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Abstract

This report is an initial state-of-the-art literature review in the CEBAMA –project for work
package 1. Chapters are written by the participants of CEBAMA and the chapters serve as state-
of-the-art reviews for the the experimental research conducted by various partners.

The report has short an introduction to the nuclear waste repository concepts of the project’s
participating countries. The research methods section gives a general overview of some of the
internationally used techniques in cementitious materials research for nuclear waste repositories.
More details about specific experimental method boundary conditions used in CEBAMA are
described in the Deliverable D1.04 (to be published April 2016). In the materials section, the
historic development of low-hydration heat, low-pH concrete formulations is presented. More
details about specific materials used in CEBAMA are described in the Deliverable D1.05 (to be
published May 2016).

Most of this literature reviews presented in the chapters here are focused on the processes related
to cementitious materials. Geochemical and physical evolution of the cementitious materials in a
repository environment is described from various viewpoints.

Detailed information about the authors and affiliations is presented at the beginning of each
chapter.
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1 Introduction

This document contains a state-of-the-art review of the behaviour of cementitious materials for use
in deep geological nuclear waste repositories. Chapters of the state-of-the-art report are written by
the various CEBAMA–project participants. Detailed information about the authors and their
affiliations is presented at the beginning of each chapter.

The safety of a nuclear waste repository is ensured by the combination of natural and engineered
barriers. In deep-geological repositories, a natural barrier is provided by the surrounding bedrock
and its inherent isolating properties. The engineered barrier system isolates the radionuclides from
the natural barrier and further stabilizes the repository system.

Cementitious materials are largely utilised in nuclear waste repositories. Cementitious materials are
used as structural components of the repository and/or as a part of the engineered barrier system.
Concrete is used in the deposition tunnel end plugs, voussoirs in clay host rock repositories and
other structural components. Cement-based grouts and mortars are used in shotcrete for tunnel wall
rock supports, rock bolting grouts and injection grouts for fissure sealing. In the UK conceptual
repository design, cementitious materials are utilised as backfill material as part of the engineered
barrier system. The Netherlands also has an option to utilise cementitious backfill. Specially
designed cementitious backfill material provides a chemical barrier against the release of
radionuclides and is an essential component of the engineered barrier system. The alkaline nature of
the cement pore water lowers the solubility of many radioactive elements and prevents the release
of radionuclides to the far field. State-of-the-art review of the backfill is given in: 2.9.1 State-of-
the-art review of the NRVB: A UK high pH backfill cement.

In many repository concepts, cementitious materials do not play a significant role in the engineered
barrier system. In these systems, cementitious materials are utilised for mechanical and hydrological
isolation of the compartments of the repository and in the structural components. However, the
cementitious materials are in direct contact with the backfill and closure materials. Physicochemical
compatibility of cementitious materials with the rest of the multi-barrier system is essential for the
longevity of the repository. It is assumed that cementitious materials will interact with the backfill
and closure materials, but not to an extent that compromises the long-term safety of the barrier
system. In nuclear waste repositories, the compatibility of cementitious materials must be evaluated
up to hundred thousand’s year time span.

The information in this report is presented with two objectives. In the first objective, knowledge is
summarised by comparing various nuclear waste repository concepts. Information from this
viewpoint is presented in Chapter 2, where nuclear waste repository concepts relevant to the
CEBAMA-project are described. This chapter also includes detailed information about the Dutch
Nuclear Waste Disposal concept (2.6.1 OPERA Disposal concept),  and  more  general  details  of
nuclear waste disposal concepts from other countries participating in the project.

The second objective is to summarise the phenomena that will affect the performance of all
repositories. Cementitious materials’ interactions with the buffer, backfill, and closure materials are
key concepts of phenomenological approaches. As bentonite is the most common buffer and
backfill material, a significant amount of research is focused on the interaction between bentonite
and the cementitious materials. Another important feature is the groundwater effect. Groundwater is
the medium where various dissolution/precipitation reactions take place in the repository.
Additionally, most of the chemical reactions of the cementitious materials occur through dissolution
and precipitation mechanisms in aqueous medium. Therefore the composition of the groundwater is
of utmost importance when the longevity of the engineered barrier system is evaluated. The role of
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the groundwater is described in the following Chapters: 5.3 Experimental studies of hydro-
mechanical behaviour of concrete fractures, 5.4 Chemical degradation of concrete with emphasis
on Ca-leaching and carbonation, 5.5 Geochemical and physical evolution of cementitious
materials in aggressive environment and 5.7 Geochemical Interaction of the groundwater-
concrete-bentonite system and its impact in the near field and EDZ.

Materials and their properties play important roles in the long-term performance evaluation of
nuclear waste repositories. The role materials play is described in detail in Chapters 4.1, 5.1, 5.2,
and 5.6. Diffusion of species through cement materials is presented in Chapter 5.1. Diffusion on
cement materials is presented in Chapter 5.2. The role of proper material selection and concrete
mixture proportioning is presented in Chapter 4.1 Development of low-pH (low-hydration heat)
concretes. Key features of calcium-silicate-hydrates, the main binding phase of Ordinary Portland
Cement is presented in Chapter 5.6: Calcium-silicate-hydrates in low-pH concretes and deep
geological nuclear waste repository environment. A systematic approach to describe processes of
chemical species is given in Chapter 5.7 Geochemical Interaction of the groundwater-concrete-
bentonite system and its impact in the near field EDZ.

The selection of appropriate research methods is important when assessing the interactions between
the cementitious materials and the engineered barrier systems. Some of these methods are presented
in Chapter 3. Methods to study the water-concrete interaction are presented in Chapter 3.1 Testing
methods for water-concrete interaction characterization. Determination of the permeability and
the diffusivity of cementitious materials are described in Chapter 3.2 Methodologies to determine
permeability and diffusivity of cementitious materials. Utilisation of tomographic methods is
summarized in Chapter 3.3 Laboratory observations of processes in heterogeneous material.

This deliverable report serves as a basis for the experimental work to be done during CEBAMA, by
understanding international best practices to-date. More details about specific experimental method
boundary conditions used in CEBAMA are described in the Deliverable D1.04 (to be published
April 2016). More details about specific materials used in CEBAMA are described in the
Deliverable D1.05 (to be published May 2016).
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2 Nuclear waste repository concepts relevant to CEBAMA

2.1 Belgium

2.1.1 Background on Belgian concept for geological disposal in poorly indurated clay

N. Maes, Q.T. Phung,

Belgian Nuclear Research Centre (SCK•CEN), Belgium

Layout of the current reference repository for geological disposal in poorly indurated clay

The envisaged repository consists of a series of rectilinear galleries, in which the waste will be
disposed, situated around the middle of a clay formation. Access to the disposal galleries is
provided via the centrally located access gallery, to which all disposal galleries are linked. In its
turn, the access gallery is connected to the surface via at least two shafts. All galleries are lined with
concrete wedge blocks (gallery liner). Because the indurated clay formations in Belgium have a
high plasticity, this concrete lining is required to limit convergence of the gallery walls [1].

A sketch of the different components in the envisaged repository system is shown in Figure 2.1.1.1.

Figure 2.1.1.1. Indicative diagram of the geological repository layout envisaged for B&C waste in
poorly indurated clays.

Separate sections are foreseen for disposal of category B (bituminized and compacted residual
waste) and C waste (HLW and SF). The waste packages, supercontainers (C-waste) or monoliths
(B-waste), will be emplaced horizontally one after the other (with no gaps between them) in the
centre of the disposal galleries. These galleries are drifts of maximum 1 km length and depend on
the waste type an inventory. The distance between disposal galleries is between 50–120 metres and
depends also on the waste type. The considered backfill material, that will be used to fill the void
space between waste packages and tunnel liner, is also based on cement.
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Waste packages design – concrete based supercontainer & monoliths

The current reference design of the engineered barrier system (EBS) is often called the
"supercontainer design", the name of the category C waste disposal package. It comprises specific
disposal waste packages developed respectively for category C waste and category B waste [1].

The supercontainer for category C waste comprises a carbon steel overpack and a Portland cement
concrete buffer with or without an outer stainless steel envelope surrounding the primary waste
packages. The intention of the buffer is to act as a radiation shield and pH controller in order to
create favourable conditions with regards to passivation of carbon steel.

The length varies between 4–6.2 m long and 2.1 m wide with a mass of 70 tons. The supercontainer
fulfills several functions contributing to the operational and long-term safety of the man and
environment: i) provide permanent shielding for safe handling, ii) provide sufficient mechanical
strength and iii) containment of the radionuclides and contaminants at least during the thermal
phase.

The supercontainers are constructed at the surface before being transported underground for
disposal.

Figure 2.1.1.2. Cross-section and 3D views of the supercontainer concept for present high-level
waste types.
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Figure 2.1.1.3. Current design of the monolith type of containers for bituminised (Eurobitumen)
(left) and compacted (CSD-C) (right) waste.

The disposal packages for category B waste (Eurobitumen), [2] and compacted residual waste
(CSD-C) are called monoliths. In the reference design, the primary packages of B-waste are
immobilised in mortar in concrete caissons made of portland cement and are constructed at the
surface. The length varies between 1.9–2.9 m long and 2.9 m wide with a mass ranging from 32 to
39 tons. Similar to the supercontainer, the monolith fulfils several functions: i) standardize
dimensions and limiting underground works, ii) provide permanent shielding and iii) provide
mechanical strength.

Following waste emplacement, all remaining voids in the disposal galleries will be backfilled with a
cement-based material and, following the completion of underground operations, all access tunnels
and shafts will be backfilled and sealed.

References

[1] ONDRAF/NIRAS. ONDRAF/NIRAS Research, Development and demonstration (RD&D) Plan for the geological
disposal of high-level and/or long-lived radioactive waste including irradiated fuel if considered as waste, State-of-the-
art report as of December 2012. NIROND-TR 2013-12E 2013. p. 413.
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2.2 Czech Republic

2.2.1 SURAO disposal concept

V. Havlova[1], A. Vokal[2]

[1]UJV Rez, a.s., Hlavni 130, Rez, 250 68 Husinec, Czech Republic
[2]SURAO, Dlazdena 6, Praha, Czech Republic

The Czech deep geological repository (DGR) concept assumes that waste packages containing spent
nuclear fuel (SNF) assemblies will be enclosed in steel-based canisters placed in vertical or
horizontal boreholes at a depth of ~ 500m below the surface. The void between the canisters and the
host crystalline rock will be backfilled with compacted bentonite which will make up the final
engineered barrier (Figure 2.2.1.1). The reference SNF canister design contained is composed of
two layers, an outer layer of carbon steel which will corrode very slowly under anaerobic conditions
and a second inner layer of stainless steel which will corrode at an almost negligible general
corrosion rate and exhibit a low tendency to local corrosion under anaerobic conditions.

Figure 2.2.1.1. Visualisation of the Czech DGR concept using horizontal boreholes (SURAO).

Intermediate-level waste (ILW) with long-lived radionuclides, such as decomissioned reactor core
parts or serpentinite concrete, not being allowed to be disposed of in the near-surface repositories,
will be also disposed of in a future DGR. The ILW repository will be located at the same site as the
one for SNF assemblies; however not in the identical repository section. The main requirement is
that the repository areas for both SNF and ILW should not affect each other. A scheme for both
repositories is provided in Figure 2.2.1.2. The ILW will be emplaced in concrete canisters in
specially excavated chambers that will be filled with bentonite based backfill (Figure 2.2.1.3).
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Figure 2.2.1.2. Scheme of the future Czech DGR for spent fuel assemblies and ILW [1].

Figure 2.2.1.3. ILW disposal chambers [1].

It is presumed that the buffer material will originate from Czech Republic bentonite deposits.
Nowadays so call Rokle bentonite is used (Ca-Mg bentonite). The primary safety function of
bentonite  buffer  in  the  CZ  concept  is  to  isolate  SNF  or  HLW  and  retent  radionuclide  migration
toward environment in order to fulfil optimisation limit 0.25 mSv/year for radiation safety.

As mentioned above, concrete will be used in the repository as both barrier material and
construction material. Except using fibre concrete containers for ILW, sealing and separation
concrete plugs and other construction elements (floors, walls, supporting construction elements,
shotcrete, grouting etc.) are considered be used. Two types of cements would be used: Ordinary
Portland Cement (OPC, pH>12) and low pH cement (LPC, pH<11). However, the material types
and the detailed scheme for their use have not been specified yet [1]. Eventhough LPC is expected
to be used for sealing plugs as plug construction parts could be in direct contact with bentonite

n)m)
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buffer in the disposal corridors. It is assumed in [1] that 1 100 t of cement materials will be used in
DGR each year.

LPC material is recommended in order to decrease the impact of OPC leaching in contact with
groundwater. Generally, OPC degradation generates high-alkaline gradient, with pH>13, being rich
in  K+, Na+, Ca2+ in the first period. In the second period pH is governed namely by portlandite
transformation with pH around 12.4. The last period will be influenced by CSH with pH around 10
[2, 3, 4, 5]. The extent of alkaline reaction can be modified using different additives/alternative
recepies, as mentioned above [4]. It is assumed in [1] that 1 100 t of cement materials will be used
in DGR each year.

References

[1] Actualisation of DGR reference concept in the hyphotetic site. SURAO, 2011.
[2] Gaucher C. E., Blanc P. (2006): Cement/clay interactions – A review: Experiments, natural analogues and

modeling, Waste Management 26, 776-788 s.
[3] Savage D. (2013): Constraints on cement-clay interaction, Proceeding Earth and Planetary Science 7, 770-773 s
[4] Sánchez L., Cuevas J., Ramírez S., Riuiz De León D., Fernández R., Vigil Dela Villa R., Leguey S. (2006):

Reaction kinetics of FEBEX bentonite in hyperalkaline conditions resembling the cement-bentonite interface,
Applied Clay Science 33 (2006), 125-141 s.

[5] Dolder F., Mäder U., Jenni A., Schwendener N. (2014): Experimental characterization of cement-bentonite
interaction using core infiltration techniques and 4D computed tomography, Physics and Chemistry of the Earth
70-71, 104-113
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2.3 Finland

2.3.1 Posiva’s KBS-3V concept

T. Vehmas

VTT Technical Research Centre of Finland Ltd, Espoo, Finland

Posiva Oy is constructing one of the world’s first long-term nuclear waste repositories in
Finland.[1] The safety of the nuclear waste repository is ensured with a combination of natural and
engineered barriers. Final nuclear waste disposal will take place in ONKALO, a deep underground
repository in Olkiluoto bedrock at a depth of 400–450 meters underground. The natural barrier
consists of the surrounding Olkiluoto bedrock and its inherent isolating properties. The engineered
barrier system consists of water- and gas-tight sealed copper canisters with a cast iron insert and
bentonite-based buffer and backfill. Permanent concrete structural tunnel plugs are used for closure
and sealing of the deposition tunnels.[2][3] In the KBS-3V -type repository, copper canisters are
placed in a vertical position into disposal holes drilled into the floor of deposition tunnels, as shown
in Figure 2.3.1.1. Bentonite-based buffer is stable material with self-sealing capability. Bentonite-
buffer also has good retention of potentially leaking radionuclides. Bentonite-based backfill limits
the upward expansion of the buffer into deposition tunnels and prevents the development of
hydraulic pathways in the deposition tunnels so that the natural water flux at the repository level is
not affected. Initially heterogeneous backfill material should become homogeneous material with a
low permeability as a consequence of water saturation and swelling.

Figure 2.3.1.1. Schematic presentation KBS-3V concept. [3]

Concrete plugs are used for closure and sealing of the repository and the deposition tunnels.
Concrete plugs are utilized to assure mechanical and hydrological isolation of the compartments of
the repository. Isolation is needed because compartments have different states in terms of water
saturation and pressures. Such difference could potentially induce undesired mass redistributions.
Besides concrete plugs, cementitious materials are used in shotcrete for tunnel wall rock supports,
rock-bolting grouts and injection grouts for fissure sealing. Only some of the cementitious materials
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will remain in the repository after final closure. Shotcrete is removed before the final closure with
an assumed efficiency of 95%.[4]

The  amount  of  cementitious  materials  in  the  repository  will  be  significant  although  some  of  the
materials are removed before final closure. Approximately half of the cementitious materials that
will remain in the closed repository are located in the access tunnels and consists of grouts,
shotcrete remnants and concrete constructions. In deposition tunnels, cementitious materials are
present in grouted fractures, rock bolt mortars and deposition tunnel end plugs.

The total amount of cementitious materials including central tunnels are assumed to be: 550 000–
740 000 kg for grouts, 540 000–600 000 kg for shotcrete, 340 000–1 010 000 kg for rock bolt
mortars and 16 500 kg for other constructions. The total mass of cementitious materials in access
tunnels is approximately 1 446 000–2 367 000 kg. The mass of a single deposition tunnel end plug
is 16 600 kg. The total mass of tunnel end plug concrete is 2 170 000 kg. [5]

Cementitious materials will be in direct contact with backfill and closure materials. It is assumed
that cementitious leachates will interact with backfill and closure materials but not to extent that
compromises the long-term safety of the barrier system. The bentonite buffer is not in direct contact
with cementitious materials. However, the buffer may be affected due the migration of cementitious
leachates through the bedrock fracture network. To meet the designed performance requirements
during the lifecycle of the repository, the properties of the engineered barrier system should not
alter due the presence of cementitious materials.[4]

It should be noted that the reference concept for SKB in Sweden for a high-level waste repository is
very similar to Posiva’s (Finland’s) concept described here.  The description in Chapter 2.7 for
Sweden is related to the low- and medium-level waste repository.

References

[1] www.posiva.fi.
[2] Palomäki, J., Ristimäki, L. (editors). 2013. Facility Description 2012: Summary Report of the Encapsulation

Plant and Disposal Facility Designs. Posiva Oy, Working Report 2012-66, 148 p.
[3] Keto, P.,Dixon, D., Jonsson, E., Börgesson, L, Hansen, J., and D. Gunnarsson. 2010. Assessment of backfill

design for KBS-3V Repository. Posiva Oy, Working Report 09-115. 162 p.
[4] Koskinen, K. 2014. Effects of Cementitious Leachates on the EBS. Posiva Oy, Working Report 2013-4, 63 p.
[5] Karvonen, T. 2011. Foreign materials in the repository -Update of estimated Quantities. Posiva Oy, Working

report 2011-32. 102p.
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2.4 France

2.4.1 Andra’s Nuclear Waste repository concept

X. Bourbon

ANDRA - French National Agency for nuclear Waste Management, R&D Division, France

The origin - Definition

Low hydration heat/Low pH cement are, since their appearance in the late ‘90’s, developed within
the nuclear waste disposal context. At the very beginning, second half of the 90’s, Malcolm Gray &
Bary Shenton said « For better concrete: take out some of the cement » (Gray & Shenton, 1998).
What was the context and what was their purpose?

To build a concrete plug for the TSX (Tunnel Sealing eXperiment) international project, they had to
design a specific concrete able to fulfill some requirements not achievable with a classical material,
especially with regards to the hydration heat of the cement due to the size of the structure to build.
The main goal of this experiment was to demonstrate the feasibility and to assess hydraulic
performances of two seals made with swelling clay or concrete, in the AECL URL (Lac du Bonnet,
MB, Canada).

To formulate such a concrete, the first requirement was to prepare a low hydration heat concrete
due to the geometry of the concrete plug and the boundary conditions. Moreover, hydraulic
behaviour expectation for the concrete plug led to a high performance concrete. Then they had to
take into account shrinkage and cracking. This concrete has been prepared with classical devices in
a surface facility and pumped at 420 m depth (after a transfer through the shaft and galleries with
skips). This was the first concrete designed and used of that kind. As a consequence of the choices
made to design this concrete, the chemical properties of this material were significantly different
from those measured on classical concretes. The pH of the pore solution was very low compared to
what was observed and that is why these materials are also called “low pH concrete”.

Since then, due to the interest in the context of nuclear waste repositories, other countries worked
on such materials and designed their own low hydration heat/low pH concretes.

Concepts and present specifications

Seals: Concept and requirements

Andra (the French National Agency for Nuclear Waste Management) has to design and to build a
nuclear waste disposal for High and Intermediate Level radioactive Wastes (HLW and ILW)
(Andra, 2015).

Cigeo is the name of the deep geological disposal facility for radioactive wastes to be built in
France. It will serve as a repository for highly radioactive long-lived wastes generated by France's
current fleet of nuclear power plants, from operation to dismantling, as well as from reprocessing of
spent fuel from these same plants.

Located in the east of France, at about 500 m depth in the Callovo-Oxfordian layer, the (planned)
facilities will cover the needs for about 75 000 m3 of ILW and 10 000 m3 HLW. At the end of the
operating phase, galleries and access facilities will represent a length about 100 km and disposal
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vaults a total length about 220 km (total underground surface ~15 km²; total surface facilities ~3
km²). The total excavated volume will be close to 9.2 million m3. After the operating period, about
half of the total volume will be filled with cementitious materials.

Concepts, for the different types of waste, have been designed taking into account the physical and
the chemical properties of the Callovo-Oxfordian argillite as host rock. ILW will be handled in
reinforced concrete waste packages and put into reinforced concrete vaults. HLW conditioned into
steel canisters, will be put into small tunnels made with a steel liner. During the operating period,
structures (vaults and waste packages) have to ensure safety and security of the repository
(obviously preventing from any radioactive dissemination), according to the global mechanical
stability of the site. With regards to the post closure and long term evolution, the clay host rock will
be the main barrier to prevent from radionuclides transfer.

To seal the underground facilities, specific structures have been designed to restore the hydraulic
properties of the geological medium to prevent from transfer all along and through the structures.
Seals are composite structures involving swelling clay and concrete plugs. Access, galleries, vaults
seals are based on the same concept.

To ensure mechanical stability of the seals and an increase of the swelling pressure during water
saturation of the clay, concrete plugs:

- Must not chemically react with clays (as low as achievable), to prevent detrimental
changes of the physical properties of the swelling clay;

- Have to ensure mechanical constraints during the water saturation period to make
sure the swelling pressure will increase as planned;

- Have not to change the chemical behaviour of the clay materials (host rock,
swelling clay, backfill) during the building period due to a thermal degradation;
have not to create significant thermal gradients to avoid mechanical damages;

Figure 2.4.1.1. Global lay-out of the (planned) facilities at Cigeo. © Andra.
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Figure 2.4.1.2. Concrete/clay seal concept.

The key issues for the concrete plugs are then connected to “massive structures building” (few
hundreds of cubic meters each) and “chemical reactivity with clays” (direct contact with the clay
host rock and the swelling clay):

- To fulfill requirements with regards to massive structures (short term expectations),
the two key points are the temperature increase during the setting and the
shrinkage. As a consequence, “low hydration heat cement” has to be formulated.

- Considering the mechanical stability of the seal zones (liners in the structures and
plugs) over a long period of time (operating phase, closure and post closure period,
up to the water saturation of the swelling clay plug), a high performance concrete is
required.

- To  fulfill  the  requirement  dealing  with  the  chemical  reactivity  with  clays  (long
term  expectations),  this  was  one  of  the  main  conclusions  of  the  ECOCLAY
European project (ECOCLAY II, 2005), the pH has to be lowered. Consequently,
that leads to a “low pH cement” formulation.

Concrete specifications

Physical specifications

To reduce the maximum temperature reached during setting and then to limit thermal gradients in
large and/or monolithic structures, the hydration heat has to be limited. The thermal criterion is the
maximum temperature reached during setting: T < 20 °C (measured in semi-adiabatic conditions).

To decrease the hydration heat, identified/specified cements (LHH) have to be chosen but the main
key  issue  is  to  mitigate  the  clinker  content  in  the  blend.  In  the  same  time,  due  to  the  required
physical properties to ensure the mechanical stability of the structures, a high performance concrete
is  needed  (Rc  >  60  MPa).  This  means  clinker  has  to  be  replaced  (and  not  only  taken  out)  in  the
binder. High substitution level of the cement with pozzolanic or hydraulic compounds has to be
considered.

To prevent from mechanical disorders, the shrinkage has to be close -or at least same order of
magnitude- to those measured on classical HPC (endogenous shrinkage < 300 µm/m; Total
shrinkage  500 µm/m).

Technologies and means to realize these concrete plugs have to be industrially available.
Formulated materials could be shotcrete, pumped/vibrated concrete or self-compacted concrete
(SCC).

As these materials will be prepared in a surface facility and put in place/layered in a deep geological
structure, an important workability is then required. The materials need a workability period  2
hours.
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Chemical specifications

To lower as much as possible the chemical reactivity with clays,  the pH of hydrated cement pore
solution  has  to  remain  below 11  after  hydration  (few weeks  to  few months).  To  reach  that  limit,
significant chemical modifications are necessary in comparison with “classical” cements. Even
industrial blended cements such as CEM III or CEM V have an interstitial water pH level higher
than 12.5.

At  first,  the  main  alkaline  hydrates  (i.e.  portlandite  and  C-S-H with  the  highest  molar  Ca/Si  ratio
(C/S)) have to be neutralized. The pozzolanic reaction consumes the portlandite to form some C-S-
H  inducing  the  decrease  of  the  global  C/S  ratio.  In  the  same  time,  the  chemical  evolution  of  the
hydrated phases has to enhance the sorption of the alkali ions. The alkali sorption is enhanced (i) by
the  decrease  of  the  C/S  ratio  of  C-S-H  (and  consequently  the  decrease  of  pH)  and  (ii)  by  the
increase of C-S-H content. These last two points are favored by the pozzolanic reaction. As a
consequence, the pozzolanic reaction using a high substitution level of clinker promotes the
lowering of the pH equilibrium value below 11.

Global specification

All raw materials have to be available at an industrial scale as well as the techniques and materials
to be used.
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2.5 Netherlands

2.5.1 OPERA disposal concept

A. Sabau, D. Bykov

Section Nuclear Energy and Radiation Applications, Department of Radiation Science and
Technology, Delft University of Technology, Mekelweg 15, 2629 JB Delft, Netherlands

All radioactive waste produced in the Netherlands is managed by COVRA (Centrale Organisatie
Voor Radioactief Afval). Compared to other European countries (France, Finland or Belgium), the
radioactive waste disposal process in the Netherlands is at an early conceptual phase.

Based on the research program CORA (Commissie Opberging Radioactief Afval/Committee on
Disposal of Radioactive Waste, 1996–2001) which is focused on the technical feasibility of a
retrievable deep underground repository in salt rock, as well as on the suitability of Boom Clay as a
host rock.

The current policy in the Netherlands is an interim storage of all the radioactive waste for a period
of at least 100 years at COVRA, to perform research preferably in an international collaborative
program and eventually to dispose all radioactive waste retrievably in a deep geological facility.

The Dutch research programme OPERA (Onderzoeks Programma Eindberging Radioactief Afval,
2011–2016) is currently investigating the geological disposal of high, as well as low, level
radioactive waste in one facility. The outlines of the repository concept is proposed by Verhoef et
al.[1] on which this study is based. The geological conditions in the Netherlands are in principle
favourable from the perspective of disposal of radioactive waste. To begin with, the generic
repository  is  to  be  situated  at  a  depth  of  approximately  500  m  in  a  Boom  Clay  stratum  of
approximately 100 m thickness. Due to the small waste quantities projected for the Netherlands, all
low and intermediate level waste (LILW) and high level waste (HLW) is planned to be disposed of
in one facility which are depicted in Figure 2.5.1.1.

Figure 2.5.1.1. Schematic representation of the Dutch deep geological repository in Boom Clay.

For a clay host rock, the engineered barrier system specific for HLW is adapted from the Belgian
waste management organisation; the ONDRAF/NIRAS supercontainer concept. HLW waste
containers are placed in steel overpack surrounded by a concrete buffer in order to prevent the waste
matrix coming into contact with (pore) water until the decay of radionuclides no longer increases
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the temperature of the host rock. Concrete support is envisaged against clay convergence. To
prevent cave-in when the concrete support has degraded, a backfill made with foamed concrete is
investigated Verhoef et al. [2]. For a Dutch disposal facility in salt rock, no engineered barrier
system with safety functions is yet defined Hart et al. [3].

The future repository life-cycle can be considered in three phases: (i) the pre-operation phase,
including the conceptual development, site investigation and selection, design and construction; (ii)
the operational phase, including waste emplacement, backfill disposal drifts, and any period of time
prior to closure; and (iii) the post-operational phase.

Several types of cements are planned to be used as a function of their utility: mechanical support,
enclosure or containment waste. The mechanical support is provided by the gallery lining during the
constructional and operational phase of a geological disposal facility. The cement that is proposed
to be used for mechanical support against clay convergence in the connecting galleries is the high
sulphate resistant CEM II A to B-V 42.5 (concrete in reinforced concrete segments is made with
Portland fly ash cement), because of the high content of sulphates in the Dutch Boom Clay, but also
sulphate coming from the pyrite oxidation during excavation.

The LILW is conditioned with concrete and is expected to be suitable with no other further
packaging or conditioning [1]. For the LILW the CEM III/B 42.5 LH/SR is made with blast furnace
slag cement at COVRA [2]. The description and the composition are presented in Table 2.5.1.1.

Table 2.5.1.1. Concrete composition for the disposal of compacted waste CEM III/B 42.5 LH/SR.

Component Type
Cement CEM III/B 42.5 LH/SR 385 and 421 kg m-3
Water - 176 and 180 kg m-3
Plasticiser TM OFT-II B84/39 CON. 35% (BT-SPL) 5 and 6 kg m-3
Fine aggregate Quartz sand: 0–4 mm 864 and 860 kg m-3
Coarse aggregate Quartz gravel: 2–8 mm 865 and 848 kg m-3

For  depleted  uranium,  which  is  stored  as  U3O8 (TENORM), Portland cement with limestone
aggregates is proposed, because sufficient Ca will react with UF6 traces. The cement proposed for
this type of waste is CEM I 42.5 N HS. The composition of concrete for TENORM containment is
depicted in Table 2.5.1.2.

Table 2.5.1.2. Composition concrete for containment of TENORM.

Component Type
Cement CEM I/42.5 N HS 365 kg m-3
Water - 175 kg m-3
Plasticiser TM OFT-II B84/39 CON. 35% (BT-SPL) 3.3 kg m-3
Fine aggregate U3O8: 0–4 mm 2664 kg m-3

Coarse aggregate Limestone: 2–8 mm 911 kg m-3

w/c Property 0.48

Enclosure of emplaced waste is provided by the backfill. Foam concrete made with Portland cement
(CEM  I  SR  3  <  3%  C3A) and Blas-furnace slag based backfill are proposed (Table 2.5.1.3 and
Table 2.5.1.4).
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Table 2.5.1.3. Composition enclosure emplaced waste (Portland-based backfill.).
Component Receipt for 1 m3 of

Aercrete FC
1200 to 1600 kg m-3

Type for OPERA-Cebama 1567
kg m-3

Wet density
measured

Cement 360 to 400 kg CEM I 52.5 N SR 3 <3% C3A 377 kg m-3

Water 140 to 160 kg - 151 kg m-3

Fine aggregate 750 to 1100 kg Quartz sand: 0–4 mm 1038 kg m-3

Foaming agent
Synthetic surfactant

0.57 to 0.36 l Foaming agent TM 80/23
Synthetic

1 kg m-3

Table 2.5.1.4. Composition enclosure emplaced waste (backfill-foamed concrete).
Component Receipt for 1 m3 of

Aercrete FC
1200 to 1600 kg m-3

Type for OPERA-Cebama 1576
kg m-3

Wet density
measured

Cement 360 to 400 kg CEM III/B 42.5 N LH/SR 380 kg m-3

Water 140 to 160 kg - 152 kg m-3

Fine aggregate 750 to 1100 kg Quartz sand: 0–4 mm 1044 kg m-3

Foaming agent
Synthetic surfactant

0.57 to 0.36 l Foaming agent TM 80/23
Synthetic

1 kg m-3

The durability of cementitious materials is dependent on the chemical and physical evolution of the
repository system. These processes have the potential to significantly change the original properties
of the cement-based materials. These alterations evolve series of highly time dependent coupled
physic-chemical processes. For the establishment of a geological disposal facility, The Netherlands
policy does not exclude the option of international cooperation [4].
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2.6 Spain

2.6.1 Spanish Disposal concept

M.J. Turrero[1], P.L. Martín[1], J. Cuevas[2], M.C. Alonso[3]

[1]CIEMAT Research Centre for Energy, Environment and Technology, Madrid, Spain
[2]UAM Autonomous University of Madrid, Madrid, Spain

[3]CSIC High Research Council of Spain, Madrid, Spain

The Spanish deep geological repository (DGR) concept for high level radioactive waste (HLRW) is
based on the multi-barrier concept, and considers granite and clay as disposal options. The
definitive disposal is planned to be accomplished in Carbon steel (S355) canisters placed along the
axis of horizontal drifts excavated at a close to 250 m (clay) or 500 m (granite) and surrounded by
bentonite as buffer and sealing material, the drifts being closed up with concrete plugs, as shown in
Figure 2.6.1.1 [1][2]. If the host rock is clay, an additional structure made of concrete voussoirs is
placed between the bentonite buffer and the gallery wall. Canister, bentonite and concrete constitute
the engineered barrier system (EBS).

Figure 2.6.1.1. General representation of a DGR system in granite [1][2].

The long-term safety is provided by the joint performance of the multibarrier system. In general
terms, in case of a granite host rock, the repository is located in an intact granite block without
important conductive features, providing a considerable delay for the transport of any radionuclide
dissolved in water. The bentonite buffer allows the transport of substances only by diffusion, a slow
mechanism, and provides a strong sorption in pore spaces. In a clay formation, the clay layer has
some hundreds of meters, causing a long travel time to the dissolved nuclides being transported
through diffusion.

The functions attributed to the bentonite surrounding the canister are those of reducing groundwater
flow around canisters and the transport of corrosive substances, establishing a suitable physico-
chemical environment near the canisters and providing mechanical protection against possible
movements of the rock thanks to its plasticity. Consequently, the properties to be provided by the
bentonite are fundamentally low permeability and diffusivity, good thermal conductivity, a high
sorption capacity and long-term stability [2]. Regarding the concrete, the main qualities as a
component of the multibarrier system are its low permeability, high mechanical resistance and
suitable chemical properties; the alkaline nature of cement pore water lowers the solubility of many
radioactive elements.



20

The  layer  of  bentonite  used  as  seal  in  the  disposal  galleries  of  the  DGR  will  have  a  thickness
between 0.55 and 0.75 m and the temperature at the inner surface will not exceed 100 °C. The
blocks will be manufactured from a clay granulate material with its hygroscopic water content, thus
not being saturated at disposal time. Once in the repository environment, the bentonite will hydrate
and swell becoming a continuous porous mass of very low hydraulic conductivity. This process will
take place in the presence of a thermal gradient. The Spanish reference bentonite was selected by
ENRESA from suitability studies performed between 1987 and 1991 and extracted from the Cortijo
de Archidona deposit in the Cabo de Gata region (Almería).

To demonstrate the technical feasibility of installing the engineered barriers for a high level waste
disposal facility in crystalline rock and to study their behavior ENRESA initiated in 1995 the
FEBEX Project. A part of the project consisted of a full-scale in situ test, performed at the Grimsel
underground facility (Switzerland) which includes the Spanish reference bentonite and a plug
constructed by the shotcreting technique [3]. From 2008 until dismantling in 2015, the test was part
of  a  consortium  consisting  of  Ciemat,  Nagra,  SKB  and  Posiva [4]. In 2013 Kaeri joined the
consortium. Post-mortem samples of bentonite/shotcrete interface and shotcrete itself coming from
dismantling, will be studied in the context of CEBAMA to analyze if materials maintain their
technical requirements as barriers.

Furthermore, a series of small-scale, long-term laboratory tests currently running at CIEMAT
(initiated  during  EU  projects  FEBEX,  NF-PRO  and  PEBS)  were  designed  to  complement  the
information acquired from the in situ test. The dismantling and analysis of one of those tests [5][6]
after running during 10 years will be part of CEBAMA. Its modelling will help the upscaling
activities.

In addition, transport properties of the cementitious materials used in the LILW (OPC-based)
facility at El Cabril and at interim storage facilities will be tested in the context of CEBAMA. In
these concepts, high resistivity and salt resistant cementitious materials are used as elements of the
engineering structure of the repositories, as well as for the encapsulation and immobilization of the
LILW.
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2.7 Sweden

2.7.1 SKB´s repository concepts for low- and intermediate level waste

Per Mårtensson

Swedish Nuclear Fuel and Waste Management Co (SKB), Stockholm, Sweden

The Final repository for short-lived radioactive waste, SFR, was taken into operation by SKB in
1988 and was at that time the first facility of its kind. At current, SFR comprises 4 different rock
vaults and one silo, each with different types of barrier systems optimized for the different waste
types disposed therein. An extension of SFR is now being planned and once taken into full
operation SFR will comprise a total of 10 rock vaults and one silo, Figure 2.7.1.1.

Figure 2.7.1.1. A schematic illustration of SFR. The current facility comprises the rock vaults and
silo in the upper right of the image whereas the extension comprises the rock vaults in the lower
left.

In  SFR  vast  amounts  of  cementitious  materials  are  used  and  are  planned  to  be  used  in  the
engineered barrier systems of the different rock vaults and silo but such materials will also be used
in the plugs used to seal the rock vaults and the tunnel system.

The silo is a cylindrical vault in which a free-standing concrete cylinder has been built. The
concrete cylinder is made of in-situ cast concrete and founded on a bed of 90% sand and 10%
bentonite. The concrete cylinder is divided into a number of vertical shafts, and the gap between the
concrete cylinder and the surrounding bedrock is filled with bentonite. The bentonite is a bentonite
from Milos (Greece) converted from its original Ca-form to the Na-state by soda treatment. The
rock walls are lined with shotcrete, and a rock drainage system is installed between the bentonite
and the bedrock [1].
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Figure 2.7.1.2. An illustration of the topmost part of the silo showing the concrete structure and the
bentonite layer in the slit between the concrete structure and the surrounding bedrock.

Bentonite will also be used in the plugs in the tunnel system (Figure 2.7.1.3) but also in plugs
sealing the rock vaults.  The purpose of these plugs is  to minimize the flow of water in the tunnel
system as well as between the tunnels and the rock vaults.

Figure 2.7.1.3. Schematic reference design of plug in access tunnels. Legend: 1) Backfill of
macadam 2) Constraining wall 3) Concrete 4) Bentonite 5) Working direction.

SKB is currently also planning for the Final repository for long-lived radioactive waste, SFL which
will be located at a depth of 300–500 meters in granitic bedrock [2]. This repository is planned to be
taken into operation around the year 2045 and comprises two rock vaults, one for metallic waste
such as reactor pressure vessels and core components from the dismantling of the Swedish nuclear
power  plants,  BHK,  and  one  for  the  legacy  waste  from  the  development  of  the  Swedish  nuclear
programme, BHA.

In BHK, the barrier system comprises a concrete structure surrounded by a layer of concrete with a
thickness of about 2 meters on all sides, Figure 2.7.1.4 left image, whereas in BHA the concrete
structure is instead surrounded by a thick layer of bentonite clay, Figure 2.7.1.4 right image.
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Figure 2.7.1.4. Left image: Schematic illustration of the preliminary cross-sectional layout of the
repository section for the metallic waste, Legend: 1) Theoretical tunnel contour. 2) Concrete. 3)
Grout. 4) Reinforced concrete (0.5 m). 5) Steel tank. 6) Concrete. Right image: Schematic
illustration of the preliminary cross-sectional layout of the repository section for the legacy waste.
Legend: 1) Theoretical tunnel contour. 2) Bentonite pellets. 3) Grout. 4) Concrete structure for the
operating phase (0.5 m). 5) Granite pillars. 6) Waste container. 7) Bentonite blocks.

In the repository components described here interactions will occur between the cementitious
materials and the bentonite clay (silo, BHA and plugs) or between the cementitious materials and
the adjacent bedrock (BHK) affecting the properties of these materials. Previous studies (see e.g. [3]
and [4]) have indicated significant alterations (though not detrimental from the perspective of long
term safety) of the mineral composition in both the silo concrete structure and the surrounding
bentonite during the period after closure. However, further studies are required in order to ensure
that similar alterations do not compromise the safety functions of the engineered barrier system as a
whole in other repository components.
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2.8 Switzerland

2.8.1 Swiss repository concept and cementitious materials

Veerle Cloet 1 and Urs Mäder 2

1 Nagra - National Cooperative for the Disposal of Radioactive Waste, Switzerland
2 University of Bern, Switzerland

The overall approach to implementing deep geological disposal in Switzerland foresees two types
of geological repositories: a high-level waste repository (HLW repository) for spent fuel (SF),
vitrified high-level waste (HLW) and long-lived intermediate-level waste (ILW); and a repository
for low- and intermediate-level waste (L/ILW repository). The procedure and the criteria for the
selection of sites for deep geological repositories are specified in the concept part of the "Sectoral
Plan for Deep Geological Repositories" (BFE 2008). The procedure consists of three stages and will
ultimately lead to the identification of the sites for repository implementation, the definition of the
main features of the repositories and the granting of the general licences. In Stage 1 of the Sectoral
Plan, potential host rocks and associated geological siting regions were identified and entered in the
Sectoral Plan with a decision by the Federal Council (BFE 2011). In the course of Stage 2, Nagra
proposed for both repository types the two geological siting regions “Jura Ost” and “Zürich
Nordost” (Nagra 2014) for further investigations in Stage 3. In these siting regions, Opalinus Clay
has been identified as the preferred host rock for both repository types.

The HLW repository concept in Opalinus Clay envisions an array of long (ca. 800 m) parallel
emplacement rooms (tunnels) at a depth of 600 to 900 m containing SF or HLW canisters, with the
region around the canisters filled with bentonite, as shown in Fig. 3-1a. ILW, with much lower
activity than SF or HLW, is emplaced in separate rooms (caverns), each about 8 m in width and up
to 200 m in length, which are supported by concrete liners and backfilled with cementitious mortar.
Access to the repository will be provided, during construction and operation, by a ramp and/or by
shafts. For tunnel support, a low-pH shotcrete liner would be used, with an intermediate hydraulic
seal placed between every tenth canister (Nagra 2010). The hydraulic seal would comprise
bentonite of higher density than that used around the disposal canisters, constructed using a
combination of blocks and pellets. The purpose of this structure is to maintain a certain hydraulic
and gas permeability in case skin formation between concrete and either claystone or bentonite
might lead to unwanted complete sealing.
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Figure 2.8.1.1. Nagra HLW repository concept: (a) repository layout and detail of Engineered
Barrier System; (b) longitudinal section of emplacement tunnel showing liner and hydraulic seal.

Figure 2.8.1.2 presents a schematic view of a generic layout of the L/ILW repository, displaying the
main elements of the underground structures, namely the access tunnel and shafts, the operations
and  access  tunnels,  the  pilot  repository,  the  rock  laboratory,  and  the  emplacement  tunnels  (also
termed caverns).

Figure 2.8.1.2. Schematic layout of a generic concept for a L/ILW repository.

The disposal containers for L/ILW are emplaced in caverns with a cross section of approximately
11.0 × 13.2 m (design variant K09)1. The length of the caverns is approximately 200 m, but can be

1 Several cavern size options have been considered by Nagra for L/ILW caverns (Nagra 2010). Because of stability considerations
and concerns about excavation disturbance having a negative impact on characteristics of Opalinus Clay, the large diameter
cavern concepts, K12, K16 and K20 are considered much less suitable than K04, K06 and K09.
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longer or shorter. The caverns need to be supported with rock bolts and sprayed concrete lining
including reinforcement (steel wire mesh).

