 shows a more advanced high-pH front in case of
slower reaction rates, whereas the faster clay reactivity hindered the pH front more effi-
ciently from entering the OPA.

11

10

pH

slow clay dissolution rate

fast clay dissolution rate

1

1 3 4 5
[mm] from interface

Figure 3. pH profiles across the OPA free porewater after 10 h of interaction with ESDRED, modelled with slow and
increased reaction rates of illite and kaolinite. Interface at 0 mm, ESDRED on the left, OPA on the right.

Following a strong concentration gradient, Mg migrated into the cement. The de-
creasing Mg in the OPA free porewater is buffered by the large Mg content in the Donnan
porosity (equivalent to the clay exchangeable cations). The high mobility of the cations in
the Donnan porosity led to a depletion of Mg up to 15 mm into the OPA within 2.7 y,
compensated mainly by Ca (Figure 4), originating from the instability of mainly C-S-H at
the interface (decalcification of the cement). The predicted dissolution of the minor dolo-
mite content in the OPA contributed to a smaller extent to the Mg supply. The freed Ca
and carbonate species were bound in newly formed calcite, but were also released to the
OPA porewater.

100%

)
o
B

@
=}
R

u Na+

mK+

~
o
ES

u Mg++

H Ca++

Exchanger population [eq%]

20%

© 8x0.1mm N 15x1mm o2 P
Distance from interface [mm] y A
Figure 4. The cation concentration profile in the Donnan porewater (in charge equivalent fractions)
across the OPA after 2.7 y of interaction with ESDRED. In the current modelling approach, the Don-
nan porewater concentrations replaced the cation occupancies of clay models with explicit ion-ex-
change. Explanation of horizontal axis in Figure 1 captions.
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Mg-hydroxides also formed in the OPA at the interface within a layer of increased
pH. Between 100 d and 2.7 y, the free porosity became completely clogged, but the model
was set up in a way that transport between the free porewater in the cement and the Don-
nan porewater in the OPA could continue (Section 2.2). However, anion mobility across
the interface was extremely low due to the low anion concentration in the Donnan poros-
ity. In turn, neutral species (e.g., water tracer) and cations still migrated considerably
across the interface, as proposed in Jenni, Gimmi, Alt-Epping, Médder and Cloet [14], and
by a diffusion experiment with a fully clogged illite core [42]. A single porosity model
approach cannot predict this ongoing interaction across an interface clogged on the clay
side of an interface.

3.2. Comparison of Low-pH and Portland Cement Interactions with Opalinus Clay

The modelling of the ESDRED low-pH cement interaction with Opalinus Clay pre-
dicted an early clogging of the free porosity on the clay-side, which led to a substantial
decrease of the interaction rates: phase distributions after 4.8 y of interaction resemble the
2.7 y old interface, and the penetration of the pH front virtually stopped (Figure 5). In
contrast, the porosity at the OPC-OPA interface was only predicted to minimally clog after
4.8y [14]. In both predictions, OPA initial conditions and transport models are equal. The
main difference is the presence of rapidly dissolving silica fume and the formate as addi-
tional anion charge carrier in the ESDRED, leading to a lower pH and an increased Si
content in the porewater compared to OPC.

low pH concrete 42 5 Opalinus Clay

1.00

free porosity Donnan porosity

0.95

0.90
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3

b

s
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Figure 5. Predicted volume evolution of the reactive phases after 4.8 y of interaction of ESDRED
(top), and OPC (bottom, modified from [14]) with OPA. The phase legend and explanation of hori-
zontal axis is shown in Figure 1 and captions, the pH of the free porewater is indicated in the dark
blue free porosity area.

3.3. Comparison of Model Predictions with Measurements

Quantitative agreement of the model predictions with measurements is not perfect
but shares essential communalities. It must be kept in mind that significant local variabil-
ity exists across samples of equivalent interfaces in terms of amount of neoformations and
extent of interaction zones. The qualitative agreement of measurements on both ES-
DRED—OPA and OPC—OPA interfaces with predicted interaction is striking. Both sim-
ulations predicted decalcification and depletion in sulphur in the cement at the interface
(portlandite, C-5-H, and ettringite dissolution) in agreement with chemical maps (Figure
6 and [14]). Whereas a substantial Mg enrichment was measured in ESDRED and in adja-
cent OPA only close to the interface, OPC —OPA interfaces showed no or very limited Mg
increase at the interface, but a small detached enrichment at approximately 7 mm distance
from the interface in the OPA (Figure 7). These cement-specific features were predicted
by both simulations: the Mg-mineral hydrotalcite occured in both ESDRED and OPA right
at the interface, but in OPC—OPA, brucite (very high in Mg) occurred distant from the
interface (further details given in [14]). Both models also suggested that the Mg enrich-
ments in the OPA traced the high-pH fronts, which reached different positions in the two
interfaces (Figure 5). The exact identity of the Mg-phase is under investigation [1,12].