As soon as the emplacement of waste containers in one disposal section of a cavern is completed,
the voids between the containers and the cavern lining are backfilled with cementitious mortar
(Jacobs et al., 1994). Once all sections of the cavern and the top heading are backfilled the enlarged
section of the branch tunnel at the caverns entrance is also backfilled with the same mono-grain
mortar. Each cavern is closed with a concrete plug.

The cementitious materials have not yet been specified for some components (Tab. 2.8.1.1).
Different types of plugs and seals are not considered in this summary, and are not yet finalized.
Currently, Nagra has developed one reference mortar recipe (Mortar 1) that will be used for the
backfilling of the ILW and L/ILW caverns. A previously developed recipe (Mortar 2) which is a
highly porous, low viscosity mortar will not be developed any further as it contained Aluminium
powder, which is disadvantageous for long-term safety (gas production). Preliminary requirements
on the porosity and permeability of the concrete components in the L/ILW repository (plugs, seals,
construction concrete, backfill) were described in Nagra (2008). However, the concrete recipes to
achieve these requirements were not yet defined. The concrete/mortar recipes used for the waste
emplacement and repository containers are confidential in nature as they are being defined by the
waste producers (NPP).

Table 2.8.1.1. Cementitious components in repositories.
Repository Component Specification/options
HLW/ILW Liner for SF drifts No reference recipe defined yet, currently ESDRED* as

most likely cement
Liner for ILW caverns No reference recipe defined yet: ESDRED or OPC
ILW waste matrix No publicly accessible reference reports available
ILW back-fill NTB 12-11: Jacobs et al (1994): Hochpermeable,

zement-gebundene Verfüllmörtle für SMA Endlager
L/ILW Liner for caverns No reference recipe defined: ESDRED or OPC

LLW waste matrix No publicly accessible reference reports available
LLW back-fill NTB 12-11: Jacobs et al: Hochpermeable, zement-

gebundene Verfüllmörtle für SMA Endlager

The long-term geochemical evolution of the near-field for a HLW repository, including cement/clay
interaction is described in Bradbury et al. (2012), including reactive transport modelling. The
authors use a low-alkali cementitious product (ESDRED shotcrete, Alonso et al. 2009) – one option
in Nagra’s concept – in their calculations, in contact with MX-80 compacted bentonite and
Opalinus Clay. The thermodynamic approach chosen is based on global free energy minimization
and assuming chemical equilibrium. The geochemical evolution of the near-field surrounding an
LLW is described in Kosakowski et al. (2014).
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2.9 United Kingdom

2.9.1 State of the art review of the NRVB: A UK high pH backfill cement

R. G. W. Vasconcelos, J. L. Provis, C. L. Corkhill

Immobilisation Science Laboratory, Department of Materials Science and Engineering, University
of Sheffield, Sheffield, S1 3JD, United Kingdom

Introduction

The current concept for the disposal of intermediate level radioactive waste (ILW) and high level
waste (HLW) in the UK is based on a multi-barrier Geological Disposal Facility (GDF) [1]. In one
of the concepts under consideration for geological disposal of ILW, waste will be conditioned (e.g.
by encapsulation with a cementitious grout), packaged in steel or concrete containers and placed in
vaults excavated deep underground in a higher strength fractured rock. The vaults will be backfilled
with a cement-based material, the NRVB (Nirex Reference Vault Backfill), which was specifically
designed for this purpose [2].

The main function of the backfill is to provide a chemical barrier to radionuclide release to the far
field [2]. For this purpose, the NRVB has an important role as an engineered barrier to achieve the
necessary degree of long-term waste isolation and containment for the GDF. This cementitious
backfill material has been specified to fulfill a number of benefits [2]:

Long-term maintenance of alkaline porewater chemistry to suppress dissolved
concentrations of many important radionuclides. The NRVB can chemically condition the
groundwater to high pH for long-time scales;
Long-term maintenance of a high active-surface-area for sorption of key radionuclides,
mainly due to the calcium silicate hydrate (C-S-H) formed during the hydration of cement.
This amorphous cement hydrate mineral is highly porous and can provide a very large
surface area onto which many key radionuclides would sorb;
Relatively high permeability and porosity to ensure homogeneous chemical conditions and
to allow the escape of gas generated by chemical reactions within the repository;
Long-term reactivity with carbon dioxide. NRVB will remove carbonates from inflowing
groundwater and also non-active and 14C-containing CO2 produced from the degradation of
particular radioactive wastes, such as graphite, cellulose and irradiated metals, by forming
low solubility carbonates;
Possibility for reversibility / retrievability due to the low strength of NRVB, which facilitate
the possibility of re-excavation of the vault to gain access to or remove waste packages [3,
4].

We here present a review of the literature pertaining to the NRVB, detailing the current
understanding of the characteristics and properties relevant to its use as a backfill material in a UK
GDF constructed in high strength rock.

Composition and Chemical Analysis

The NRVB is a high porosity cement composed of Portland cement (CEM I 52 5N), hydrated lime
(calcium hydroxide, Ca(OH)2) and limestone flour (calcium carbonate, CaCO3). The target
formulation for this material is: 450 kg m-3 Portland Cement (PC), 170 kg m-3 hydrated lime, 495 kg
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m-3 limestone flour and 615 kg m-3 water; water / cement ratio of 1.37 and a water / solids ratio of
0.55, by mass [2].

When in contact with water, the hydration of PC occurs forming a mixture of mineral phases that
provides the main properties of this cementitious backfill. The products from this reaction are
calcium silicate hydrate (3CaO·2SiO2·4H2O or C-S-H), calcium hydroxide (also known as
portlandite, Ca(OH)2 or CH), ettringite (Ca6Al2(SO4)3(OH)12·26H2O  or  C6AS3H32) and
monosulphate aluminate hydrate (Ca4Al2SO4·6H2O  or  C4 H12)  [1,  2,  5,  6].  C-S-H  and  CH  are
considered to be the most significant cement hydrate phases, because they are expected to provide
the majority of the buffering capacity [2]. According to a model based on the mineral assemblages
(at short-term (early ageing) and high temperature (80 °C)) studied by [7], the initial mineralogy (28
days of curing) of NRVB can be presented as:

Table 2.9.1.1. Short-term high temperature model (80 ºC) (adapted from [7]).

Component Abbreviation Content in dry NRVB
(mol m-3)

Portlandite CH 3704
Calcium silicate hydrate C-S-H 758
Hydrogarnet C3AH6 311
Calcite CaCO3 4950

Figure  2.9.1.1  shows X-ray  diffraction  (XRD) patterns  from fresh  NRVB and NRVB cured  for  4
months and 3 years [8]. The fresh NRVB is dominated by calcite, whereas in cured NRVB (both 4
months and 3 years) the phase assemblage is dominated by portlandite, with also a significant
calcite contribution. These analyses do not identify C-S-H, because C-S-H, and possibly other
hydrated products, may exist in the form of amorphous rather crystalline structures [9], hence no
crystalline diffraction peak is observed.

Figure 2.9.1.1. XRD spectra of fresh NRVB powder, NRVB after 4-months curing and NRVB after
3-years curing (from [8]).

Figure 2.9.1.2 shows the relationship between the temperature and weight loss of the NRVB when
heated to 1000 °C, using differential thermal analysis (TGA) and derivative thermogravimetric
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analysis [9]. The peak identified at 130 ºC is attributed to the loss of chemically bound water in C-
S-H. Between 400 to 460 °C, a peak related to the dehydration of calcium hydroxide is observed
[9]. A third peak, at 650 to 770 °C, is attributed to the weight loss due to the decomposition of
CaCO3 and the consequent release of CO2 [9].

Figure 2.9.1.2. TG/DTA/DTG curves of fresh NRVB (from [9]).

Properties

The general properties of NRVB, summarized by [2, 10] are detailed in Table 2.9.1.2.

Table 2.9.1.2. NRVB properties (adapted from [2, 10]).

Property Measured value
Bleed (standard 100mm high column and 900 mm column) 1.7%
Adiabatic temperature rise ± 40 ºC

Setting time Initial - 4 hours
Final - 4 hours 50 minutes

Density (100 mm cubes) Saturated - 1731 kg m-3

Oven dried - 1095 kg m-3

Compressive strength
7 days - 4.95 MPa
28 days - 5.95 MPa
90 days - 6.26 MPa

Flow time Initial - 12.0 seconds
At 1 hour - 14.0 seconds

Gas permeability Dry - 2 x 10-15 m2

Saturated - 5 x 10-17 m2

Water permeability 1 x 10-16 m2
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It  is  clear  that  NRVB  is  a  very  porous  cement  that  allows:  gas  migration;  high  alkalinity  for
chemical conditioning; low bleed and high fluidity for good void filling; and relatively low strength
to facilitate the possibility of re-excavation of the vault to gain access to or remove waste packages,
if required [2]. The literature pertaining to the key mechanical properties of NRVB are detailed in
the following section.

Strength (compressive strength)

The compressive strength of NRVB is gained mostly in the first 7 days of curing, with a final value
of about 4.95 MPa [2]. After this time, the compressive strength increases a small amount from ~
5.95 MPa to 6.26 MPa from 28 to 90 days.

Since the repository operating temperatures will be higher than the 20 °C used for standard cement
curing, studies have been performed to assess the effect of elevated temperature curing on strength
[2]. Results showed that by increasing the temperature of curing there is a reduction in the strength,
for example after 28 days of curing at 90 °C the strength was about half the strength achieved at 30
°C [2]. Similar results have been obtained with Portland-limestone cement (PLC), where the
increase of the temperature influences negatively compressive strength [10, 11].

This  relatively  low  strength  of  NRVB,  for  example  compared  to  a  BFS/PC  grout,  which  has  a
compressive strength (depending on the proportion of BFS (between 10% and 35%) and PC used)
between 26 and 32 MPa (at 7 days of curing), approximately 40 MPa (at 28 days of curing) and
between 44 and 51 MPa (at 90 days of curing) [12], is to facilitate the possibility of re-excavation of
the vault to gain access to or remove waste packages, if necessary [13]. This was identified as a
stakeholder requirement for the siting of a geological disposal facility [3].

Porosity

NRVB was developed to be highly porous. High porosity is advantageous for the following
purposes [2]:

Allows the diffusion of any gaseous discharge from the waste packages (e.g. H2, CO2 or CH4
gas), that would otherwise build up and pressurize the geological disposal facility vault;
Allows the ingress of groundwater, leading to rapid saturation. Under these conditions, the
chemical buffering capacity of the backfill will be initiated due to dissolution of the cement
phases by groundwater. Additionally, water will begin to corrode the steel waste containers,
leading to hydrogen production and the onset of reducing conditions.
The high surface area afforded by such high porosity gives rise to a large surface area
capable of sorbing radionuclide species, as discussed in Section 4.

Mercury intrusion porosimetry for large pores and nitrogen desorption for small pores was used to
determine a fractional porosity of approximately 0.55 [2,14]. However, as stated by Bamforth et al.
[15], these measurements involve drying samples, which tends to increase the porosity by
generating capillary stress, cement hydrates (ettringite, AFm, C-S-H) desiccation and potential
microcrack generation in relationship with internal thermohydric stress [16], and therefore some
uncertainty in the porosity measurement may be expected; this is unlikely to significantly influence
the post closure safety case [14]. It is not currently well understood how interaction of NRVB with
groundwater, which may induce precipitation of phases throughout the grout matrix, may influence
the porosity.
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Permeability

The NRVB permeability coefficient is approximately 1 x 10-16 m2 [2]. This value was obtained in
uncracked backfill by monitoring inflow and outflow rates until they reached a steady state
(reported on the basis of an unspecified testing method). Because cracks may develop as a result of
plastic settlement, early-age thermal contraction and expansion of the waste packages (corrosion),
and they contribute to the effective permeability, a value for cracked NRVB of about 4 x 10-13 m2

has been estimated [15]. Consequently, groundwater may flow through the cracks.

Gas Permeability

After closure, the formation of gases is expected to occur. These gases can be generated by different
mechanisms: i) Magnox spent fuel cladding (a Mg metal alloy) will generate hydrogen gas upon
contact with water; ii) under anaerobic conditions, uranium metal and steels will corrode to produce
hydrogen; iii) microbial degradation of organic compounds may generate methane and carbon
dioxide and; iv) radiolysis of water will lead to the generation of hydrogen and oxygen [17].

One  of  the  requirements  for  NRVB  is  that  the  permeability  should  be  sufficient  to  allow  gas
movement without significant over-pressurisation and cracking [2]. Harris and colleagues [17]
studied the gas permeability coefficients for argon and helium in a membrane of NRVB 20 mm
thick (average pressure of 100 kPa), and obtained a permeability coefficient of approximately 2 x
10-15 m2 in dry conditions and 5 x 10-17 m2 in saturated grout. It was also possible to conclude that
the NRVB is able to release gas in a sufficient rate without generating cracks [17].

Cracking

The formation of cracks in the backfill material could influence the post-closure performance, since
they can influence the flow of groundwater through the repository (as stated above), effect the
chemistry of the pore water in the cracks, and impact upon the transport of radionuclides in solution
and the migration of gases [18].

When the tensile strain exceeds the tensile strain capacity of the material, cracking occurs [2]. The
cracking of NRVB may occur soon after backfill placement and as the backfill ages. The processes
by which the cracks are formed include:

Differential movement between backfill and waste packages or vault walls, where backfill
strains would arise from changes in temperature, moisture content, etc;
Internal pressures from the expansive corrosion of waste and containers or from gas
generated by metal corrosion or organic waste decomposition;
The precipitation of minerals such as magnesium hydroxide (or brucite) (formed by
interactions between groundwater or other components of the repository and the NRVB),
within the backfill porosity and the dissolution of calcium hydroxide and C-S-H minerals
(although this may also block cracks).

The mechanisms of crack formation include plastic shrinkage cracking, plastic (differential)
settlement cracking, and thermal cracking [19]. The former occurs when the water is evaporated
from the surface more quickly than the rate of bleed water arrival. When there are different depths
of backfill adjacent to each other at the top of a waste package, this produces a plastic settlement
cracking. Also, when there are changes in temperature this can create thermal expansion and
contraction and, potentially, strain that could cause thermal cracking. These changes in temperature
may be caused by the heat generated by the cement hydration reaction in the NRVB and by the
radiogenic heat produced by radioactive decay of the radionuclides in the waste packages [19].
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Backfill separation from the vault walls may be a consequence of the chemical and thermal
shrinkage. This gap may provide a flow-path for the groundwater to bypass the waste, and reduce
the likely transport of radionuclides out of the waste [19].

Sorption Capacity

The primary function of NRVB is to chemically condition the environment of the near field. This is
achieved by maintaining a high pH and establishing reducing conditions, produced by the corrosion
of metals in the wastes and containers, which minimizes the solubility of many radionuclides
present in the waste. The backfill also provides a high sorption capacity that, together with the
limitation of solubility, reduces the mobility of radionuclides [8, 20–22].

To produce a near field pH of 10.5 or greater, and a reducing redox potential determined by the
iron-uranium redox couple, it is necessary that the chemical condition is dominated by the
dissolution  of  the  NRVB,  the  corrosion  of  iron  and  the  presence  of  uranium oxides  in  the  waste.
With these conditions,  the thermodynamically-stable solid phases will  be predominantly oxides or
hydroxides, which for many radionuclides are relatively insoluble [2, 13].

There are two processes for the removal of dissolved chemical species from a solution, namely
precipitation (including substitution in existing solids) and sorption [22]. Precipitation requires the
formation of new solids, where the chemical species removed from solution are transferred. This
occurs when the concentration of solute species reaches saturation or supersaturation with respect to
the relevant solid phase, so radionuclides that are present in the waste as soluble chemical
compounds will react with the high pH water to form oxides and hydroxides (relatively insoluble).
This will cause the precipitation of radionuclides from solution, resulting in a reduction of the
transport of radionuclides in groundwater [13]. Sorption, the binding of soluble chemical species to
solid surface, includes all the processes that can retard the migration of aqueous species by reducing
the apparent concentration in solution. These include two processes that can operate
simultaneously: absorption and adsorption, the latter of which can be either chemical or physical
[2]. NRVB has a high internal surface area of about 2.8 x 104 m2 kg-1 for sorption [2].

The main elements that are affected by the chemical containment of NRVB are the actinide
elements, such as thorium, uranium, plutonium, and others, and other metallic elements such as
nickel, zirconium and tin [13]. Other long-lived, non-sorbing radionuclides such as iodine-129 and
chlorine-36 may be partially retained by NRVB, however technetium-99 sorption occurs only when
anaerobic conditions prevail [8, 14, 23].

Of the cement hydration products, the phase that contributes significantly to the cation sorption
capacity of NRVB is C-S-H gel, because it has a large specific surface area comprised of acidic
silanol sites (Si-OH) where most of the radionuclides bind [24, 25]. However, because the silanol
surface is modified by sorption of calcium ions present in the pore water (concentration controlled
by the Ca/Si ratio of NRVB), dissolved cationic radionuclides compete with the calcium ions in
solution for silanol sites [2].

Several studies have been made to access the sorption capacity of NRVB, and three techniques were
used: batch-sorption, through-diffusion and pore-expression [2]. In the batch-sorption technique
samples  of  NRVB  are  crushed  and  equilibrated  with  solutions  of  sorbing  radionuclide,  and  the
distribution coefficient, Rd, is obtained (Equation 1):

Rd = V (C0 – Ct) / M Ct (Equation 1.)
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Where  V  is  the  volume  of  solution,  M  is  the  mass  of  solid,  C0 is  the  initial  concentration  of  the
radioelement in the solution and Ct is the final concentration of the element in solution at the end of
the experiment. The main advantage of the batch-sorption method is the measurement of strongly-
sorbing species and this has been extensively used to obtain data for a range of radionuclides and
materials [2]. The disadvantages are related to the fact that the samples are crushed, giving a
modified surface area, and also the low solid to liquid ratios. However, some authors argue that
because NRVB is a highly porous material, variations in particle size are found to have little effect
[2].

In the through-diffusion test, a disc of NRVB separates two reservoirs; one containing a solution of
the radionuclide of interest, and the other containing a radionuclide-free solution. The diffusion and
sorption properties of the radionuclide can be obtained from analysis of the breakthrough curve, i.e.
the time and rate at which radionuclide builds up in the second reservoir. For some strongly-sorbing
radionuclides it can take many years to achieve breakthrough. In this case, sorption parameters can
be obtained from the concentration profile in the disc [2]. This method has the beneficial of being
simple, robust, cost-effective and provided reproducible results [21].

In the pore-expression method, small cylinders of cured NRVB are used for the extraction and
analysis of pore fluid using a high force hydraulic press. This technique has the advantage of
allowing data to be obtained at realistic water-to-solid ratios and is suitable for both weak and
strongly sorbing species.

Felipe-Sotelo  et  al.  [8]  studied  the  sorption  behavior  of  I-, Cs+, Ni2+, Eu3+, Th4+ and  UO2
2+ on

NRVB, at a pH of 12.8, by using batch sorption experiments. It was possible to observe that I- and
Cs+ had  low  sorption  onto  NRVB,  and  in  the  case  of  Th4+ and  UO2

2+ significant concentrations
were retained in this cementitious backfill. For the uptake of Ni2+, it was postulated that this was
primarily due to solubility related factors, and not by sorption alone. It was observed that for Ni and
Eu, the limestone flour proportion of NRVB showed the highest partition coefficient, while in the
case of Cs, Th and U it was the Portland cement [8].

One important aspect to be considered when studying the sorption capacity of NRVB is the ageing
of this material, because it is known that cementitious materials alter with time [2, 20, 26]. Several
factors can contribute to these alterations: the evolution of the amorphous phases to more stable
crystalline forms, as the case of C-S-H; the elevated temperatures observed post closure, also
known as hydrothermal ageing; and interactions with groundwater, resulting, for example, in the
dissolution of portlandite and C-S-H [20].  An experiment was carried out by Baston et  al.  [20] to
assess the main changes in the composition and characteristics of aged NRVB. X-ray diffraction
analysis of aged NRVB (Figure 2.9.1.3) revealed the absence of portlandite. Despite this deviation
from un-aged NRVB, little alteration in the sorption of uranium, neptunium, zirconium and tin onto
NRVB was observed. The authors contributed this to a high sorption capacity of C-S-H, even after
conversion from a gel to more crystalline forms [20].
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Figure 2.9.1.3. X-ray diffractograms for (a) untreated NRVB; (b) leached for 541 days; (c) NRVB
leached for 1272 days; and (d) NRVB subjected to leaching followed by hydrothermal treatment,
with principal peaks indicated (from Baston et al. [20]).

Some authors consider that radionuclides sorbed onto backfill may be slowly mineralized, and with
this incorporated in solids with lower solubility phases, as the backfill ages. This process may
provide an irreversible mechanism of retention of radionuclides but has not been fully investigated
in NRVB over long time scales or in the presence of groundwater species [2].

Buffering Capacity

To achieve chemical containment of long-lived radionuclides in the waste, NRVB has the capacity
to buffer repository porewater at high alkalinity for a long period of time [2]. In the beginning, the
main components of NRVB are expected to be alkali (i.e. Na, K) hydroxides/sulfates; portlandite
Ca(OH)2; calcium-silicate-hydrate (C-S-H) gels; calcium carbonate CaCO3; and hydrated calcium
aluminates [1, 2, 5–7]. The total calcium hydroxide content of the NRVB (from lime additive and
PC) is approximately 4700 moles m-1. The initial porewater pH will be of about 13.5 caused by the
dissolution of the more soluble sodium and potassium hydroxides. After the removal of the alkali
metal salts, buffering will continue by the dissolution of portlandite. A solution saturated with
respect to portlandite is formed with a pH of about 12.5 at 25 °C, equivalent to a hydroxyl molality
of 0.03 mol kg-1 water and a total calcium concentration of about 0.02 mol kg-1 [2].  After  the
calcium hydroxide has been exhausted, pH buffering will occur by the incongruent dissolution of C-
S-H phases with relatively high calcium/silicon molar ratios (Ca/Si) of ~1.5. From this, dissolution
will result in the release of calcium and hydroxide ions, thus lowering the Ca/Si ratio and reducing
the pH value at which the water is buffered [6, 29].
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The  timescale  and  capacity  for  buffering  by  portlandite  is  dependent  on  the  initial  quantity  of
NRVB in a vault, the amount of the calcium hydroxide-content of the NRVB consumed by reaction
with wasteforms and the rate of groundwater leaching [2]. Also, the quantity of C-S-H gel that will
be available to buffer porewater pH will depend on the quantity of backfill material used to achieve
buffering by calcium hydroxide under a given set of conditions.

Influence of groundwater on buffering capacity

High pH cementitious backfill materials are expected to strongly influence the chemistry of the near
field.  The  evolution  of  the  chemistry  of  these  materials  in  a  GDF  is  mainly  dependent  on  the
geochemistry and flow rate of the groundwater [10, 28].

Groundwater is expected to react with NRVB and the intermediate level wastes it encapsulates,
which contain magnesium, sulfur and aluminum. These interactions may result in the formation of
some secondary minerals, such as calcite, brucite, ettringite, hydrogarnet, CO3-hydrotalcite and Al-
monocarbonate [1, 6]. Such secondary minerals could continue to buffer the porewater at pH values
of 10 to 12 [6] and are expected to precipitate in the NRVB porosity and subsequently become
mineralized or re-dissolved [2]. The main consequence of the precipitation of secondary phases is
the  reduction  in  the  NRVB  porosity  in  the  region  where  groundwater  flows  into  a  vault.  This  is
particularly the case for high carbonate-containing ground waters, due to the precipitation of calcite
and other Mg/Ca bearing phases. The result is that subsequent inflow, and gas migration pathways,
will be reduced [2]. It is important to emphasize that these precipitation reactions will depend on the
composition and concentration of the groundwater solutes [28], which will depend on the specific
location of the GDF (e.g. in a clay, granite or evaporite host rock).

Numerous modeling studies have been performed to understand the pH evolution on leaching
NRVB [1]. Figure 2.9.1.4 describes one such study [1], which gives the four sequential stages of
cement dissolution.

Figure 2.9.1.4. Schematic representation of the evolution of pH at 25 °C in cement pore fluid as a
result of groundwater leaching (from [1]).
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A series of accelerated leach testing experiments have been performed to demonstrate the ability of
NRVB to buffer simulated groundwater [30].  In these experiments,  it  was possible to observe the
removal of all calcium hydroxide, and consequent buffering controlled by the dissolution of the C-
S-H gel, at a pH of about 11. During the test, the porosity was measured and an increase of about
20% was observed, but the sample remained intact. A surface coating of brucite (magnesium
hydroxide) was formed at the region of inflow, which reduced the permeability coefficient by about
an order of magnitude [2].

A long-term leaching study (run for up to two years) was carried out to provide data on the
evolution of pH during extensive leaching of the NRVB [5]. Three different leachant compositions
were used (deionized water, 0.1 M and 1 M NaCl solutions). In this study it was found that there is
sufficient alkaline buffering capacity present to maintain the leachate above pH 10 for 1000
cumulative specimen volumes for all three leachants. It was also observed that the trend of
reduction in pH from the pH 12.5–12.6 plateau was in the order of 1 M NaCl > 0.1 M NaCl >
deionized water. This indicates that chloride will increase the rate of leaching of the calcium within
cementitious materials.

NRVB Carbonation

In GDF conditions, carbonation of the NRVB may occur at several stages: during backfilling at the
end of the operational phase of a repository (NRVB could react with carbon dioxide in the air of the
vaults); during the post-closure phase when the repository has re-saturated and alkaline degradation
of organic material in the waste could produce carbon dioxide; and also during this last phase when
carbon dioxide or carbonate species could be introduced in inflowing groundwater [2, 19].

For cement carbonation to occur, carbon dioxide must be dissolved in water and react with high
alkalinity components present in NRVB, i.e. products of cement hydration (for example, calcium
hydroxide, calcium silicate hydrate and various calcium aluminate hydrate or ferro-aluminate
hydrates). From this reaction, the products formed will be calcium carbonate, silica gel and
hydrated aluminium and iron oxides, while sulfate will convert to gypsum after complete
carbonation [9, 31]. The main effects of the carbonation are: the reduction in the buffering capacity
(i.e. in the pH) due to the consumption of calcium hydroxide and alterations to the physical
properties by decreasing the pore volume and permeability [9, 32]. Because there is a precipitation
of the CaCO3 in  the  pore  structure,  this  will  increase  in  volume  and  lead  to  structural  changes,
including changes to the density and porosity (Figure 2.9.1.4) [9, 31]. In Figure 2.9.1.5, VOI
(Volume-of-Interest) images from samples of NRVB that are carbonated and non-carbonated are
shown, with the respective differences in the fraction of pores. It can be observed that the
carbonated samples presented a reduced porosity compared to the non-carbonated samples,
associated with the precipitation of calcium carbonates [31].
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Figure 2.9.1.5. Selected VOI (a) carbonated sample, (b) partially carbonated sample, and (c) non-
carbonated sample. Top image: grey scale image, centre image: segmented into solid (white) and
pore (black) regions, and bottom image: segmented into large pores (black) (from Heyes et al.
[31]).

Some authors have observed that carbonation can also be associated with crack sealing, due to the
precipitation of CaCO3 [2].  It  was  also  found  that  the  gas  permeability  is  reduced  by  half  on
carbonation, but it was concluded that this will not adversely affect the transport of gases and fluids
through NRVB [32]. One advantage of carbonation is that the 14CO2 (g) generated will be absorbed
by the calcium component of the cement, thereby preventing the release of 14CO2 as a gas phase to
the far field or the biosphere [9].

Because of the changes in the physical and chemical properties of the cementitious backfill, some
studies have been carried out to understand the extent of carbonation in NRVB. The main
conclusions were: NRVB retards the migration of any released CO2; carbonation resulted in
consumption of portlandite; and XRD results showed that the hydrated cement phases were
completely replaced by calcium carbonate within the main region of carbonation [9, 31], as can be
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seen in Figure 2.9.1.6. When carbonation occurs, the peaks corresponding to calcium hydroxide are
no longer visible and the intensity of the peaks corresponding to calcium carbonate increase [9].

Figure 2.9.1.6. XRD diffractograms of fresh NRVB and carbonated NRVB; CC represents calcium
carbonated, and CH represents calcium hydroxide (from [9]).

C-S-H can also be affected during carbonation. Morandeau et al. [33] show that a decalcification of
C-S-H occurs in the presence of CO2.  This will  consequently lead to a smaller molar volume and
smaller Ca/Si ratio of C-S-H when compared to non-carbonated C-S-H. Moreover, C-S-H does not
release physical water during carbonation, unlike portlandite. This will result in a highly hydrated
silica gel [33].

Summary and Conclusions

For one of the UK GDF conceptual scenarios, intermediate level radioactive waste would be
backfilled by a cementitious material, called NRVB. NRVB is composed of Portland cement,
hydrated lime and limestone flour. This composition contributes to its specific properties, including
high porosity that allows the inflow of porewater and gas migration, low bleed and high fluidity for
good void filling, and relatively low strength to facilitate the possibility of re-excavation of the vault
to gain access to or remove waste packages, if necessary.

The primary function of NRVB is to maintain a high pH and reducing conditions that minimises the
solubility and transport of many radionuclides, and also to provide a high sorption capacity. C-S-H
is the by-product of cement hydration that contributes significantly to the sorption capacity of
NRVB, since it has a large specific surface area where most of the radionuclides bind (Si-OH).
Some factors can affect the capacity of sorption of NRVB, for example, ageing, the presence of
cellulose degradation products and colloids, the inflow of groundwater, and carbonation.
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A number of studies have been performed to understand how these factors can influence the long-
term capacity of NRVB to physically and chemically condition the radioactive waste, however
many of these are geochemical models with little experimental verification. It is recognised that
modeling is important to comprehend what happens in a long time scale (most of the times difficult
to replicate in a laboratory scale), however further experiments are required to obtain more precise
and confident data that can support the modeling findings, particularly with respect to the influence
of groundwater chemistry on the microstructure and buffering capacity.

In  the  Cebama  project,  we  aim  to  further  our  understanding  of  the  NRVB  material  through  the
following tasks:

1. Develop a mechanistic understanding of the processes governing interfacial groundwater/
NRVB reactions under a variety of relevant conditions. Influence of such reactions on the
physical properties of cement will be the main focus.

2. Develop a quantitative understanding of how interfacial cement alteration affects
microstructure under a variety of relevant groundwater conditions, including an
interpretation of changes to diffusive transport.
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3 Research methods

3.1 Testing methods for water-concrete interaction characterization

M.C. Alonso, J.L. Garcia-Calvo

CSIC High Research Council of Spain, Madrid, Spain

Leaching tests classification and selection criteria

Numerous types of leaching tests have been developed in order to verify the stability and
confinement of nuclear and hazardous wastes in construction materials [1–7]. Some tests methods
are focused to the confinement ability of the cement paste to retain the waste [7-9], while others
consider the leachability of cementitious materials in aqueous media [1, 10–14], focusing in
studying the stability of hydrated solid phases to know their integrity under water contact [10, 15–
23]. The characterisation of water concrete interaction using leaching tests have also devoted to
study the kinetics of the leaching process and the mechanisms of concrete degradation that are
involved in landfill [1, 7, 8, 10–13].

The appropriate selection of a testing method for characterisation of concrete performance under
different waters implies to know two main aspects:

1) The type of scenario to simulate.
2) The reproducibility of the leaching mechanisms involved.

Several testing protocols exist and have demonstrated their capacity; however, the classification of
leaching tests is a complex matter due to the wide number of parameters that influence the leaching
process:

With respect to the leachant: some factors include the type of water/concrete contact regime,
frequency of renewal, pressure, temperature, pH and ionic composition of the leaching
solution or the liquid/solid ratio.
With respect to the solid leaching sample: the size and geometry of leaching material, the
surface condition and porosity are important factors.
Also the field of application and the type of scenario to reproduce real conditions affect the
appropriate selection of the leaching test.

CEN/TC 292 [24] adopted a distinction of leaching methods in relation to the level of
understanding needed in practice, of the type: a) basic characterisation tests, b) compliance tests,
and 3) on-site verification tests. Another classification for laboratory leaching tests follow a division
into  three  groups  based  on  the  type  of  the  specimen  [14]:  1)  Extraction  or  Batch  Extraction
Tests/Acid Neutralisation Tests (ANT), 2) Leach Tests/Tank Water Test (TWT), and 3) Column
Leach Tests/Running Water Test (RWT). The main characteristics of this classification are
summarised in table 3.1.1. Besides other leaching tests based on the type of water interaction
mechanism used have been more recently developed, also included in table 3.1.1, identified as: 4)
Permeability/Percolation Tests and 5) Migration Tests.

The leachability of concretes (leaching kinetics) with respect to water aggression depends
significantly on the convection and contact regime, (water/concrete), the water running velocity or
the frequency of water renewal at the concrete surface. The Leach Test using [9] (Tank Water Test)
is more aggressive in the first stages of contact but the Column Leach Tests with running water
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leacheate more calcium at long-term [37, 41]. Besides, teaching mechanism may be altered due to
the convection regime of the water in contact with the concrete surface [30–33].

Table 3.1.1. Summary of the main characteristics of leaching tests types from the literature
according with classification described.

Type of
Leaching

Tests

Waste
form

Agita-
tion Leachant

Num.
of

extrac-
tions

Leaching
conditions

Expression of
the results Length Objective

Extraction or
Batch extraction
Tests/Acid
Neutralisation
Tests (ANT)
[8, 25–34]

Grounded/
Pulverised YES

Acid
orwater
(control of
pH)

One or
more

Leaching is
assumed to reach
equilibrium by the
end of one
extraction period.
The maximum, or
saturated, leachate
concentration

Leachate
concentration
or cumulative
fraction of total
mass leached.

Hours/
days

Accelerated, to
simulate worst
case of leaching
conditions.

Leach
Tests/Tank
Water Test
(TWT)
[1, 9, 10, 19–23,
35–37]

Monolithic NO

Deionised/
ionic water

One
(static)

Leaching takes
place under static
hydraulic
conditions. Low
leaching rates and
maximum leachate
concentration

Flux or mass
transfer
parameter like
the leaching
rate
Diffusivity

Weeks/
years

To simulate
leaching under
controlled
conditions, short-
term scenarios, in
which the waste
form is intactDeionised/

ionic water

Several
(dyna-
mic)

Non equilibrium
conditions in
which maximum
saturation limits
are not obtained
and leaching rates
are high

Column
Leach
Tests/Running
Water Test
(RWT)
[21–24, 37–42]

Grounded/
Monolithic

NO
(Flow
in co-
lumn)

Deionised/
ionic water Several Local steady state

(for up-flow test) Leaching rate Weeks/
years

Representative of
field leaching
conditions

Permeability/
Percolation-
Infiltration
Tests [20, 40, 43–
47]

Monolithic NO Deionised/
ionic water Several Non equilibrium

conditions

Water
permeability
coefficient
Ion leached

Weeks/
years

Representative of
field leaching
conditions

Migration
Tests [48–57] Monolithic NO Deionised one Non equilibrium

conditions Ion leached weeks

Accelerated to
simulate worst-
case leaching
conditions

As indicated above there is no agreement between the leaching method used concerning the regime
of leachant/concrete contact but also no agreement exists in testing methodologies with the
selection of leachant composition. For instance, tests using acid media as leachant agent are been
employed [1, 7, 10, 30], also deionised water [10], or water with chlorides [47], or even bubbling of
CO2 through the demineralised water [4], that affects the leaching of Ca. Deionised water [10, 13]
informs on the degradation stages, but in comparison with natural waters it may be considered too
aggressive. Bubbling of CO2 makes more representative the testing method, as this component
usually is present in real conditions [1]. The lower pH of the CO2-bubbling test provides a marked
degree of acceleration. Besides, the leaching mechanism is affected due to the precipitation of
calcite into the degraded zone [1, 37, 41]. Natural waters contain ionic species that may also affect
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the leaching process, such as, Ca+2, Si+4, Cl-, SO4
=, even Mg+2 and alkalis (Na+, K+) and also HCO3

-.
Obviously the hardness of the waters affects the leaching resistance of concretes [30–33, 47].

Description and protocols of leaching tests

A more detailed information of the leaching tests protocols included in table I are described below.

Extraction or batch extraction tests /Acid Neutralisation Tests (ANT) [8, 25–34]

Batch extraction tests have been used to identify the processes involved in the leaching of the
cement hydration phases [25–27, 31]. The leaching of cements pastes using this type of leaching
test proceeds towards the characterisation of the different stages and plateaus of the pH involved in
the process [31]. Therefore, the objective of extraction tests is to determine the maximum leachate
concentrations under a given set of testing conditions.

This test type involves agitation of ground or pulverized waste forms in a leaching solution in a
close  system,  as  that  shown in  figure  1-left  [30].  The  leaching  solution  may be  acidic,  neutral  or
variable throughout the extraction test. The tests may involve one-time or multiple extractions. In
either case, leaching is assumed to reach equilibrium by the end of one extraction period. A
derivation from these tests is that the pH may be adjusted to a specific value in order to determine
its influence on the release of the waste [10, 30]. The total acid or base neutralisation capacity of the
waste is so determined.

The progressive neutralisation of the alkaline cement paste may be followed by an acid attack and
the continuous measurement of the evolution of pH. It can be characterised by the milliequivalents
of  acid  (H3O+) needed to get the particular pH value, per gram of cement paste sample. The
experimental procedure consisted of a batch test, figure 3.1.1-left [30]. Mixes are ground and sieved
until a small particle size, less than 75 m are recommended. The powder (S) is then mixed with the
water (L) in a specific ratio, S/L = 1 is highly recommended [30], producing a homogeneous slurry.
Accelerated neutralisation test is performed in this slurry by adding acid or even granitic water at a
specified rate and stirring the sample vigorously to favour continuous mixture of the leachant and
the sample to reach the equilibrium. A nitrogen flow can be also bubbled in the system to avoid
carbonation [33, 34]. The leaching process can be interrupted at different stages and liquid and solid
phase sampling can be taken at different pHs, corresponding to progressive degradation stages of
cement paste. The solid part of the degraded cement paste is then freeze with acetone and ethanol
and samples vacuum filtered to avoid further continuation of interaction with water processes [33].
Further analysis of the leachates and solid phases can then be carried out with Batch extraction
tests.

The acid neutralisation capacity of various cements pastes have being determined in contact with
different acidic media (sulphuric, chloric and nitric acids) [10, 30, 34] in powdered samples,
differences in performance under a neutralisation test are shown in figure 3.1.1-right [30, 31, 33].
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Figure 3.1.1. Experimental set-up of a neutralisation test method and stages of acid neutralisation
of different cement pastes, from [31].

Respect to the type of acid to study the effect of decreasing pH (protonation) simulated of cement
paste, in case of using HNO3 as acid neutralisation media reactions between nitric acid and hydrated
cement are based in the neutralisation of the cement alkalinity with formation of soluble calcium
nitrate [30, 31, 33, 34]. For this reason, nitric acid is used to simulate the pH decrease due to the
dilution processes that occur when groundwater diffuse into the concrete. HNO3 has the advantage
of  forming  soluble  salts  which  simplifies  the  study  of  acid  attack.  Chemical  effects  on  cement
pastes due to the protonation by an acid will be:

1) Dissolution of minerals.
2) Precipitation of secondary alteration solid phases such of amorphous hydroxides or

other.
3) Released by dissolution of crystalline hydrates.
4) Precipitation of insoluble solid phases.

The use of granitic water is interesting due to its realistic nature. In this case the degradation process
is due to a combination of:

1) Dissolution of minerals.
2) Continued hydration (anhydrous clinker grains react with water forming more

portlandite and CSH gel).
3) Carbonation and precipitation of calcite as the principal secondary alteration phase.

The Leach Tests/Tank Water Tests (TWT) [1, 9, 10, 19–23, 35–37]

The typical Leach Test or Tank Water Tests (TWT) involves no agitation of the waste form, which
is monolithic, having a well-defined geometry. The leaching may occur under static or dynamic
conditions, depending on the frequency of the leaching solution renewal. In static leach tests, the
leaching solution is not replaced by fresh solution. In dynamic leach tests, the leaching solution is
periodically replaced; therefore, this test simulates the leaching of a monolithic waste form under
non-equilibrium conditions in which maximum saturation limits are not obtained and leaching rates
are high.

Some authors have used Leach Tests to study the leaching of hydrated cement phases, either in
static or dynamic conditions [1,  10,  19,  23,  28,  29,  35,  37].  The tests employed vary from one to
other on:

a) The size of the specimen used, monolithic, although most usual shape is cylindrical,
b) The periodicity of renewing of the leachant, and
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c) The composition of aggressive water, (acid, deionised water or granitic waters).

The kinetics of the leaching processes involved is better identified with this type of tests. In [28, 29,
35] cement pastes and mortars made of OPC were immersed in solutions containing acetic, nitric,
chloric or sulphuric acids and ammonium nitrate. A static regime of the leachant was considered.

The Leach Tests method used for studying the leaching resistance of cement pastes has been
modified based on the idea that acidic media are too aggressive and demineralised water has been
used [36]. In this last case two contact regimes are considered:

1) Using a dynamic system with a periodic renewal of the leachate, and
2) Modifying the leaching method fixing the pH of the water in contact with cement paste at

pH = 7, by continuous addition of nitric acid.

The second method allowed the determination of the amount of ions released and the kinetics of the
leaching process [23].

In the Leach Tests methods the steady-state concentration of an element in the liquid would depend
on the temperature and water velocity renewal frequency [36]. However, deionised water may be
considered a no realistic system and certain content of HCO3

- in the leachate are more
representative [23]. The predictive accuracy of short-term accelerated tests is also questioned [23].

Most of the experience using Leach Tests follows the standard ANSI/ANS-16.1-1986 9 :
“Measurement of the leachability of solidified low-level radioactive wastes by short-term test”,
procedure commonly used in testing cementitious materials for the nuclear industry. Testing
protocol and leaching estimation parameters are described below.

The test consists of a procedure in which the leachant is sampled and replaced at designated
intervals, as shown in figure 3.1.2. The procedure permits the accumulation of sufficient data in a
reasonably short time for quality assessment purposes. The data obtained from this standard are
expressed as a material parameter of the leachability of specific leached specie considered. This
parameter is called “Leachability Index”, also the effective diffusivity of leached species can be
obtained.

Figure 3.1.2-left shows a schematic drawn of the leaching arrangement employed [37]. The sample
must have a well-defined shape, mass and volume. The preferred test specimen geometry is
cylindrical and it shall have a length to diameter (L/D) ratio in the range of 0.2 to 5. The test does
not prescribe to maintain a fixed value of the pH of the leachant in contact with the concrete.

In this test the leachate is sampled and entirely replaced at designated time intervals, as suggested in
the ANSI test protocol [9], the water solution shall be sampled and replaced after cumulative leach
times. Under these conditions the mass-transferred equations permit the calculation of an effective
diffusivity of the concretes by the expressions given in the standard 9 . If  they are applied to the
amount  of  calcium  leached  from  the  concretes,  the  effective  diffusivity  of  Calcium,  DnsCa, is
estimated  from  (Eq.  1and  2).  The  leachability  index  of  Calcium,  LiCa,  is  also  obtained  using  the
(Equation 3).

T
S
V

t
A

a
D

n

n

nsCa

2

2

0 (Equation 1.)
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DnsCa = effective diffusivity of Calcium, cm2/s.
V = volume of specimen, cm3.
S = geometric surface area of the specimen from measured dimensions, cm2.
T = leaching time representing the «mean time» of the leaching interval, s.
an = activity of calcium released from the sample during leaching interval n.
Ao = total activity of calcium at the beginning of the first leaching interval, 30 s.

22/1
1

2/1

2
1

nn ttT (Equation 2.)

( t)n = tn – tn-1, duration of the nth leaching interval, s.

The Leachability Index of Calcium from the tested concretes is obtained through next (Equation 3):

n
nsCaCai DL

10

1
/log

10
1 (Equation .3)

Constant  = 1.0 cm2 s
DnsCa is the effective diffusivity of calcium calculated from the test data using (Equation 1).
LiCa = Leachability index of calcium.

Calcium leach follow a potential response from these method, as shown in figure 3.1.2-right, that
also depends on the frequency of water renewal, as studied in 37 .

Figure 3.1.2. Tank water test, left and cumulative calcium leached from different type of concretes,
right, from [37].

The Column Leach Tests/Running Water Test (RWT) [21–24, 37–42]

Column Leach Tests with flowing water have not commonly applied in testing degradation of
cement matrixes, in spite of running water simulates a real situation occurring when an aquifer
enters in contact with a repository. Few papers have been published employing a column leach test
type [21–24, 37–42].

The materials used were cementitious materials with variable geometries, granular [23] or
monolithic [22, 23], that are placed in a column, with a continuously contact with a new leaching
solution at a specified flow rate. The leaching solution is generally pumped through the waste in an
up-flow column set-up. A local steady state is assumed to be reached.
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While some experiences employed de-ionized water [21] also has been considered the addition of
sodium and magnesium sulfates [23] and also granitic waters with low ionic content [37, 41]. The
flow rates of water have been varied from 24–202 ml/h [21] to 140–210 ml/h [23]. However, slower
flows are expected in underground repositories as those tested in 7–14 ml/h [37, 41]. Also it is
expected that natural waters that contain dissolved ions are more representative than de-ionized
water.

Different leaching devices are used for running water test, as those used in 37, 41 . The method
works in an open system, similar to a leaching column with a continuous flow-up, as indicated in
Figure 3.1.3. In this particular arrangement, the water flow follows the up direction at a specified
rate [41]. Once the chamber is in contact with the concrete face (a) is filled, the leachant passes to
the next chamber, in contact with face (b) filling also in the up direction of the water flow. Periodic
sampling of the leachate can be made, so that the evolution of the ionic leaching water is followed
to characterise the leaching process and concrete degradation. Also the pH of the leaches evolution
is possible to follow, as shown in figure 3.1.3-right experience [37].

Figure 3.1.3. Running Water Test, left and pH of the leachates from different concretes, right, as
from [37].

Permeability/Percolation-Infiltration test [24, 40, 43–47]

This leaching method looks for the extraction of the concrete pore solution, in this case by miscible
displacement of the liquid inside the concrete pores using high pressure permeameter [24, 40] and
the  eluted  water  allows  the  measurement  of  the  ionic  concentration  and  the  pH [44,  45,  47].  The
method is also employed for the hydraulic permeability factor to be determined in cementitious
materials. Also hybrid systems made of monolitic concrete plus monolithic bentonite can be placed
in contact and interaction with ground waters flowing first through the concrete towards the
bentonite what made possible the study with this percolation test of both systems.

The Percolation leaching method is mainly developed to be used for characterizing the leaching
behaviour of the engineer barriers in radioactive waste repositories and for measuring the liquid
conductivity of porous construction materials but also pH alkaline plume from concrete can be
followed and water permeability coefficient can be also determined. There are two main testing
protocols used [43–46] that will be described.
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Percolation leaching test from [44, 45]

The objective of this testing method is to study the evolution of chemical and microstructural
changes occurring when materials are subjected to a continuous flow of groundwater. The
arrangement of the equipment used is showed in figure 3.1.4.

The sample preparation needs to employ monolithic samples, usually cylinders. The leaching tests
procedure is based in the next assumptions: Concrete or mortar sample is placed between two
cylinders of methacrylate containing holes for water inlet and outlet. The block is sealed with an
epoxy-resin in order to be sure that water pass only through the sample and measured fluxes are
correct. Once the samples are placed in contact, a water head between 0.5 and 5 bars (depending on
the sample tested) pressure is maintained to pass water from the concrete side and it is collected for
analysis. The permeability of the samples and the pressure applied to the water regulate the water
flow rate.

Figure 3.1.4. Arrangement of concrete sample under percolation test [44].

The main characteristics of this percolation test arrangement are:
3) Column leaching test (open system).
4) Unidirectional flow.
5) Control of the inflow and outflow solutions.
6) Material shape: monolithic (cylinders 50 mm diameter and 50 mm length).
7) Samples are saturated for 24 hours, before the starting of the test.
8) Water head of 0.5–5 bars

Percolation leaching test from [43, 46]

The authors develop a water percolation method in which pore solution is removed by miscible
displacement with water in a high pressure, Hassler cell permeameter described by Green [43],
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shown in figure 3.1.5. They studied different mortar samples and in this case the resultant solution
was analysed for chloride ion leaching (in this study the chloride have been deliberately introduced
into the mortar due to it focuses on the corrosion protection in embedded steel reinforcement).

The Hasller cell permeameter is a high pressure axial-flow permeameter designed to accommodate
the cylindrical core 25 mm in diameter and between 25 and 75 mm in length. Before being loaded
into the Hasller cell the sample must be saturated with water. The core is encased in a nitrile rubber
sleeve to which a containing pressure is applied such that the containing pressure exceeds the
pressure of the liquid flowing through the sample. The containing pressure seals the circumferential
face of the sample and ensures axial-flow. A chromatography pump provides a pulse-free constant
flow rate of liquid through the sample and the pressure necessary to maintain this flow is recovered.
A flow rate of 1 ml/min is used in each case, resulting in fluid pressures ranging between 0.1 and 1
MPa depending on the mortar composition. The containing pressure is held constant at 4 MPa. The
eluent is collected over the first 400 s and subsequently over 200 s intervals for a total of 30 min.
Both containing and fluid pressures are measured. For the pumped and saturated liquids being
completely miscible the latter is completely displaced. The pore solution is that eluted by the
pumped liquid, collected and then analysed for ions.

Figure 3.1.5. Hassler cell permeameter [43].

Changes in solid phases microstructure of concrete leached samples can be well characterised with
Percolation Leach Tests methods, as the experienced shown in figure 3.1.6-left at different
thickness  from the  water  source,  and  also  the  evolution  of  leached  ions  or  pH as  the  example  of
figure 3.1.6-right for low pH concrete experience with Aspöo granitic waters [47].

There is a decrease in ion concentration as the eluted water progresses: this means that in the
particular case of initial concrete pH determination only the first ml of water eluted could be used,
but the evolution of pH changes with leaching of concrete can be followed to determine the duration
of the alkaline plume of concrete. The water flow evolution induces changes in the equilibriums of
solid phases and dissolution of some soluble solids as portlandite. Samples with low porosity, low
water /cement ratio, etc., are too impermeable to allow measurable water flow in a short time.
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Figure 3.1.6. Solid changes in low-pH concrete depth in contact with granitic waters (left). pH
change evolution of eluates with leach time (Right), from [47].

Migration tests [48–57]

The more recent development of accelerated leaching tests is based on the application of electrical
fields (migration tests) to simulate the natural degradation of cementitious materials. The challenge
of this method is based on the assumption that cementitious materials have an internal pore network
full  of  an  aqueous  phase  with  different  ions,  therefore  when  they  are  submitted  to  an  external
electrical field, they behave as an electrolyte and ions inside are able to move driven by the
electrical field, causing the simultaneous dissolution of the solid phases which are no longer in
equilibrium with the pore solution, as the portlandite and calcium silicates hydrates [48, 49, 51, 53,
54].

Several researchers have applied this kind of methods to the study of the deterioration of
cementitious materials in contact with water [48–54]. In [50], after a very complete research
program it was stated that the application of an electrical field allowed the degradation of the
cement paste following simila mechanisms than in natural scenarios, although more aggressive for
work conditions water/concrete interaction. Therefore, this kind of test might be considered as
representative of the long-term leaching degradation.

Most of the work that can be found in the literature on this subject has been carried out on cement
paste or mortars [48–54]. However, as it is also some experience in concrete [55–57], but the study
of the leaching in concretes by this method is more difficult because the high resistivity of
cementitious materials implies a quite low current passing through the concrete even at high voltage
applied. In addition, characterisation of the degraded zones is difficult due to the presence of
aggregates, and also the determination, in a quantitative manner of the microstructure changes that
take place during these tests, becomes very doubtful.

In paper [55] the arrangement used was that shown in figure 3.1.7-left. In this migration test
concrete leaching acceleration was the main objective. A 10 mm thick concrete disc, previously
saturated under vacuum is used for separating the two chambers where cathode and anode were
placed. The electrodes used were of activated titanium, and the volume of each compartment filled
with granitic water. Galvanostatic tests were performed applying a constant current density passing.
A current density of 36 mA/m2 was imposed during 18 days. Periodically, samples in both
compartments  were  analysed,  and  the  evolution  of  Ca  ion  which  mainly  indicates  the  state  of
degradation of the concrete in the catholyte can be monitored. Also potentiostatic tests applying
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voltages of at least 30V were performed. Different levels of concrete degradation were obtained
following several periods of treatment. The coulombs, Q, passed were confirmed as the variable
that may define degradation. As a result, acceleration of the degradation process of concrete is
characterised and results are obtained within few weeks [55, 56].

Figure 3.1.7. Sketch of the fundamentals of the migration methods. Left from [55], right from [57].

Besides, the migration leaching test method has been employed to composite specimens of
compacted bentonite and hardened concrete that are connected each other. The arrangement used
was that shown in figure 3.1.7-right [57]. The steel cathode was immersed inside the compacted
bentonite and the anode immersed in the saturated calcium solution which is them in contact with
one cross section of concrete. A direct current of 15V was applied to the migration cell for
acceleration of the Ca migrations ions from the concrete towards the bentonite. This arrangement
allows  studying  the  effect  of  different  mix  proportions  of  concrete  on  the  alteration  of  the
characteristics of compacted bentonite. Also quantitative evaluation of the compacted bentonite was
provided.
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3.2 Methodologies to determine permeability and diffusivity in cementitious
materials

Q. T. Phung, N. Maes
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General introduction

Durability and performance of concrete are affected by a number of chemical degradation
phenomena such as carbonation, calcium leaching, sulphate attack, chloride attack, and corrosion of
the reinforcement bars [1, 2]. Diffusivity and permeability as macroscopic properties of concrete
determine how fast aggressive substances penetrate into concrete, thereby influencing almost all
mentioned degradation mechanisms. Therefore, these are fundamental parameters for characterizing
long-term performance of concrete rather than the standard compressive/tensile strengths. In this
section, a critical review on permeability and diffusion of cement-based materials is presented. The
existing methods, influencing factors and prediction of transport properties are introduced. The
advantages and disadvantages of different techniques are discussed.

Permeability

Introduction

The intrinsic permeability is the capacity of a porous material to transfer liquids through a fully
saturated pore network under a pressure gradient,  [Pa/m], and is determined by Darcy’s law [3]:

(Equation 1.)

Within the field of engineering, water permeability is normally expressed by the hydraulic
conductivity, kw, which is related to the intrinsic permeability, k, as:

= (Equation 2.)

where  is the density of water [kg/m3];  is the dynamic viscosity for water [kg/m.s]; and g is the
gravitation constant [m/s2]. The unit of the hydraulic conductivity (also called as permeability
coefficient) is [m/s], while the SI unit of intrinsic permeability is [m2].

Permeability generally depends on the features of the pore network of cementitious materials which
are quantified by variables as porosity, size distribution, tortuosity, connectivity, specific surface
and also micro cracks. These parameters are, amongst others, controlled by the water/cement (w/c)
ratio, the particle size distribution, the age of hardened cementitious materials and the ingress of
aggressive substances. Due to the importance of permeability, many methods to determine
permeability have been proposed [4–11] but none of them seems fully accepted worldwide.

Review of existing water permeability measurement techniques

A variety of methods has been proposed to measure permeability of cementitious materials but a lot
of  arguments/problems/issues  still  remain.  One  of  the  main  challenges  is  to  cope  with  the
continuous change in microstructure as a result of hydration of early age cementitious materials.
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Therefore, an appropriate method for measuring permeability requires a short measurement time. In
general, permeability measurements can be classified in two categories: direct and indirect methods.

Direct methods

Most direct methods for determining the permeability of porous materials rely on Darcy’s law. In its
basic form, the water flux through a disk-shaped sample is measured under a pressure gradient by
having a water head at one side of the sample, while maintaining the other side at atmospheric
pressure [12]. Based on the geometry of the sample, the permeability is calculated directly from
Darcy’s law. Although these methods are relatively simple, it can take a long time to reach steady
state flow conditions (in the order of several weeks for kw of 10-11 m/s). Unfortunately, hydration
during such long testing time can change the pore structure which could lead to changes in
permeability (usually decreasing the permeability). To reduce the required measurement time,
researchers propose to apply an additional pressure (e.g. 15 bar in [5]) rather than self-gravity of a
water head [5, 7, 13]. Nevertheless, due to the higher applied pressure, the probability of leakage at
the interface of the sample and the testing cell might be larger.

El-Dieb and Hooton [14, 15] introduced a triaxial cell that can measure permeability as low as 10-15

m/s which is a typical value for extremely low-permeable materials such as high performance
concrete or high strength concrete. A confining pressure is applied to a cylindrical sample through a
rubber sleeve to prevent leakage around the sides. The ratio of confining pressure to driving
pressure is recommended to be approximately 4 in order to increase the stability of the
measurement. The high-confining pressure condition raises the question whether it may modify the
pore structure due to the compression of pores or due to creation of artificial micro cracks, thereby,
leading to unrepresentative permeability values.

Figure 3.2.1. Triaxial cell to measure permeability [14].

Instead of imposing longitudinal flow, a radial flow through the sample is created by applying a
hydrostatic pressure to the outer surface of a hollow cylindrical sample resulting water to move
from the outer to the inner surface of a sample [7, 13]. By measuring the out-flow rate with a linear
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variable differential transformer [13] or with an out-flow measurement device [7], the permeability
is calculated by a modified form of Darcy’s law. There are several advantages by using the radial
flow method. Firstly, because of a larger contact area of the fluid compared to a longitudinal flow
setup, flow rates are higher and, thus, the accuracy of the measurements increases. Secondly, the
area which needs to be sealed is minimized; as a result the potential of leakage is decreased. Finally,
a hollow cylindrical sample may be easier to saturate than an equivalent solid sample. However, it
is quite difficult to prepare a hollow sample, especially, in the case of in-situ concrete.

Figure 3.2.2. Hollow cylinder dynamic pressurization test for measuring permeability [13].

Another promising method is the centrifuge technique which was first applied on soil materials by
Nimmo et al. [16, 17]. This method was recently standardized in the ASTM standard D6527 which
covers permeability measurements of any porous material [18]. A cylinder-shaped sample is put in
a centrifuge with a centrifuge radius of r [m], and a rotation speed of [rad/s]. The centripetal force
per  unit  volume,  - , is the main fluid driving force. The permeability can be calculated as
follows (the Eq. (1a) is  probably wrongly written in reference [19] due to missing term g which
leads to unit for permeability [m3.s/kg]):

(Equation 3.)

where q is the flux [m/s] and  [kg/m2.s2] is the matric potential gradient which is negligible if
rotation speed is above 400 rotations per minute [19]. An important advantage of the centrifuge
technique is that the centrifugal force is a body force which acts, similar to gravity, independently
of other driving forces over the entire porous material [19]. The magnitude of centrifugal force per
unit volume can be increased by increasing the rotation speed such that it dominates any matric
potential gradients. However, if the rotation speed is too large, the sample can be compacted under
equivalent pressure exerted by centrifugal acceleration. Additionally, this method can be used to
determine out-flow of unsaturated porous materials because it can fix the water content to achieve
hydraulic steady state which cannot be done by pressure driven techniques [19]. The centrifuge
technique is normally applied for materials of which permeability is not too low as stated in ASTM
standard D6527 (10-6–10-13 m/s) [18].
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Figure 3.2.3. Steady-state centrifugation-unsaturated flow apparatus for measuring permeability
[18].

Recently, Phung et al. [20] proposed a novel method to measure water permeability of cement-
based materials based on the application of a constant flow instead of a constant pressure in
traditional methods, which overcomes the problem of measuring extremely low flow rate. This
method seems promising in terms of the required experimental time and the parameter control. It is
also very flexible for further testing in which carbonation, leaching and diffusion tests can be
performed on the same sample to study the effects of chemical degradation on transport properties.
It can determine the permeability coefficient of cement paste in a relative short time compared to
other methods (within 1 week for permeability of 10-13 m/s).

Figure 3.2.4. Schematic permeability setup using a controlled constant flow method [20].
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In general, direct methods are quite simple and easy to setup. No additional parameters are needed
to interpret  the results when using Darcy's law directly.  On the other hand, it  takes a long time to
reach the steady state flow conditions needed to apply Darcy’s formula. Therefore, concrete
samples are more susceptible to microstructural changes as a consequence of hydration, especially
at early hydration stage. Potential for leaks around the sample is high if seal and/or confining
pressure are not sufficient. Because of these limitations, the direct methods can only be applied to
materials of which the permeability is not too low.

Indirect methods

Indirect methods involve either the application of a transient pressure pulse technique or the
application of poromechanical techniques.

In 1968, Brace et al. [21] introduced a transient pressure method for determining the permeability
of granite. The principle of this method is to measure the decay characteristics of pressure, which
depend on permeability, after a sudden change of applied pressure. This method can measure
permeability coefficient as low as 4×10-14 m/s. This method, already applied to cement-based
materials [4, 22], needs only measured time series of pressure instead of the extremely low flow rate
measurement in the direct methods.

Figure 3.2.5. Confining cell to measure gas permeability using a low-transient pressure method
[22].

Alternatively, poromechanical techniques measure the strain-time history, which depends on the
fluid movement in a pore network, of a sample under an applied pressure or heating. Especially the
beam bending method, proposed by Scherer et al. [23], is of great interest since it is extremely fast



60

(several minutes to hours compared to days of conventional methods for permeability of the same
order of magnitude), and thus suitable for low-permeable materials, and provides also viscoelastic
properties (i.e. shear modulus, Young's modulus). This method was originally developed for silica
gels [24] and then extended for glass [25] and cementitious materials [6, 26]. However, it is difficult
to apply the beam bending method for concrete because the sample must be long and slender
enough to avoid micro cracking. For example, the concrete sample should be more than one meter
long if it is 10 cm thick [10].

Figure 3.2.6. Schematic of cylindrical beam: beam on end supports with span L; z-axis along axis
of beam, x-axis vertical; deflection  is displacement of upper surface caused by applied force W
[23].

Thermopermeametry and dynamic pressurization are other examples of applying poromechanics to
measure permeability. Thermopermeametry was also first introduced for gels [27, 28] and
afterwards applied for cementitious materials [29, 30]. The main principle of this method is based
on the difference in expansion of liquid and solid phase when heated. This method requires a
complete saturation of the sample because water will first fill the pores before flowing out when air
is still entrapped. This leads to an underestimation of the permeability. Therefore, this method may
not work well for mortar or concrete for which full saturation state is not easy to obtain within a
short time. Dynamic pressurization involves applying a sudden hydrostatic pressure on a cylindrical
sample  in  a  closed  system.  By measuring  the  history  of  the  re-expansion,  the  permeability  of  the
sample can be obtained in a relative short time. The sample can be a solid cylinder [8, 9] or a
hollow cylinder [13]. The permeability measured by the hollow dynamic pressurization method
seems to agree well with the one measured by the solid dynamic pressurization method [31].
However, the hollow dynamic pressurization method probably measures a wider range of concrete
permeability because it can also be tested as a radial flow through method.
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Figure 3.2.7. Schematic diagram of the thermopermeametry [30].

In general, the indirect methods for measuring permeability are much faster than direct methods
because they are based on measurements obtained during non-steady state flow conditions.
Potential of leakage is actually eliminated. These techniques can determine very low permeability.
However, a full saturation of the sample, which is extremely difficult to obtain for low-permeable
materials such as high performance concrete, is absolutely required because the degree of saturation
hugely affects test result. With direct methods, the sample saturates during the test until steady state
is reached, which also can take a long experimental time. Application of heating or high pressure
may also change the microstructure of the cementitious materials. Another disadvantage of these
methods is that the experimental setup and the interpretation or analysis are quite complex.

Gas permeability

It is well-known that the intrinsic gas permeability is higher than the intrinsic water permeability of
cement based-materials (around 2 orders of magnitude) despite the fact that permeability is an
intrinsic property of the material [5]. In addition, lower viscosity of gas results in higher fluxes in
gas permeability measurement than water permeability measurement. As such, measuring the gas
permeability and converting it to the water permeability would be easier because gas permeability
determination is less time consuming. Unfortunately, the intrinsic permeability cannot be derived
directly from the measured gas permeability because of gas slippage or the so-called Klinkenberg
effect [32] which increases the amount of gas passing through the capillaries of porous media
compared to prediction from a physical law. Some studies established a statistical, thus empirical,
log-log linear correlation between air and water permeability using a huge amount of experimental
data [33, 34].

Factors influencing water permeability

There are many factors influencing the permeability of cement-based materials. Several factors are
classified as extrinsic related to experimental conditions such as applied pressure, size of sample
[35] and confining pressure [7]. Variation of these factors can cause a change of several orders of
magnitude in permeability. Another factor which can significantly affect the permeability is the
fluid-cement matrix interactions during measurement. In the case of using water as a testing fluid,
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the time dependent reduction of permeability is mainly due to continuing hydration, autogenous
healing and the self-sealing effects [5, 36, 37]. However, these phenomena likely occur in cracked
[38, 39] and/or early aged cement-based materials rather than virgin and/or mature materials.
Unreactive fluids such as ethanol [5], glycol [40] or 2-propanol [6] may be used instead of water to
eliminate the fluid-cement matrix interactions. However, the replacement of water by unreactive
fluid may require longer experimental time and especially the fluid exchange would create micro
cracks which hugely increase the permeability. In some cases, the permeability can increase 2
orders of magnitude [6].

Intrinsic factors are related to material properties such as pore network characteristics of the
cementitious material which include porosity, pore size distribution, tortuosity, specific surface and
micro cracks. These parameters are basically controlled by the water to cement ratio, particle size
distribution (cement + aggregate), age of sample and type of constituent materials. Concrete with
larger pore size has higher permeability than concrete with smaller pore size despite the same total
porosity. This effect is normally reflected through the critical pore size (which is the most
frequently occurring pore size in interconnected pores). It is obvious that pore connectivity is one of
the most critical factors influencing the permeability. Pores which are blocked cannot transport any
fluid. The type of constituent materials mainly affects permeability through hydration degree,
especially at early ages. As shown in many studies [6, 41–44], the permeability increases with
increasing w/c ratio because of a higher porosity at higher w/c ratio. However, to the knowledge of
the author, no direct connection between water to cement ratio and permeability has been proposed.
A direct relation between porosity and permeability has been introduced by some researchers [45–
49]. Nevertheless, porosity alone should not be a unique factor influencing the permeability, i.e.
samples with same porosity may have different permeability.

Diffusion

Introduction

Diffusion of chemical substances plays an important role in many degradation processes (e.g.
corrosion of steel bars; chloride, sulphate attacks). Knowledge of diffusion coefficients helps to
better design and evaluate concrete structures. Diffusion is a mass transport induced by the random
Brownian motion of substance. The diffusion coefficient (diffusivity) is the capacity of a medium to
transfer substances (gases, dissolved gases, ions) under a concentration gradient expressed by Fick’s
first law (1D):

CJ D
x

(Equation 4.)

where J is the substance flux [kg/m2.s];
C
x

is the concentration gradient [kg/m4]; and D is the

diffusion coefficient [m2/s]. In porous materials, diffusion is affected by the characteristics of pore
network (porosity  [-], tortuosity [-], constrictivity [-]) which leads to the need to define
different diffusion coefficients for practical application [50]. The pore diffusivity, Dp, is smaller
than the diffusivity in free water or ideal solutions D0, which takes into account the effects of
tortuosity  and  constrictivity  (a  dimensionless  parameter  depending  on  the  ratio  of  the  size  of
diffusion species and pore size) and is expressed as:

0 2pD D (Equation 5.)
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The effective diffusivity, De, takes into account the volume of porous media available for diffusion
and is defined as:

0 2e pD D D (Equation 6.)

The apparent diffusivity, Da, takes into account the sorption/binding which retards the diffusion and
is linked to the pore diffusivity through a retardation factor ( 1), Re, as follows:

0 2
p

a
e e

D
D D

R R
(Equation 7.)

Review of existing diffusivity measurement techniques

Due to the importance of diffusion, many methods to determine diffusivity have been proposed. The
diffusion coefficients can be obtained under steady state or transient state conditions. We
distinguish between four main types of experiments to determine diffusivity: (i) through-diffusion
based on measuring fluxes, (ii) in-diffusion based on measuring concentration profiles in the
sample, (iii) electro-migration experiments, either by through- or in-diffusion, in which ion
diffusion is accelerated by an electric field, and (iv) techniques in which proxy variables are used to
determine diffusivity, for example, electrical resistivity techniques. A summary of the measurement
techniques is given in Table 3.2.1.

Table 3.2.1. Summary of methods to measure diffusion coefficients of cement-based materials.
Technique Through-diffusion In-diffusion Electro-migration Electrical resistivity

Description/principle

Thin sample located
between two
compartments;
The diffusing species
is injected to the
upstream
compartment;
The concentration of
diffusing species in
the downstream
compartment is
measured regularly
until a steady state
flux is reached.

Based on the
measurement of
the
concentration
profile of the
diffusing
species inside
the sample.

Thin sample located
between two electrodes;
Transport of ionic species is
accelerated by an electrical
potential difference;
Non-steady-state:
concentration profile of ion
is measured inside the
sample;
Steady-state: concentration
of ion in the downstream
compartment is monitored
until steady-state is reached.

The electrical
resistivity of the
sample is measured
by applying a known
alternating
current/voltage;
Diffusivity can be
obtained from the link
between resistivity
and diffusion.

Interpretation Fick’s first law Fick’s second
law

Nernst–Planck equation Nernst–Einstein
equation

Pros

Simple
Accurate

Possible to
measure
diffusivity of in
situ concrete

Relatively fast Very fast

Cons

Time-consuming,
Requires constant
concentration
gradient
Very thin sample
Microstructural
changes due to long
testing duration

Laborious Complicate interpretation,
many assumptions needed;
Electro-osmotic flow and
heat generation due to
current;
All ions in pore solution
involved;
Scattered results.

Need to determine the
resistivity of pore
solution to calculate
the effective
diffusivity;
Gives only
approximate
diffusivity of the
sample, not for
specific species.

Application
on:

Cement Usually for cement
paste

x x x

Mortar x x x
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Technique Through-diffusion In-diffusion Electro-migration Electrical resistivity

Concrete

Limited due to
difficulty in
slicing the
sample

x x

Obtained
parameters:

De x x x
Da x x x

x x
Test duration Few months Few weeks Few days Instantaneous

Diffusing species
Dissolved gases;
Ions

Ions;
Radioactive
elements

Ions Not specific

Through-diffusion technique

The diffusion coefficients of a variety of diffusing species (e.g. HTO, ions and dissolved gases) are
classically determined by the through-diffusion technique because of its simplicity and
convenience. The setup (Figure 3.2.8a) consists of a thin sample located between two
compartments. The diffusing species is injected/filled to the upstream compartment. For measuring
diffusivity of dissolved gases, two gases with the same pressure are injected to the downstream and
upstream compartments to balance the pressure in the two compartments which prevents advective
transport. This setup usually allows measuring the diffusivity of two dissolved gases in a single
experiment [51–53]. Under the concentration gradient, the diffusing species diffuses toward the
downstream compartment. The concentration of diffusing species in the downstream compartment
is measured regularly until steady state flux is reached.

Figure 3.2.8. (a) Through-diffusion setup (b) cumulative quantity in the upstream compartment.

Figure 3.2.8b shows a typical cumulative quantity of a diffusing species over time. When steady-
state is reached, the slope becomes constant which means the diffusive flux across the sample is
constant. Fick’s first law can then be applied to calculate the cumulative quantity Q(t) [mol] of
diffusing species passed through a sample with a cross-sectional area A [m2]:

0

( )
t

s
e e

C CQ t D A dt D A t
x L

(Equation 8.)

where L is the length of sample [m], C is the concentration [mol/m3] and Cs is the concentration of
diffusing species in the upstream compartment [mol/m3]. Note that the concentration of diffusing
species in the downstream compartment should be negligible compared to Cs in order to apply Eq.
(8). The effective diffusivity in this case can be easily computed from the slope of Q(t) curve. In case
of no sorption/binding, the accessible porosity of the sample can be determined from the time-lag

(a) (b)
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tlag [s] (Eq. 9), which is the intercept of the straight line with the x axis in Figure 3.2.8b and
expressed as follows:

2

6 e lagD t
L

(Equation 9.)

However, it has been reported that the porosity determined from time-lag is less precise than
traditional porosity measurements [50].

To maintain a constant concentration gradient, the gas/solution in upstream and downstream
compartments is regularly refreshed. In spite of this, the constant gradient condition is difficult to
achieve and small variations in concentration gradient at steady state can be permitted [50]. If the
variations are too large, the effective diffusion coefficient can be obtained through fitting using a
numerical solution of diffusion equation [51, 52].

The through-diffusion technique has been used to determine the steady-state diffusion coefficients
of ions (chloride, sulphate) [54, 55]. However, through-diffusion is not an optimal method to
measure the steady-state diffusion coefficient for interacting (sorbing) species as it takes long time
to reach steady-state. Alternatively, electro-migration technique (see section 2.3) enables to obtain
the steady-state diffusion coefficient in a short period. The data on diffusion of dissolved gases in
saturated cement-based materials measured using through-diffusion technique are very scarce in
literature. However, the knowledge of the diffusion of specific dissolved gases is very important,
especially the diffusion of dissolved oxygen which is involved in the corrosion process of steel bars
in reinforced concrete. Recently, Phung [51, 52] applied the through-diffusion technique to measure
the effective diffusion coefficients of two dissolved gases in a single experiment.

Figure 3.2.9. Schematic experimental setup to measure diffusivities of dissolved gases [51, 52].

The effective diffusion coefficients of dissolved oxygen are usually determined by an
electrochemical method involving cathodic consumption of the diffused oxygen [56]. The method is
actually a through-diffusion based technique. However, instead of measuring the concentration of
diffusing species at the downstream compartment, the cumulative quantity is  calculated  from  the
charge passed based on Faraday’s law:

( ) CE MQ t
F z

(Equation 10.)
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where EC [coulomb] is the total electric charge passed, F is the Faraday number (96485
coulomb/mol), M [kg/mol] is the molar mass of species, and z is the number of electrons transferred
per molecule of species (z = 4 for oxygen).

In-diffusion technique

Instead of waiting for a steady state flux as in the case of through-diffusion set-up, in-diffusion is a
transient method, which is less time consuming. However, the technique is only applicable on easily
traceable species (chloride, radioactive elements). The technique is based on the measurement of
the concentration profile of the diffusing species inside the sample by cutting the sample into small
slices at a given time. Experiments are usually designed in such a way that the source concentration
of the diffusing species is kept constant and the sample is long enough to consider a semi-infinite
medium. The apparent diffusion coefficient is then obtained by fitting the concentration profile with
the solution of the Fick’s second law [57]:

0 0( , ) ( )
2s

a

xC x t C C C erfc
D t

(Equation 11.)

where C(x,t) is concentration at depth x [m]  and  time t [s], C0 and Cs are  the  initial  and  source
concentrations, respectively [mol/m3] and erfc is the complementary error function.

Figure 3.2.10. In-diffusion setup.

Chloride diffusion coefficients are commonly determined using long-term immersion tests based on
the in-diffusion method which have been standardized in ASTM C1556-04 [58] and Nordtest NT
Build 443 [59]. The diffusivity obtained from long-term immersion tests is frequently based on
Fick’s law which does not take into account ion-ion interactions. This leads to controversial results,
for example, the diffusivity of chloride in sodium chloride solution is smaller than in potassium
chloride because the diffusivity of potassium is higher than that of sodium [60] resulting in a larger
charge influence of chloride diffusion. Furthermore, chloride diffusivities obtained from long-term
immersion tests are higher than electro-migration tests despite the good correlation between two
obtained diffusivities [61, 62]. In theory, the Nernst-Planck relationship instead of Fick’s law (see
next section) should be applied to interpret data from long-term immersion tests even when there is
no electrical gradient applied.

Besides chloride ions, diffusion of sulphate ions is also a relevant research area because sulphate
attack is an important durability problem in coastal concrete structures. The diffusion coefficient of
sulphate ions is normally measured by an in-diffusion method in which the sample is placed in a
sodium sulphate solution (5%) [63]. A similar migration test protocol for chloride can also be
applied for the determination of sulphate diffusion coefficient [64, 65].

Source

Sample                     Sealant

Cs

C(x,t)
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Electro-migration technique

Electro-migration tests have been developed to accelerate the ionic transport by applying an
electrical field. The setup consists of a thin sample located between two electrodes immersed in
electrolyte solutions (see Figure 3.2.11). The ionic species for which diffusivity has to be measured
is added to the upstream compartment. A constant electrical potential difference is applied across
the sample. In steady state migration tests, the evolution of the concentration of a given ionic
species in the downstream compartment is monitored until steady-state is reached. For non-steady-
state migration tests, the concentration profile of the ionic species within the sample is measured
after a given period. The calculation of the diffusion coefficient is based on the Nernst–Planck
equation without advection term [66]:

a a
zFJ D C D C
RT

(Equation 12.)

C J
t

where z is the valence number; F is the Faraday constant (96485.33289 C mol 1), R is the ideal gas
constant (8.3145 J/mol ºK), T is the temperature of the liquid [ºK] and  is the electrical potential
[kg.m2/s2.coulomb].  On the right-hand side of Eq. (12),  the first  term stands for diffusion and the
second term stands for electro-migration. The dominant movement of ionic species in this setup is
the electro-migration, which is dependent on both the diffusion coefficient and the potential
gradient. Note that chemical activity effects are neglected in Eq. (12). At steady-state and with the
assumption that electro-migration is the dominant transport process, it is possible to calculate the
effective diffusion coefficient as follows:

SS
e

s

J RTLD
zFC

(Equation 13.)

where Cs is the source (boundary) concentration [mol/m3], L is the length of sample [m] and  is
the potential difference [kg.m2/s2.coulomb]. The steady state flux JSS [mol/m2.s] can be calculated
from the concentration evolution in the downstream compartment.

Figure 3.2.11. Electro-migration diffusion setup.
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In non-steady-state tests, concentration profiles (as in the case of in-diffusion technique) are used
and, if the advection term is negligible, the following analytical solution of Equation (12) is valid
[67]:

2 2 2
axs a a

a a

C x aD t x aD tC e erfc erfc
D t D t

(Equation 14.)

where
zFa
RTL

.  Electro-migration  tests  offer  a  possibility  to  significantly  shorten  the

measurement time for ionic species [67-70]. The method was also standardized in ASTM C1202-97
[71] and Nordtest NT Build 492 [72]. For cement-based materials, the most commonly investigated
ion is chloride, because of the extent of reinforcement corrosion damage due to de-icing and
exposure to marine environment. The non-steady-state diffusion coefficient is about one order of
magnitude higher than the steady-state diffusion coefficient due to binding effects and up to several
times higher than that from the electrical resistivity technique [73].

 Electrical resistivity technique

The diffusion coefficient can be alternatively obtained by exploiting the analogy between electrical
conductivity and diffusion of ions in a porous material. Based on the Nernst–Einstein equation,
diffusion, electrical conductivity and resistivity are linked as:

0

0 0

e e

e

D
D

(Equation 15.)

where e  and 0  [S/m]  are  the  electrical  conductivity  of  the  sample  and  of  pore  solution,

respectively and e  and 0 [m/S] are the electrical resistivity of the sample and the pore solution,
respectively. The electrical resistivity of the sample is measured by applying a known
current/voltage. The resistivity of the sample can be then determined as:

e
A

I L
(Equation 16.)

where  and I [A] are the electrical potential and current passed through the sample, respectively
and A [m2] and L [m] are the cross sectional area and length of the sample, respectively. However,
determination of the pore solution resistivity is difficult. The pore solution has to be extracted under
extremely high pressure (up to 400 MPa) in order to determine its resistivity. The electrical
resistivity can also be estimated if  the pore water composition of cement paste is  known [74].  An
alternative  way  is  to  replace  the  pore  solution  by  a  known  resistivity  solution,  which  is  time
consuming and the electrical properties of the known solution may change due to the interaction
with the cement matrix.

Factors influencing diffusion

One may expect that the intrinsic factors (e.g. porosity, size distribution, tortuosity, specific surface
area) would affect diffusion in the same way as for permeability. However, as permeability
transport mainly occurs in meso and macro pore sizes, while diffusive transport could also occur in
micro (gel)  pore sizes (and dead-end pores),  the impacts would be different at  different ranges of
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pore sizes. In micropore level, Knudsen diffusion is the main mechanism, while molecular diffusion
is the dominant process in larger pore size ranges.

Different methods might result in inconsistent effective diffusion coefficients. The difference is
sometimes not only because of the setup itself but also because of the way to interpret experimental
data. In order to obtain the diffusion coefficients, a number of assumptions (e.g. constant source
concentration, dominant transport mechanisms, multi/single species transport) have to be made. If
the  experiments  do  not  fulfil  these  assumptions,  results  will  significantly  differ.  In  case  of  ionic
diffusion determined by the migration methods, a higher applied potential results in higher diffusion
coefficients [75]. The source concentration significantly affects the interpretation of diffusion
coefficients in non-steady state; but not in steady state [76]. The non-steady state migration method
results in a higher chloride diffusivity compared to the diffusivity obtained from the steady state
migration test [54, 73].

Concluding remarks

Since its importance and hard measurement, a variety of test methods have been developed to
measure transport properties of cement-based materials and in this chapter available test methods
for the determination of permeability and diffusion in the laboratory have been reviewed. It
becomes clear that different methods do not always lead to consistent results. For permeability
measurements, the variation of measured values is sometimes up to 2 orders of magnitude. For
diffusion measurements, the values obtained by different methods are less scattered. Most of the test
procedures are applicable for a specific purpose or to certain testing species. The straightforward
comparison of observed experimental data may not give a true indication of the relative properties
of different materials unless they are determined using the same or at least similar test methods.

Traditional experimental methods require steady state conditions to be reached, which is very time
consuming but normally results in reliable results due to its simple interpretation and fewer (or no)
assumptions to be made. However, to reduce the measurement time, many methods have been
proposed to accelerate the transport by applying a high pressure/concentration gradient or applying
an electrical field. These accelerated methods are usually accompanied by many practical problems
(e.g. cracking, heating). Furthermore, many assumptions are made to simplify the problem allowing
the application of conventional physical/chemical laws to interpret the experimental data.

To conclude, the measurement methods for the determination of transport properties are, to some
extent, not accepted worldwide, which leads to a difficulty in comparison of the values obtained
from different methods. There is still a need to develop methods which meet some key requirements
such as high repeatability, short measurement time, high accuracy, easy application and fewer
assumptions made.
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3.3 Laboratory observation of processes in heterogeneous material

J. Kulenkampff

Helmholtz-Zentrum Dresden-Rossendorf, Forschungsstelle Leipzig - Interdisziplinäre
Isotopenforschung, Germany

The interface between cement-based barrier constructions and the host rock should be considered as
highly heterogeneous zone: The contact area between cement and rock is heterogeneous on
principle. The host rock in this zone has to be attributed to the excavation damage zone which is
inevitable caused by stress release during excavation and characterized by a network of fractures
with elevated porosity and transport parameters. Also the cement in the interfacial zone should be
considered as heterogeneous material, because the technical constraints at the breast limit efficient
homogenisation and compaction. The typical largest scale of these heterogeneities is in the order of
centimetres.

Therefore, reactive transport processes are progressing in a highly heterogeneous material with
disorder on the centimetre scale. This issue is relevant for the function of the barrier, because one
consequence is the evolution of preferential transport zones of reactive flow and diffusion.
Preferential zones with higher transport rates generally are less tortuous, which also means a
smaller effective internal surface area. Therefore, these zones delimit the barrier function both by
increased transport rate and decreased retention by sorption. One possible hypothetical scenario
therefore is transport along preferential pathways with inconsiderable sorption. This worst case
could be mitigated by precipitation reactions that are due to the transport of water that is not in
equilibrium with the material.  Precipitation could clog preferential  pathways,  but also amplify the
heterogeneous effects.

Experimental determination of such heterogeneous effects with common flow or diffusion
experiments is laborious and requires a large number of studies in order to match these delimiting
zones. Another approach is the comprehensive description of the pore structure, material properties,
and reactions as parameters for model simulation on the pore scale. The detailed characterization on
the pore space with multiscale imaging methods is particularly intricate, because a hierarchy of
structures over many orders should be considered, from surface characteristics on the molecular
scale to fine-layering on the centimetre scale. This range can only be covered by a hierarchical suite
of  different  methods  with  different  spatial  resolution  (1).  However,  the  huge  size  of  these
hierarchical tomographic data currently precludes composition and processing of pore-scale
simulation models in such detailed structures. Typical model simulations are conducted on
structural models that are based on the limited resolution range of a particular tomographic method.

These issues can be overcome by direct tomographic observation of the transport processes itself (2,
3).  Frequently,  the  most  meaningful  observable  is  the  concentration  of  dissolved  or  dispersed
species, which is an intensive thermodynamic parameter that is most relevant for aligning
observations with simulation results from models of the processes. Concentration is a continuous
value, referred to a finite test volume which is defined by the spatial resolution of the measuring
method. Here, spatial resolution is merely the response function which controls the smoothing of
the image.

Ionic concentrations can be monitored with different types of Electrical Impedance Tomography
(EIT). These are frequently applied to investigate transport processes of conductive solutions in
soils and rocks. However, electrical resistivity, as one of these parameters, depends on a variety of
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material parameters and rock-fluid interactions; therefore the result is not univocal. Other imaging
methods apply tracers for labelling, which facilitates detection and quantification of the species.
Spatiotemporal visualization of labelled substances requires tomographic methods with selective
response to the tracer. In the field of biomedical research these techniques are called “molecular
imaging methods” (4). From these methods, magnetic resonance imaging (MRI), single photon
emission computed tomography (SPECT), and positron emission tomography (PET) are suited for
opaque media. In contrast to ERT, these methods selectively respond to the concentration of protons
or specific tracer isotopes, respectively, but they are mere laboratory applications and barely
suitable for field applications. The methods differ with regard to the matrix effect. In the case of
MRI, distortions of the magnetic field by paramagnetic compounds of the matrix, and in the case of
SPECT, radiation attenuation and scattering, are constricting their applicability. PET is least
affected by material inferences.

PET is perfectly selective and by far the most sensitive method, because the response is directly and
only  related  to  the  number  of  decaying  positrons,  and  thus  the  number  of  tracer  atoms.  The
sensitivity is better than pico-moles per µL, depending on the decay characteristics of the PET-
nuclide and the noise level. With this ultimate sensitivity, PET can serve as gold-standard for
tomographic imaging of tracer concentrations.