Minerals 2021, 11, 664 13 of 17

Figure 6. SEM EDX element maps of 4.8 y ESDRED-OPA interfaces, concrete on the left, OPA on
the right of the interface marked in red. Bright areas represent high concentrations of the element
indicated. On the concrete side, only the cement matrix between the aggregates is relevant. OPA
contains pyrite (high S areas) and calcite (high Ca spots).
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5 mm

Figure 7. Comparison of SEM EDX Mg maps of interfaces (4.8 y), concrete on the left, OPA on the right of the interface
marked in red. Bright areas represent high Mg concentrations. On the concrete side, only the cement matrix between the

aggregates is relevant.

4. Conclusions

Several uncertainties of this modelling approach limit a quantitative prediction of the
evolution at the cement—clay interface, especially for extended interaction times to hun-
dreds or thousands of years. Transport parameters, especially geometric factors in the free
and Donnan porosities, are not well known and large errors may arise from a simple esti-
mation from OPA diffusion experiments. Clay dissolution rates given in literature differ
significantly, but strongly influence the interaction model outcome: the relationship be-
tween transport, e.g., migration of the pH-front, and rates of mineral dissolution, e.g.,
buffering pH, determine the extent of cement—clay interaction. An additional crucial un-
certainty is the degree to which the free porosity can be clogged. Further, assuming a min-
imal remaining free porosity, as strongly suspected in the concrete, leads to considerable
interaction within thousands of years. In contrast, full clogging of the total porosity in the
concrete at the interface (implemented in the model by allowing precipitations up to zero
porosity) would completely stop cement-clay interaction. Such conceptual questions can-
not be answered by modelling studies, but require long-term transport experiments,
whose outcome can then be used to conceptualise the models.

It is striking that the predicted extent of alteration in terms of overall mass transfer
in case of the ESDRED (“low-pH cement”) was in fact larger than that in the OPC case
after a given time, e.g., 4.7 y (Figure 5). This was predicted despite that the mobility of
solutes across the interface became restricted due to clogging of free porosity in case of
the low-alkali cement. Only the penetration of the high-pH front into the claystone was
more extensive in the OPC case, but it was associated with smaller mineral mass transfers.
In the ESDRED, the decrease of Ca-containing hydrates at the interface was higher than
in OPC. More dissolved Ca may have diffused from ESDRED into the OPA and exchanged
with Mg, which precipitated within the narrow high-pH zone. The clogging of OPA’s free
porosity could not stop this cation exchange, because it could continue via the Donnan
porosity. In contrast, OH- was mainly present in the free porosity and its diffusion was
therefore affected by free porosity clogging. In the OPA in contact with OPC, the Mg
neoformations distributed over a far wider high-pH zone and clogged only a small poros-
ity fraction.

A supposedly higher inherent reactivity of OPC compared to low-alkali cementitious
products due to its contrasting initial pH has motivated implementers to reduce, substi-
tute or omit OPC in some repository designs for radioactive waste. If our model indeed
captured the key reactive processes, a more extensive alteration at OPC-claystone inter-
faces may not be expected, and thus this a priori assumption is incorrect and should not
be a decisive issue. A similar conclusion was reached [2] simply by comparing the extents
of alteration based on highly-resolved element maps and other methods (similar to Fig-
ures 6 and 7), and this despite a significantly larger water/cement ratio of 0.8 in OPC
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compared to 0.5 in the ESDRED cement. Based on the extensive characterisation and mod-
elling of interfaces from the Mont Terri CI experiment reacted for up to 10 years, the high-
pH front coming from OPC enters deeper into the OPA compared with the ESDRED high-
pH front. In turn, the volumes of dissolved cement and neoformations are larger at the
ESDRED-OPA interface. Simplified numerical simulations of Portland cement—clay in-
teraction run for longer times [17,38,54] predicted clogging after considerably longer in-
teractions than 10 y. This suggests that both high-pH and low-pH cements will clog even-
tually. The expected difference in clogging time might be crucial if the buffer resaturation
requires water transport across a clay-cement interface.
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