It is highly recommendable to apply high-resolution PET-scanners (“small animal PET scanner”)
with a resolution around 1 mm, otherwise major heterogeneous effects are not distinguishable. Also,
this is a reasonable scale for process observations on the core scale, in the range of 10 cm, which
also is the order of the representative elementary volume for a large group of inhomogeneous
materials. The spatial resolution of clinical PET-scanners (3 to 5 mm) is rather poor, compared to
the maximum sample diameter of 10 cm, and tends to equilibrate the major features of
inhomogeneous transport patterns (5). We could prove the benefits of PET observation for different
types of processes (6), especially for diffusion processes in Opalinus clay (7). The method is ready
for spatio-temporal visualization of transport processes on the laboratory scale for enhanced process
understanding of reaction and transport processes at the interface between cement and clay
formations.
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4 Materials

4.1 Low hydration heat/Low pH formulations

X. Bourbon

Andra - French National Agency for nuclear Waste Management, R&D Division, France

Principles of formulation

To lower the hydration heat: to decrease the cement content and to use or to target a blended
hydraulic binder (chemical reactive and non-reactive mineral additions).

To lower the pH: to neutralize the main alkaline hydrates in the hydrated cement and to immobilize
the alkaline ions (Na+ and K+): substitution of the cement with chemical reactive mineral additives
(pozzolanic or hydraulic compounds); to minimize the total initial amount in the raw materials:
selection of a cement with a low alkali content (as low as achievable).

Thus, to reach both properties ‘low hydration heat’ and ‘low pH’ means decreasing the clinker
content in the binder and to use a blend with an significant substitution level. From a chemical point
of view (for Si-Ca cements), decreasing the pH of the hydrated cement means decreasing the Ca/Si
ratio in the dry mix to have a mean composition in the hydrated cement with a C/S ratio less than
1.0 (Figure 4.1.1 from Greenberg & Chang, 1964, confirmed by Fuji & Kondo (1981), Harris et al.
(2002) or Chen et al. (2004)). The C-S-H chemical stability domain ends at a C/S ratio close to 0.6.
The chemical composition of the C-S-H phases to be considered in low pH concrete is then a C/S
ratio from 0.6 to 1.0.

Figure 4.1.1. pH, Ca and Si concentration evolutions with C/S ratio.

Cau-dit-Coumes et al. (2006) tested binary and ternary blends using a CEM I (according to
European standards) as reference material. The blends were made with the following
Supplementary Cementitious Materials (SCM): metakaolin (MK), silica fume (SF), fly ashes (FA)
and blast furnace slag (BFS) (Figure 4.1.2). To reach the limit of pH ~11, the total silica content in
the “dry blend” has to be more than 50%, whatever the mix. Comparing these different SCM,
neither ternary nor binary blends using metakaolin fulfill the chemical specification of pH 11 after
hydration. In the case of binary blends with CEM I and SF, the SF content has to be equal or more
than 40%. Ternary blends are more various and offer more possibilities. The most accurate binders
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seem to be based on a CEM I/SF mix with fly ashes or blast  furnace slag (ternary blends).  Those
using BFS fulfill more easily the chemical criterion (due to the lower chemical reactivity of FA
compared to BFS).

Figure 4.1.2. pH evolution according to total silica content in the dry mix.

Raw materials

Raw materials have to be chosen with regards to the chemical expectations (low pH) and boundary
conditions (chemical reactivity controlled by the geological medium and/or in situ clay materials –
clay plug and backfill), as well as the physical requirements (low hydration heat, high performance
cement).

1. Clinker (based  on  a  CEM I  use):  A cement  CEM I  offers  the  possibility  to  adapt/control  the
clinker content in the blend and the total alkali content as well as the chemical resistance to
chemical degradations such as delayed ettringite formation. The chemical boundary conditions,
imposed by the geological medium and the clay materials, can be taken into account by various
CEM I, such as sulfate resisting cement if required.

We should notice that low hydration heat cements (i.e. CEM III – slag cement) are available from
an industrial point of view. These cements do not have any “low pH” properties but can constitute a
raw material (the “clinker/BFS” mix is already done). In these conditions it is more difficult to
change/to control precisely the clinker content in the dry mix. It is an alternative solution but offers
less possibility to adapt the clinker content and then the final chemical properties.

2. Pozzolanic compounds: Silica fume (SF) and Fly Ashes (FA) are possible candidates for a low
pH concrete composition. Proportions in the mix allow adjusting the total silica content as well
as the kinetic of hydration and the final pH reached after full hydration. SF is a “pure”
compound containing more than 95% of SiO2. FA compositions are impossible to control. The
compositions are strongly depending on the origin and may have chemical consequences on the
chemical behaviour of the concrete.

3. Hydraulic compounds: Blast Furnace Slag (BFS) is a well know hydraulic compound, with a
behaviour  same  as  a  cement  in  alkaline  conditions.  It  could  replace  high  amounts  of  clinker,
keeping at a high level the performances of the concrete and promoting the pozzolanic reaction,
then having a strong impact on the pH value. In ternary blends associated with silica fume, BFS
are highly efficient to decrease quickly the pH value and to reach a value close to 10.5 within
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few weeks. Moreover, slag cements are usually used/recommended in highly chemical
reactive/aggressive media, enhancing the chemical stability of the concrete.

The compositions and recipe have to be adapted to the in situ conditions  of  use  and  the  final
requirements (regarding shrinkage, cracks evolution with time, water permeability and drying). At
present  it  is  impossible  to  define  a  HPC  composition  without  admixtures.  Their  role  is  both  at  a
short timescale and after setting. At first, the target is to facilitate the conditions of use. The main
key  issues  are  the  workability  and  to  delay  the  setting.  Then  expecting  a  HPC,  as  a  result,  the
concrete have to be compact enough (especially lowering the water-to-binder (W/B) ratio). These
different requirements, lead to the use of superplasticizers and water reducing admixtures. In the
mix proportions, the admixture dosages have to be lowered as much as possible due to the impact of
organic matter at a global scale (presence of organic complexing agents, bioactivity …).

«Reference» low pH compositions

Composition

On the basis of ternary blends, potentially the most efficient to fulfill the chemical requirement
within few weeks, two “reference” compositions have been developed and optimized (Cau-dit-
coumes et al., 2006; Codina, 2007; Garcia & Verdier, 2009; Leung, 2015). From this point (a
ternary blend) other surveys led to a shotcrete and a self-compacted concrete (see below ‘§ FSS’).

Table 4.1.1. Possible reference compositions.

Binder
(kg/m3)

CEM I
(mass.%)

SF
(mass.%)

FA
(mass.%)

BFS
(mass.%)

W/B G/S SP
(mass.%)

TFA 375 37.5 32.5 30.0 0 0.4 1.1 1.5
TBFS 380 20.0 32.5 0 47.5 0.4 1.1 1.5
Note: TFA for ternary blend CEM I/SF/FA; TBFS for ternary blend CEM I/SF/BFS; G/S: Gravel to Sand ratio to keep
possible pumping and workability; SP: superplasticizer

Hydration

From a kinetic point of view, these concretes are significantly different from classical materials.
Their hydration period occurs over several years, compared to few weeks or few months for
blended cement such as CEM V.

Even if the target pH ~11 is reached after few weeks for most of the tested blends, their hydration
(and the decrease of the pH) continues. Four to five years are required to reach, as close as possible,
the full hydration of these materials. As a consequence, the maximum temperature reached during
setting is very low (less than 10–12 °C) and delayed (between 36h and 48h) compared to classical
concretes (El-Bitouri, 2015; Leung, 2015).

Table 4.1.2. pH evolution with time for low pH cements (ternary blends).

pH 7 days 28 days 90 days 8 months 4 years 8 years
Ternary blend CEM I/SF/FA 13,0 11,2 10,9 10,5 10,3 10,5
Ternary blend CEM I/SF/BFS 12,9 11,5 11,2 11,1 10,5 10,5
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Physical evolution

Even if the thermal behaviour during setting is different, the mechanical evolutions of these
formulations are similar to those of “classical HPC”. The setting starts few hours after preparation
and a period of 24 h is enough to have a concrete stable enough from a mechanical point of view,
even if hydration continues and obviously change the physical properties of the material. After three
months, more than 75% of the “final compressive strength” is reached, close to CEM V mechanical
behaviour.

The estimated mechanical properties after full hydration are:

Rc (MPa) Rt (MPa) E (GPa)

TFA 86 4.1 43
TBFS 97 4.5 45

Figure 4.1.3. Mechanical evolution with time of TCV and TL concretes.

The mechanical properties are modeled on the basis of the hydration degree evolution using a De
Schutter approach (De Schutter & Taerwe, 1996). This needs a characterization of each component
of the blend independently and afterward a complete calculation as a mix (and not as the sum of
single compounds) to validate the model. This validation has been done by Leung (2015) giving the
opportunity to calculate the evolution of the mechanical properties with time (Figure 4.1.4 and
Figure 4.1.5).

Figure 4.1.4. Thermal release modelling during hydration (TFA formulation).
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Figure 4.1.5. Evolution of the mechanical properties of the TFA and TL concretes with the hydration
degree.

«Candidate» low hydration heat/low pH mixtures

Considering a Calcium/Silica chemical system, different mixes have been tested to fulfill the main
chemical requirement (pH<11). Over the last decade, few countries have tested and developed low
hydration  heat/low  pH  mix  compositions.  Table  summarizes  the  main  types  of  blend  and  the
resulting studies in eight countries through national or international programs (Canada, Finland,
France, Japan, Spain, Sweden, Switzerland, USA). All these tested materials have as common
characteristics,  a high substitution level of the clinker (30% to 80%) and SCM are SF, FA and/or
BFS.

Table 4.1.3. Low hydration heat/low pH compositions.

Mix Composition

pH
(Eq. or

interstitial
Sol.)

Binary
CEM I/SF

CEM I 70%/SF 30% 12.2 Bach, 2010

CEM I 60%/SF 40%

11.7 Bach, 2010
12.2
11.1

Garcia Calvo et al., 2007
Alonso et al., 2008

11.0
11.4

Vuorinen & Lehikoinen,
2005
Holt et al., 2014

11.3 Fries et al., 2007

CEM I 50%/SF 50% 10.6
11.2

Martino, 2007
Alonso et al., 2008

Ternary
CEM I/SF/FA

CEM I 37.5%/SF 32.5%/FA 30% 11.1 Bach, 2010
11.4 Codina, 2007, 2008

CEM I 35% SF 35%/FA 30% 10.9
10.5

Garcia Calvo et al., 2007
Alonso et al., 2008

CEM I 40%/SF 20%/FA 40% 11.0 Nishiuchi et al., 2007;
Kobayashi et al., 2007

CEM I 37.5%/SF 32.5%/FA30% 11.4 Holt et al., 2014

Ternary
CEM I/SF/

BFS

CEM I 20%/SF 32.5%/BFS 47.5% 11.0 Codina, 2007, 2008; Bach,
2010

CEM I 37.5%/SF 31%/BFS 31.5% 11.6 Leung, 2015
CEM III 90%/nanosilica 10% 12.3 Lotenbach, 2008

Quaternary
CEM I/SF/

FA/BFS

CEM I 33%/BFS 13.5%/FA 13.5%/SF 40% 12.1 Codina, 2007, 2008

CEM I 40%/BFS 30%/FA 25%/SF 5% 12.7 Mattus & Dole, 2007
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International programs

TSX

The Tunnel Sealing Experiment (TSX) was an international program performed at the Atomic
Energy of Canada Limited (AECL) underground research laboratory close to ‘lac du Bonnet’ (MB,
Canada) with international participation. The lead agencies were the Japan Nuclear Cycle Institute
(JNC), French National Agency for Nuclear Waste Management (Andra), the United States
Department of Energy (USDOE) (through the science advisor for Waste Isolation Pilot Plant
(WIPP)) and Atomic Energy of Canada Limited (AECL). The TSX has been organized in two steps
(1995/2002–2003/2008). The experiment began in 1995 with development of the concept and
design. In 1997, the TSX tunnel and bulkhead keys were excavated. The installation of the
bulkheads was completed in 1998 September, after which pressurization to 4 MPa was begun. The
construction and pressurization took longer than initially anticipated extending the first unheated
phase of the experiment to nearly seven years (Chandler et al. 2002). Japan, France and Canada
then conducted the thermal/decommissioning phase of the experiment for an additional three years,
where a temperature of 65 °C was reached at the upstream side of the bulkheads (Martino et al.,
2008).

The TSX was designed to characterize and to assess the sealing potential of full-scale bulkheads
made with swelling clay or concrete in a horizontal gallery at 420 m below the surface (Figure
4.1.6). One bulkhead was composed of approximately 9000 highly compacted sand-bentonite
blocks, while the second was constructed using Low-Heat High-Performance Concrete (LHHPC)
developed at AECL (Gray & Shenton 1998). These two plugs were separated by a “central
chamber” filled with sand and then flooded with water. This test chamber was pressurized up to 4
MPa by means of a static water head in the first phase (1998/2002). A circulation pump and heaters
were added for a second phase to reach the temperature of 65 °C in the bulkheads. Seepage data,
together with solute transport data from tracer tests, were used to quantify the sealing characteristics
of the two bulkheads. It should be noted here that the bulkheads in the TSX were not optimized
tunnel seals. At the conclusion of heating, a three-month cooling period was followed by
depressurization of the tunnel. Finally, samples were then taken to measure to physical properties of
the materials.

The experiment was designed to characterize an achievable bulkhead performance using currently
available technologies. In this context, the performance was defined as the ability of the bulkhead to
restrict the flow of water in the axial direction of the tunnel. According to Chandler et al. (2002),
the aims of the experiment were:

to assess the applicability of technologies for construction of practicable concrete and bentonite
bulkheads (to design and construct a concrete bulkhead as well as a bulkhead comprising highly
compacted bentonite-based material);
to evaluate the performance of each bulkhead, assessing seepage measurements through and
around each bulkhead under an applied hydraulic gradient and to determine the factors which
most influence the rate of seepage or transport;
to identify and document the parameters that affect that performance.

The LHH-HP concrete has been formulated with:
97 kg/m3 CEM I;
97 kg/m3 silica fume;
2 129 kg/m3 silica flour and siliceous aggregates.
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The 76 m3 were poured in eight hours (preparation in a surface facility, transferred with skips to
the -420 level and pumped).

Figure 4.1.6. AECL Underground Research Laboratory and TSX global layout.

The physical behaviour assessment of the concrete seal revealed:
- Internal cracks detected by acoustic emission and observed afterward during sampling;
- Shrinkage/opening cracks at the interface with the geological medium;
- According to the hydraulic pressure increase, the seepage decreased after a transient period;
- Due to the thermal expansion, a significant decrease of the seepage has been observed

during the heating phase.

The shrinkage has not been optimized. Then voids have been noticed especially at the interface with
the geological medium. This has been anticipated and bentonite strips have been placed to close
these voids after setting. Due to the geometry of the plug, an important crack due to endogenous
shrinkage has been localized by acoustic emission and observed on samples in the central volume of
the plug (Figure 4.1.7).
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Figure 4.1.7. Crack localization by acoustic emission measurements and sampling (Martino et al.,
2008.)

With the pressure increase and in a second step with the temperature increase, the concrete plug
moved (axial displacement in the gallery and thermal expansion). As a consequence, seepage
decrease has been measured (Figure 4.1.8).

Figure 4.1.8. Seepage evolution with time during pressure and temperature increases (Martino et
al., 2008).

The concrete properties, measured on samples taken in the global volume of the plug, indicate at the
plug scale that the concrete fulfilled the specifications (Table 4.1.4).

Table 4.1.4. TSX concrete physical properties.

Rc (MPa) E (GPa) Porosity (%) Hydraulic conductivity (m/s) Gas permeability (m²)

76 ± 14 36.6 ± 4.8 8.0 / 12.5 10-12 dry water saturated
~10-16 ~4.10-20

ESDRED

ESDRED (Engineering Studies and Demonstrations of Repository Designs; www.esdred.info) was
a European project (2005–2009), involving seven waste management agencies and six R&D
institutions, from Belgium (Ondraf/Niras, ESV Euridice EIG), Finland (POSIVA), France (Andra),
Germany  (DBE  technology,  GRS),  the  Netherlands  (NRG),  Spain  (Enresa,  Aitemin,  CSIC),
Sweden (SKB), the Switzerland (NAGRA) and the UK (NDA).
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ESDRED was focused on technology to demonstrate, at an industrial scale, the technical feasibility
of some very specific activities related to the construction, operation and closure of a deep
geological repository for high level radioactive waste. The work was organized inside four
‘Technical Modules’ and essentially involves the conception, design, fabrication and demonstration
of equipment or products for which relevant proven industrial counterparts (mainly in the nuclear
and mining industry) do not exist today. At all times this work had to be carried out within the
framework of compliance regarding the requirements for operational safety, long term safety,
retrievability and monitoring.

Within the technical module #4 ‘Temporary Sealing Technology’ for construction of sealing plugs
and for rock support using shotcrete techniques, various low pH cement have been developed to
build plugs or used as rock support in galleries. The target was to devise low pH cements to be used
as shotcrete for rock support as well as to build plugs in tunnels (Alonso et al., 2008).

The development of a low-pH shotcrete formula for rock support for conditions in Sweden (field
tests at the Äspö HRL) and in Switzerland (at the Hagerbach test facility) was based on a binary
mix CEM I/Silica Fume. Mixes 50/50 and 60/40 CEM I/SF have been tested. With a different
behaviour compared to ‘classical shotcrete’, low pH shotcretes have been adapted and successfully
used both in Sweden and Switzerland. It appeared that such blends are difficult to prepare and to
use mainly due to the viscosity of the blends.

Figure 4.1.9. Äspö URL -Sweden ; global layout of the short plug test.

To build the plugs, 14 materials have been tested (two reference cements -OPC and CAC- and 12
blends  using  SF  and  FA)  prior  to  construction.  To  fulfill  the  chemical  requirement,  for  binary
mixes, a substitution level above 40% with SF is needed and the pH decrease is more significant
with ternary blends with SF and FA (Alonso et al., 2008).

Based on the binary blends (to prepare ‘simple’ low pH shotcretes as to have a compressive strength
above  20  MPa),  a  short  plug  (Äspö-Sweden)  and  a  long  plug  (Grimsel  URL -  Switzerland)  were
constructed. The short plug was loaded to failure and then sampled prior to dismantling. As the plug
was monitored during the entire process, it constituted a significant database to design the second
test performed in Grimsel URL. The full-scale longer plug was loaded using the swelling pressure
created by bentonite blocks which are being artificially hydrated. This is a much slower loading
process more closely related to what would happen in reality. The information of the performance
of the long-plug test, has been followed through the MoDeRn project (7th Framework Programme
EURATOM), in which most of the ESDRED members are involved.
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Table 4.1.5. Nominal compositions of the low pH concretes (Alonso et al., 2008).

Short Plug
(aggregate from the excavation)

Long Plug
(conventional aggregates)

Cement
formulation

70%CAC+20%SF+
10%FA 60%OPC+40%SF 35%OPC+35%SF

+30%FA 60%OPC+40%SF

Water (kg/m3) 262 277 237 230
Binder (kg/m3) 310 307 316 275
Water/Binder 0.85 0.9 0.75 0.84
Filler (kg/m3) - - - 70

Gravel (kg/m3) 621 615 635 -
Fine Gravel (kg/m3) 201 200 205 588

Sand (kg/m3) 825 818 843 1045
Superplasticizer

(kg/m3) 5.58 5.5 5.7 5.7

Air-entraining
Admixture (kg/m3) - 0.6 0.6

Static Elasticity
modulus (GPa) 15.8 ± 0.5 21.7 ± 2.5 18.3 ± 1.6

Compressive
Strength (MPa) 18.7 ± 0.3 37.5 ± 0.3 29.3 ± 0.2

Table 4.1.6. Low pH mix proportion for the short plug (Alonso et al., 2008).

Components kg/m3

Water 277.2
Ordinary Portland Cement: CEM I 42.5 R/SR 184.3
Silica Fume 122.9
Coarse aggregate (5–12) 615.6
Medium aggregate (2–5) 199.7
Fine aggregate (0–2) 818.1
Superplastizer “Sikament TN-100” 5.5
Air entrapper “Sika Aer 5” 0.6
Accelerant "Sigunita L-53 AF S" 18.5

Table 4.1.7. Low pH mix proportion for the long plug (Alonso et al., 2008).

Components kg/m3

Water 230
Ordinary Portland Cement: CEM I 42.5 R/SR 165
Silica Fume 110
Limestone filler 70
Fine size aggregate (0–4) 1045
Medium size aggregate (4–8) 590
Superplastizer “Sikament TN-100” 2.8
Accelerant "Sigunita L-53 AF S" 16.5
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DOPAS

DOPAS (Demonstration of Plugs And Seals - http://www.posiva.fi/en/dopas) is a European project
involving six waste management agencies and eight R&D organizations or universities from Czech
Republic (SURAO, CVUT FSv, UJV), Finland (POSIVA, VTT, B+Tech), France (Andra),
Germany (GRS, DBE Tech),  the Netherlands (NRG), Sweden (SKB), Switzerland (NAGRA) and
the UK (NDA, Galson Science Ltd).

The  global  objective  of  this  project  is  to  test  and  to  assess  the  feasibility  of  sealing  and  plugging
tunnels in deep geological structures, within the nuclear waste management context.

FSS

Full Scale Sealing (FSS) is a full scale experiment of seal performed within the DOPAS European
project.

Within the WP3 “Design and technical construction feasibility of the plugs and seals”, Andra has to
design and realize a full scale seal, made with a bentonite core, surrounded by two concrete plugs.
The two elements have been built with a low pH concrete, one with a self-compacted concrete and
the other with a shotcrete (Bosgiraud et al., 2014).

FSS data:
Full length 35 m
Internal diameter 7.6 m (up to 9 m into recesses)
Low pH cast concrete: 5 m thick; 240 m3; ~500 t
Low pH shotcrete: 5 m thick; 267 m3; ~614 t
Low pH pre cast wall: 2 m thick; 90 m3; ~210 t
Swelling clay core: 13.5 m thick; 620 m3; 1 050 t

Figure 4.1.10. FSS global lay out (Bosgiraud et al., 2014).

Both of these concretes have the same specifications:

Low hydration heat: T < 20 °C in semi-aidabatic conditions;

Low pH: pH 11 after 2 months;

Workability > 2hours.

Two types of concrete have been formulated: a shotcrete and a self compactiong concrete. The
shotcrete is based on a binary blend CEM I/SF and the SCC is based on a “binary” blend CEM III/
SF, in fact a ternary blend CEM I/BFS/SF as a CEM III is a mix clinker/BFS.

Both of these materials succeeded in having a pH pore solution value below 11 after three months.
The mechanical properties measured after three months give Rc ~51MPa and E ~ 28 GPa for the
SCC. In both cases the temperature increase in each plug is below 15°C in the central part of the
plugs, satisfying the specifications.
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Table 4.1.8. Low pH mix proportion for the FSS shotcrete.

Components kg/m3

Water 200
Ordinary Portland cement CEM I 190
Silica Fume 190
Medium aggregate (4–8) 408
Sand (0–4) 1 347
Superplastizer “glénium SKY537” 14
Accelerant “masterRoc HCA 10” 2.7

Table 4.1.9. Low pH mix proportion for the FSS Self Compacting Concrete.

Components kg/m3

Water 204
Slag Cement CEM III/A 52.5 130
Silica Fume 130
Limestone filler 408.4
Sand (0–4) 699
Medium size aggregate (5-12.5) 682
Superplastizer “Glenium SKY537” 14.7
Retardant "Prelom 510" 2

POPLU

POPLU  is  an  acronym  for  POSIVA  PLUG.  It  has  been  designed  in  Finland  and  two  low  pH
concretes have been formulated (Holt et al., 2014).

Figure 4.1.11. Posiva’s design for the deposition end tunnel plug (POPLU) (Holt et al., 2014).

This plug is a 6 m length structure with a diameter of 4.35 m to 6.35 m.

Two mixes were developed: a binary and a ternary blend based on a mix CEM I/SF, with/or without
FA. The compressive strength has to be over 50 MPa and pH < 11. The temperature increase of
such blends is close to 5 °C.
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Table 4.1.10. Final mix designs of POSIVA’s low pH concretes.

Ternary mix design (kg/m3) Binary mix design (kg/m3)
CEM I 42.5 MH/SR/LA 105 120
Silica 91 80
Fly Ash 84
Quartz filler 114 256
Aggregate 1 840 1 805
Water 126 125
W/B 0.45 0.60

Table 4.1.11. Final mix designs of POSIVA’s low pH concretes properties.

Ternary mix design (kg/m3) Binary mix design (kg/m3)
Compressive strength (MPa) 79.5 91.5
Modulus of elasticity (GPa) 34.2 37.4
pH of leachate after 90 days
(reference water / groundwater) 11.4/10.3 11.4/10.3

Other possible chemical systems

Most of the developments dealing with low pH cements use Calcium/Silica chemical systems.
Other raw materials are possible candidates, mainly involving alumina chemical systems. These
other hydraulic binders are mainly dedicated to chemically reactive waste immobilization but not to
build large structures such as seals (Cau-dit-Coumes, 2013).

Alumina cements used in different studies present weaknesses that do not allow using it alone
(George, 1983; Goni et al., 1991; Capmas et al., 1992):

Too alkaline to reach pH < 11; most of the tests give a pH of the pore water in the range
11.5/12.5;

Important high hydration heat;

Decrease of the mechanical properties due to the conversion of the alumina hydrates.

Blended  with  pozzolanic  compounds  could  change  these  properties  to  fulfill  some  of  the
requirements, but still with an important lack of knowledge regarding the long term behaviour
(Hidalgo et al., 2003; Garcia Calvo et al., 2011). Calcium Alumina Cements (CAC) have been
tested  within  the  ESDRED  project  but  even  blended  with  SF  or  FA,  pH  of  the  pore  solution
remained above 11.3 (Alonso et al., 2008).

Sulfo-alumina cements are close to the previous one but differ in composition with a high sulfate
amount. Then after hydration, the chemical characterization exhibits a pH range from 10.5 to 11.0,
the hydration kinetics and the hydration heat lead to high temperature increase during the setting
(Winnefeld & Lotenbach, 2010; Péra & Ambroise, 2004).

Another types of cement involve phosphate compounds. In this “category” apatitic cements and
phosphor-magnesia cements are the main known materials. High strength apatitic cements are
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mainly developed for medical application (i.e. sealing/repairing bones). At a larger scale, these
cements could be interesting due to their very low hydration heat and the (bio compatible) pH of the
hydrated material (range from 7 to 9) (Cau-Dit-coumes, 2002). Recent works in the medical field,
present high strength apatitic cements but without any information about a possible use at a cubic
meter scale.

Phospho-magnesia cements are well known to have a brief setting period and then to develop high
mechanical resistance at a very short time scale. Due to the high chemical stability of the phosphate
compounds, these cements are resistant to the main chemical degradations and after hydration have
a pore solution pH in the range 7 to 8 (Seehra et al., 1993; Wagh et al., 1993; Yang & Wu, 1999;
Soudée & Péra, 2000). However, the availability of the raw materials is one of the main problems
related to the use of such cements. Moreover, as these materials have a significant hydration heat,
an important thermal shrinkage could lead to cracks in massive structure.
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5 Phenomenological approaches

5.1 Diffusion of species through cement materials

V. Havlova, P. Ve ernik

ÚJV ež, a.s., Hlavni 130, Rez, 250 68 Husinec, Czech Republic

Concrete will be used in the repository as barrier material, backfill and construction material.
Except using fibre concrete containers for HLW, plugs, seal and grouts are considered be used. The
evolution of these structures toward their desirable achievements of their function will depend on
the time and rate at which processes occur. A number of variables can affect the nature and rate of
these evolution processes as radiation intensity, heat, water content, material composition,
hydrovariables, groundwater composition, mechanical properties, stress etc. (Posiva 2007)

Basically, ordinary Portland Cement (OPC, pH>13) is used, with low pH cement (LPC, pH<11) for
some specific purposes.

The major concern of cementitious material chemical degradation due to reaction with groundwater
is the generation of hyperalkaline leachate that could potentially interact with bentonite and dimish
its swelling properties. Therefore LPC material is recommended in order to decrease the impact of
OPC leaching in contact with groundwater.

Generally, OPC degradation generates high-alkaline gradient, with pH > 13, being rich in K+, Na+,
Ca2+ in the first period (pH around 13). In the second period pH is governed namely by portlandite
transformation with pH around 12.4. The last period will be influenced by CSH (Calcium Silica
Hydrates) with pH around 10 (e.g. Gaucher and Blanc 2006; Savage D., 2003; Sánchez etal., 2006;
Dolder et al., 2014)

Assessing long-term performance of cement material for radionuclide encasement requires
knowledge of the radionuclide-cement migration, interaction and mechanisms of retention (i.e.,
sorption or precipitation). This understanding will enable accurate prediction of radionuclide fate
when the waste forms come in contact with groundwater (Szántó et al., 2002).

In the case of a release of radionuclides from the waste matrix the transport will be influenced by a
series of chemical and physico-chemical processes: diffussion, sorption, ion exchange, precipitation
occurring at the inner and outer surface area of the rock matrix (Szántó et al., 2002). Diffusion is
considered to be one of the most important retardation processes, leading to slowing down the speed
of the species in comparison with main ground water flow in the fractures.

The diffusion process is governed by Fick´s laws, reported elsewhere (Eriksen and Locklund, 1989;
Ohlssons and Neretnieks, 1995; Bradbury and Green, 1986; Vilks et al., 2004; Löfgren and
Neretnieks 2003, 2004, 2006):
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where Cp is the concentration in  pore water (mol m-3), Dp the pore diffusion coefficient (diffusivity,
m2s-1,), R the retardation factor in the rock matrix (m-3.kg-1), t is time (s) and z is coordinate of
movement

The effective diffusion coefficient De (m2.s-1) is defined as

wfpw
D

e DFDDD 2 (Equation 2.)

where  is porosity, D is the constrictivity, 2 the tortuosity, Dw the diffusivity in free water (m2.s-1)
and Dp the pore diffusivity in pores (m2.s-1). Ff  is called the formation factor.

Extensive literature review on Fickian diffusion of radionuclides for engineering barriers was
reported in the paper of Shackelford and Moore (2013).

The authors usually point out the importance of porosity, tortuosity, pore structure and geometry of
the geological material (Bajja et al, 2015). Moon et al. (2006) states that chlorine diffusivity
increases with the average pore diameter.

Diffusion is an important mechanisms, influencing (Posiva 2007):
a) transport of substances that influence degradation of cement material (e.g. chlorine,

sulphate)
b) radionuclide migration through these materials.

Bentz (1997) presented that concrete diffusivity depends on water-to-cement ratio (W/C), degree of
hydration and aggregate volume fraction. The other variables that will affect the transport of
radionuclides and other substances through cementitious materials are temperature, material
composition, hydrovariables and groundwater composition (Posiva, 2007).

In civil engineering specie diffusion, namely Cl, is a subject of number of studies, studying namely
its corrosive impact on reinforcement and structures of cementitious materials - so called chloride
induced corrosion ( SN, 2010; ASTMC 1202, 1997; Concrete Q & A, 2006; NT Build 492, 1999;
Bentz D., 2007; Chaussadent T. a Arliguie G., 1999; NT Build 443, 1995; Elfmarkova et al., 2015).

Techniques influded migration test, immersion tests (e.g. Bentz D., 2007; Chaussadent T. a Arliguie
G., 1999; NT Build 443, 1995; Elfmarkova et al., 2015 etc.), electrical methods (e.g. Yang, 2006;
Moon 2006 etc.) followed also by conventional through-diffusion tests (Szántó et al., 2002; Bajja et
al., 2015; Wellman et al., 2007 etc.).

Studies are basically focused on different radionuclide/specie diffusion through cement samples,
resembling defined properties. However, it is clear that most of the data are available for ordinary
portland cement. Low pH cement diffusive properties are almost not available.

Diffusivity data for radionuclides through cementitious materials (mostly concrete) have been
obtained in the field of cementitious repositories for low- and intermediatelevel nuclear waste. In
the Data report for short lived radioactive waste (SFR; SKB 2014) in Sweden those are defined on
the bases of wide literature review. In the same time the rate of cement degradation is considered,
resulting into De values, ranging from 3.5·10-12 m2/s for construction concrete in time period 0–100
years up to 1·10-10 m2/s for period of 20,000–100,000 years (SKB, 2014). Chloride diffusion was
usually considered in the literature sources and expert judgement.
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Furthermore, some of the studies do not exhibit information detailed enough. For example Szántó et
al. (2002) did not present neither cement material porosity, nor the procedure of solution
equilibration and its final composition. The composition of the solution in contact with cement
material can be a key parameter, influencing radionuclide migration. If grounwater exhibiting pH
7.52 and low mineralisation (Szántó et al. 2002), gets into contact with cement sample, both pH and
total dissolved solid content (TDS) increases. None of this is reported in the paper.

The similar deficiency can be found in Bajja et al (2015), looking into diffusion of 3H, Li and Cl.
Neither pH development, nor final value and solution composition are reported.

Some of the papers looked into more detailed problems, as for example influence of cement
carbonation and metallic iron content on radionuclide diffusion, as for example in Wellman et al,
(2007) or Mattigod et al. (2012). Carbonation was induced by immersion in sodium carbonate
solution. The highest Tc and I diffusivities were observed in all uncarbonated Fe-free concrete
specimens (Mattigod et al., 2012). Specific technique was used in Wellman et al. (2007) that seems
to be a predecessor of Mattigod et al. (2012), however not being fully compatible. They use a
combination of dynamic and leaching techniques (leaching of contaminated soil in contact with
cement  material)  in  order  to  determine  diffusion  coefficients  of  Re,  I  and  Tc.  However,  the
technique is not fully clear. Some of the values presented are to be too low after recalculation from
cm2/s to m2/s (e.g. 1016 m2/s for I) that the measurement seems to be almost impossible (according
to the experience with granitic low porosity rock).

In the work of Fan et al. (2014) effects of kaolinite clay on the mechanical properties and chloride
diffusivity in cement paste, mortar and concrete were investigated. Ordinary Portland cement was
partially replaced by kaolinite clay at 0%, 1%, 3%, 5%, 7% and 9% by weight of cement. The test
results showed that the addition of clay improved the micro-pore structure in the cement paste and
limited, e.g. to decrease diffusion, for chloride ions. The chloride diffusion coefficient of cement
concrete decreases exponentially with the clay addition. The reduction of chloride diffusion
coefficient of cement concrete is 8.68% and 18.87% at 1% and 5% clay, respectively. However,
eventhough the decrease in porosity is reported in the paper, exact values can be found here.

The  paper  of  Caré  (2008)  is  devoted  to  the  effect  of  temperature  on  cement  porosity  and  Cl
diffusion, presuming heat transfer from radioactive waste. Rise of temperature leads to cracking and
modification of porosity characteristics. Chloride migration was studied using penetration technique
and colorimetric method allowing to distingush the different cannels for cloride transport. Chloride
ingress increased with water/cement ratio and with heating temperature.

However, Albinsson et al,. (1993) studied several cement type samples, ranging from ordinary
portland cement throutgh sulphate resistant paste, fly ash paste, high alumina paste etc and so as in
cement/bentonite combined system where radionuclides from spiked cement were diffusing into
bentonite. The apparent diffusion coefficients Da (m2/s) for radionuclide diffusion from spiked
cement into bentonite were following for Na 6·10-11 m2/s, for Ca 3·10-11 m2/s and finally Cs 3·10-12

m2/s.

Results of through-diffusion experiment for cement samples showed that Da values for Cs reached
10-12 to 10-13 m2/s. On the other hand no movement for Am and Pu was detected.

A specific theoretical approach is taken in Windt et al. (2004), where a rigorous model has been
developed using reactive transport code HYTEC to assess the geochemical evolution of clay rock
due to interaction with cement material. The impact of precipitation and dissolution of minerals on
porosity and diffusion is studied. The study is interesting by specifying basic parameters for
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ordinary Portland cement with porosity 20%, Dp = 1.0·10-10 m2/s and Deff = 1.0·10-11 m2/s, however
not specifying the source. All the radionuclides here (Cs, Ra, Tc and U) are considered to have the
same diffusion coefficients in cement, being influenced namely via solution composition and
mineralogical changes in the system. Eventhough the results are rather possitive - buffering capacity
of clay seems to play an important role resulting into Kd and solubility limit changes of one order of
the magnitude that is in the range of commonly found uncertainties - the study is only a theoretical
one, not being confirmed by direct experimental tests.

Conclusions

Data for diffusive properties for cement materials are available, however being mostly available for
OPC and based on Cl diffusion. Studies for other elements that can be expected e.g. in the case of
release from NPP decommissioned waste, C-14, Ca-41, Tc-99, Ni-63, or even actinides, are rare.

Studies are mostly driven by different requirements, focused on chloride corrosion observation. The
boundary conditions have not been described properly or not included at all. On our opinion, both
cement material equilibration and pH development during experiments are not tackled enough and
not evaluated in appropriate detail. Dependence of diffusion rate on cement degradation stages are
rarely determined as well.
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Table 5.1.1. Diffusion coefficients of radionuclides/other species in cement materials.

Reference Material type Solution Other properties Method Solution pH Porosity (%)
RN/

Specie De x 1012 m2/s
Bajja et al.
(2015) CEM I Saturated lime water Sand CEN (SN) 0–60% TD Not reported 31 - 14 3H 2.56 - 3.39
Bajja et al.
(2015) CEM I Saturated lime water Sand CEN (SN) 0 TD Not reported 31 Li 1.15 - 1.70
Bajja et al.
(2015) CEM I Saturated lime water Sand CEN (SN) 0 TD Not reported 31 Cl 2.18 - 2.68
Szántó et al.
(2002)

Paks NPP cement
Details not reported GW Not reported TD Not reported Not reported 3H 54.9

Szántó et al.
(2002)

Paks NPP cement
Details not reported GW Not reported TD Not reported Not reported 125I 26.0

Szántó et al.
(2002)

Paks NPP cement
Details not reported GW Not reported TD Not reported Not reported 36Cl 30.0

Elfmarková et
al. (2015) M1-OPC NaOH RCM Not reported 14,64 Cl 8.03; 8.94
Mattigod et al.
(2012) Portland I or II.

Destilled water (not
fully clear) Non carbonated TD Not reported Not reported Tc 0.17

Mattigod et al.
(2012)

Portland I or II. Destilled water (not
fully clear) Non carbonated TD Not reported Not reported I 0.14

Mattigod et al.
(2012)

Portland I or II. Destilled water (not
fully clear) Carbonated TD Not reported Not reported Tc 0.53

Mattigod et al.
(2012)

Portland I or II. Destilled water (not
fully clear) Carbonated TD Not reported Not reported I 0.54

Mattigod et al.
(2012)

Portland I or II. Destilled water (not
fully clear) Non carbonated, Fe 12% TD Not reported Not reported Tc 0.023

Mattigod et al.
(2012)

Portland I or II. Destilled water (not
fully clear)

Non carbonated
Fe 12% TD Not reported Not reported I 0.040

Mattigod et al.
(2012)

Portland I or II. Destilled water (not
fully clear) Carbonated Fe 12% TD Not reported Not reported Tc 0.011

Mattigod et al.
(2012)

Portland I or II. Destilled water (not
fully clear) Carbonated Fe 12% TD Not reported Not reported I 0.013

Caré (2008)
CEM I (different
water/cement ratios) Non-saturated

T initial;
w/C = 0.35–0.6) PT Not reported Cl Da = 1.86 - 42.0

Caré (2008)
CEM I (different
water/cement ratios) Non-saturated

T = 45 °C;
w/C = 0.35–0.6) PT 22.9 Cl Da = 6.54 - 42.0

Caré (2008)
CEM I (different
water/cement ratios) Non-saturated

T = 80 °C;
w/C = 0.35–0.6) PT 26.9 Cl Da = 1.41 - 46.5
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Reference Material type Solution Other properties Method Solution pH Porosity (%)
RN/

Specie De x 1012 m2/s

Caré (2008)
CEM I (different
water/cement ratios) Non-saturated

T = 105 °C;
w/C = 0.35–0.6) PT 31.2 Cl Da = 2.62 - 61.5

Fan et al
(2014) OPC PO42.5R cement KOH Kaoline 0% RCM

Not reported
Cl 9.42

Fan et al
(2014) OPC PO42.5R cement KOH Kaoline 1% RCM

Not reported
Cl 9.19

Fan et al
(2014) OPC PO42.5R cement KOH Kaoline 3% RCM

Not reported
Cl 7.46

Fan et al
(2014) OPC PO42.5R cement KOH Kaoline 5% RCM

Not reported
Cl 8.09

Fan et al
(2014) OPC PO42.5R cement

KOH
Kaoline 7% RCM

Not reported
Cl 8.87

Fan et al
(2014) OPC PO42.5R cement

KOH
Kaoline 9% RCM

Not reported
Cl 8.71

SKB (2014)
Construction concrete
(OPC presumed) Expert judgement 0–100 years after closure (based on Cl) 3.5

SKB (2014)
Construction concrete

(OPC presumed)
100–10 000 years after

closure
Expert
judgement (based on Cl) 11

SKB (2014)
Construction concrete

(OPC presumed)
10 000–20 000 years after

closure
Expert
judgement (based on Cl) 50

SKB (2014)
Construction concrete

(OPC presumed)
20 000–100 000 years after

closure
Expert
judgement (based on Cl) 100

Albinsson et
al. (1993) OPC

Artificial GW- not
reported TD Not reported Not reported Am, Pu No movement

Albinsson et
al. (1993) OPC

Artificial GW- not
reported TD Not reported

Not reported
Cs 0.1 - 1

Abbreviations

TD - through diffusion
RCM - rapid chloride migration test
(Elfmarkova et al., 2015)

GW - groundwater
PT - penetration technique (Caré, 2008)
W/C - water/cement ratio

NPP - nuclear power plant
OPC - ordinary Portland cement
LPC - low pH cement
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Durability of concrete

Durability and resistance of cement mixtures is mainly affected by the internal chemical
composition and microstructure of the concrete. In the pure Portland cement concrete the total
volume is contributed by two types of porosity. Isolated pores are completely sealed in
concrete by hydration products and material transfer into and out of the pore is very limited.
Open/transfer porosity is that through which there is a path between two areas of the material.
This connected porosity often, but not always, connects the entire volume of the cementitious
material with the surrounding environment and thus aggressive chemicals can penetrate into
the concrete and degrade the material from inside. Concrete resistance includes both the effect
of mechanical damage (e.g. abrasion, thermal expansion), but more often is associated with
resisting chemical attack, e.g. sulfate effect, corrosion of steel reinforcement, whether general
or supported by chlorides, alkaline aggregates reaction etc.

Sulfate attack - a reaction takes place between C4ASH12 (monosulfate)  and  SO4
2- in the

presence of calcium ions (gypsum) in an aqueous medium and is formed a new mineral phase,
ettringite (Atahan & Dikme, 2011). The conversion of the high density phase into a low
density mineral phase may cause material expansion and cracking. Cracks could increase the
porosity and thus accelerate the transport of sulfate ions in the cement matrix and its
degradation.

Carbonation - due to the reaction between the dissolved CO2 and calcium containing matrix
phase is reduced the pH of the matrix. Carbonation is formed on the surface area and
carbonation product penetrates into the concrete matrix, the distance to which the products
penetrate corresponds to the porosity. Carbonation may consume Ca(OH)2 and CSH (calcium
silica hydrates) and produce CaCO3 (Chang & Chen, 2006). The degradation of CSH can lead
to progressive decalcification and to very small Ca/Si ratios and finally to the silicate gels
formation. Degradation of the basic structural phases can lead to loss of material strength.
Another factor is the loss of the higher pH of concrete with steel reinforcement. At pH > 10.5
a film of passivation products that prevents further corrosion of steel is formed at the surface
of the steel reinforcement, the loss of higher pH increase the risk of corrosion.

The  influence  of  chloride  -  is  harmful  for  its  corrosion  of  steel  reinforcement,  when  is
disturbing  passivation film on steel surface. The pitting and facet corrosion on steel occurs.

Alkali aggregate reaction (AAR) - some rocks contain silicon in a slightly reactive form,
generally flint, opal, chert, pressure-metamorfed quartz, have high reactivity in the concrete.
The reaction is controlled by the high pH of pore fluids and silicon available for reaction with
sodium gives rise to silica gels which contain very small amount of calcium. Gels absorb the
water, swell and increases in volume and then thereby cause cracks in the concrete (Fournier
& Bérubé, 2000).

Cement-bentonite interactions

Cementitious materials when interacting with water form a leachate with high pH (~ 12–13).
These highly alkaline water may affect other parts of the engineered barrier system or host
environment. The most relevant interactions are concrete and bentonite or other clay material
(see Figure 5.1.1) used as a buffer, which may cause significant degradation of the properties
of this backfill material (Alexander et al., 2008).
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Figure 5.1.1. Cement-bentonite interactions: Some of the important processes involved in
bentonite alteration (Alexander et al., 2008).

However bentonite has a very high ability to buffer the pH, so the effect of alkaline plumes
are likely to be only near the of concrete - bentonite interface (Gaucher et al., 2004). For the
development of pH in bentonite affected by alkaline solution in the long time scale are used
computer simulations (see Figure 5.1.2).

Figure 5.1.2. Model of the change in the pH of the barrier (MX80) pore water (Gaucher et
al., 2004).

As the alkali solutions react with bentonite the formation of new mineral phases can occur
(Savage et al., 2007), see Figure 5.1.3. To avoid as much possible alteration of bentonite, it is
proposed to use low-alkaline cements or concretes with a low pH (where a low is considered
to pH ~ 11). Reducing the pH of the concrete can be achieved by appropriate selection of the
cement and by the ratio of additive to the cement content in the concrete batch. The pH value
can be significantly reduced in particular by the addition of silica fume and other additives.
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Figure 5.1.3. Schematic diagram of the potential sequence of secondary minerals due to the
migration of hyperalkaline pore fluids through bentonite (Savage et al., 2007).

Although computer models and codes are used in long-term assessment, experimental results
are needed as input parameters and also for the functional verification of models. The great
advantage can also shows the data obtained from measurements archaeological analogues and
especially natural analogues of cement in locations Maqarin and Khushaym Matruk in Jordan
and  other  of  natural  analogues  and  sites  of  the  interaction  of  alkaline  waters  with  clays
(bentonites): Cyprus, Oman, California, China, Japan and the Philippines (Alexander et al.,
2008).
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5.2 Conventional studies of diffusion cell test method with cementitious
materials

Naila ait Mouheb, Vanessa Montoya, Thorsten Schäfer

Karlsruhe Institute of Technology (KIT), Institute for Nuclear Waste Disposal, Germany

It is well known that the degradation process of cementitious materials involves diffusion of
internal and external ions, interaction between these ions and re-deposition of the interacted
products. The diffusion coefficient is a highly important parameter as an assessment criterion
in the domain of nuclear waste disposal. Radionuclides are transported by diffusion in the
cement matrix and can be described by Fick’s laws. If we consider diffusion in the steady
state, the first Fick’s law can be applied to these systems:

CJ D
x

 (1). (1st Fick’s law in 1D)

where J is the substance flux [kg/m2·s]; is the concentration gradient [kg/m4]; and D is the
diffusion coefficient [m2/s]. However, transport processes in cementitious materials can be
time dependent since the pore structure of this materials can change with time. In that case the
Fick´s first law is not applicable and diffusion can be explained with the Fick´s second law
which states that the change in concentration per time is equal to the change of the flux per
unit of length.

Although diffusion processes play an important role in the deterioration process, there is lack
of reliable data on ion diffusion coefficient in cement materials. In the literature, it is
described different methods to study diffusion processes in these materials including the
determination of diffusion coefficients under steady state or transient state conditions, which
are listed below:

Through diffusion

Leaching test/Out diffusion

Electrochemical migration (acceleration method)

Chloride diffusion processes through concrete has been one of the dominant studies described
in the literature. However, diffusion studies with low pH cements are very scarce which
makes difficult to predict the migration of radionuclides in this solids. For example, it is well
know  from  previous  studies  that  the  addition  of  silica  fume  or  fly  ash  (main  additives  to
obtain low pH cement) in ordinary Portland cement paste considerably reduces the diffusion
rate for chloride (Byfors et al. 1987) which will affect to the transport properties.

Bellow it is given a summary of through and out-diffusion experiments in saturated porous
materials indicating the experimental setup used by the different groups and the type of
cement used and the approximation follow to determine the diffusion coefficient. Not
description of the leaching test of the electrochemical migration is given is this section as
more information can be found in the contribution of Alonso and Garcia Calvo (this report).
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5.2.1 Through diffusion experiments

Diffusion coefficients in cementitious systems can be determined by through-diffusion cells
where two compartments (up-stream and down-stream cell) are filled with solutions
characterized by different salt concentrations and are separated by a cylindrical cement paste
sample with cross-sectional area A(sample) and thickness t(sample) (Figure 5.2.1.1). The transport
mechanism in this technique is very similar to the one that takes place in real structures but
one of the biggest inconvenient is the long time needed to perform the experiments and the
need of use thin samples to reduce the experimental time.

Figure 5.2.1.1. Schematic representation of a through diffusion cell (Pivonka et al. 2004), b)
time-dependent evolution of chloride concentration in down-stream cell.

In order to arrive at an adequate description and interpretation of the diffusion experiments, it
is needed to solve the diffusion equation with appropriate initial and boundary conditions
consistent to the designed experiments. In most of the experiments described in the literature
the boundary conditions are considered as constant (Figure 5.2.1.2). For this reason the
downstream solution is normally renewed each day (to maintain concentration equal to zero
in this compartment) and the upstream activity is changed each three day and conserved at the
initial value of the tracer studied.

For x  0; c (0; t) = cup = constant
for t  0

For x  L; c (x, t) = 0
for t  0

For 0  x  L;c (x, 0) = 0
for t = 0

Figure 5.2.1.2. Sketch of a cross-section through the diffusion cell (Jakob et al., 1999).
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In order to determine the diffusion coefficient of the studied species, the concentration in the
downstream cell is measured as a function of time. In Figure 5.2.1.3 and Figure 5.2.1.1b, a
general evolution tendency of the activity cumulated (concentration) in the downstream
compartment and the flux as a function of time is represented. As can be seen from this plot
(Figure 5.2.1.3), there are two different regimes:

1) The transient regime, where the flux increases while the porosity is filled with the
diffusing species and

2) The steady state regime where the concentrations in the liquid and on the solid come into
equilibrium and the flux remind constant.

Figure 5.2.1.3. Evolution tendency of the flux and total diffused mass as a function of time
during a through diffusion experiment (van Loon et al. 2004).

Diffusion experiments are normally running until the steady state is reached (constant flux).
In the steady state the slope between the concentration in the downstream cell vs time
becomes constant which means the diffusive flux across the sample is also constant. Fick’s
first law can then be applied to calculate the cumulative quantity Q(t) [mol] of diffusing
species passed through a sample with a cross-sectional area A [m2]. In this case the effective
diffusion coefficient (De) can be calculated from the slope of the total diffused activity curve
and the porosity of the system ( ) from the intercept with the y-axis.

There is an analytical solution to be applied to diffusion experiments performed under
constant boundary conditions. (Crank, 1979) where the evolution of the radioactivity in the
downstream compartment with a thick sample “L” (i.e. x max = L) can be calculated, by the
following expression:

= . . . . ( ) . . .
.

(1)

And:

Where:
At

diff the cumulative activity of tracer in the downstream compartment (Bq),
C0 the activity of the solution in the high concentration container (cpm.cm-3),
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L the thickness of the sample,
De the effective diffusion coefficient (m2/s),
Da the apparent diffusion coefficient (m2/s),
t time (s),

 the rock capacity factor. = + . (  = porosity),
Kd equilibrium distribution coefficient (m3/kg), Kd = 0 for no-sorbing tracers.
 the dry bulk density of the rock (kg/m3),

S the cross sectional area of the exposed surface (m2).

As time increases, the exponential term reduces towards zero and the equation 2
approximates:

= . . ( . ) (2)

This equation can be expressed as a linear equation:

= × +

Where:

= . . , = . . .

The flux  at time ti is calculated by:

= (3)

Determination of the effective diffusion coefficients described in the literature:

Atkinson et al. 1984 studied the diffusion of I- and CI- ions and the tracer diffusion of Cs+ ions
in water saturated Ordinary Portland Cement as a function of water/cement ratio at cement
manufacturing by through diffusion experiments. The diffusion cell is schematically shown in
Figure 5.2.1.1. The concentration of the diffusing specie in the low concentration side of the
cell as a function of time was measured and the boundary conditions was kept constant. The
authors observed that diffusion was strongly influenced by the water/cement ratio in an
approximately exponential manner. Cs was significantly less mobile than the other ions.
Diffusion measurements were also made as a function of temperature, but not temperature
effects will be discussed in this report.

Byfors et al. 1986 studied the diffusion of chloride ions through the cement paste by means of
the 2-chamber method as illustrated in Figure 1. The cement discs were mounted in diffusion
cells  to  measure  the  rate  of  diffusion.  The  upstream  reservoir  was  filled  with  1  M  NaCl/
saturated Ca(OH)2 solution (pH = 12.5) and the downstream was filled with saturated
Ca(OH)2 solution only. At the beginning, very little Cl- diffuses through the disc due to the
fact that the cement paste binds chlorides chemically in the hydration products. After a few
days, equilibrium is achieved between free and bound chloride ions and a steady state flow
occurs on condition that the concentration of Cl- in  both  chambers  is  kept  constant  all  the
time. Constants boundary conditions by replacing the solutions during the experimental
period was performed. The determination of the diffusion parameters method is based on
following the increase in the Cl concentration by ion-selective electrode in the downstairs
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reservoir as a function of the time. Chloride diffusion through the paste disc was calculated by
means  of  Fick's  1st law in the steady state and is shown in Table 5.2.1.1. The experimental
results show that an addition of silica fume of fly ash with the same water-binder ratio gives a
lower  rate  of  diffusion  compared  with  a  pure  Portland  cement  paste.  The  results  also  show
that the diffusion constant decreases with a decrease in the water-binder ratio.

Table 5.2.1.1. Diffusion coefficients determined by Byfors et al. 1986 in different cement
pastes.

Johnston et al. 1992 determined the diffusion coefficients for tritiated water (HTO) and 36C1
under simulated saline groundwater (CaCl2 solution at  1 M) conditions at  pH = 12.5 for six
mixtures of Sulphate Resistant Portland Cement containing Silica Fume at two water to
cement ratios. Superplasticizer (naphthalene sulphonate formaldehyde condensate) was also
included. The schematic representation of the diffusion cell is shown in Figure 5.2.1.4. The
basic  cell  consists  of  two  125  mL  reservoirs  separated  by  the  sample  disc  (0.59  mm);  one
reservoir contained the active solution (spiked with HTO and 36C1-) while the other reservoir
contained the non-active solution. Detailed information regarding its construction and the cell
filling and sampling procedure is given in Johnston and Wilmot (1988).

To ensure constant boundary conditions and constant tracer concentration at the upstream
reservoir, the active solution was circulated from a central stock reservoir by a peristaltic
pump at a rate of 0.65 to 0.75 mL/min. For obtaining the diffusion coefficient, it is assumed
steady state and homogeneous sample.

The  results  of  the  diffusion  experiments  show  both  HTO  and 36C1 to behave as reactive
tracers in cement-based materials. The water to cement ratio was shown to have a significant
effect on the retardation capabilities of the grout mixes with retardation factors increasing as
the water to solid ratio was reduced from 0.35 to 0.25.

Diffusion coefficient for 37Cs and 85Sr were calculated by the authors using the diffusion
coefficient determined for HTO and using the distribution coefficient determined by the same
authors in batch experiments. Tortuosity factors were calculated from the results of the
diffusion  tests.  The  results  also  showed  the  addition  of  silica  fume  to  have  impact  on  the
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potential migration rates of both 37Cs and 85Sr,  however,  under  saline  conditions,  a  similar
reduction in the effective diffusion coefficients could be achieved through a decrease in the
water to cement ratios.

Figure 5.2.1.4. Schematic representation of the diffusion cell used in Johnston et al. 1992.

Nugue et al. (2007) propose a new method for testing molecular diffusion in concrete
containing normal Portland cement, sand and gravel at a solid/iquid ratio of 0.4. A saturated
specimen of porous material of 15 mm thick was placed between two compartments
containing an alkaline solution with NaOH (1g/L) and KOH (4.65 g/L). The upstream
compartment contained tritiated water (HTO) at an initial concentration of 37x109 Bq m-3 and
the downstream compartment a solution without HTO. The boundary conditions were
maintained constant. Usually, the flux of HTO was repeatedly measured by analysing the
content of the downstream cell in the steady state by liquid phase scintigraphy. In this work, a
theoretical  study  based  on  Fick's  laws  is  used  to  show  that  it  is  possible  to  determine  the
diffusion coefficient DFick1 by considering only two measurements obtained in the non-steady
state,  in  the  downstream  compartment  of  a  diffusion  cell.  A  significant  saving  of  time
(approximately half) was obtained.

Bajja  et  al.  2015  performed  through-diffusion  studies  of  HTO,  Li+ and  Cl- in 6 different
mortar compositions (see Table 5.2.1.2) to identify the diffusion coefficients as a function of
the selected solid materials. Lithium and Chloride were included as a LiCl salt at low
concentration (41 mmol/L) to neglect the effect of the electrical interaction. The initial
concentration for HTO was 3.2 x106 Bq/L. Mortars were manufactured by mixing Portland
cement with standardized siliceous sand, water and super plasticizer (Glenium 27). The
microstructure and porosity of the studied materials was investigated by free water porosity
and by Mercury Intrusion Porosimetry measurements (see Figure 5.2.1.4).
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Table 5.2.1.2. Proportions of the materials tested by Bajja et al. 2015.

The through diffusion set-up consists in a cell with the mortar sample of 6 mm length between
two compartments (upstream and downstream), as it is shown schematically in Figure 5.2.1.1.
The solid sample is sealed into position using an epoxy adhesive. Each compartment have a
volume of 111 ± 1 ml and is filled with saturated lime water (pH ~12.5).

Figure 5.2.1.4. Effective diffusion coefficient De of HTO vs the sand content in mortars (Bajja
et al. 2015).

Experimental measurements were performed until a stationary state was reached. During the
diffusion test, the upstream and downstream concentrations were maintained at nominally
constant values. The concentration at the downstream compartment was set to not reach 3%
of the upstream concentration.

The amount of tracer accumulated in the downstream compartment was measured and the
effective diffusion coefficient was determined by the analytical solution proposed in Nugue et
al. 2007. Calculated diffusion coefficients are shown in Table 5.2.1.3.

Table 5.2.1.3. Diffusion coefficients determined by Bajja et al. 2015.
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According to this results can be concluded that the presence of nonporous sand grains tend to
decrease the diffusivity, however, the presence and the interconnectivity in the interfaces are
the origin of the appearance of larger pores and probably the cause of the increase of the
diffusion coefficient (in the SN. 60% mortar).

The work carried out in PSI research center (Jakob et al. 1999, 2002, Sarott et al. 1992, Tits et
al. 2003) described the diffusion of HTO, Cl-, I-, 22Na+, Cs+ and Ni2+ in a Sulphate Resisting
Portland  Cement  (SRPC)  equilibrated  with  an  artificial  pore  water  at  pH  =  13.3.  Very
recently, the same group (Wieland et al. 2016) has studied the diffusion of small organics by
the  same  type  of  cement  at  different  hydration  time  and  using  the  same  diffusion  cell.  The
diffusion experiments were performed in a globe box with nitrogen in order to avoid
carbonation of the sample.

Figure 5.2.1.5. Schematic representation of the set-up used for the through-diffusion
experiments (Jakob et al. 1999).

The set-up used in the through-diffusion experiments of Jakob et al. 1999 and Sarott et al.
1992 is shown in Figure 5.2.1.5. The whole apparatus is constructed modularly and consists
of transparent polystyrene allowing an easy check of the height of the solutions. The samples
are sealed by two component synthetic resin (Epoxy resin), into a sample holder which
formed part of the diffusion cell.

The  pipes  consist  of  PTFE,  having  a  total  length  of  about  0.7  m  and  an  inner  diameter  of
about 4 mm; the wetted parts of the pump are covered with PVDF, and the pump rate is about
12–15 ml/min. The dimensions of the apparatus are given in Table 5.2.1.4.

Table 4. Some geometrical aspects of the apparatus (A. Jakob et al., 1999 and Sarott et al.,
1992).

Vreservoir
(mL)

VLow concentration (mL)
(Measurement cell)

VHigh concentration (mL)
(Smaller part of the reservoir)

Reference

540.0 47.0 45.0–50.0 Jakob et al., 1999
500.0 / / Sarott et al., 1992
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The sample was glued into a sample holder made of polystyrene which itself was part of the
diffusion apparatus.  The sizes of the cement sample used in these studies is  shown in Table
5.2.1.5 and compare with the sample size of other authors.

The two compartments (Source concentration or upstream and the measurement cell or
downstream) contain an alkaline solution in order to limit the leaching of the pore solution
alkalis. In the case of hardened cement pastes “HCP” from the work of Tits et al 2003 [28],
this  alkaline  solution  consists  to  an  Artificial  Cement  Water  (ACW)  with  a  composition  of
0.18M KOH; 0.114M NaOH; 1.7.10-3 Ca(OH)2 and pH = 13.3.

Table 5.2.1.5. Geometrical parameters of the cement samples.

Experimental
time (days)

Sample thickness
102 [m]

Sample Diameter
102 [m] Reference

60 0.3 3.2 Atkinson et al., 1984
60 0.3 1.9 Byfors et al., 1986

200 0.59 5.0 Johnston et al., 1992
208 1.0 4.0 Sarott et al., 1992
180 0.5 4.1 Jakob et al., 1999

In Table 5.2.1.6 is included a summary on the effectives diffusion coefficient determined by
different  authors  including  the  porosity  of  the  sample,  the  ratio  water/solid  (W/C)  of  the
samples, the type of tracer used and their initial concentration C0 in the high concentration
reservoir and the equilibrium distribution coefficient (Kd) determined in the same work if
possible.

Table 5.2.1.6. Literature review of the effectives diffusion coefficient values, given during
through-diffusion experiments.

Sample type Porosityb w/c Tracerc time
(days) C0 (mol/L) De (m2/s) Source

HCP (Type 50-SRPCe) 0.63±0.05 1.3

36C1 176 2.79 10-5 1.56 ·10-10 ± 0.07 Jakob et al.,
[25]

125I 84 3.61 10-8 2.86 · 10-11 ±0.07
134Cs 87 3.82 10-8 1.12 · 10-11 ±0.4

HCP (Type 50-SRPCe) 0.63±0.05 1.3

36C1
170

2.9 10-5 1.6  10-10 (a)

Sarott et al.,
1992

125I 3.9 10-8 3.0  10-11 (a)

134Cs 3.6 10-8 1.4  10-10 (a)

85% Type 50-SRPCe

+15% silica fume 0.198 0.35
137Cs

200
2.75 10-7 4.9· 10-13

Johnston et
al., [30]85Sr 4.0 10 -4 2.3 ·10-13

Concrete 0.086f 0.4 HTO 160 37.109 Bq m 3
8.06 ·  10 13

Nugue et
al., 20077.94 · 10 13

7.51 · 10 13

HCP (Type 50-SRPCe) 0.63±0.05 1.3 HTO 42 74 1010 Bq m-3 2.8 · 10-10 Tits et al.
200322Na 1.1 · 10-10

a Errors in De and Rd are estimated to be ± 10%. b Porosity determined by mercury intrusion porosimetry. e SRPC = Sulphate
Resisting Portland Cement. f Calculated porosity. Capacity factor calculated by the authors but we assumed that the Kd of
HTO is 0.
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5.2.2 Out diffusion experiments

Out-diffusion experiments are considered a crucial test of the predictive quality of a given
data from the through-diffusion experiments. However, in the literature there are very few
authors using this technique to determine the diffusion coefficient of tracers in cement (Jakob
et al. 1999, 2002, Tits et al. 2003, Wieland et al. 2016).

Tits et al. 2003 (Jakob et al. 2002) studied the diffusion of tritiated water (HTO) and 22Na+- in
non-degraded Hardened Cement Pastes. Jakob et al. 1999 perform the same kind of
experiment with 63Ni in the same kind of cementitious materials. The particular method using
the samples loaded with tracer from the previous through-diffusion phase was novel allowing
measuring independent values for the diffusive tracer flux differing at both boundaries (both
reservoirs). The experimental set-up is very similar than the one described for the through
diffusion experiments (see Figure 5.2.2.1). As soon as the steady-state is achieved in the
through- diffusion experiments at time ti,  the  solid  sample  is  removed  from  the  through
diffusion cell and placed between two containers filled with the same synthetic pore water in
equilibrium with the sample and the same volume (101mL) but without containing the tracer.
After regular time, the solutions are replaced by a new solution (synthetic pore water) and
their activities are measured until all the activity was diffused out of the samples.

Figure 5.2.2.1. Schematic representation of the set-up used for the out-diffusion experiment
[(1): cement disk, (2): downstream compartment and (3): outlet (picture from Wieland et al.
(2016)).

For the calcultation of the effective diffusion coefficients, it is needed to solve the 1D
diffusion equation with an initial (steady-state) tracer distribution from the through-diffusion
phase as explained by Jakob et al. 2002 taking into account the correct boundary conditions of
the system:

C (x = 0, t) = C(x = L ,t) = 0; t > 0.

To  give  an  example  of  results  from  out-diffusion  experiments,  Figure  5.2.2.2  shows  an
evolution tendency of the flux to both compartments. as a function of time.
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Figure 5.2.2.2. Evolution tendency of the flux as a function of time during an out-diffusion
experiment (Tits et al. 2003).

In Table 5.2.2.1, the diffusion coefficient determined with this technique is given. Some
geometrical aspects of the hardened cement pastes (HCP's), the diffusion cells, the values for
the porosity and the dry bulk density, (pis the dry solid phase density.

Table 5.2.2.1. Diffusion coefficients determined by out-diffusion experiments, determined in
the literature.

Sample type Porositya

[-] w/c Tracer time
(days)

Kd.103

(m3/kg)c De (m2/s) Reference

HCP (Type
50-SRPCb) 0.63±0.05 1.3 HTO 42 0.8±0.2 2.72 10-10 J. Tits et al.

200322Na 0.5±0.1 1.04 10-10

HCP (Type
50-SRPC) 0.63±0.05 1.3 63Ni 556 36.7 2.52  10-11 Jakob et al.,

1999

a Porosity experimentally determined by mercury intrusion porosimetry. SRPC = Sulphate Resisting Portland Cement, c:
sorption determined by separately sorption batch experiments.

5.2.3 In diffusion experiments

There is another type of experiments to determine the diffusion coefficients in cementitious
materials based on measuring concentration profiles in the solid.

Albinsson,  et  al.  1993  used  this  technique  to  study  the  diffusion  of  Cs,  Am  and  Pu  into  5
different types of concretes which composition is described in Allard et al. 1984. The samples
have an inner diameter of 20 mm and a length of 25 mm. No results could be obtained for Am
and Pu, because after 2.5 and 5 years contact, respectively, as Pu and Am only move 0.2 mm
in the concrete.

The apparent diffusion coefficient determined by the authors for the different concrete
mixtures is shown in Table 5.2.3.1. In this case for determining the diffusivity, the
concentration of the studied species is measured on the solid at different distances from the
interface. Constant boundary conditions were keep it in the experiments. As can be seen, the
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apparent diffusion coefficient for cesium in the concretes with Standard Portland, Sulphate
Resistant, Blast furnace slag, and fly ash paste are of the same order of magnitude. The lower
diffusivity is obtained in the concrete with silica fume and it is explained by the different
density of the solid. The higher diffusivity obtained for the cement with high aluminium
content is explained by the low content of silica.

Table 5.2.3.1. Diffusion coefficients of Cs in different concretes determined by Albinsson et al.
1993).

Sample type (days) Experimental time (days) De (m2/s)
SPB 231 7.9 10-14

SRB 231 1.0 10-13

MB 260 2.5 10-13

FAB 260 1.6 10-13

SIB 260 7.9 10-15

ALB 260 1.3 10-12

Standard portland paste (SPB), Sulphate resistant paste (SRB), Blastfurnace slag paste (MB): SPB + blastfurnace slag, Fly
ash paste (FAB): SPB + 30% fly ash, Silica paste (SIB): SPB + 20% silica fume + 3.2% naphthalene, High aluminia paste
(ALB).

Additionally, the sorption of Cs was determined by the same authors observing a very low
sorption in all the used materials. In several cases, especially for cement paste no measurable
sorption was observed. The highest distribution coefficient observed was 0.25 m3/kg for one
sample of Standard Portland concrete. The major part of the values were in the range between
0.001 and 0.01 m3/kg.
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5.3 Experimental studies of hydromechanical behavior of concrete
fractures: a state-of-the art

J. Shao

University of Lille, Laboratory of Mechanics of Lille
59655 Villeneuve d'Ascq, France

Context

In the context of geological disposal of nuclear waste, ordinary and high performance
concretes are used either as supporting material for underground structures and engineered
barrier. In both cases, they are subjected to mechanical, hydraulic and thermal solicitations as
well as chemical degradation. Among various aspects related to performance of concrete
structures, damage induced by microcracks is an essential mechanism of inelastic deformation
and failure of concrete. In many cases, the failure of concrete structures is resulted by the
coalescence of microcracks leading to localized fractures. The description of transition from
diffused damage to localized fracture remains so far the most important challenge of
durability analysis of concrete structure. Many previous investigations have been performed
on experimental characterization of mechanical and transport properties of concretes in
relation with damage evolution. It is found that the microcrack induced damage not only
affect mechanical behaviors but also transport and diffusion properties. The main
consequences include deterioration of elastic properties, induced anisotropy, unilateral effects,
friction-damage coupling, irreversible deformation and hysteretic response, significant
evolution of permeability and thermal conductivity (Kermani 1991; Sugiyama et al. 1996;
Wang et al. 1997; Abbas et al. 1999; Baroghel-Bouny et al. 1999; Picandet et al. 2001;
Choinska et al. 2007; Hoseini 2009; Yurtdas et al. 2011, just to mention some representative
works on concrete permeability). These works have clearly shown inherent relationships
between concrete permeability evolution and microcrack growth. However, most existing
works are limited to concrete materials with diffused microcracks or no fully connected
localized cracks. There are very few works devoted to hydromechanical characterization of
individual concrete fractures, in particular when such fractures are subjected to both normal
and shear stresses. Such experimental data are obviously necessary for modeling of
progressive propagation of localized fractures, the key phenomenon of failure process in
concrete structures (Bourgeois et al. 2002; Chen et al. 2011). On the other hand, in the context
of geological disposal of radioactive waste, concrete components are also in contact with
engineered clay barrier and claystone as geological barrier. It is a crucial issue to study
hydromechanical behaviors of interfaces between concrete and rocks. Unfortunately very few
studies  have  been  so  far  performed  on  this  feature.  In  this  state  of  the  art,  we  present  a
summary of experimental studies of hydromechanical behaviors of a fresh concrete fracture,
realized in the PhD thesis of He (2011, 2012) at the University of Lille. This work serves as
the background for the ongoing works in the Cebama project.

Experimental studies

The experimental studies have been performed on the CEM I concrete specifically chosen by
ANDRA (French National Agency for Nuclear waste management) for potential use in
underground structures for nuclear waste disposal. The University of Lille developed a
specific device in order to investigate hydromechanical behaviors of fractures and interfaces,
as  shown  in  Figure  5.3.1.  Fractures  are  created  in  cylindrical  samples  with  the  help  of  two
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cylindrical discs with the same diameter as the sample. Each disc is composed of two semi
discs made of materials with different stiffness. The two semi discs are placed in an opposite
way at the top and bottom surfaces of the sample. Due to the stiffness difference between two
semi discs, the application of an axial force allows the generation of a shear stress along the
diameter plane. This shear stress is at the origin of fracture creation and allows direct searing
tests of the fracture under different confining pressures.

Figure 5.3.1. Illustration of the specific triaxial cell for hydromechanical testing of fractures
and interfaces.

Using the device, four series of mechanical and hydromechanical tests are performed:
Hydrostatic compression test; the main objective here is to establish the relationship
between fracture opening (and closure) and applied normal stress.
Direct shear test under confining pressure; the objective of this test is to characterize
the tangential shear strain and normal strain of fracture versus shear stress for different
values of confining pressure.

Hydraulic flow test; the purpose of this test is to determine the relationship between
hydraulic flow rate and injection pressure inside the fracture under different confining
pressures.
Shear test with constant fluid pressure; this test is complementary to the direct shear
test and its objective is to identify influences of fluid pressure inside the fracture on its
mechanical behavior.

Some typical results obtained from the different series of tests are presented below.

In Figure 5.3.2a, typical curves of radial strain versus hydrostatic stress are presented
respectively for the sound sample (without fracture) and fractured sample. The difference
between the two samples is mainly attributed to the progressive closure of fracture as a
function of confining pressure, as shown in Figure 5.3.2b. It is found that the fracture closure
occurs essentially in the range of 0 and 5 MPa of hydrostatic stress. After this stage, the
variation of radial strain becomes nearly constant and its slope is quasi identical to that of the
sound sample. Therefore, the closure pressure of concrete fracture can be identified as around
5 MPa in the present case.
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(a)                                      (b)

Figure 5.3.2. Comparison of radial strain curve between sound and fractured samples (a) and
evolution of fracture closure versus confining pressure in fractured sample.

In Figure 5.3.3, we present typical results obtained from three direct shear tests performed
with confining pressures of 5, 10 and 15 MPa. Shear and radial strains are expressed as
functions  of  shear  stress.  Like  the  mechanical  behaviors  of  rock  joints  (Bandis  et  al.  1983;
Barton and Choubey 1998; Bart et al. 1984), the peak shear stress significantly increases with
the confining pressure while the shear modulus remains nearly constant. For all confining
pressures, a softening response is obtained after the peak stress. This behavior is generally
related to the progressive destruction of asperities on the fracture surfaces leading to
significant decrease of surface friction angle. However, due to the relatively high values of
confining pressure used in the present work, we obtain a quite smooth softening regime which
could become sharper under lower confining pressures. On the other hand, the radial strain
represents fracture opening or closure generated by direct shearing of fracture. Obviously this
strain plays an essential role in the evolution of mechanical and hydraulic properties of
fracture. We observe that the radial strain remains relatively small under low shear stress and
is as smaller as the confining pressure is lower. In some case under low confining pressure, a
compressive radial strain can be obtained due to progress matching of fracture asperities.
When the shear stress approaches to the peak value, the radial strain quickly increases
indicating significant opening of fracture. The latter is depending on the roughness of
fracture.

Figure 5.3.3. Typical shear and radial strains versus shear stress during direct shear tests
with different confining pressures.
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In Figure 5.3.4, we present the evolution of hydraulic transmissibility of fracture under
different confining pressures and with different injection pressures in hydraulic flow tests. It
is found that the overall permeability of fracture is higher when the injection pressure is
higher. With the help of measured radial strain of fracture during water injection, the fracture
opening is evaluated. Therefore, the variation of overall permeability can be expressed as a
function of fracture opening as shown in Figure 5.3.5. It is very interesting to observer there is
a nearly unique relationship between the permeability and fracture opening for all confining
pressures. As a conclusion, the fracture overall permeability is inherently controlled by the
fracture opening and closure.

Figure 5.3.4. Relationships between overall permeability and injection pressure for different
confining pressures.

Figure 5.3.5. Relationships between overall permeability and fracture opening for different
confining pressures.

In Figure 5.3.6, we present stress-strain curves of two complementary shear tests. The first
one is performed without fluid pressure inside the fracture. And in the second test, a constant
fluid pressure is prescribed inside the fracture so that the effective confining pressure is equal
to that of the first test, say 5 and 10 MPa. The objective here is to compare the results between
the two tests and to verify the validity of Terzaghi’s effective stress concept for the fractures
or interfaces. One can see that the results issued from the two tests are very close in terms of
the peak shear stress and radial strain. The shear modulus in the elastic zone is slightly
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smaller for the test with fluid pressure. These results seem to indicate that the effective stress
defined according to Terzaghi’s concept can be used for poromechanical coupling in concrete
fractures studied in the present work.

Figure 5.3.6. Comparison between results respectively from shear tests with and without fluid
pressure.

Conclusions

Original mechanical and hydromechanical tests on concrete fractures have been performed at
the University of Lille with the help of a specific testing device. It is found that the concrete
fracture exhibit a nonlinear and inelastic behavior under hydrostatic compression. The
mechanical behavior of fracture under shear stress is strongly affected by confining pressure.
The shear strength increases with the confining pressure. The fracture exhibits a softening
response after the peak stress due to progressive destruction of asperities. The overall
permeability of fracture is inherently controlled by its opening and closure. It is possible to
define an effective normal stress for poromechanical coupling of fracture according to
classical Terzaghi’s concept. This previous study serves as the starting background for the
ongoing investigations in the Cebama project. The objective is to characterize mechanical and
hydromechanical behaviors of interfaces between low pH concrete and the Callovo-Oxfordian
claystone.
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5.4 Chemical degradation of concrete with emphasis on Ca-leaching and
carbonation

Q.T. Phung, N. Maes

Belgian Nuclear Research Centre (SCK•CEN), Belgium

General introduction

Many environments to which concrete is exposed are highly aggressive due to various
chemical components. In such environments, concrete is subjected to processes of chemical
degradation. Chemical degradation is typically the result of alteration of the cement matrix
mineralogy caused by interacting with severe environment. The interaction disturbs the
equilibrium between the pore solution and the solid phases of the cement matrix which results
in dissolution and/or precipitation of minerals. The chemical degradation of cementitious
materials is mostly followed by a weakening of the material and the alteration of the
microstructure. Changes in the microstructure thereby affect the transport properties.

Depending on the roles of structures, the expected life span and the environments to which the
concrete structures are exposed, different chemical degradation processes are considered
(Figure 5.4.1). Carbonation and leaching are extremely slow processes but very important for
long-term durability assessment [1] and have been identified as the most important
degradation mechanisms in waste disposal facilities. In this section, the consequences of
exposure of cementitious materials to carbon dioxide and calcium leaching are reviewed.

Figure 5.4.1. Common chemical degradation processes of concrete structures with different
life span requirements.
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Carbonation

Introduction

The carbonation process in cement-based materials is a deterioration phenomenon.
Carbonation results in a pH decrease. The development of lower alkaline environment
accelerates the corrosion of reinforcing bars in concrete because of dissolution of the thin
oxide passive layer protecting the steel bars from corrosion [2]. Another effect of carbonation
is shrinkage which is less serious and not commonly considered in practice. The mechanism
of carbonation shrinkage is not yet fully understood. It is probably caused by reorganization
of the microstructure due to carbonation, or by polymerization and dehydration of the hydrous
silica product from the carbonation of C-S-H. Further explanations of carbonation shrinkage
can be found elsewhere [3, 4]. On the other hand, carbonation also results in beneficial
effects. It is generally believed that carbonation decreases transport properties and refines
pore structure of Portland cement-based materials. Furthermore, in recent years, there is
considerable interest in applying carbonation of cement-based materials for solidification and
stabilization of radioactive waste. The technique often used to carbonate radioactive waste-
forms is supercritical carbonation by applying a high CO2 pressure in a reactor to accelerate
the carbonation [5].

Mechanism of carbonation

Carbonation is a chemical degradation process through the reaction between Ca2+ and CO3
2-

ions. However, the carbonation process is a complex physicochemical phenomenon. In most
cases, it is believed that the driving force behind the carbonation is diffusion of CO2 [6–8].
When concrete is exposed to environmental conditions containing carbon dioxide, CO2
penetrates into the concrete pore network system and dissolve in the pore water.

CO2(g)  CO2(aq) (Equation 1.)

CO2(aq) + H2O  H2CO3 (Equation 2.)

H2CO3  HCO3
- + H+ (Equation 3.)

HCO3
-  CO3

2- + H+ (Equation 4.)

Bicarbonate ion HCO3
- is unstable in high alkaline environment (about 12.8 in concrete).

Therefore it dissociates and forms carbonate ion CO3
2-. The carbonate ions then react with

available Ca2+ ions in pore solution to precipitate as CaCO3.

Ca2+ + CO3
2-  CaCO3 (Equation 5.)

Portlandite (solid state) formed during hydration of C3S and C2S will start dissolving because
of the decrease of the Ca2+ concentration in the pore water resulted from the CaCO3
precipitation, sustaining the reaction of portlandite dissolution and calcite precipitation (Eq.
(5)). A schematic representation of the process is presented in Figure 5.4.2.

Ca(OH)2(s)  Ca2++ 2OH- (Equation 6.)



121

Figure 5.4.2. Summary of carbonation process in cement-based materials.

As long  as  portlandite  is  present,  the  pH is  buffered.  After  depletion  of  portlandite,  the  pH
drops by approximately 3 units [9] when not buffered by other cement minerals. Thus, other
solid hydration products (Calcium-silicate-hydrate (C-S-H), Monosulphate (AFm), Ettringite
(AFt)) become unstable. C-S-H starts dissolving at pH of 12.5, AFm at pH of 11.6, while AFt
decomposes at pH of below 10.6 [10, 11]. Carbonation will reduce the Ca/Si ratio of C-S-H.
The carbonation reactions of C-S-H, AFm and AFt are summarized in Eqs. (7) to (10),
respectively [12, 13].

C-S-H1 + CO2  C-S-H2 + CaCO3 +H2O (Equation 7.)

where Ca/Si in C-S-H1  is higher than in C-S-H2. If CO2 still remains, the carbonation reaction
continues until the C–S–H1 is completely decalcified and finally forms calcium carbonate.

3CaO.2SiO2.3H2O + 3CO2  3CaCO3 + 2SiO2 + 3H2O (Equation 8.)

4CaO.Al2O3.SO3.12H2O + 3CO2

3CaCO3 + CaO.SO3.2H2O + Al2O3.3H2O + 7H2O (Equation 9.)

6CaO·Al2O3·3SO3·32H2O + 3CO2

3CaCO3 + 3CaO·SO3·2H2O + Al2O3·3H2O + 23H2O (Equation 10.)

Carbonation also occurs with unhydrated products (e.g. C3S, C2S) of hardened cementitious
materials  as  shown in  reactions  (11)  to  (14).  Actually,  C3S and  C2S may slowly hydrate to
release Ca(OH)2, and carbonate ions will react with calcium ions to form calcium carbonate
afterwards. These processes can occur in the carbonated zone.

2(3CaO.SiO2) + 6H2O  3CaO.2SiO2.3H2O + 3Ca(OH)2 (Equation 11.)

2(2CaO.SiO2) + 4H2O  3CaO.2SiO2.3H2O + Ca(OH)2 (Equation 12.)

3CaO.SiO2 + 3CO2 + xH2O  3CaCO3 + SiO2.xH2O (Equation 13.)

2CaO.SiO2 + 2CO2 + xH2O  2CaCO3 + SiO2.xH2O (Equation 14.)

Calcium carbonate exists in three crystallographic forms: the stable form of calcite and two
metastable forms of aragonite and vaterite [14].

In general, it is thought that the carbonation mechanism is determined by the inward diffusion
of CO2 [6–8] in normal conditions. However, it depends on the conditions of carbonation:
whether the concrete is fully or partially saturated; the CO2 concentration, the relative
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humidity; and the CO2 pressure gradient.  In the case of carbonation of unsaturated materials,
CO2 gas will diffuse in the concrete through the connected pore network. The CO2 gas then
dissolves into the aqueous phase and precipitates with Ca2+ ions. Because the rates of
dissolution and reaction are much faster than the rate of diffusion, the diffusion of CO2 gas
becomes the rate-limiting process of carbonation. Nevertheless, in the case of concrete used
for underground waste disposal purposes, concrete is almost fully saturated and subjected to a
high hydrostatic pressure and the surrounding environment may contain a high bicarbonate
concentration, for example clay rock in Callovo-Oxfordian formation [15] or Boom clay in
Mol site [16]. Therefore, a combination of diffusion and advection should be taken into
account when one considers the carbonation mechanism. This is also the case in accelerated
carbonation by applying a high gradient pressure in which advection has a significant
contribution to the carbonation process. However, so far as the author is aware, none of
published studies considers the contribution of advection to carbonation of cementitious
materials.

Factors influencing carbonation

There are many factors influencing carbonation: chemistry of hydration products, free water
content, internal relative humidity (RH), pore structure, CO2 partial pressure and external
conditions where carbonation occurs (e.g. ambient relative humidity, temperature, CO2
concentration and applied pressure).

In general, the higher the CO2 concentration, the quicker the carbonation proceeds. However,
up to a certain concentration, the carbonation may not increase because the retention process
resulting from porosity reduction and releasing water overwhelms the effect of higher
concentration. Increasing temperature will speed up the carbonation process because the
reaction and penetration of CO2 occurs faster. The core reaction in carbonation is the reaction
between CO2 and portlandite. Therefore, the more portlandite present in the hydration
products, the higher the degree of carbonation [17]. Note that a higher carbonation degree is
not necessarily synonymous with larger carbonation depth. As an example, the depth of
carbonation in concrete produced by cement with a certain replacement of other pozzolanic
materials (fly ash, silicafume) may be greater than one produced by ordinary Portland cement
(OPC) [10]. However, the carbonation degree may be lower because the amount of
portlandite in pozzolanic materials is less than those in OPC due to pozzolanic reaction
consuming Ca(OH)2. CO2 still remains after carbonation at outer layer and it can penetrate
more deeply to inner layer of concrete. Also, CO2 can diffuse more easily through less dense
carbonated layer in this case.

Water plays an important role in the carbonation process. Carbonation does not occur without
water. It is a catalyst in carbonation reaction even though this reaction releases water.
However,  water  can  fill  the  pores  and  prevent  CO2 gas to penetrate into the concrete pore
network. In fact, carbonation reaches the highest efficiency at an internal relative humidity
between 50–70% [10]. It is worth noting the difference between relative humidity and degree
of saturation when carbonation is considered. The degree of saturation is the fraction of the
pore volume filled with water while internal RH is the fraction of the ambient vapour pressure
to the saturation vapour pressure in pore system. The effect of the former on carbonation is
more significant than the latter.

Methods to carbonate cement-based materials and examine its carbonation products
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To some extent, the main goal of a carbonation study is to predict the rate of carbonation
depth propagation and the service lifetime of reinforced concrete structures. However,
carbonation of concrete under atmospheric conditions (low CO2 concentration) is extremely
slow because it is a diffusion-controlled process. The reaction conditions (temperature, RH)
may vary due to climate change during carbonation process. Due to the long duration, it is
very difficult to study the carbonation and a comparative study is almost impossible to
perform due to the inconsistency in carbonation conditions. Therefore, in order to study
carbonation a number of accelerated carbonation methods have been proposed.

A standard way is to put concrete samples in a controlled chamber with a specific CO2
concentration and optimized relative humidity to speed up carbonation [17–19]. This method
takes weeks or months to get a carbonation front of several millimetres depending on the CO2
concentration. A common range of partial pressure of carbon dioxide is from 1% to 10% [20–
22]. However, a higher CO2 concentration [23–25] has been extensively applied to accelerate
the carbonation despite the criticism that phenomena would be different from natural
carbonation [26, 27] in terms of the chemical composition and the microstructure of
carbonated cement-based materials. In order to conclude whether carbonation at different CO2
concentrations results in different changes in microstructure and mineralogy, one should
perform the carbonation experiments until a stable endpoint at which the carbonation process
is completely finished. This condition is difficult to reach for natural carbonation in a limited
experimental  timeframe  or  even  with  low  CO2 concentration. Therefore it still needs more
quantitative experiments to answer the question about difference in natural and accelerated
carbonation with high CO2 concentration. Nevertheless, it is widely accepted that the moisture
evolution during carbonation plays a key role. In accelerated conditions, a large amount of
released water due to the fast reaction may not have sufficient time to leave the sample which
reduces the carbonation rate. In contrast, less water is released and it has enough time to
diffuse and leave the sample in natural carbonation. For this reason, accelerated carbonation
with high CO2 concentration might not be suggested for kinetic studies.

An alternative method is based on applying a high pressure gradient (tens to hundreds of bar).
Concrete samples can reach full carbonation in few hours or even in few minutes. However,
the samples can be damaged by micro cracks (elevated pressure) and heat generation
(exothermic reaction). The method is mostly applied for CO2 sequestration or heavy metal
immobilization [28–32]. Additionally, accelerated carbonation during curing is found to have
great benefits in terms of increasing the mechanical properties and reducing transport
properties [33, 34].

Recently, Phung et al. [35, 36] developed a new carbonation method to investigate the effects
of limestone filler replacement on microstructural alterations and permeability changes after
carbonation. The proposed method allows for studying the carbonation under accelerated
conditions in which an elevated CO2 pressure gradient is applied. The setup allowed for easy
connecting to other setups before and after carbonation to measure diffusivity [37] or water
permeability [38]. An elevated pure CO2 pressure gradient is applied on a partially saturated
sample which is embedded in a special carbonation cell. The penetration of CO2 into the
cement paste sample occurs via two ways: i) CO2 gas transports through connected pores
under a pressure and concentration gradient, and ii) dissolved CO2 transports with the
movement of water under a pressure driving force (when initial saturation degree of sample is
high). The amounts of CO2 flowing in and out of the carbonation cell are precisely measured
with mass flow meters allowing for quantification of the amount of carbon dioxide reacting
with the cement.
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Figure 5.4.2. Novel carbonation setup using pressurized CO2 and recording of the CO2 in-
and out-flows [36].

In order to characterize the carbonation products, a number of experimental techniques can be
used, including methods of mass gain, Thermo-gravimetric analysis (TGA), X-ray diffraction
(XRD), chemical analysis, and infrared spectroscopy. Mass gain is a simple method by
determining the percentage of mass change of specimen due to carbonation [8, 39]. However,
the most common method consists of determining the carbonation depth by phenolphthalein
indicator. By observing the colour change of phenolphthalein (pink changes to colourless in
carbonated zone because of change in pH), one can quantitatively determine the carbonation
depth. Nevertheless, it is not always easy to define clearly where the border is in the case of a
non-sharp front. This method cannot detect carbonated area with pH values of higher than 9
[40, 41]. To overcome this problem TGA, gammadensimetry [42], XRD and infrared
spectroscopy [41] are more suitable methods. However, these methods are quite complex and
time consuming, and require specialized equipment. The principle of TGA is to determine
changes in weight of a sample according to temperature changes while gammadensimetry is
based on measuring density variations due to the evolution of the water content gradient over
time. With the assumption that no water moves out by drying during the carbonation process,
the CO2 profile can be drawn based on the density increase. This method also provides water
content profiles, which is important input data for modelling [43]. XRD is a destructive
technique to identify crystalline phases. This method can detect portlandite and amorphous
hydrated products [44]. Infrared (IR) spectrometry is used to identify the different forms of
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calcium carbonate (calcite, aragonite, vaterite) [45] by its characteristic infrared absorption
wavelengths. Optical microscopy or/and scanning electron microscopy (SEM) are other
useful approaches to study how the microstructure changes after carbonation.

Influence of carbonation on microstructure and transport properties

It is generally believed that carbonation decreases transport properties (permeability,
diffusivity) [35, 46, 47], and refines pore structure (porosity, pore size) [22, 35] of Portland
cement-based materials. However the extent of modification in transport properties and
microstructure significantly depends on carbonation conditions (RH, CO2 concentration, etc.)
and  cement  types.  The  reduction  of  permeability  and  diffusivity  is  the  result  from  the
precipitation  of  carbonation  products  (mainly  calcite)  in  the  pore  structure.  This  leads  to  a
significant reduction of the total porosity (molar volume of portlandite is smaller than molar
volume of calcite), and thereby transport properties.

In blended cement systems (containing ground granulated blast-furnace slag – BFS or fly ash
– PFA), the carbonation depth propagation can be faster than in OPC system due to lower
portlandite content. The modifications in microstructure are also expected to occur in different
ways. Kinoshita et al. [23] investigated the carbonation of blended cement systems with a
very high replacement level of OPC with BFS or PFA in accelerated conditions (15% CO2,
50–60% RH). It is observed that in the BFS:OPC = 9:1 system, the space of C–S–H gel is
occupied by grain-like products after carbonation, leaving a distinctive pore structure of up to
several micrometres, while not observed in the microstructure of the OPC and PFA:OPC =
3:1 systems. The porosity increase in BFS/OPC paste was also reported by Borges et al. [48]
despite accelerated or natural carbonation, and was attributed to the carbonation of C-S-H gel.
However, Borges also observed a porosity increase in PFA/OPC pastes but with higher
replacement (40–75%).

In lower puzzolanic additive replacement systems (30% PFA, 65% BFS), Ngala et al. [49]
found that there is not only a reduction in the total porosity in both OPC and blended pastes
with carbonation, but also a redistribution of the pore sizes. The proportion of large pores
(diameter > 30 nm) is increased slightly for OPC pastes but much more significantly for the
BFS and PFA pastes. This is in line with the findings of Pihlajavaara [50] who stated that the
carbonation seems to affect more the larger pores (20–100 nm) than the smaller ones.

Liwu Mo et al. [51] studied the effects of accelerated carbonation on the microstructure of
Portland cement pastes containing reactive MgO in accelerated condition with mostly pure
CO2 (99.9%) and high RH (98%). It has been found that the degree of porosity reduction is
larger with the increase of reactive MgO content.

Most published studies report a decrease in specific surface area after carbonation [52–55].
The decrease is due to both a decrease in total porosity and a shift in a pore size distribution
towards smaller pore sizes. Houst [53] showed that specific surface area is significantly
reduced after carbonation. For cement paste with w/c ratio of 0.3, that specific surface area of
carbonated material is 70% of the non-carbonated material. The decrease is higher with an
increase  in  w/c  ratio,  down  to  43%  for  sample  with  w/c  ratio  of  0.8.  Pihlajavaara  [50]
observed the same phenomenon in which cement paste with w/c ratio of 0.3 exhibits a smaller
specific surface area decrease (44%) compared to one with w/c ratio of 0.45 (50%). Chen et
al. [54] also found a decrease in specific surface area of low heat carbonated Portland cement
paste, but only for samples with pre-curing in water. The specific surface area sharply
decreases by about 50% after 21 day carbonation. For those without pre-curing, the specific



126

surface areas vary in narrow range regardless the carbonation time (up to 70 days).
Johannesson et al. [55] reported that the specific surface area of OPC paste is slightly
decreased after carbonation. The specific surface area of well-carbonated paste is 29.4 m2/g
compared to 31.8 m2/ of non-carbonated paste.

Specific surface area of carbonated cementitious materials is sometimes increased as shown
by You et al. [56]. The specific surface area of carbonated waste cement (from a recycling
process to recover coarse aggregate from waste concrete) increases linearly with the increase
of the carbonation degree. The observation is explained due to the formation of highly
polymerized silica gel.

Carbonation in OPC systems normally results in a decrease in the transport properties, but
carbonation under supercritical conditions (high pressure) or in blended cement systems with
high additive replacements could sometimes increase the transport properties. Borges et al.
[22] showed that permeability increases for composite cement pastes containing high amounts
of BFS (BFS:OPC = 3:1 and 9:1) subjected to accelerated carbonation, due to carbonation
shrinkage and cracking during testing. Although carbonation has resulted in an overall density
increase and overall porosity decrease, OPC pastes, however, do not show a significant
change in permeability after carbonation.

For the Nirex reference vault backfill (NRVB) cement pastes (containing 6% Portland
cement, 28.6% limestone powder, 9.8% lime, and 35.6% water) which have high porosity,
Rochelle et al. [57] showed that the carbonation under high pressure (4 and 8 MPa) decreases
3 orders of magnitude for water permeability and 2 orders of magnitude for gas permeability.
Even higher permeability decrease has been observed for cement grout as reported by
Dewaele et al. [58].  The carbonation of cement grouts (w/c ratios of 0.4 and 0.47) under high
pressure decreases the permeability in carbonated layer from two to six orders of magnitude.
Carbonated samples exhibit a smaller average pore size and an increased specific surface area
compared to non-carbonated samples.

Liteanu et al. [46] measured the permeability changes in wet mature Class A wellbore cement
exposed to supercritical CO2 (30 MPa confining pressure, 10 MPa CO2 pressure, 80 °C).
Water permeability measurements of unfractured cement show a continuous and significant
decrease during exposure to static CO2 rich-fluids. The intrinsic permeability is decreased
from 1.8×10 16 m2 down to 5.2×10 17, 3.8×10 17 and 8.3×10 18 m2 after  one,  two and  three
months of exposure, respectively. For fractured samples, permeability decrease is not strong
despite the fact that the fractured samples showed heavy carbonation in the fracture plane.
The permeability is decreased from 3.9×10 14 m2 to 1×10 14 m2 after one month reaction and
remained constant afterwards. In case of accelerated carbonation under atmospheric pressure,
the degree of permeability reduction is much lower than carbonation under high pressure.
Under accelerated carbonation (65% RH, 5% CO2,  25 °C),  Song et al. [59] showed that the
permeability of carbonated concretes are 3.2 and 2.7 times lower compared to reference
concretes after 4 month carbonation for w/c ratios of 0.65 and 0.55, respectively. In the same
carbonation conditions, Claisse et al.  [47]  showed  there  is  only  a  small  increase  in  the
impermeability index. After 140 days of exposure to CO2, carbonation leads to an
approximately 37 percent and 4 percent increase in the impermeability index (defined as log10-
(1/k)) for concretes with w/c ratios of 0.6 and 0.45, respectively.

On the other hand, Lesti et al. [60] reported a permeability increase of cement-based materials
exposed to supercritical CO2. Most of the samples exhibit gas permeability increases of 2 to 4
orders of magnitude after 6 month exposure, except for the fly ash containing cementing
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system which shows no increase after one month exposure and only a slight increase in
permeability after six month exposure. The authors attributed the increase in permeability to
crack formation as a consequence of expansion during CaCO3 crystallization. This statement
is in line with the findings of Fabbri et al. [61] who showed that micro crack formation during
supercritical CO2 induces not only an increase of its permeability but also a degradation of the
mechanical properties of cement-based materials.

Studies on changes in diffusivity due to carbonation are rare, perhaps due to long
experimental time needed to measure the diffusion coefficient of carbonated materials. Ngala
et al.  [49]  concluded  that  carbonation  of  cement  pastes  has  a  large  effect  on  diffusion.  The
effects are more significant for the blended pastes than for plain OPC pastes. It is surprising
that the effective chloride diffusion coefficient in blended pastes increases by two orders of
magnitude while oxygen diffusion coefficient increases by one order of magnitude. The
reasons could be attributed to larger capillary porosity observed in carbonated sample despite
smaller  total  porosity.  The  coarsening  of  the  pore  structure  is  attributed  to  the  formation  of
additional silica gel due to the decomposition of the C-S-H gel.

Portlandite is the main phase to carbonate in most cases, however, under accelerated
conditions other phases may be carbonated, especially C-S-H. When C-S-H is carbonated, a
decalcification occurs, leading to a C-S-H with a smaller molar volume and a smaller Ca/Si
ratio compared to non-carbonated C-S-H as shown by Morandeau et al. [20]. If the pore
volume created by C-S-H carbonation is not compensated by formed calcium carbonation, the
carbonation of C-S-H will result in a porosity increase.

Calcium leaching

Introduction

Leaching is a process of ion extraction from solid compounds by dissolution. In cement
based-materials, leaching of calcium, also called decalcification, is of utmost importance
because of the high calcium (Ca) content in cement compared to other potentially leachable
ions (Fe2+, Al3+, Mg2+,  etc.)  and  the  high  solubility  of  the  aqueous  Ca-controlling  phase
portlandite. Ca-leaching is one of the most serious degradation processes in concrete and
reinforced concrete structures for the very long-term (nuclear waste disposal system) or in
hydro structures (dam, bridge, water tank) but it has only been studied since the 1980s despite
the long history of concrete. The reason is that leaching of concrete is an extremely slow
process under normal conditions (few mm leaching front in a hundred years [62]). However,
the lifetime of civil concrete structures is normally under one hundred years and that is too
short to see the effects of leaching degradation. Leaching of cement-based materials changes
its properties such as a reduction in pH, an increase in porosity and transport properties and
detrimental effects on properties related to long-term durability.

Chemical and physical leaching process

Ca-leaching is a dissolution-diffusion process of dissolved Ca ions in the pore solution. This
happens when the cement matrix is in contact with a low pH or low alkaline solution. The
typical pH value of the pore solution of concrete is about 12.5–13, therefore, any solution
with pH below this range (e.g. water) is considered as an aggressive environment to concrete.
During leaching, dissolution is much faster than diffusion; hence the solid-liquid equilibrium
curve of calcium has been commonly used for understanding different stages of leaching.
Berner [63] is the first researcher who proposed the solid-liquid equilibrium curve by
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compiling experimental solubility data available in literature. The curve is composed out of
three almost linear parts characteristic for the different leaching stages.

In the first stage, where the Ca concentration in the aqueous phase is higher than 20 mol/m3,
portlandite is quickly dissolved. Portlandite has the highest solubility amongst all calcium
containing  solid  phases  in  cement  matrix.  Portlandite  is  entirely  dissolved  and  does  not  re-
precipitate like C-S-H. In the second stage, where the Ca concentration in aqueous phase is
higher than 2 mol/m3 and lower than 20 mol/m3, C-S-H is partially dissolved. Sulfoaluminates
are also dissolved in this stage [64]. The dissolution of C-S-H is incongruent, in which C-S-H
with higher Ca/Si ratio completely dissolves and re-precipitates at a lower Ca/Si ratio C-S-H
[65]. In the third stage, where the Ca concentration in the aqueous phase is lower than 2
mol/m3,  the  partially  leached  C-S-H  continues  dissolving  at  a  faster  rate  to  form  silica  gel
which is the end product of leaching.

When dissolved in pore solution, calcium ions will leach out by advection or diffusion.
Advective removal of Ca is governed by the water flow and is the quickest leaching
degradation of a concrete structure. However, it is not common in reality except in some
special structures like dams or water tanks. Diffusive removal of Ca is much slower but more
common and is controlled by the Ca concentration gradient. Both diffusion and advection are
governed by the microstructure of concrete which is changed during leaching.

Factors influencing leaching

There are many factors influencing the leaching of cementitious materials. Among them, the
main factors are listed below:

- Diffusivity and permeability (in case of flowing water) are the most important factors.
These factors determine how easy Ca ions are transported out of the cement matrix.

- Surrounding solution: the lower the pH of the solution, the higher the leaching rate.
Leaching in flowing solution is faster than in static solution. Solutions with the ability
to increase the solubility of calcium containing solid phases (e.g. ammonium nitrate)
can significantly accelerate the leaching process. Leaching in deionized water occurs
quicker than in hard water.

- An electrical field could accelerate the leaching process because of the increasing Ca
ion movement in the pore solution towards electrode of opposite charge [66].

- Saturation degree: partially saturated concrete can undergo leaching, but with much
slower rate compared to saturated concrete.

- Initial amount of Ca in solid phases: the higher the total amount of Ca in concrete
(especially the amount of portlandite), the higher the potential of leaching.

Experimental methods to study leaching

Considering the slow degradation process but the need to study long-term durability of
concrete, accelerated testing is a relevant approach to better understand the effect of leaching
on the alteration of microstructure and transport properties. A variety of accelerated methods
have been proposed such as applying an electrical field [66], using deionized water [67, 68],
using low pH solutions [69, 70]; applying flow-through conditions [71] or using high
concentration ammonium nitrate (NH4NO3) solutions [72–75]. Among them, using an
ammonium nitrate solution to accelerate the leaching kinetics is one of the most popular
methods because it results in faster degradation compared to other methods under diffusive-
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transport conditions while it results in the same end-products. The mechanism of acceleration
is not only due to the lower pH of NH4NO3 solution but primarily because of the increase in
the solubility of the leachable phases in cementitious matrix induced by NH4NO3.

Figure 5.4.3. Accelerated leaching setup using NH4NO3 solution [75].

Many studies quantify the propagation of degraded depth of leached materials and
characterize its mechanical behaviour [76, 77]. However, there are only a few studies that
discuss the modification of the microstructure after leaching [78–80] and the effects of
leaching on transport properties [81, 82]. The post-analysis techniques used for characterizing
carbonated materials are also applied to study leached materials. However, care must be taken
while preparing samples of leached cement-based materials. Due to significant loss in
mechanical properties, the samples must be handled in a proper way to preserve the integrity
of leached materials.

Influence on microstructure and transport properties

One might intuitively presume that leaching alters the cementitious materials to a material
with coarser microstructure and higher transport properties. And this presumption is
confirmed by literature. However, to what extent the microstructure and transport properties
are modified, is still questionable.

With regard to accelerated leaching in ammonium nitrate solution, most studies report an
increase in porosity and coarser pore size distribution. Nevertheless, the level of modifications
strongly depends on the compositions of the native materials. In general, cementitious
materials with less portlandite content exhibit a better leaching resistance, and the same trend
is observed for materials having pozzolanic activity.
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Berra et al. [83] showed that adding 3.8% nanosilica could slightly reduce the porosity
increase due to accelerated leaching of cement paste CEM I, however, the decrease of
compressive strength of the leached specimens is significantly retarded. Porosity even
decreases for mortars with cement CEM III (blast-furnace slag) and CEM IV (fly ash
+limestone filler) due to precipitation, as reported by Segura et al. [84]. However, porosity
still increases for long time (more than 2-week leaching). A maximum porosity increase of
about 30% has been observed for CEM I mortars after 32-day leaching regardless the w/c
ratio. The pore surface area significantly increases, but critical pore diameter and threshold
pore diameter (the largest pore size at which pore volume is significantly increased) are
almost unchanged for CEM III and CEM IV mortars. However, the critical and threshold pore
diameters increases for CEM II and CEM I mortars, respectively. The effect of slag admixture
to cement mortar in the reduction of porosity increase was also found by Cheng et al. [85].
The porosity increase is a function of degraded depth as pointed out by Poyet et al.  [79].  A
huge porosity increase from 26% to 80% has been reported at the surface directly in contact
with ammonium nitrate solution for cement paste with w/c of 0.5 and 18.5% fly ash
replacement.

In an attempt to assess the influence of cement type on transport  properties and Ca-leaching,
Perlot [81] performed accelerated leaching in ammonium nitrate solution on two mortars
made from CEM I and CEM V/A (22% fly ash and 22% blast furnace slag). The fly ash and
blast furnace slag addition not only improves the microstructure of sound mortar, but also
increases the resistance against leaching. Even while having a similar porosity, the chloride
diffusivity is 5 times lower for sound CEM V/A mortar. After leaching, the porosity and
specific surface area are doubled and tripled, respectively, in both leached mortars. The
alterations of transport properties are similar for both mortars regardless its difference in
initial transport properties (and microstructure): gas permeability increases more than one
order of magnitude while chloride diffusivity increases less than one order of magnitude.
Agostini et al. [86] confirmed that the degree of gas permeability is the same for CEM II/B-M
mortars despite its difference in w/c ratios (0.5 and 0.8). The permeability in the leached zone
in which portlandite is completely dissolved and C-S-H is partially leached increases more
than two orders of magnitude under ammonium nitrate leaching. However for both mortars
tested, major variations in permeability (and microstructure) are thought to be linked to
portlandite leaching, minor alteration is attributed to C-S-H decalcification.

Sometimes, as in the study of Yurtdas et al. [87], a reduction in permeability for leached
material is observed. The water permeability of the degraded material is lower than that of
sound material during triaxial compression tests, although ammonium nitrate leaching leads to
significant increase of porosity of cement paste (approximately 50%). This is due to the
plastic deformation of the leached material which allows a compaction without cracking.
However, under measuring conditions without confining pressure, the permeability of the
degraded material is about 2.4 times higher than that of the sound material.

Gallé at el. [82] investigated the leaching behaviour of a CEM I cement paste and of a
concrete prepared with almost similar w/c ratios (0.45 and 0.43, respectively). Until the
complete dissolution of portlandite, water porosity is doubled for both cement paste and
concrete, respectively from 33% to 61% and 10% to 19%. The authors observed that C-S-H is
also significantly affected by leaching in ammonium nitrate solution which contributes about
13% porosity increase. A significant increase in water permeability is observed, more than
two orders of magnitude for both leached cement paste and concrete in which all the
portlandite is completely dissolved. Note that confining pressure was also applied to measure
permeability like the case of Yurtdas et al. [87], but a decrease in permeability of the leached
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materials was not observed. The permeability increase is assumed to be related to the newly
created porosity which is mainly due to portlandite dissolution.

In order to investigate diffusivity changes at different degradation stages, Bernard et al. [88]
performed the leaching tests on CEM I cement paste and mortar with the same w/c of 0.4. The
authors showed that at the degradation stage at which porlandite, hydrated aluminates and
sulfoaluminates disappear, the effective diffusivity of HTO is increased 118 times for either
cement paste or mortar. While only portlandite is disappearing, the diffusivity is only
increased 31 times for both cement paste and concrete.

Instead of using ammonium nitrate solution, Saito et al. [66] applied an electrochemical
method to accelerate the leaching. A potential gradient of 10 V/cm is applied on a mortar with
and without pozzolanic admixture replacement (blast furnace slag and silica fume). The
porosity is increased two times in OPC mortars while it is only increased by 40% to 50% in
the pozzolanic admixture replacement mortars. This results in a large difference in water
permeability alterations. The water permeability in the degraded region increases by about
two orders of magnitude in the OPC mortars, but only by one order of magnitude in the
pozzolanic replacement mortars regardless the same starting permeability.

The number of studies on leaching using deionized water is limited due to long experimental
time. Jain et al. [68] investigated the leaching of plain paste (CEM I/II), pastes with 10%
replacement of cement by fly ash and glass powder, and paste with 6% replacement of cement
by  silica  fume.  All  pastes  have  the  same  w/c  of  0.4.  The  porosity  of  all  the  cement  pastes
increases with leaching duration. The plain pastes show the highest increase, up to 11% after
90 days of leaching. The glass powder modified pastes show the lowest porosity increase,
only 5% because the presence of NaOH in its pore solution reduces the solubility of
portlandite. The silica fume/fly ash modified pastes show a similar porosity increase of about
8%. Porosity increase is mainly caused by portlandite dissolution, although C–S–H
decalcification also contributes to porosity increase for long leaching duration. After 90 days
of leaching, C-S-H contributes almost 3%, while portlandite contributes 8% to the total
porosity enhancement. Haga et al. [89] performed leaching experiments on OPC cement paste
with high w/c of 0.7 using ion-exchanged water. The pore size distribution after leaching for
56 weeks shows an increase in the pore volume in the pore size range between 0.05 and 0.5
µm. The total pore volume of the sample is increased 22% after 56 weeks of leaching. C-S-H
leaching is also observed and contributes about 6% of the porosity increase which is
determined by comparing experimental total porosity results and the calculation of porosity
increase resulting from portlandite dissolution.

In a comparison study, Carde et al.  [72]  performed  the  leaching  tests  on  the  same  CEM  I
cement paste with w/c of 0.5 using ammonium nitrate solution and deionized water. The pH
of deionized water is lowered to 4.5 by nitric acid addition in order to increase the leaching
kinetics. Results show that both environments lead to total portlandite dissolution in the
degraded zone and to a progressive decalcification of C-S-H, but the kinetics is much faster
when using of ammonium nitrate (2 orders of magnitude). At the same leaching degree, the
porosity increase is the same for both conditions.

Concluding remarks

Leaching and carbonation of cement-based materials are slow processes but relevant for
assessment of long-term (reinforced) concrete durability. Many experimental approaches exist
to understand the behaviour of degraded materials at different degradation stages. Most of the
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approaches rely on accelerated techniques by making the environmental conditions more
aggressive. However, there is still on-going discussion regarding whether the degradation
mechanism in accelerated conditions is the same to natural conditions. If it is, it is still not
generally validated how to extrapolate the accelerated testing conditions to real performance.
To answer this key question, one has to validate the accelerated methodologies against natural
testing conditions in detail in which the changes in mineralogy and microstructure at certain
degradation stages should be identical or mostly similar for both conditions.

One important thing that cannot be captured in accelerated tests is the continuous hydration of
cement-based materials. Under natural conditions there is still evolution of the hydrated
cement matrix structure, while under accelerated conditions the continuous hydration is not
taken into account due to shortened experimental time. It is generally assumed that
accelerated tests can be used for the characterization of degraded materials and its resistance
to chemical degradation. However, it is not fully recommended to use accelerated testing for
the kinetic study in term of predicting the degradation rate under natural conditions.

There is an agreement in literature that carbonation and leaching change the transport
properties of cement-based materials, but to what extent is still questionable. The confusion
comes from the unclear definition of what exactly is a leached material; whether it concerns
complete/partial portlandite dissolution or complete portlandite dissolution + partial C-S-H
dissolution. To better understand how far the transport properties are altered due to chemical
degradation, changes in mineralogy and microstructure should be intensively examined.
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5.5 Geochemical and physical evolution of cementitious materials in an
aggressive environment

A. Dauzeres

Institute for Radiological Protection and Nuclear Safety IRSN/PRP-DGE/SRTG/LETIS,
Fontenay-aux-Roses Cedex, France

Impact of aqueous ionic or multi-ionic aggressive environments on the physical-chemical
evolution of cementitious materials

In the context of deep geological disposal, over the long term, groundwater, more or less
concentrated with aggressive chemical ions, is the main driving factor for cementitious
materials deterioration. Porewater in equilibrium with the argillaceous surrounding rock of
either the Callovo-Oxfordian (France) (COX), the Toarcian argillite of Tournemire (France),
or the Opalinus clay of Mont Terri (Switzerland) exhibits a multi-ionic composition (HCO3-,
Cl-, SO4

2-, Mg2+, neutral pH) that may disturb cementitious materials. In fact, the
concentrations of sulfate, chloride and magnesium carbonate, and the neutral pH (Table
5.5.1), are the main factors of aggression. This type of solution is classified as XA-2
according to the AFNOR standard (Table 5.5.2) which classifies the aggressiveness of
environments depending on the concentrations and the pH of the natural solution in regard to
the concrete. It can generate a moderate attack of cementitious materials. This classification is
primarily related to the concentration of sulfate; other aggressive agents are either classified
as XA-1 or unclassified.

Table 5.5.1. Chemical composition of the porewater of three clayey rocks at 25 °C (in
mmol/L).

Na K Ca Si Mg SO4 Cl HCO3 pH
Callovo-Oxfordian (France)
Gaucher et al., 2007 45.6 1 7.4 0.2 6.7 15.6 41 3.3 7.1

Toarcian (France)
Tremosa et al., 2012 23.5 0.8 1.5 0.03 0.7 9.5 4.5 4.6 7.4

Opalinus (Switzerland)
Pearson et al., 2003 250 2 23 0.1 39 18 340 1.6 7.2

Table 5.5.2. Classification of aggressive environments with respect to concretes
(AFNOR-NF EN 206) [AFN 04].

Degree of aggression XA-1 XA-2 XA-3
Concentration (mg/l)

pH 6.5–5.5 5.5–4.5 4.5–4
SO4 200–600 600–3000 3000–6000
Mg 300–1000 1000–3000 >3000
CO2 agressif 15–40 40–100 >100
NH3 15–30 30–60 60–100
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To better understand the mechanisms controlling the reactive evolution of concrete placed in
contact with clays,  it  is  possible to learn from studies having chemical analogies.  Numerous
studies have been carried out on the chemical behavior of concrete placed in aggressive
environments. The stresses to which cementitious materials can be exposed vary due to the
involved concentrations of aggressive agents. Cementitious materials can become exposed to
pure water, acid water, sea water, water rich in sulfates, nitrates or chlorides, or wastewater.

The natural solution in equilibrium with the COX argillite, due to its ionic species, may also
induce alteration mechanisms identical or similar to those identified in, for example, concrete
placed in seawater or freshwater.

For  this  reason,  the  following  state  of  the  art  review  provides  a  synthesis  of  the  chemical
degradation mechanisms identified in previous studies. It mainly focuses on cementitious
materials subjected to leaching, carbonation, and sulfate and magnesium attacks. Many
natural or experimental conditions are described, such as sea water or deep water. Directly
related to the initial composition of the solution of the COX, this part is devoted exclusively
to experimental work on the impact of such waters on cementitious materials. The objective is
to identify the evolution of primary phases and the nature of secondary phases precipitated in
environments  close  to  clayey  rock.  Lastly,  this  section  presents  a  few  studies  on  synthetic
water representative of clay or granitic porewater.

Concrete is almost always in balance with the environment, the latter being in most cases acid
or neutral, as the concrete has a very basic character. Water is the vector allowing the arrival
of aggressive ions in the material. Ions transport in the concrete, diffusive or convective, is
reactive. Species transported in the porosity of the material continuously interact with the pore
solution of the concrete and with hydrates. These interactions cause imbalances that generate
dissolutions or precipitation possibly influencing the structure of the material (mechanical
damage, clogging...).

Regourd (Regourd et al., 1981) produced a balance sheet diagram showing the three
mechanisms behind and the effects of concrete deterioration, as a basis for the understanding
of the identifiable disturbances in a cementitious material.

The selection of studies, illustrating each theme in this part, depends on the relevance to the
issue of the cementitious material's durability in a clayey environment. The list is certainly not
exhaustive, but it highlights the important points that are useful for the progress of future
work.

Cementitious material evolution in pure water

“It is considered for the chemical degradation of CEM I type concretes in saturated medium,
that the mineralogical evolution of the cementitious system is governed by the dissolution of
the portlandite and C-S-H” (Gallé et al., 2006).

Mineralogical evolutions

In the case of pure water or freshwater, the major phenomenon controlling the chemical
evolution of the cementitious material is the leaching. This mechanism is a result of the
material's solid state chemistry and porosity. The contact with pure water creates a chemical
imbalance due to the concentration gradient between the surface and the core of the material.
The local solid chemistry tries to adjust to this disturbance. To correct the concentration
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gradient, ions diffuse through the porosity of the cement paste. This migration creates local
chemical imbalances resulting in a process of dissolution/precipitation.

The work of Adenot (Adenot, 1992) on the behavior of cementitious materials for the storage
of radioactive waste enables us to precisely identify the mechanisms of attack by a pure
solution at pH 7 at 20 °C. The tests carried out consisted in leaching cement paste specimens
by using continuously deionized water.

Note that tests on cement pastes are a simplification of tests on concrete. Transport in the
concrete is concentrated in the cementitious matrix, which is much more permeable than the
aggregates. Working on cement pastes is representative of the mechanisms that concrete
placed in the same conditions would experience, aggregates being not reactive, while it
overcomes post-experimental difficulties for the solid characterization. The degradation
process is fully controlled by the hydrated cement paste.

Two experimental options are carried out. The first consists in maintaining a pure solution
throughout the experiment by imposing permanent circulation of the aggressive solution
through an ion exchange resin and regular renewals. Furthermore, in order to avoid the
presence of carbonates in the solution, and thus the carbonation of the cementitious material,
continuous nitrogen bubbling is imposed in the solution.

The second experimental option consists in maintaining the aggressiveness by adding acid
solution (no ion exchange resins) (Revertegat et al., 1992). This acid addition enables
continuous monitoring of the amount of hydroxide ions leached. From a certain quantity of
acid addition, the solution is renewed and the calcium concentrations in the leachate
measured. Note that in both options, the loss of mass of the material is also monitored
continuously by hydrostatic weighing. The perturbation consists in the dissolution of the
cement paste hydrates into the material in the form of dissolution fronts.

At constant degradation conditions, the hydrates dissolution order is the following:
portlandite, C-S-H, AFm, ettringite. Note that the C-S-H decalcification takes place gradually.

The calcium and silicon concentrations in solution impose changes of the equilibrium phases
in the CaO-SiO2-H2O system. For calcium concentrations around 22 mmol/kg, the mineral
assemblage at equilibrium is portlandite-C-S-H (IIC) or C-S-H- .  From  the  time  when  the
calcium concentration is less than 22 mmol/kg, portlandite is out of balance and is dissolved.
By reducing the calcium concentration in the solution, successive C-S-H are formed and
dissolved gradually reducing the CaO/SiO2 ratio in their structure until reaching the
amorphous silica stage.

Portlandite acts as a chemical buffer vis-à-vis external aggressions. Silicates and aluminates
are  not  dissolved  until  all  of  the  portlandite  is  leached.  The  solution  of  the  cementitious
material, previously in equilibrium with the portlandite, then rebalances with a new mineral
assemblage: C-S-H, AFm, AFt. As to the continuation of the perturbation, the CaO/SiO2 ratio
of C-S-H gradually decreases accompanied firstly by the AFm dissolution. This dissolution,
in the case of hydrated calcium monosulfoaluminate, releases calcium, but also aluminum and
sulfates. This mechanism may generate, without the addition of external sulfates in the
material, the precipitation of ettringite or secondary AFm phases in the dissolving zone of
portlandite (Faucon, 1997).
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The continued leaching causes ettringite dissolution. The system is in equilibrium with C-S-H
(low C/S) and at the final stage, the C-S-H are totally decalcified; the system is then in
equilibrium with amorphous silica.

By placing cement pastes made from C3S into demineralized water, Faucon shows the
evolution of the Ca/Si ratio in the solid with the progress of the degraded area (Faucon et al.,
1997).

The dissolution fronts evolve linearly with the square root of time, confirming that the
kinetics of decalcification is controlled by diffusive phenomena (Adenot, 1992).

A degraded mortars study by Bourdette (Bourdette et al., 1994) showed no influence of the
presence of aggregates on the zonation of the disturbance, thus confirming the work by
Adenot et al on cement paste and validating their model.

Temperature influence

The impact of temperature on the leaching of cementitious materials is studied by Peycelon et
al.  (2006).  The  tests,  very  similar  to  those  of  Adenot,  consist  in  plunging  a  cement  paste
(OPC-type) into a solution at different temperatures: 25 °C, 50 °C and 85 °C. The temperature
increase accelerates the degradation process of the solid. However, the solubility of
portlandite decreases with increased temperature and should slow down or stop the alteration.
This is explained by the fact that the degradation is controlled by diffusion. When the
temperature increases, the diffusion coefficient increases. The viscosity of water decreases
with increased temperature and the diffusion coefficient increases according to the Stokes-
Einstein law.

r
kTD

6
(Equation 1).

With:
- k = Boltzmann constant (1,3806.10-23 J.K-1)
- T = Temperature (° Kelvin)
- r = The radius of the diffusing molecule assumed spherical.
- = The fluid viscosity.

By increasing the temperature and decreasing the viscosity of the fluid (water in this case), the
diffusion coefficient increases.

The thicknesses affected by leaching according to the temperatures used are summarized in
Table 5.5.3.

Table 5.5.3. Experimental data of the leaching evolution of OPC cement paste immerged in
pure water at 25 °C, 50 °C et 85 °C (Peycelon et al., 2006).
Temperatures

(°C)
Experimental times

(days)
Leached thickness

(mm)
Velocities of perturbations
(mm/square root of days)

25 85 1.8 0.19

50 88 2.85 0.3109 2.96

85
62 4.47

0.5672 5.2
134 5.95
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The alteration rate of an OPC cement paste leached in pure water is 1.6 times greater at 50 °C
than at 25 °C.

To  summarize,  a  Portland  cement  paste  immerged  in  pure  water  is  exposed  to
dissolution of its hydrates, mainly the portlandite and the C-S-H (C/S ratio decrease)
and also ettringite and AFM. The perturbation is characterized as multiple dissolution
fronts corresponding to new mineral equilibriums. Decalcification causes a leaching of
Ca2+ and OH- ions and alkali to the outside environment. This mechanism is controlled
by the diffusion and is temperature-dependent despite the retrograde solubility of
portlandite. The impact on the microstructure is strong because the successive
dissolutions generate porosity opening that increases the diffusion coefficient and thus
degradation. This theme has been studied extensively and now allows for benchmarks
on the evolution of perturbations over time.

Cementitious material evolution in carbonated water

Origin of carbonates

The calcium ion leaching of concrete in our environment often appears visually. Indeed, drips
or whitish concretions are often identified on the concrete surface. The mechanism
responsible for these courses is the precipitation of calcium carbonate due to carbon dioxide
(CO2) from the atmosphere (gas) or carbonates species in solution (aqueous). Studies about
carbonation are overwhelmingly made in an unsaturated environment. Parrot (quoted by
Badouix, 2000) and Chaussadent (Chaussadent, 1997) provide summaries of the results
associated with the carbonation.

Carbonate in natural waters may have three origins: the atmosphere, the mineral phases or
bacterial activity in soils or effluents. Waters, from surface or underground, present
equilibrium with a range of CO2 partial pressures, leading to some carbonate concentration in
the solution, which can be estimated from Henry's Law.

[H2CO3]* = .pCO2 with  = 10-1,46 at 25 °C at 1 atm (Equation 2.)

with [H2CO3]* representing the total concentration in dissolved carbonates.

The groundwater in the COX argillite, for example, is in equilibrium with a CO2 partial
pressure 30 times bigger than the atmospheric pCO2 (pCO2 (COX) = 1.3.10-2 atm) (Girard et
al., 2005) (Gaucher et al., 2006b) imposing a hydrogen ion concentration of about 3.3 mmol/L
(Gaucher et al., 2007). The water, in this case, is in equilibrium with carbonate sediments of
the natural formation. It is the dissolution of rocks that brings the carbonates in the solution.

Carbon dioxide dissolved in water results in the formation of carbonic acid H2CO3 (or CO2
(aq)). The ion HCO3- is the main carbonate species in the water of the COX and in many
natural waters with a pH close to neutrality. For more acid water (rainwater or water in
contact with acid rock), carbonic acid is the main species. A speciation diagram of carbonates
species in function of pH is shown in Figure 1.

A detailed description of the chemical equilibrium between the different ionic species of the
carbonates is provided by Michard (Michard, 1989).
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Figure 5.5.1. Speciation diagram of ions carbonates in function of the solution pH; carried
out with JCHESS (database: chess.tdb).

Carbonation mechanisms of a cementitious matrix under water

Carbonation of cementitious material is the introduction of carbonates in a chemical system in
permanent evolution. Under water, during the portlandite leaching, and to a lesser extent C-S-
H, a calcium and hydroxides flux migrates from the most concentrated area (the healthy zone
of the concrete) into the less concentrated area in these elements (the surface). In the case of
aggressive water rich in carbonates, the meeting with the calcium ions causes precipitation of
a low soluble mineral phase: the calcium carbonate.

HCO3
- + H2O  H3O+ + CO3

2- (Equation 3.)

Ca(OH)2  Ca2+ + 2OH- (Equation 4.)

CO3
2- + Ca2+  CaCO3 (Equation  5.)

Damidot (Damidot et al., 1995b) provides a stable phase diagram of the CaO-SiO2-CO2-H2O
system at 25 °C (Figure 5.5.2). Compared to the CaO-SiO2-H2O diagram presented above, a
new mineralogical phase appears, namely calcite. The diagram contains three invariant points:

Point 1 : calcite + C-S-H (SII) (or C-S-H- )+ CH + H2O

Point 2 : calcite + C-S-H (SI) (or C-S-H- )+ C-S-H (SII) (or C-S-H- )+ H2O

Point 3 : calcite + SH + C-S-H (SI) (or C-S-H- )+ H2O

Carbonation of cementitious material in a solution can be summarized in the following two
balance equations:

Ca(OH)2 + CO3
2-  CaCO3 + 2OH- (Equation 6)

1,7CaO.SiO2.1,7H2O + 1,7CO3
2-  SiO2(am) + 1,7CaCO3  + 3,4 OH- (Equation1)
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Figure 5.5.2. Diagram of stable phases in the CaO-SiO2-CO2-H2O system at 25 °C (Damidot
et al., 1995b).

If the state of the art on the carbonation is well documented, it especially covers carbonation
in an unsaturated environment (or atmospheric). The carbonation in saturated medium is
indeed presented as negligible compared to atmospheric carbonation (Parrot and Killoh 1989).
However, with the problem of nuclear waste disposal in deep geological layers, leading to
more or less long-term arrival of carbonated water in contact with the concrete structure of
cells, the study of the carbonation materials based on hydraulic binders becomes essential for
modeling the long-term physical and chemical perturbation of concrete cells. Therefore, many
experiments were carried out in the early 1990s.

Sets of experiments have been carried out on cement pastes immerged in solutions of different
pH (Revertegat et al., 1992). One test is particularly interesting here: an OPC cement paste is
immerged in a solution at pH = 4.6, in equilibrium with a very high pCO2 in the atmosphere
of the reactor. Calcium concentration profiles are measured over test durations of 3 months
and  2  years  (Figure  3).  The  sound  zone  of  the  sample  is  richer  in  calcium  (composed  of
portlandite and C-S-H and located above the horizontal bar in Figure 5.5.3). The gradual
decrease of the calcium content until the surface is very clear. The peaks under the crossbar
correspond to the calcite.

Figure 5.5.3. Microprobe profiles of calcium and sulfur for an OPC cement paste immerged
for 3 months in a carbonated solution at pH 4.6 (Revertegat et al., 1992).

These experiments were complemented 5 years later with new tests of cement paste
carbonation in solution. This time, the carbonate ion concentration is controlled in the
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aggressive solution ([C] = 0.01 mmol/L) (Revertegat et al., 1997). This study helps to
highlight the role of the diffusion barrier related to the formation of calcium carbonate in the
cementitious material.

This notion of diffusion barrier is studied by Badouix (Badouix, 2000). Figure 5.5.4 illustrates
the effect of carbonate introduction in the aggressive solution on the hydroxides and calcium
diffusion.

Figure 5.5.4. Evolution of released calcium and hydroxyl ions during the leaching period in
pure water and a second leaching period in a carbonated solution (1.10-3 mol/L) (Badouix et
al., 2000).

It is very clear that ions diffusion is slowed or stopped, after the introduction of carbonates in
the  system.  The  precipitation  of  calcium  carbonate  clogs  the  porosity  and  decreases  the
effective diffusion coefficient of the material in the affected area. In order to model the long-
term deterioration of concrete, Badouix produces cement pastes from leaching tests in
carbonated water (NaHCO3 2,5.10-3 mol / L) at 25 °C. The test involves placing the cement
paste sample into a thermostated reactor of 500 mL. A magnetic agitator assures
homogenization of the solution. A titrator containing nitric acid regulates the pH value to 8.5.
The solution is renewed regularly to maintain constant external chemical conditions. The
system is  very  similar  to  that  used  by  Revertegat  et  al.  (Revertegat  et  al.,  1992).  After  200
days, calcite is the only identifiable compound on the first 7 microns. It seems that a clogging
layer  of  calcite  forms  on  the  surface  exposed  to  the  solution.  Between  7  microns  and  40
microns, ettringite seems carbonated. At 75 microns, the portlandite content is very low and
disappears totally at 40 microns. Between 75 and 175 microns, the ettringite precipitation is
authenticated by DRX (increased signal). Disruption extends to 250 microns with the return to
the nominal concentration of portlandite at this depth (Figure 5.5.5 and Figure 5.5.6).
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Figure 5.5.5. SEM picture of a CEM I
cement paste immerged 7 months in a
carbonated solution
(NaHCO3 = 2.5 mmol/l) (Badouix, 2000).

Figure 5.5.6. Zonation of a CEM I cement paste
(w/c = 0.4) immerged 7 months in a carbonated
solution (NaHCO3 = 2.5 mmol/l) (Badouix,
2000).

Badouix explains the degradation in carbonated water with five separate zones:

- Zone 1: A dense surface layer (5 µm-thick) with a very low porosity composed of
calcite.

- Zone 2: A dense layer below the surface layer until 60 µm depth composed of
diffuse calcite and C-S-H.

- Zone 3: A high porous zone composed of ettringite and C-S-H.

- Zone 4: A zone composed of altered portlandite, ettringite and C-S-H.

- Zone 5: The sound zone composed of portlandite, ettringite and C-S-H.

The superficial surface layer is described as consisting of rhombohedral calcite microcrystals.
Their size ranges from 400 nm to 1 micron. The porous layer of a hundred microns presents
perfectly crystallized ettringite.

An experimental study identifies the influence of carbonation on the leaching of cementitious
materials (Kurashige et al., 2007). In the same paper, the authors also show the influence of
chlorides associated with carbonates.

OPC cement pastes (at different w/c) are immerged in various aggressive solutions (pure
water, representative synthetic solution of groundwater and sea water). Our focus here is on
the interaction between the solutions containing carbonates (sea water, groundwater) and the
cementitious material. As in Badouix's research, the degradation is carried out in one
dimension through the protection of the faces on the periphery with Epoxy resin to simplify
the understanding of the degradation mechanisms.

Calcite precipitation is identified by XRD and SEM at the material surface and inhibits the
leaching process of the cementitious material. The greater the carbonate concentration is in
the solution, the greater the degradation becomes low.

The degradation appears to be less significant in the case of the representative solution of sea
water than in the case of the representative solution of groundwater after 1 year. The authors
attribute this finding to the development of a layer of calcite at the sample surface in the case
of sea water (Figure 5.5.7).
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Figure 5.5.7. Elementary mappings of an OPC cement paste after 1 year of immersion in
solutions representative of ground water (Fg) and sea water (Sg) (Note that a mistake is
observed in this figure: C enrichment is observed in the surface of the sample and no Si-
enrichment) (Kurashige et al., 2007).

In regards to the identical concentrations of carbonates in groundwater and seawater in this
study, the formation of a clogging layer in sea water can be explained by the large amount of
calcium already present in the solution (which is not the case in groundwater), which in the
vicinity of the material is exposed to an abrupt increase in pH, allowing calcite precipitation
on the substrate which is the surface of the material. The growth is very rapid. Figure 5.5.8
shows the mechanisms at work in the formation of this layer of calcium carbonate.

Figure 5.5.8. Simplified representations of the inhibition mechanisms linked to the leaching of
a cementitious material in carbonated solutions (Kurashige et al., 2007).

Portland cement-based materials immerged in solutions containing carbonates undergo
two main mechanisms of aggression: leaching and carbonation. During the leaching of
portlandite, the calcium released reacts with carbonate from the external solution to
form calcium carbonate, mainly calcite. This carbonation causes the development of a
clogging layer within the first micron of the material. This layer can inhibit the
alteration mechanisms implemented in the case of alteration in pure water. The
development  of  this  layer  is  not  perfectly  located.  It  is  certain  that  it  occurs  on  the
surface of the material, but is it internal to it (primary dissolution/precipitation phases),
or is it an exogenous crust that develops over the surface of the material? No
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experimental data exists on the porosity of this layer because of its very thin size. In any
case, this carbonation plays a protective role of the cementitious material in aggressive
environments and its presence or not is an important issue in predicting the long-term
behavior of the cementitious material in such environments. Is this protective crust
formed when the cementitious material is put in contact with a solid material in the
same chemical conditions?

Cementitious material evolution in solution rich in sulfates

This part is divided into two separate paragraphs. The first paragraph is dedicated to the
physical and chemical evolution of a cementitious material immerged in pure sulfate
solutions. The second is devoted to sulfate attack in natural environments, combined with
other ionic species, such as chloride or magnesium. This last paragraph is illustrated in
particular by the case of attack by sea water and also by a solution representative of porewater
of clayey or granitic rocks.

Evolution with pure sulfate solution

Portland cement-based materials placed in contact with solutions containing sulfates, even at
low concentrations, are subject to physical and chemical reactions. The sulfate ions
penetrating into the material can locally modify the mineralogy of the material, with a
significant impact on the mechanical properties.

According to Bogue (Bogue, 1952), the study of the influence of sulfates on cementitious
materials  has  a  history  of  more  than  250  years,  starting  with  the  work  of  Smeaton  in  1756
who sought the most suitable cement for the construction of the Eddystone lighthouse in
England. Bogue reported an excellent bibliography, compiled in 1925 by the United States
Department of Agriculture, listing 700 references on the resistance of cements hydrated with
sulfates. Study of the behavior of cementitious materials in saturated environments rich in
sulfates is still relevant today. There are many publications trying to provide answers
concerning the understanding of the mechanisms involved.

In 1991, Cohen and Mather (Cohen and Mather, 1991) pointed out that the mechanisms of
sulfate attack were not yet well understood. Le Bescop and Solet (Le Bescop and Solet, 2006)
note that the difficulty of prediction and validation is mainly due to the phenomenology
involved, associating closely chemistry, mechanical and diffusive transport. The importance
of the initial and boundary conditions is also emphasized.

Damidot (Damidot et al., 1993) provides a stable phase diagram for CaO-Al2O3-CaSO4-H2O
system at 25 °C (Figure 5.5.9).
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Figure 5.5.9. Phases diagram of the system CaO-Al2O3-CaSO4-H2O at 25 °C (Damidot et al.,
1993).

This system contains 5 stable phases: hydrogarnet, gibbsite (AH3), ettringite, portlandite and
gypsum. With the increase of the sulfate concentration, four invariant points exist, giving the
following four mineralogical associations: ettringite/hydrogarnet/gibbsite (low concentrations
of sulfate and calcium); ettringite/hydrogarnet/portlandite (high concentrations of calcium and
low in sulfate); ettringite/portlandite/gypsum (high concentrations of calcium and sulfate) and
ettringite/gypsum/AH3 (high concentrations of sulfate and low calcium). Hydrogarnet and
gypsum phases cannot coexist, as the stability domain of ettringite separates the areas of
stability of these two minerals. At 25°C, ettringite has the wider stability range in this system:
only a few micromoles of aluminum sulfate suffice to form it. During sulfate attacks,
ettringite is therefore one of the minerals which will form regularly.

In regard to the CaO-Al2O3-CaSO4-H2O diagram, some authors, such as Matschei (Matschei
et  al.,  2007),  by considering a revised solubility constant for C3AH6, obtain a small  area of
monosulfoaluminate solubility, leading to 6 invariant points instead of 4.
The mineralogical association related to this system in a hydrated portland cement at 25 °C
contains portlandite, ettringite and hydrogarnet. The calculation of the thermodynamic
stability for this mineralogical association provides a sulfate concentration of less than 30
micromoles per liter in the absence of alkali. In the case of contact with a solution rich in
sulfates, secondary ettringite precipitates to the detriment of hydrogarnet according to the
chemical equation:
3CaO.Al2O3.6H2O + 3(Ca2++SO4

2-) + 26 H2O  3CaO.Al2O3.3CaSO4.32H2O (Equation 8.)

In  presence  of  alkaline  (Na+ or  K+), the same system is described following the chemical
equation:

3CaO.Al2O3.6H2O + 3(2Na++SO4
2-) + 3Ca(OH)2 + 26H2O

 3CaO.Al2O3.3CaSO4.32H2O + 6(Na++OH-) (Equation 9.)

If monosulfate is the aluminum source a similar chemical equation may be written
(3CaO.Al2O3.CaSO4.12H2O) (Le Bescop and Solet, 2006).

During a sulfate attack, the ettringite precipitation, due to the stability of this phase, is the
predominant phenomenon (Damidot and Glasser, 1993). Ettringite is sometimes associated
with the deterioration of the cementitious material bonded to an expansion mechanism.
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However, the precipitation of ettringite may not be expansive and it is necessary to emphasize
that the presence of this compound in the concrete is not automatically a sign of aggression
(Escadeillas and Hornain, 2008).

The  AFGC-RGCU  working  group  (AFNOR  2004)  defines  three  categories  of  ettringite:  1)
Primary ettringite which is the formation product of the reaction between the C3A of the
clinker and the gypsum. This mineral does not alter the cementitious material if it is gypsum.
In case of an overdose, there is a risk of delayed ettringite formation (DEF); 2) Secondary
ettringite which is derived from the reaction with external sulfates. This generates ettringite
expansion phenomena on concrete, heavily altering it by replacing the primary mineral phases
(cracks and porosity opening); 3) Secondary ettringite causing no expansion phenomena. This
phenomena result from dissolution / precipitation. The ettringite is formed in the cracks or the
porosity generated by ettringites of the second type.

There  are  numerous  experimental  works  on  the  sulfate  attack.  The  objective  is  to
identify the behavior of the cementitious materials used in contact with solutions at
different concentrations of sulfates.

In an experimental system similar to the system used by Badouix (Badouix, 2000), Planel
(Planel et  al.,  2006) immerges an OPC cement paste disk with a w/c of 0.4 in a solution of
Na2SO4 at 15 mmol / L at 25 °C (equilibrium concentration with the same COX argillite). The
solution is maintained at pH 7 throughout the duration of the test through regulation by nitric
acid when the pH exceeds the setpoint (Figure 5.5.10).

Figure 5.5.10. Experimental device of a sulfate attack experiment on a cement paste (Planel
et al., 2006).

These works highlight a zonation in the degraded zone after 12 months of interaction with
sulfates (15 mmol/l) (Figure 5.5.11):

- Zone 1 (from the surface until 0.9 mm in depth): zone composed by ettringite and C-
S-H with a low C/S ratio.

- Zone 2  (from 0.9  mm until  1.3  mm in  depth):  zone  composed  by  ettringite,  gypsum
and portlandite.

The degraded thickness changes proportionally to the square root of time, which shows a
control  by  diffusion  processes.  The  calcium  leaching  rate  in  this  type  of  environment  is
similar to that in pure water. Zone 2 (+ gypsum + portlandite ettringite) is highly cracked.
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Figure 5.5.11. SEM picture and XRD profile of a cement paste altered for 1 year in a Na2SO4
solution (15 mmol/L) (Planel, 2006).

A study very similar to that of Planel was conducted by Le Bescop (Le Bescop and Solet,
2006). In this study, the sulfate concentration in the attack solution is reduced: 10 mmol/L of
Na2SO4 (similar to the concentration in the Toarcian or the Callovo-Oxfordian clayey rock).
The experiments are performed on two cement pastes: a portland cement paste rich in C3A
and a SRPC-type (Sulfate Resisting Portland Cement) portland cement paste with a very low
C3A content.

The mechanisms for the two types of materials and the disturbed depth are very similar
(Figure 5.5.12). In the two cases, precipitation of ettringite, gypsum and dissolved portlandite
are identified. The major difference is the amount of precipitated phases, which is much larger
for the OPC paste rich in C3A compared to the SRPC OPC paste, particularly for the gypsum
precipitation.

Figure 5.5.12. Mineralogical distribution in the calcium depleted zone of OPC cement pastes
immerged in a solution of Na2SO4 (10 mmol/L) (dotted lines: OPC rich in C3A, full lines:
OPC/SRPC-type) (Le Bescop et al., 2006).

In order to understand the behavior of the Portland cement-based materials in very aggressive
environments, Maltais (Maltais et al., 2004) carried out leaching tests in solutions rich in
sulfate  (Na2SO4  =  50  mmol/l)  on  Portland  cement  pastes  (w/c  =  0.4  and  0.6).  The
experimental setup consists of placing a first sample in unsaturated conditions: one half of the
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sample is immerged in the solution and the other half is exposed to the gas overhead (nitrogen
atmosphere + 65% relative humidity). Another sample is completely immerged in the solution
(saturated test) (Figure 5.5.13).

Figure 5.5.13. Experimental device used for the alteration solution (Na2SO4 = 50 mmol/L) in
saturated and unsaturated solution (Maltais et al., 2004).

In this second test, the precipitations of ettringite and gypsum are observed in all samples
exposed to the sodium sulfate solution. The analyses are carried out by SEM and microprobe,
and show a systematic band of sulfur enrichment in the material. The influence of the w/c is
demonstrated. To increase the durability of the cementitious material vis-à-vis the chemical
attack, it is necessary to use a as low as possible w/c ratio. After 3 months of degradation, the
calcium leaching front extends between 1 and 1.2 mm for a w/c of 0.4.

Recently,  exposures  of  concretes  with  additions  (Liu  et  al.,  2012)  to  solutions  charged  with
sodium sulfate have also been studied. For cements with additives, in particular fly ash,
intense changes were noted after only 3 months.

Evolution with multi-ionic solutions containing sulfates

Attack by sulfates is often linked to sea water attack, where sulfate concentrations are
substantial, as well as chlorides, carbonates and magnesium. The first recorded test of
concrete resistances in seawater was carried out by Vicat in 1812 (Candlot, 1897). Candlot
discusses and highlights the great synthesis work by Thurninger and Viennot on the
observations carried out on mortar specimens immerged in La Rochelle harbor (France) since
1856. These tests were performed on several cement-based mortars (Ponilly, Vassy...) with
pozzolan. Candlot wrote about the results: "Almost all specimens have lost their cohesion
after a shorter or longer period. Only a few specimens have been characterized on the whole,
and the English cement-based mortars, Portland cement from Dauphiné and Portland cement
from Boulogne remained in very good condition."

In 1891, Michaelis (Michaelis, 1897) published a study entitled "The influence of sea water
on the hydraulic binders-based materials." In order to identify the evolution of different
mortars, Michaelis manufactured several synthetic sea water-based solutions of sodium
chloride, magnesium sulfate, magnesium chloride and calcium sulfate. Through macroscopic
observations and mechanical characterizations, he highlighted the influence of the type of
cement used on the resistance to seawater.

If sulfate attack is one of the main mechanisms of concrete degradation in seawater, it is
certainly not the only one. To sulfate attack one must add carbonation, leaching, and attacks
by chlorides and magnesium. Excluding extreme cases like the Caspian, Dead, and Red Seas
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(very high salinities), and the Baltic Sea (low salinity), the salinity of the oceans and seas on
the planet varies between 30 and 36 g/L, imposing a very high concentration of chloride ions.

Concrete structures built in a marine environment are subject to a number of areas of
degradation as Mehta shows (Mehta, 1986). There is the zone of sea spray (no direct contact
with sea water), followed by the spray zone (above the high tide level, subject to splashing
waves), the tidal zone (subject to the sway of the tides), and the permanent immersion zone. It
is particularly the latter type of environment that interests us here.

Moskvin  (Moskvin  et  al.,  1980)  suggests  a  scheme  of  the  preferential  localization  of  the
multi-ionic attack to which a concrete structure continuously immerged in seawater is subject
(Figure 5.5.14).

Figure 5.5.14. Scheme of the different zones in the cement paste after immersion in sea water
(Moskvin et al., 1980).

The system is described in five separate zones, where 4 are characteristic of various degrading
mechanisms: zone 1 results from the action of carbonate on the concrete, zone 2 from the
attack by magnesium, zones 3 and 4 from the attack by the sulfate ions and finally zone 5
which is subject to single leaching. It appears that the ion action is not cumulative. The
aggressiveness of sea water seems to be lower than that of sulfated water. According Regourd
(Regourd et al., 1976), the carbonation within the framework of a multi-ionic attack can
provide a beneficial effect on the stability of the concrete, later confirmed by, among other
studies, Kurashige (Kurashige et al., 2007) who highlighted the precipitation of a carbonated
layer, with a low porosity, at the surface of the cementitious material.

Escadeillas and Hornain (Escadeillas and Hornain, 2008) emphasize the influence of the
cation associated with the sulfate in the intensity of the concrete alteration. In the case of a
combination with magnesium during the attack, the magnesium is substituted for the calcium
of the portlandite to form brucite and the calcium reacts with sulfate to form gypsum or
ettringite. Gypsum being very soluble, ettringite formation is more likely in the presence of an
aluminate phase (C3A, to illustrate, is selected from the following chemical equation).

3CaO.Al2O3 + 3SO4
2- + 3Mg2+ + 3Ca(OH)2 + 32 H2O

 3CaO.Al2O3.3CaSO4.32H2O + 3Mg(OH)2 (Equation 10.)

When  all  the  portlandite  is  consumed  to  form  gypsum  and  brucite,  the  C-S-H  phase  is
degraded  by  the  formation  of  brucite  and  gypsum,  but  also  by  that  of  M-S-H  (hydrated
magnesium silicate):
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C-S-H + Mg2+ + SO4
2- + 2H2O  Mg(OH)2 + CaSO4.2H2O + (C,M)-S-H (Equation 11.)

Several studies have been made on the action of magnesium sulfate (Brown and Badger,
2000; Brown and Doerr, 2000; Brown and Hooton, 2002; Brown et al., 2003). The tests and
the results are discussed in the section dedicated to examples of experimental work on multi-
ionic attacks. These tests are carried out with solutions containing small amounts of CaSO4
similar to those found in the groundwater and not in marine environments (from 1 to 15
mmol/l).

The action of chlorides on the concrete is relatively well known. The degradation mechanisms
involved can be summarized as follows:

- The attack by sodium or potassium chloride solution leads to leaching of the
portlandite and C-S-H and to precipitation of the calcium monochloroaluminate
(source of Al: aluminum hydrate, calcium monosulfoaluminate for example)

- Under the form of MgCl2, the mechanisms are identical plus Brucite precipitation.

Moranville (Moranville et al., 2004) and Kamali (Kamali et al., 2008) immerge a set of OPC
cement pastes with different w/c ratios for 114 days in one liter of solution of Ca (11.5 mg/l)
Mg (8 mg/l), Na (11.6 mg/l), K (6.2 mg/l), Cl (13.5 mg/l), SO3 (8.1 mg/l) and HCO3 (71
mg/l) to a pH equal to 7, to generate a multi-ionic attack representative of groundwater. The
solution and the sample are placed in a container and a thermostatic chamber at 26°C. The
solution is renewed continuously with a 1 l/day flow rate.

The results obtained in this experiment are compared with tests in pure water. The difference
in behavior is very significant. In pure water under the same conditions, the material was
decalcified about 1.5 mm. In synthetic groundwater, as observed previously in the attack by
carbonated solution, the decalcification is limited to the extreme cement paste surface. The
authors explain this by the beneficial effect of carbonation due to the development of a
protective layer. Calcite microcrystals cover the sample surface and reduce the porosity of the
material, thus reducing the diffusion of aggressive ions. A decrease in the sulfur content is
recorded on the cement paste surface.

In other studies (Brown et al., 2002; Brown et al., 2003), samples from California homes were
immerged in solutions of MgSO4 at different concentrations (50 mg/L) for a period of 21
years as part of a study on the resistance to sulfate of slag cement. The temperature ranged
between 16 °C and 30 °C.

Precipitations of brucite, M-S-H, ettringite and thaumasite can be observed (Figure 5.5.15).

Gypsum and brucite precipitation from Portlandite:

Ca(OH)2 + Mg2+ + SO4
2- + 2H2O  CaSO4. 2H2O + Mg(OH)2 (Equation 12)
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Figure 5.5.15. SEM pictures and EDS spectra of thaumasite (left) and ettringite (right)
precipitations in concretes placed in a sulfate-rich environment (Brown et al., 2002)

Ettringite precipitation conditions have been discussed previously. The reactant path leading
to the precipitation of Thaumasite is:

1- dissolution of portlandite
2- gypsum precipitation (or ettringite)
3- decalcification of C-S-H
4- ingress of carbonates and thaumasite precipitation (CaO.SiO2.CaSO4.CaCO3.14H2O).

The thaumasite precipitation is known to occur in cold climates (< 15 °C). However, the tests
conducted here indicate precipitation at temperatures around 23 °C. These formations
generate an intense swelling in the cement matrix and cause it to break up.

In the domain of multi-ionic attacks, the study of the cement matrix degradation by rainwater
and sulfated waters can also be cited (Albert, 2002). The protocol used for studying sulfate
attack is similar to the work of Le Bescop and Solet (Le Bescop and Solet, 2006) and Maltais
(Maltais et al., 2004), with the preparation of Na2SO4 aggressive solutions. It also highlights
the gypsum precipitation in the veins of the material and non-expansive secondary ettringite.

Studies with multi-ionic solutions representative of rock porewaters

Since 2010, with the development of deep radioactive waste disposal projects, some new
projects have been carried out. The goal is to try to understand the possible physico-chemical
evolution of cementitious materials immerged in synthetic or natural rock porewaters.

Two studies in particular may be cited. Firstly the studies by Garcia-Calvo (Garcia Calvo et
al., 2010 and Garcia Calvo et al., 2013) focusing on the chemical durability of a low-pH
cementitious  material  in  granitic  water  from  the  Aspö  site  (Sweden).  After  14  months  of
interaction, the results show good strength of the cementitious materials. An alteration front is
still observed at the surface in all samples. In concretes containing fly ash, magnesium
incorporation is detected in the C-A-S-H matrix, composing the starting material, as well as
ettringite.

In the second study (Dauzeres et al., 2014), a comparison is made between the different
physicochemical changes in two cement pastes: an OPC-type and a low-pH-type. The two
cement pastes were immerged in a solution representative of porewater of Callovian-
Oxfordian  clayey  rock  respecting  the  partial  pressure  of  CO2.  The  results  show a  chemical
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and mechanical destabilization of low-pH material through intense decalcification of C-S-H
to the amorphous silica stage, carbonation in the material, and M-S-H-type magnesium
silicate precipitation (Figure 16). The OPC cement paste perturbation is lower due to the
formation on the surface of an exogenous Mg-calcite crust already observed in previous
studies. This crust clearly protects the material from leaching and sulfate attack.

Figure 5.5.16. Comparison of the macropore networks between CEM I and low-pH cement
paste after 5 months in COX solution (COX solution put in contact with the top face of the
samples). Based on the microtomography analyses: a1) The macroporosity in the CEM I
cement paste defined by image analysis; a2) 3D view of the macroporosity network in the
CEM I cement paste; b1) The thresholded macroporosity in the low-pH cement paste; b2) 3D
view of the macropore network in the low-pH cement paste (Dauzeres et al., 2014).

Cementitious materials immerged in a more or less sulfate-rich solution are exposed to
heavy precipitation linked mainly to the ettringite and gypsum precipitation. The
sulfate attack generates, as in the case of the attack in pure water or carbonated water,
the leaching of the calcium hydrates composing the cementitious matrix: dissolution of
the portlandite and decalcification of C-S-H. In natural systems, the presence of sulfate
is often associated with an aggressive cation. In the presence of magnesium, the
degradation is very high: brucite, ettringite, M-S-H (non-binding phase) and gypsum
precipitation. In the case of an association with carbonates, possible thaumasite
precipitation is added to the usual mechanisms; thaumasite is a very harmful mineral
species for the cohesion of concrete (break-up).

This synthesis offers important information about the behavior of cementitious
materials based on portland cement in sulfate environments: the sulfate concentration
in the aggressive solution does not need to be high (10–15 mmol/l) to precipitate gypsum
and ettringite or damage the material. The precipitation of ettringite is not
systematically synonymous of mechanical alteration. Finally, a multi-ionic attack, with
sulfates, does not necessarily generate a very significant degradation. This synthesis
highlights some studies showing that the deterioration in seawater (multi-ionic
environment) causes less degradation than a pure attack by sulfate (Na2SO4) to
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concentrations equivalent in sulfates. In studies of interactions with groundwater, with
compositions close to the solution of the COX, carbonation is characterized by the
development of a dense surface layer, composed of calcite microcrystals, which greatly
limits  the  action  of  other  aggressive  species  and  thus  plays  a  role  in  protecting  the
material. Sulfate attack, carbonation and magnesium attack are all processes that may
occur in the concrete/clay system. The issue of identifying and studying their influence
is at the heart of the present work.

Finally, some studies on representative solutions of environments encountered in future
geological disposals, mainly in clayey-type rock, show that some cementitious materials,
including those with siliceous additions to achieve so-called "low pH" cements, may
present a chemical fragility that can lead to substantial mechanical disturbances in
contact with this type of environment; in contrast, OPC-type materials seem to be very
stable in this type of environment due to the development of a protective exogenous
carbonate  layer.  However,  one  must  not  forget  that  this  type  of  test  is  not  necessarily
representative of the direct contact (interface) with the materials tested. Studies at the
interface between the cementitious materials and the clayey rock must be compared.

Geochemical and microstructural evolution of cementitious material in contact with
clayey rock

Experiments

The experiments carried out on the physico-chemical evolution of cementitious material in
contact with argillaceous rocks try to reproduce the aging of structures such as might occur in
the natural environment. Almost all studies are conducted in order to characterize the
mechanisms involved in the storage of radioactive waste in deep geological layers.

Until the mid-2000s, work on concrete/clay interfaces was mainly dedicated to the study of
the clayey rock's reactivity vis-à-vis the alkaline plume in order to qualify the clayey rock for
disposal. Over the past ten years, with the precision of disposal concepts, new research has
sought to also study the physical and chemical behavior of cementitious materials in this type
of environment.

In the early 2000s, the first series of experiments conducted on the development of
cementitious materials in contact with a clay material were performed by Read (Read et al.,
2001) in the HADES Underground Research Laboratory (Mol, Belgium) over periods of 12
and 18 months. The laboratory is located at 220 m depth in the formation of Boom Clay.
Seven formulations of cementitious materials are tested: portland cement; portland cement
and fly ash; portland cement and slag; cemented ion exchange resins; aluminous cement
paste; cemented waste from research reactors; gallery filling mortar (reference NIREX (UK)).
Each sample is stored for 28 days at 20 °C. Manufactured cylinders are then deposited in
holes between 4.5 and 5 m in distance from the wall of the gallery.

Tests are carried out at temperatures of 25 °C and 85 °C. Some of the samples are taken after
12 months of interaction and the remaining ones after 18 months.  Each sampling allows the
extraction of a cement paste/Boom clay interface. The portland cement samples show a
considerable deterioration after 12 months of interaction as well as the clay in contact. At
85 °C, well-defined zonation appears on each side of about 100 microns to 250 microns-depth
from the interface (Figure 5.5.17):
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- Zone I: non-degraded clay (quartz, illite, smectite, mixed-layer, chlorite, feldspar).

- Zone II: altered clays, decreasing concentrations of Al, Si and Mg and calcium
enrichment.

- Zone III: altered cement, calcium concentration decrease and enrichment of Mg, S, Al
and Si.

- Zone IV: unaltered cement paste.

Precipitation of Si-Mg and Al-Mg gels were identified in the cementitious material in the first
ten microns, as hydrotalcite, and sepiolite.

Figure 5.5.17. Elementary mapping of calcium distribution in a portland cement-based
material (Read et al., 2001).

Research has focused on the aging of OPC-type concrete with limestone additions in contact
with the Toarcian argillite Tournemire (Aveyron, France), an argillite composition that is very
close to the argilite of the Callovo-Oxfordian (Bonin et al., 1998). Exploratory drilling in the
1990s was resealed with CEM II cement pastes and concrete under environmental conditions
imposing a saturated area. After 15 years of interaction, the interfaces were over cored. The
transformations are significant (Tinseau et al., 2006): precipitation of gypsum to the interface,
punctual observation of Na-zeolite (morphologically observed by SEM and analyzed by
EDS), that is questionable, precipitation of calcite and dolomite. As the cementitious material
in this study was not really characterized out of the contact area, two new studies on these
contacts were carried out: isotopic fractionation around the interface (Techer et al., 2012) and
evolution of the microstructure (Gaboreau et al., 2011).

With the isotopic technology including the 87Sr/86Sr, it is clearly shown the material
thicknesses affected by the disturbed clay. Thus the changes in the cementitious material
reach up to 10–15 mm deep after 15 years. These transformations are mainly calcite
formation,  dissolution  of  the  portlandite  and  partial  decalcification  of  C-S-H.  These
mineralogical changes cause a porosity opening in the cementitious material which is
perfectly characterized by autoradiography. Carbonation is very low compared to
decalcification (Figure 5.5.18). These results were confirmed a few years later on older
interfaces (20 years), where the same mechanism causing the same evolution of porosity was
observed (Bartier et al., 2013), as well as on concrete placed in contact with the Mont Terri
argillite (Jenni et al., 2014).



157

Figure 5.5.18. Porosity map of cement paste obtained by autoradiography (top) and BSE-
SEM images (bottom).

Yamaguchi (Yamaguchi et al., 2009) also presents results of characterizations of
argillite/concrete from Tournemire interfaces. In addition to the findings of Tinseau et al, it
appears that the nature of the carbonates precipitated at the interface is threefold: aragonite,
calcite and vaterite. The authors state that the precipitation of these minerals is observed on
both sides of the interface, as is the precipitation of C-S-H and ettringite. Contrary to the work
of Tinseau, there is no precipitation of zeolites, while the observed interfaces are the same.

Fernandez (Fernadez et al., 2006), in addition to bentonite disturbance tests with alkaline
fluids, performed tests at the interfaces between the FEBEX bentonite and OPC-based mortar
(w/c = 0.45, hydrated 28 days). The composition of the mortar hydrates is: C-S-H, portlandite,
AFm and AFt. The test consists in contacting a bentonite disc of 2.2 cm in height and 7 cm in
diameter with a mortar disc of 0.7 cm high and 5.5 cm in diameter in a Teflon cell. A stream
of alkaline solution (NaOH 0.25 mol/l)  is  sent from the upper base of the mortar.  The fluid
passing through the composite is recovered for analysis (Figure 5.5.19).

Figure 5.5.19. Device for experiments between mortar and bentonite under pressure gradient
of alkaline solution (Fernandez et al., 2006).
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The  experimental  times  are  1,  6  and  12  months  to  test  temperatures  of  25  °C,  60  °C  and
120 °C. Only the first few millimeters around the mortar/bentonite interface are disturbed at
25 °C and 60 °C. The disturbance is characterized by the precipitation of C-S-H and brucite.
At 120°C, the degradation in the bentonite is more significant: tobermorite precipitation at the
interface, then Mg-saponite up to 10 mm in the clay and also zeolites such as analcime in the
rest of the material. Cuevas et al. [CUE 06], completing the synthesis of the research group on
the FEBEX bentonite under alkaline conditions, present analcime and calcium phases
precipitation at the interface of both materials.

The first laboratory experiments on connecting OPC hardened cement paste or low-pH (OPC
+ silica fumed + fly ash) paste with argillaceous rock (remolded COX argillite) in pure
diffusive transport were published in 2010 (Dauzeres et al., 2010; Dauzeres, 2010). These
experiments  are  carried  out  at  25  °C  and  50  °C  and  show  the  same  mechanisms  as  those
previously observed for portland cementitious materials: very low carbonation, decalcification
creating opening of macropores, precipitation of non-destructive ettringite… However,
concerning the low-pH hardened cement paste, Si-Mg phases are identified inside the
cementitious material in contact with argillite, as was observed for the same materials
immerged in the synthetic COX pore solution (Dauzeres et al., 2014) and was observed a few
years later on low-pH/Opalinus clay interfaces from the Mont Terri Underground Research
Laboratory (Dauzeres et al., 2016) (Figure 5.5.20). However, the impact of the magnesium
perturbation on the low-pH cement paste matrix in contact with a clay material is
incomparable with what had been observed under water: the matrix presents no particular
modification of the porosity or mechanical alteration.

Figure 5.5.20. SEM picture and EDS mappings of Mg and Ca at the OPA (bottom) /ESDRED
(top) interface after 5 years of interaction (Dauzeres et al., 2016).

Lastly, the origin of sulfates at the OPC/COX contact (Lerouge et al., 2014) and the influence
of sulfate from argillaceous rocks (at high concentrations) (Abubaker et al., 2013) have been
studied. The latter in particular to identify the precipitation or not of thaumasite in OPC
subjected to temperatures ranging from 5 °C to 20 °C. It particularly highlights the influence
of the composition of the clay on the precipitation of thaumasite, which in some cases forms
at a temperature of 20 °C.

Before 2010, there were few or no representative experiments concerning concrete
placed in a clayey environment in the context of deep geological disposal of radioactive
waste. The number of studies exploring the physico-chemical evolution of cementitious
materials has multiplied since 2010.

At present, the numerous research results, consistent with each other, offer good
understanding of the chemical and pore structure evolutions of cement placed in a clay
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environment.

An  OPC  material  is  likely  be  exposed  to  two  main  mechanisms  when  systems  are
resaturated: leaching (portlandite dissolution and decalcification of C-S-H) and
carbonation (mainly calcite precipitation). Placed in contact with clayey rocks rich in
sulfates, ettringite precipitation is also likely to be observed without undergoing sulfate
attack that would damage the structure. These chemical changes seem to cause a slight
porosity opening but no mechanical altering of the cementitious material.

The low-pH materials (based on OPC and siliceous additions), of which there are
currently numerous formulations still approved by the Waste Management
Organization, seem to present very similar behaviors whatever their formulation. The
three main mechanisms governing the chemical system seem to be: decalcification of
CSH, carbonation, and magnesium disturbance. Although the perturbation does not
cause any mechanical damage when this type of material is put directly in contact with
clayey rock, one must keep in mind the very poor chemical and mechanical behavior of
this material when the clayey rock is substituted with its synthetic pore solution (Part
Impact of aqueous ionic or multi-ionic aggressive environments on the physical-
chemical evolution of cementitious materials).

Despite the real progress made over the past 5 years concerning the knowledge of the
chemical and microstructural evolution of cementitious structures in a clayey
environment, several issues remain to be investigated: What is the impact of chemical
and microstructural changes on the mechanical behavior of the structure? What are its
properties of transport? Are the reaction mechanisms identical for temperatures above
60 °C (a temperature likely to be encountered in the course of the future geological
disposal)?

Numerical simulations

The literature review on modeling works reproducing the concrete/clay interfaces has multiple
objectives. The first is to identify all the necessary input data to models. The second objective
is to identify the physico-chemical mechanisms associated with different models. The general
objective  of  course  is  to  identify  the  possible  chemical  evolutions  of  the  cementitious
material, planned by the thermodynamic databases, when the cement is placed in contact with
a clayey rock.

This part of the state of the art review refers only to models having been made on interfaces
between cementitious materials and clayey rock. All the simulations are obtained from
computer codes coupling chemistry (based on thermodynamic equilibria sometimes with the
inclusion of kinetic data including dissolution) and diffusive transport.

Like the section devoted to experimental tests, this section is organized according to the type
of environment (or material) placed in contact with the cementitious material.

Trotignon works on two types of models (Trotignon et al., 2006; Trotignon et al., 2007). The
objective of the first model is to simulate the evolution of two interface types after 25,000
years: i) OPC/argillite; ii) CEM V/argillite. The geometry of the system is modeled in 1D: 5.5
m of concrete are put in contact with 12 m of argillite (Figure 21). It is noteworthy that
another modeling conducted here consists of simulating the evolution of the same concrete in
direct contact with the porewater solution (without argillite).
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Figure 5.5.21. Representation of a waste disposal cell (left) and the 1D geometry used for the
modeling of concrete/water interactions and the concrete/argillite interface (Trotignon et al.,
2006).

For the OPC concrete, the mineralogy is: portlandite, jennite, ettringite monosulfoaluminate,
hydrotalcite. The mineralogy of the argillite considered in this study is: quartz, calcite, illite,
montmorillonite, Ca, kaolinite. The uncertainty of the solution sulfate levels forced the author
to offer each simulation two types of solutions in argillite: first with 10 mmol/l of sulfate and
a  second  with  25  mmol/l  sulfate.  All  simulations  are  performed  with  the  chemistry  of  the
reactive transport code HYTEC (Van der Lee et al., 2003). The results are shown in Figure
5.5.22.

Figure 5.5.22. Numerical simulations after 25,000 years of a CEM I concrete in contact with
the argillite at 25 °C (Trotignon et al., 2006).

Simulations after 25,000 years for the OPC material in contact with argillite predict
portlandite dissolution and ettringite precipitation in the cementitious material (more intense
with 25 mmol/l of SO42-). In both cases, two zeolites are formed in the argillite: scolecite and
analcime. The alteration of argillaceous phases results in the dissolution of montmorillonite
and precipitation of illite. The formation of zeolites at the interface causes the abrupt drop in
porosity, reflecting a blockage. In the cementitious material, it is clear that the precipitation of
ettringite has some impact on the porosity. However, the opening of the porosity is higher on
the side of the cementitious material.
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The CEM V material presents a deeper disturbance, with the precipitation of ettringite and
brucite along the interface. Zeolites are always present (scolecite) and precipitation of Na-
montmorillonite is present at the interface. In another study, Trotignon (Trotignon et al.,
2007) perform the same simulations, but over a much longer time (up to 100,000 years)
(Figure 5.5.23).

Figure 5.5.23. Results of an OPC / argillite interface simulation after 100,000 years
(Trotignon et al., 2007).

The cementitious material in these conditions undergoes a decalcification which results in the
dissolution of portlandite and jennite and in the precipitation of a C-S-H with a lower C/S
ratio: tobermorite. The sulfate ingress in the material causes precipitation of ettringite. Two
zeolites are formed on the surface of the argillite: analcime and laumontite. The illitization of
the illite/smectite mixed-layer continues. Note that tobermorite is also formed on the surface
of the argillite.

The ALLIANCES simulation platform was used to simulate the evolution of gallery disposal,
including concrete/clay interactions, in deep geological rock (Montarnal et al., 2007). These
simulations are performed with a 2D system with 3 materials: argillite / concrete / bentonite
(Figure 5.5.24).

Figure 5.5.24. Geometry of the bentonite/concrete/argillite interfaces system and of the
associated meshing considered (left), portlandite (center) and C-S-H 0.8 (right) evolutions
after 100,000 years of interaction – calculations carried out with the ALLIANCES reactive
transport code (Montarnal et al., 2007).
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After 100,000 years, the dissolution of portlandite and precipitation of C-S-H with a C/S ratio
=  0.8  is  simulated.  The  dissolution  of  the  portlandite  is  similar  on  both  interfaces  of  the
cementitious material. The C-S-H precipitation is more pronounced for contact with
bentonite.

Other numerical simulations of argillite/concrete interactions are made with argillites of the
Tournemire site (De Windt et al., 2004; 2008; Yamaguchi et al., 2009). De Windt, using the
HYTEC code, carried out simulations over 1,000, 10,000 and 100,000 years. The considered
concrete is  an OPC whose mineralogical composition after hydration is:  C-S-H (C/S = 1.8),
portlandite and ettringite. The argillite is represented by a mineral assemblage: illite, smectite,
dolomite, calcite. In these simulations, the authors consider two assemblages on the clay
mineralogical phases:

- Hypothesis 1: The illite evolution is controlled by the thermodynamic equilibrium and
the smectite precipitation is not allowed.

- Hypothesis 2: The illite and the smectite are involved at thermodynamic equilibrium.

The results show clearly that the pH at the interface is buffered to 11.5. The extension of the
alkaline plume depends on the hypothesis used. With the first hypothesis (Figure 5.5.25), C-
S-H (C/S = 1.1) and brucite abundantly precipitate at the interface. The dolomite dissolution
and the calcite precipitation are results observed by Adler (Adler et al., 1999).

For the second hypothesis of calculation, zeolites are formed. Scolecite is the
thermodynamically most stable zeolite for this calculation, whereas the most experimentally
observed zeolites are phillipsite and analcime. Zeolites at the interface are less stable than the
C-S-H, because of the high pH and high calcium concentration. Sepiolite is more stable than
brucite and precipitates at the interface.

Figure 5.5.25. Profiles of the mineralogical perturbations and the pH after 10,000 years at
the concrete/argillite depending on the hypotheses chosen: hypothesis 1 (left) hypothesis 2
(right) (De Windt et al., 2004).

To reproduce the interactions observed in the Tournemire Underground Research Laboratory
(Tinseau et al., 2006), numerical simulations are performed on the concrete/clay interfaces
over a period of 15 years (De Windt et al., 2008) using the HYTEC code. First, calculations
are  performed  at  the  thermodynamic  equilibrium,  then  with  the  kinetics  of  dissolution  and
precipitation in a second time. The authors compare the results at thermodynamic equilibrium
with those taking into account the kinetic by separating the main mineral phases from the
minor  phases  by  first  processing  the  evolution  of  the  cementitious  material  and  the  argillite
(Figure 5.5.26). The nature of the main phases precipitated or dissolved is the same with or
without kinetic data. Concrete undergoes a leaching of portlandite and of C-S-H. A new C-S-
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H with a lower C/S ratio is formed at the interface, accompanied by carbonation. The zone at
the interface is in equilibrium with C-S-H and calcite. Argillite is exposed to dissolution of
the clay phases (mainly montmorillonite). The main effect observed when the kinetics is taken
into account in the calculations is the smoothing of the mineralogical fronts. Based on the
model, the thickness of the degraded cementitious material after 15 years is approximately 5
mm, when using the portlandite dissolution as a marker for degradation.

Figure 5.5.26. Mineralogical profiles modeled of the main phases for a concrete/argillite
interface after 15 years of interaction in the Tournemire URL; calculation at the
thermodynamic equilibrium compared to the calculations with the kinetic data (De Windt et
al., 2008).

The experimental results on the concrete/Tournemire argillite interface are also subject to
other comparisons with numerical simulations (Yamaguchi et al., 2009). This work is done
with the reactive MC-BENT transport code (Yamaguchi et al., 2007). The geometry of the
system considered in 1D is 5.5 cm of concrete in contact with 5.5 cm of argillite. The results
on the main phases are similar to those reported previously. The interface is dominated by the
precipitation of C-S-H and calcite (Figure 5.5.27).
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Figure 5.5.27. Simulation result of a concrete/Tournemire argillite interface after 15 years of
reaction (Yamaguchi et al., 2009).

Please note that the author does not discriminate C-S-H according to their stoichiometry in
this work, which makes it difficult to quantify the decalcification of concrete. The
cementitious material is degraded deeper than the argillite.

The portlandite dissolution and the ettringite precipitation are again highlighted. The results
of this calculation still raise some questions. The alteration front in the argillite is measured
relative to the quartz dissolution. It is quite unlikely to see the quartz dissolve in these
conditions while other mineralogical phases are stable. In addition, the dissolution of quartz
causes a significant release of silicon, which the calcium from the leaching of the
cementitious material uses to precipitate C-S-H. The amount of C-S-H formed at the interface
is probably overestimated, and this model is unlikely that unrepresentative of the
concrete/argillite interactions.

A comparison between numerical simulation and experimental results is achieved (Read et al.,
2001). Beyond simulations that lead to results close to those already presented (dissolution of
montmorillonite and portlandite, calcite precipitation and porosity drop in the interface),
modeling is used to explain the reactive mechanisms that occur in the tests. Initially,
interstitial solutions are in equilibrium with the mineralogical assemblage of each material.
After contact, the reactive processes begin: the diffusion of elements in solution caused by the
concentration gradient induces sub-saturation of the system over several mineral phases. This
is the case of the portlandite, which dissolves. This dissolution releases calcium into the
solution and the hydroxyl ions migrate to the clay. The diffusion of these elements, combined
with  the  distribution  of  sodium  and  potassium  (initially  present  in  the  pore  solution  of  the
cementitious material), causes an increase in the pH in argillite. The presence of carbonates in
the clay associated with increasing pH and the arrival of calcium ions allows the calcite
precipitation as the alkaline plume moves.

Ca(OH)2  Ca2+ + 2 OH- (Equation 13.)

OH- + Ca2+ + HCO3
-  CaCO3 + H2O (Equation 14.)

The hydroxide excess causes the dissolution of montmorillonite:

NaMgAl5Si12O30(OH)6 + 18H2O + 15OH-
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The aluminum source from the dissolution of montmorillonite may cause, in the presence of
calcium, precipitation of katoite (Read et al., 2001) and/or, in the presence of sulfate,
precipitation of ettringite (Trotignon et al., 2006; 2007; De Windt et al., 2004; 2008) in the
concrete.

Some authors focus more specifically on the degraded thicknesses of the cementitious
materials and bentonite as a function of time (Yokoseki et al., 2004) and depending on the w/c
ratio used to prepare the cement paste (Figure 5.5.28). According to the model, after 100
years, the altered thickness in the concrete extends up to 2.1 cm, against 7.5 cm in the
bentonite. After 2,000 years, the altered thickness in the concrete extends up to 8.5 cm,
against more than 30 cm in the bentonite.

The concrete-bentonite interfaces are subject to other simulations with other tools. The
CrunchFlow reactive transport tool is used for these applications (Fernandez et al., 2009). The
goal is to simulate the interactions between montmorillonite FEBEX and a portland cement-
based concrete tested for 1 year at 25 °C then at 120 °C in laboratory. Four cases are modeled:
Case 0: test at 25 °C; Case 1: test at 120 °C; Case 2: Idem to case 1 with porosity divided by
2; Case 3: identical to case 1 by increasing the reaction constant of the bentonite to an order of
magnitude. At 25 °C, the changes are limited to the clay material with the precipitation of
analcime and brucite. At 120 °C, regardless of the input data, ettringite is dissolved and
precipitated at slightly greater depth in the concrete, and the interface is occupied by a C-S-H
phase (C/S 0.8). The dissolution of montmorillonite is substantial, and it accompanied by
analcime, brucite and tobermorite-11 Å precipitations in clay.

Figure 5.5.28. Evolutions of altered depths of concrete and bentonite in function to the square
root of time (Yokoseki et al., 2004).

The TOUGHREACT code is used to simulate the interactions between concrete/argillite
(Marty  et  al.,  2009).  Beyond  the  simple  modeling  of  interactions,  this  work  allows  to
highlight  the  influence  of  kinetics  reaction  and  the  refinement  of  the  mesh.  This  work
highlights the existence of a delay between the extension of the alkaline plume and the
clogging of the porosity by calcite precipitation described previously. The results show the
precipitation of calcite in the cementitious material, and the dissolution of portlandite, the
precipitation of ettringite and the reduction of C/S in the C-S-H. The perturbation extension in
the cementitious material is highly heterogeneous. Clogging at the interface may be very
substantial, due to the carbonation and zeolites precipitation, or it may be zero. The clogging
is totally dependent of the kinetic parameters used and is subject to strong variations.
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More recent modeling exercises focused on the physicochemical behavior of low-pH concrete
in contact with the Opalinus clay (Berner et al., 2013; Dauzeres et al., 2016). Berner provides
a 1D numerical simulation of the physicochemical evolution of a bentonite/ESDRED
concrete/OPA system with the reactive OpenGeoSys-GEM transport code (Figure 5.5.29).

Figure 5.5.29. Mineralogical profiles across the concrete liner layer considering full
(porosity) feedback on transport: initially (a), after 10,000 years (b), after 30,000 years (c)
and after 30,000 years with kinetic control of clay minerals and quartz (d) (Berner et al.,
2013).

These calculations are conducted at room temperature to represent interactions between a
bentonite plug, a concrete liner and the surrounding clayey rock. The calculations carried out
over 10,000 years and 30,000 years highlight mechanisms already identified previously in the
concrete, namely: decalcification of C-S-H, and clogging of the interface due to calcite
hydrotalcite and zeolite precipitations.

A recent study provides a paper coupling experimental results of two low-pH concretes
placed in contact with the clayey rock at Mont Terri as part of the CI experiment and reactive
transport modeling with the HYTEC code. Based on the experimental data and calculated for
new M-S-H phases, the study highlighted the precipitation and the stability of these phases in
the low-pH concretes. The precipitation of magnesium silicates, systematically placed by the
code in the low-pH concrete in contact with argillaceous rocks containing magnesium, is
accompanied by the well-known decalcification of C-S-H and carbonation (Figure 5.5.30). In
both of the studied concretes types (ESDRED and LAC), the code places the precipitation of
M-S-H as it is observed experimentally.
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Figure 5.5.30. Modeling of the ESDRED concrete evolution after 5 years of interaction with
the clayey rock - with M-S-H in the thermodynamic database (Dauzeres et al., 2016).

This section on numerical simulations focuses on concrete placed in contact with clayey
rock. Numerous studies have also been carried out on simulations of alkaline plumes
interacting with clays, but they are not discussed here. The purpose of this literature
review is to identify the state of research on the physicochemical mechanisms
controlling the development of concrete placed in clayey environments. Simulation
results vary greatly. Some results mention concrete carbonation, while others do not.
Over the same time frames, the thicknesses of the disturbed concrete fluctuate
significantly depending on the models (dependence on kinetic parameters). The
existence of clogging is not clear. Some models suggest precipitation of zeolites... There
are many uncertainties. However, there are recurring results, such as decalcification of
the cementitious material (portlandite dissolution, decrease of the C/S ratio in C-S-H),
precipitation of ettringite in the presence of sulfates, and carbonation (although the
location and intensity are not well known). The extension speed of the disturbance
induced by the clay into the cementitious material is dependent on the porosity
evolution, the kinetics and the law controlling the porosity/diffusion feedback. The
significant differences in results show that more work is required on short- and
medium-term modeling before we can achieve proper predictive modeling over the long
and very long term.

Tables 5.5.4 and 5.5.5 summarize all the experimental and modeling studies discussed
previously on the cementitious materials placed in contact with a clayey rock.
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Table 5.5.4. Summary of modelings of cementitious material evolutions in contact with clayey rock.
Si

m
ul

at
io

ns

Cement-material Clay-material T (°C) Duration Cement-material results Clay-results
Calculation
tools References

CEM I and CEM V
concretes

Callovian-Oxfordian
Argillite 25 °C 25 000 y

Portlandite dissolution, C/S
decrease in C-S-H, ettringite
precipitation.

Zeolites précipitation
(scolecite et analcime),
Montmorillonite dissolution
and illite precipitation,
interface clogging to the
zeolites precipitation.

HYTEC Trotignon et
al., 2006

CEM I and CEM V
concretes

Callovian-Oxfordian
Argillite 25 °C 100 000 y

Decalcification and tobermorite
precipitation in surface,
ettringite precipitation.

Analcime and Laumontite
precipitation. C-S-H
precipitation and illitisation.

HYTEC Trotignon et
al., 2007

CEM I concrete Argillite/bentonite 25 °C 100 000 y Portlandite dissolution
C-S-H C/S 0.8 precipitation.
Precipitation ++ in contact
with bentonite.

ALLIANCES Montarnal et
al., 2007

CEM I concrete Tournemire Argillite 25 °C
1000, 10 000
and 100 000
y

Decalcification

C-S-H and brucite
precipitation, dolomite
dissolution and calcite
precipitation, illitisation et
Ca-zeolite formation.

HYTEC De Windt et
al., 2004

CEM I concrete Tournemire Argillite 15 °C 15 y

Portlandite leaching, C/S
deacrease in C-S-H + calcite
preciptation. The thickness
concerned by the perturbation is
equal to 5 mm.

C-S-H precipitation at the
interface with calcite,
montmorillonite and
muscovite dissolution.

HYTEC De Windt et
al., 2008

CEM I concrete Tournemire Argillite - 15 y

AFt precipitation, portlandite
dissolution and C-S-H
precipitation. Interface clogging
linked to the carbonation.

C-S-H precipitation +
calcite, quartz dissolution.
Very low perturbation

MC-BENT Yamaguchi et
al., 2009

CEM I concrete Bentonite 25 °C 100-1000-
2000 y

Degradation evolution of the
cementitious material in square
root of time: 21 mm after 100
years, 85 mm after 2000 years

Degradation evolution of
the bentonite in square root
of time : 75 mm after 100
years, 300 mm after 2000
years

- Yokoseki et
al., 2004
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CEM I concrete FEBEX bentonite 25 and
120 °C 1 y

Dissolution in contact of the
argillite and precipitation in
depth. C-S-H precipitation at the
interface (C/S 0.8)

Analcime and brucite
precipitation. Dissolution of
montmorillonite et tobermorite
precipitation.

CrunchFlow Fernandez et
al., 2009

Portlandite, afwillite,
katoite Boom clay 25 °C 18

months
Portlandite dissolution and
calcite. Interface clogging.

Montmorillonite dissolution
and calcite precipitation. - Read et al.,

2001

CEM I concrete Callovian-Oxfordian
Argillite 25 °C variable

Partial decalcification of the
cementitious material,
carbonatation fully dependant of
the kinetic parameters chosen.
Ettringite precipitation.

Precipitations of several
zeolites, carbonation (calcite),
dolomite dissolution.

TOUGHREACT Marty et al.,
2009

ESDRED Low-pH
concrete

Bentonite and
Opalinus Clay 25 °C

10 000 y
and
30 000 y

C-S-H decalcification,
precipitations of hydrotalcite,
zeolites, clay minerals, gypsum
and calcite.

Higher alteration in the OPA
vs Bentonite. Low alteration
amount of clay-minerals.
Decrease of porosity. Calcite
and hydrotalcite precipitations.
Kaolinite and illite dissolved to
form Montmorillonite near the
interface.

OpenGeoSys-
GEM

Berner et al.,
2013

LAC and ESDRED
concretes Opalinus clay 25 °C 5 years

C-S-H decalcification,
Carbonation and M-S-H
precipitation.

No perturbation HYTEC Dauzeres et
al., 2016
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Table 5.5.5. Summary of experiments of cementitious material evolutions in contact with clayey rock.
E

xp
er

im
en

ts

Cement-material Clay-material T (°C) Duration Cement-material results Clay-results References

CEM II concrete and
Si-lime Toarcian Argillite Variations 15 and 100 y Carbonation (calcite/vaterite)

Gypsum, Na-zéolites and dolomite
precipitation, chlorite and kaolinite
leaching, highest mixed-layer
phases recristallisation with the
CEM II in contact

Tinseau et al.,
2006
Devol Brown et
al., 2008

CEM II concrete and
Si-lime Toarcian Argillite Variations 15 y Carbonation

(calcite/vaterite/aragonite) Idem + calcite/vaterite/aragonite Yamaguchi et
al., 2009

CEM I mortar discs FEBEX bentonite
discs

25, 60, 120
°C

1, 6, 12
months

Perturbations over several
millimeters

Perturbations over several mm, C-
S-H gel and brucite precipitation at
25 and 60 °C. Degradation highest
at 120 °C: tobermorite and Mg-
saponite until 10 mm and analcime
in the rest of the column
(convective tests).

Fernandez et al.,
2006

CEM I mortar discs FEBEX bentonite
discs

25, 60, 120
°C

1, 6, 12
months Carbonation (convective tests) Analcime precipitation Cuevas et al.,

2006
7 formulations of cement
pastes : CEM I; CEM I +
FA;CEM I + Slag;
cemented IER; Al-
cement; NIREX mortar

Mol clay 25 and 85
°C

12 - 18
months

High alteration: decalcification, S,
Al, Si and Mg-enrichments,
precipitations of Mg-Si gel and Mg-
Al gel near the interface.

(in situ tests) Ca-enrichment, Al, Si
and Mg depletion. Read et al., 2001

CEM I cement paste Callovian –
Oxfordian argillite 25 °C 2, 6 and 12

months

Alteration inferior to 1 mm after 1y.
Low carbonation with diffuse
calcite precipitation, portlandite
dissolution, C-S-H decalcification
and ettringite precipitation.

Illite/smectite mixed layer
modification.

Dauzeres et al.,
2010

Low pH cement paste Callovian –
Oxfordian argillite

25 and
50°C

2, 6 and 12
months

C-S-H decalcification and Mg-
enrichment at the interface possibly
linked to M-S-H precipitation.

Low Mg-enrichment near the
interface. Dauzeres, 2010

CEM II concrete Toarcian Argillite 15 °C 15 y

Alteration over 10-15 mm.
Portlandite dissolution, C-S-H
decalcification and calcite
precipitation.

Alteration over 18-20 mm, with
mainly C-S-H precipitation into the
argillite and calcite dissolution and
new precipitation in the front of the
alkaline plume.

Techer et al.,
2012
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ri m Cement-material Clay-material T (°C) Duration Cement-material results Clay-results References

CEM II concrete Toarcian Argillite 15 °C 15 y Porosity increasing over 1-1.5 cm Porosity clogging over 2 cm Gaboreau et al.,
2011

CEM I and CEM I +
Filler concretes

Lower Lias Clay –
rich in SO4

5 °C and
20 °C 1 y

Very high deterioration of the both
concretes, mainly at 5°C linked to
the formation of Thaumasite.

Not characterized Abubaker et al.,
2014 (x2)

CEM II cement paste Toarcian Argillite 15 °C 18 y

Alteration of few hundred microns.
Decalcification (Portlandite
dissolution and C/S deacrease in C-
S-H) causing a porosity opening.

Alteration over 11-13 mm. Loss of
the specific area in the black rim
zone associated to C-S-H and
calcite precipitation and to a
suspicion of illitization.

Bartier et al.,
2013

CEM I, EDRED and
LAC concretes (Low-pH
type)

Opalinus clay 20 °C 2.2 years

Alteration on few hundred microns.
Decalcification, Mg-enrichment
possibly linked to MSH
precipitation (strong near the
interface) and carbonation.
Ettringite precipitation.

No detection Jenni et al., 2014

CEM I with low addition
of fly ash.

Callovian –
Oxfordian argillite 20 °C 5 years Gypsum precipitation in surface

Gypsum precipitation due to pyrite
oxydation at the interface
associated with the loss of cohesion
in contact with the concrete.

Lerouge et al.,
2014

Cement analogue of
Maqarin and concretes
from CI experiment
(Mont Terri)

Maqarin site and
Opalinus clay

Ambient
T°

100 000
years and 2
years

µ-XRD testing µ-XRD testing Dähn et al., 2014

ESDRED and LAC
concretes (Low-pH type) Opalinus clay 20 °C 2.5 and 5 y

Several mm of perturbation. High
decalcification of C-S-H and Mg-
enrichment probably linked to M-S-
H precipitation. Carbonation is also
observed.

Mg-enrichment detected Dauzeres et al.,
2016
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5.6 Calcium-silicate-hydrates in low-pH concretes and deep geological nuclear
waste repository environment

T. Vehmas

VTT Technical Research Centre of Finland Ltd, Espoo, Finland

Introduction

Posiva Oy is constructing one of the world’s first long-term nuclear waste repositories in
Finland.[1] The safety of the nuclear waste repository is ensured with combination of natural and
engineered barriers.[2]

Concrete plugs are used for closure and sealing of the repository and the deposition tunnels.
Concrete plugs are utilized to assure mechanical and hydrological isolation of the compartments of
the repository. Isolation is needed because compartments have different states in terms of water
saturation and pressures. Such difference could potentially induce undesired mass redistributions.
Besides concrete plugs, cementitious materials are used in shotcrete for tunnel wall rock supports,
rock-bolting grouts and injection grouts for fissure sealing. Only some of the cementitious materials
will remain in the repository after final closure. Shotcrete is removed before the final closure with
assumed efficiency of 95%.[3]

The  amount  of  cementitious  materials  in  the  repository  will  be  significant  although  some  of  the
materials are removed before final closure. Approximately half of the cementitious materials that
will remain in the closed repository are located in the access tunnels and consists of grouts,
shotcrete remnants and concrete constructions. In deposition tunnels, cementitious materials are
present in grouted fractures, rock bolt mortars and deposition tunnel end plugs.

Total amount of cementitious materials including central tunnels are assumed 550 000–740 000 kg
for grouts, 540 000–600 000 kg for shotcrete, 340 000–1 010 000 kg for rock bolt mortars and
16 500 kg for other constructions. Total mass of cementitious materials in access tunnels is
approximately 1 446 000–2 367 000 kg. The mass of a single deposition tunnel end plug is 16 600
kg. Total mass of tunnel end plug concrete is 2 170 000 kg.

Cementitious materials will be in direct contact with backfill- and closure materials. It is assumed
that cementitious leachates will interact with backfill and closure materials but not to an extent that
it compromises the long-term safety of the barrier system. The bentonite buffer is not in direct
contact with cementitious materials. However, the buffer may be affected due the migration of
cementitious leachates through the bedrock fracture network. To meet the designed performance
requirements during the lifecycle of the repository, the properties of the engineered barrier system
should not alter due the presence of cementitious materials.[3]

Cementitious materials pore solution has naturally high pH of 13–14. Bentonite backfill and buffer
properties are potentially altered in high -pH leachates. Nuclear waste managing organizations,
Posiva (Finland), SKB (Sweden) and NUMO (Japan) have targeted a pH limit 11 for cementitious
leachates. It has been suggested that more natural pH limit would be pH 10, as silicates aqueous
behaviour changes. In pH <10, silicates are in neutral SiO2(aq) form in solution whereas in pH > 10
silicates dissociates to charged species HSiO3

-. Correspondingly, the solubility of quartz increases
by three orders of magnitude compared to the pH range 1–10.[4]
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The highest  tolerable  pH of  the  leachate  is  10  or  11  in  the  bentonite  system.  Otherwise  the  long-
term stability of the engineered barrier system is endangered. Mix designs having a leachate lower
pH than natural pH of 13–14 have been formulated[5][6][7][8]. The low-pH mix designs consist of
low alkaline Portland cements mixed with large amounts of pozzolanic materials. Pozzolanic
materials  are  known  to  react  with  the  hydration  products  that  control  the  pH  of  the  cementitious
materials pore solution. Low-pH materials are still highly basic but the pH value is significantly
lower than in traditional Portland cements.

Another process that affects the pH of the cementitious materials in the repository is leaching.[9]
Portland cement -based materials will be in contact with the groundwater in the repository.
Hardened Portland cement is a soluble material that equilibrates with the pore solution. Solubilities
of  the  hardened  Portland  cement  phases  will  determine  the  composition  of  the  pore  solution.  As
pore solution is constantly changing with the external solution, leaching causes degradation of the
hardened Portland cement matrix. The first phases that will dissolve are the alkalis that causes pH
values  above  saturation  pH  of  portlandite  (pH  >12.4).  Second  step  is  the  dissolution  of  the
portlandite, followed by the incongruent dissolution of calcium-silicate-hydrates. When congruently
dissolving calcium-silicate-hydrates are formed, the pH will remain constant as long as calcium-
silicate-hydrates are present in the Portland cement matrix. High pH leachate region in the
groundwater, caused by the degradation of cementitious materials is usually referred as alkaline
plume. Figure 5.6.1 presents the schematic evolution of the pore solution pH during the leaching
pure water of Portland cement paste.

Figure 5.6.1. Schematic evolution of pore solution pH during leaching of pure water of Portland
cement. [9][10][5]

The  third  factor  that  controls  the  pH  of  the  alkaline  plume  is  the  groundwater  composition.
Leaching of cementitious materials in distilled water has significantly higher pH than in saline
groundwater due the common ion effects. Ions in groundwater will affect the composition of the
alkaline plume and also the composition of the hardened Portland cement phases.

As a summary, pH of the alkaline plume of cementitious materials in the repository is controlled
with three discrete processes:

1. Reaction of pozzolanic materials
2. Leaching of the cementitious materials
3. Common ion effect of groundwater leachate
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Above mentioned discrete processes will affect simultaneously in the repository. pH development
due to the dissolution of the crystalline phases is not a major problem as the compositions are
known. Largest uncertainties are related to the calcium-silicate-hydrate-phases. Whatever the pH of
the alkaline plume is affected by leaching, pozzolanic reaction or common ion effect, calcium-
silicate-hydrate phases are responsible of the pH values of alkaline plume in the long-term. The
long-term pH values are vital for the integrity of the buffer and backfill materials and therefore the
safety of the whole engineered barrier system. The exact nature of the calcium-silicate-hydrate
phases in hardened Ordinary Portland cement is not known and uncertainties related incongruent
and congruent dissolution regions exists.

The focus of the current literature review is to summarize the state-of-the art knowledge of calcium-
silicate-hydrates in respect of long-term safety of the nuclear waste repository. The basic knowledge
of calcium-silicate-hydrates is summarized. Calcium-silicate-hydrates compositions in Ordinary
Portland cement and low-pH cement are presented. The leaching process, groundwater effects and
the long-term behaviour of calcium-silicate-hydrates in nuclear waste repositories is introduced.

Calcium-silicate-hydrates

Calcium silicate hydrates possess a remarkably level of structural complexity. More than thirty
crystalline calcium-silicate-hydrates has been identified and their structures ranges from nearly
amorphous to semi-crystalline.[11][12] The most important individual calcium-silicate-hydrates
have been 1,4nm-tobermorite and jennite. A lot of current understanding of calcium-silicate-
hydrates has been gained by studying these two crystalline forms of calcium-silicate-hydrate.

All of the calcium silicate hydrates are described by general term “C-S-H” according to
abbreviation  of  cement  chemistry  (C  =  CaO,  S  =  SiO2,  H  =  H2O)[13]. Dashes indicate that no
specific composition is implied. C-S-H is the essential “glue” of the cementitious materials and
determines greatly the properties of hardened concrete. The nature of C-S-H has been studied
experimentally since late 19th century but still major unsolved issues in C-S-H nature exist.[14] The
biggest question relies in the structure(s) and amorphous nature of C-S-H encountered in Ordinary
Portland Cement hydration in circumstances relevant to every-day construction.

General Structure of C-S-H

A lot of unanimous understanding of C-S-H structure and composition has been gathered during
recent years. It is generally considered that C-S-H consists of composite layers of central calcium
oxide sheets that  are ribbed on either side with chains of silicate tetrahedrons (Figure 5.6.2).  Two
adjacent calcium oxide sheets are bound together, creating a lamellae structure. Interlayer of the
silicate ribbed calcium oxide sheets is filled with counter-ions and physically bound water. Water is
also adsorbed on the surfaces of individual C-S-H lamellae and lamellae interphases are filled with
water. Typical method to characterize various C-S-H is performed by measuring calcium/silicon -
ratio, water/silicon -ratio and polymerisation degree of silicate chains.
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Figure 5.6.2. General structure of C-S-H. Central calcium oxide sheets (green) are flanked with
silicate chains (blue) and the interlayer is filled with water (omitted) and counter-ions (red and
green spheres). [15][16]

Central calcium oxide sheet

Central calcium oxide sheets consist of hepta-coordinated calcium oxides in pseudo octahedral
conformation[17]. In crystalline 1.4 nm-tobermorite, central calcium oxide sheet does not have Ca-
OH groups. All the calcium oxide bonds are shared either with the neighbouring calcium oxides or
silicate tetrahedrons. Central calcium oxide sheet of crystalline jennite is more corrugated. Due the
more corrugated structure, jennite has hydroxides in the central calcium oxide sheet. Approximately
33% of calcium oxide bonds are in hydroxyl form in crystalline jennite.[18]

Silicate chains

Central calcium oxide sheet is flanked with silicate tetrahedrons on either side. Theoretically,
polymerisation of the silicate tetrahedrons can vary from monomeric to infinity. In practice, infinity
long silicate chains are not encountered. Typical chain lengths vary from 2 to 5, whereas values
over 30 are also reported[19][20]. Silicate tetrahedrons form single linear chains without branching.

Linear silicate tetrahedron chains repeat patterns of three. The pattern is often called “dreieketten”.
In dreieketten, two adjacent tetrahedrons are coordinated to calcium oxide sheet and the third
tetrahedron binds two dimers together. Two coordinated tetrahedrons are called paired tetrahedrons
and the third tetrahedron is called bridging tetrahedron. Paired tetrahedrons share two oxygens with
the central calcium oxide sheet and the bridging tetrahedron share one oxygen with the central
calcium oxide sheet (Figure 5.6.3). In every bridging tetrahedron exists one Si-OH. Because of the
dreiketten structure, silicate chains have length according to formula (3n-1) where n is integer.
[21][22][23]

Silicate chain structure can vary by omitting bridging tetrahedron, paired tetrahedron or whole
dreiketten segment. For every missing bridging tetrahedron, one additional Si-OH and Ca-OH
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groups are formed. Missing paired tetrahedrons and missing whole dreieketten segment increase
Ca-OH content of C-S-H structure. Also Ca/Si -ratio of C-S-H increases with omitting silicate
tetrahedrons. The silicate chain structure is in the key role when various qualities of C-S-H are
explained.[24]

Figure 5.6.3. The structure of silicate chains in C-S-H. Silicate “dreiketten” consist of two paired
silicate tetrahedrons and one bridging silicate tetrahedron. At the left, illustration along the [210]
plane and at the right along the [010] plane of C-S-H. [11]

Interlayer

Interlayer of two adjacent silicate flanked central calcium oxide sheets contains physically bound
water and counter-ions. Every bridging tetrahedron creates one Si-O- -group into structure which
charge must be balanced. It is usually assumed that in high calcium content environment ½ Ca2+

creates the charge balance respect to Si-O-.[25]

Nanostructure

C-S-H is known to produce wide reflection peaks in x-ray diffraction measurements. Wide x-ray
diffraction peaks are usually related to amorphous nature of the measured materials. C-S-H has
been regarded as a three dimensional assemblage of C-S-H layers,  which tend to form subparallel
groups a few layers thick. Enclosed pore structure of such system ranges from interlayer spaces
upwards. Three dimensional assemblage of C-S-H layers is presented in Figure 5.6.4.

Figure 5.6.4. Feldman-Serrera model of the structure of C-S-H. C-S-H layers are lines, interlayer
water molecules are crosses and adsorbed water molecules are circles. [13][26]
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C-S-H has been also considered as a gel. According to Everett’s definition, gel is a dispersion in
which the attractive interactions between the elements of the disperse phase are so strong that the
whole system develops a rigid network structure and under small stresses behaves elastically.
According to gel definition,  C-S-H consist  small  separate particles that  are bounded together with
surface forces. Wittmann described C-S-H as a xerogel. [27] Xerogel is a gel where the dispersion
medium is absent and no particular internal structure of C-S-H particles is assumed.[24]

In last decade, Nonat considered that the C-S-H can be considered as gel-like, but it is not necessary
amorphous.  Broad x-ray reflections can originate from small coherent C-S-H domains and presence
of the microdefects in the structure. Atomic force microscopy images have shown well-crystalline
structure in individual C-S-H domains.[24] These domains are only size of 5 nanometers which
corresponds only two crystalline cells of the lamellae structure. Figure 5.6.5 presents the atomic
force microscopy images of hydrated cement paste. In Larger scale, heterogeneous distribution of
C-S-H domains was observed whereas in the scale of nanometers well crystalline structure is
observed. On the basis of 5nm C-S-H domains and well-crystalline nanoscale structure, X-ray
diffraction peaks have been calculated with good correspondent to the measured x-ray diffraction
patters.[24]

Figure 5.6.5. Atomic force microscopy images of hydrated cement paste. At the left, heterogeneous
distribution of C-S-H nanoparticles are observed in larger scale. At the right, well organized
structure of C-S-H can be seen in the individual nanoparticles. [24]

The difference between three dimensional assemblage of C-S-H layers and gel-type structure relies
in the continuation of silicate chains. In three dimensional assemblage, silicate chains and central
calcium oxide sheets connects throughout the structure, whereas in gel-type structure C-S-H forms
particles and silicate chains do not connect the individual particles (Figure 5.6.6). In first case, the
strength of the C-S-H matrix is determined by the internal forces of silicate flanked calcium oxide
sheets whereas in the latter, the strength of the C-S-H matrix is determined by the surface forces of
C-S-H particles.
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Figure 5.6.6. Schematic presentation of C-S-H nanoparticles.[28]

Crystalline C-S-H phases

Over thirty crystalline calcium-silicate-hydrate phases are known. The most important are 1.4 nm -
tobermorite and jennite in the cement chemistry perspective. Other crystalline phases have been
used to derive potential structures of C-S-H but as crystalline phases other calcium-silicate-hydrates
do not have large role in cement chemistry.

1,4nm-tobermorite and jennite

The structure of 1.4 nm -tobermorite and jennite is presented in Figure 5.6.7. Both have a layered
structure of calcium oxide sheets, flanked with silicate -chains in dreiketten -form.

Chemical  formula  of  pristine  1.4  nm  -tobermorite  is  Ca4H4Si6O18*8H2O and jennite
Ca8H4Si6O18(OH)8*6H2O with Ca/Si -ratios 0.66 and 1.33, respectively. Bridging tetrahedrons
share one oxygen bond with calcium oxide sheet, leaving one of the silicates bond protonated.
According to dehydration studies, the protons are substituted with ½ Ca2+ leading to final formulae
Ca5H2Si6O18*8H2O for 1.4 nm -tobermorite and Ca9H2Si6O18(OH)8*6H2O for jennite.[29]

In 1.4 nm -tobermorite all oxygen atoms in main Ca-O layer are shared with silicate tetrahedrons or
neighbouring calcium oxides, whereas in jennite only half is shared and the remainder exist in Ca-
OH groups. There are no Si-OH bonds in well-crystallized Jennite, whereas no Ca-OH exists in the
central calcium oxide sheet in 1.4 nm -tobermorite. Thus, a key difference between jennite and
1.4 nm -tobermorite is the presence of Ca-OH bonds in jennite’s central calcium oxide layer.[18]
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Figure 5.6.7. Structures of Tobermorite and Jennite. [30]

General Properties of C-S-H

Calcium silicate hydrates are usually characterized with solubility, calcium/silicate -ratio,
water/silicate -ratio, length of the silicate chains and the amount of Ca-OH and Si-OH -sites.
Comprehensive understanding of C-S-H structure requires and explanation of how above mentioned
qualities are correlated.

Ca/Si -ratio

The  Ca/Si  -ratio  defines  the  ratio  of  calcium  atoms  per  silicon  atom  in  the  C-S-H  structure.  The
Ca/Si -ratio of crystalline C-S-H structures are easily calculated and experimental measurement
Ca/Si -ratio of the C-S-H is not difficult. Ca/Si -ratio has become valuable information as it can be
compared to various structures and structural modifications. The Ca/Si -ratio of hydrated Portland
cement does not correspond to the Ca/Si -ratio of any crystalline C-S-H phase and therefore various
modifications of crystalline phases has been presented. Various qualities of the C-S-H have
dependency with Ca/Si-ratio, such as silicate polymerisation degree and equilibrium pH (Figures
5.6.8, 5.6.9 & 5.6.10).
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Figure 5.6.8. Ca/Si -ratio of 1.4 nm –Tobermorite and Jennite in a function of silicate chain length.
It is assumed that each bridging tetrahedron carries one H atom and one of the two end group
tetrahedron of each anion also carries an H atom. [25]

Figure 5.6.9. Equilibrium pH and Ca/Si -ratio of solid C-S-H from various studies. [20]
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Figure 5.6.10. Equilibrium pH in function of Ca/Si -ratio of solid phase from leaching studies.[31]

Ca-OH Si-OH

Together with the Ca/Si ratio and the silicate structure, Ca-OH and Si-OH groups are important in
the C-S-H structure. They are also likely the groups that will define the pH of the aqueous system.
The content of Si-OH in C-S-H has been shown to decrease with the increasing Ca/Si -ratio. Si-OH
groups are present in the C-S-H structures below Ca/Si -ratio 1.2–1.3. [32] [33] Above the Ca/Si-
ratio 1.2–1.3, Si-OH -groups do not exist. According H-NMR studies, calcium ions replace the
protons in Si-OH. Ca-OH bonds has been observed in C-S-H with Ca/Si -ratio higher than 1.[11]
Various analysing techniques suggest that Ca-OH groups form in C-S-H only after all the protons in
Si-OH groups have been replaced with calcium. Dipolar NMR correlation maps have shown that
the protons in the Ca-OH groups are within 5 ångströms from the Si atoms, confirming that the Ca-
OH and Si-OH are in the same structural unit. [34]

Si-OH sites are situated in the silicate tetrahedrons or surface sites. Bridging silicate tetrahedrons
have  one  Si-OH  -site.  Also  each  end  of  silicate  chain  is  one  Si-OH  site.  Depending  on  the
polymerisation degree of silicate chain, Si-OH -site can exist in each silicate tetrahedron (dimeric
silicates) or every third silicate (infinitely long silicate chain).

Ca-OH bonds can occur in the central calcium oxide layer, at the charge balancing sites in the
interlayer or at the surface sites. Current evidences cannot point out clearly preferred Ca-OH -
sites.[24] However, it appears unlikely that surface sites would dominate the Ca-OH concentration.
Ca-OH in interlayer and in central calcium oxide sheet has been provided as explanation of Ca/Si -
variations.

Solubility of C-S-H

Solubility of C-S-H provides a systematic method to evaluate the structure of C-S-H because the
structure and solubility are related according to laws of thermodynamics. Solubility also determines
the reactivity and leaching properties of individual C-S-H phases. Kinetic ambiguities make the
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analysis difficult but various methods have been developed to overcome the difficulties. By
synthetizing C-S-H through various routes, at least metastable thermodynamic equilibrium has been
reached, enabling reliable determination of metastable C-S-H composition. Metastable
compositions can persist due the kinetic and energetic barriers that prevent the composition to reach
the true thermodynamic equilibrium. C-S-H is a good example metastable material because various
ill-crystallized C-S-H phases persist indefinitely although crystalline calcium-silicate-hydrate
phases such as afwillite, tobermorite and jennite are the true thermodynamically stable phases. [11]

Calcium-silicate-hydrates aqueous solution is a three component system of calcium, silicon and
water. If a single solid component is presence in the solution, the equilibrium concentrations should
follow a single line which correspond the solubility product of the solid phase. In solubility
measurements, Chen et al. has observed that C-S-H is able to attain various metastable phases that
are stable at least for several weeks or months. Figure 5.6.11 presents the measurement data of
Chen et al. together with previously published data from the literature.[11]

Chen et al. has developed a systematic way to interpret the composition of the metastable C-S-H
phases according solubility equilibrium. The essential feature of their system is that variations in
solubility varies from some variable structural feature of C-S-H and the curves labelled C, C’ and
C’’ arise from the variations in the content of Ca-OH in C-S-H. Equilibrium solution compositions
of C-S-H follow a single line in the Ca/Si -ratios below 1. According to Chen at al. higher Ca/Si -
ratios can be theoretically attained by combination of small mean silicate chain length and low Ca-
OH content or long mean silicate chain length and high Ca-OH content. They hypothesize that C-S-
H structure which is equilibrium with the curve C in Figure 5.6.11, has a high mean silicate chain
length and high Ca-OH content, corresponding jennite -type structures. Progressively lower mean
silicate chain length and Ca-OH contents produce structures corresponding solubility equilibrium
on the curves C’,  C’’ and A. Curve A has no Ca-OH groups and the structure corresponds 1,4nm
Tobermorite.

It has been stated that Si-OH and Ca-OH do not coexist in the C-S-H structure. The intersection of
the  curves  A  and  C,  C’  or  C’’  corresponds  to  the  situation  where  neither  is  present  for  a  given
silicate chain length. Chen et al. has also calculated the minimum Ca/Si -ratios for various silicate
chain lengths were Ca-OH must form in the C-S-H structure. Calculated data corresponds quite well
with experimentally measured.

Assuming that Ca-OH contents are accommodated by Jennite-like conformation, the family of
solubility curves represents a spectrum of metastable phases, ranging from a purely tobermorite-like
structure curve A to Jennite-like structure curve C.
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Figure 5.6.11. Equilibrium concentrations of various C-S-H phases. [11]

pH

The equilibrium pH of C-S-H depends on the Ca/Si -ratio of the C-S-H gel. Figure 5.6.12 presents
the equilibrium pH of various synthetized C-S-H from the study of Chen et al. Although large
variety of preparation methods, pH follows the Ca/Si -ratio of C-S-H.
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Figure 5.6.12. Ca/Si -ratio of C-S-H and equilibrium pH. Data is replotted from [11].

Calcium-silicate-hydrates in Ordinary Portland Cement

In Portland cements, calcium-silicate-hydrates co-exist with multiple crystalline phases. Typical
main constituents of hydrated Ordinary Portland cement (OPC) are C-S-H, calcium hydroxide and
aluminium ferrite phases, their respective proportions being roughly 70%, 20% and 10%. In respect
of C-S-H, calcium hydroxide is the most important of the OPC crystalline phases. Calcium-silicate-
hydrates in hydrated Portland cement are in equilibrium with crystalline CaOH which limits the
potential C-S-H compositions. However, potential C-S-H composition has still great variations as
can be seen from Figure 5.6.11. According to Figure of Chen et al. highly Jennite-like structures,
Tobermorite with dimeric silicate chains and various mixtures of these two are metastable in
presence of crystalline calcium hydroxide.

Other crystalline OPC phases will have an effect to C-S-H through introduction of foreign
ions.[35][36][37] Multiple ions can replace C-S-H constituents in C-S-H structure. Aluminium
replacement of silicate tetrahedrons forms various calcium-aluminate-silicate-hydrates (C-A-S-H)
which  are  also  metastable.  C-S-H  is  also  known  to  uptake  large  amount  of  alkalis  in  the  C-S-H
structure.

Another factor that complicates the chemistry of OPC hydration is the low amount of hydration
water. Synthetic C-S-H are manufactured in excess amount of water, whereas OPC hydration takes
place approximately water/OPC -ratios of 0.3–0.6. According to traditional calculations of Powers,
approximately w/c -ratio of 0.45 is sufficient for full hydration of OPC.[13] The amount of free
water is excessive in the beginning of the hydration but will lower during the hydration.

Also the free movement of water becomes restricted due solidification of the matrix. The
environment in OPC hydration is largely heterogeneous due the dissolution of Portland cement
minerals. Reaction conditions are significantly different in the vicinity of dissolving clinker
particles than in the middle of particle interspaces. As a result, reaction conditions in OPC hydration
differs greatly from the circumstances where laboratory research is conducted.

C-S-H composition in OPC hydration

C-S-H synthetized in excess water volume is typically an imperfect version of 1.4 nm -tobermorite
which is called generally C-S-H(I). C-S-H(I) is known to form in reaction of alkali silicates and
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calcium salts or in hydration of tri-calcium silicate and -di-calcium silicate in dilute aqueous
solutions.[11] The Ca/Si -ratio of C-S-H(I) can vary from 0.67–1.5 by omitting bridging
tetrahedrons and variating the interlayer calcium content. The mean silicate chain length of C-S-
H(I) increases with decreasing Ca/Si -ratio.

Prolonged reaction of tri-calcium silicate and -di-calcium silicate are observed to produce unique
phase called C-S-H(II). C-S-H(II) is characterized as imperfect form of jennite. The exact reaction
conditions for C-S-H(II) formation has not been defined and multiple attempts to synthetize C-S-
H(II) has failed.[19]

C-S-H which is formed in OPC hydration with w/c -ratios 0.3–0.6 has a broad x-ray diffraction
spectrum covering the structures of C-S-H(I) and C-S-H(II).Because of the broad variety of the C-
S-H which is formed in OPC hydration, it is usually described as C-S-H gel. In this context, term
gel refers to non-defined chemical composition, not to exact nano-structural nature of C-S-H.

Two classifications of C-S-H gel have been adapted on the basis of microscopy. The C-S-H gel
which has formed within the boundaries of original OPC grains is called Inner product. The C-S-H
gel that fills the water filled spaces are called Outer product. These two C-S-H gel types are
presented in Figures 5.6.13 and 5.6.14. Outer product has a fibrillary, directional morphology with
high aspect ratio. Inner product has also directional aspect but the forming C-S-H fibrils are much
finer. There is not necessarily an exact correspondence between the position of the Inner product
and the original grains but the difference between Outer- and Inner product is clear. [12][38]

Figure 5.6.13. Transmission electron microscope image of white Portland cement/fly ash
(70%/30%) blend, hydrated for four years. Op = Outer product, Ip = Inner product, CH =
portlandite.
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Figure 5.6.14. a) Backscatter scanning electron microscope image of Inner and outer product. b)
Ca/Si -ratio of the corresponding areas. Binder composition: 60% OPC, 20% SF and 20
Quartz.[39]

Ca/Si -ratio

The mean Ca/Si -ratio in hardened OPC paste is typically 1.7–1.8.[38] This Ca/Si -ratio is higher
than that of pristine jennite (1.5) and much higher than 1.4 nm -tobermorite (0.9). There is no
significant variation of total Ca/Si -ratio with the hydration time. However, there is a large local
variation  at  different  ages.  C-S-H gel  has  bimodal  Ca/Si  -ratio  distribution  in  young OPC pastes.
[21] As paste matures, the Ca/Si-ratio becomes unimodal.[40] Figure 5.6.15 presents the bimodal
composition of C3S hydrated for 3.5 years.

Figure 5.6.15. The Si/Ca -atom ratio frequency histogram from the mapping data from a 70*70µm
region with 1µm increments in a C3S paste hydrated for three and half years.[21]
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Silicate chain

According  to  Si-NMR  studies,  first  C-S-H  formed  in  OPC  hydration  has  dimeric  silicate  chain  -
structure. Within time silicate chains begins to polymerise (Figure 5.6.16). As hydration proceeds
some of the dimers are linked by monomers to form pentamers.[22][23] Higher silicate chain
lengths are not typically observed in hydration of pure OPC.

Figure 5.6.16. Average silicate chain length of C-S-H gel and the mean Ca/Si -ratio.

CaOH SiOH

Inelastic neutron scattering measurements has presented Ca-OH bonds in hydrated white OPC
paste. According to measurements 33% of Ca-O bonds are balanced by protons in white OPC paste.
The Ca/Si -ratio of the paste was 1.7. Value corresponds quite closely to the free Ca-OH bond of
jennite.[18]

It is generally agreed that protonated Si-OH sites do not exist in the OPC hydration environment.

Density of C-S-H gel

The density of C-S-H gel, formed in the OPC hydration is 2.6–2.7 g/cm3. This value is significantly
higher than densities of 1.4 nm -tobermorite (2.2 g/cm3) or jennite (2.32 g/cm3).[41] [42] [20] [43]
In order to explain the composition of C-S-H gel, the density difference must be accounted for. Any
mechanism related to silicate chain elimination decreases the density of C-S-H as the volume of the
crystal cell does not change significantly.[44] Vice versa, addition of atoms into silicate structure
increases the C-S-H density.

pH

The pH of  hydrated  OPC is  primary  controlled  by  alkali  content.  If  alkalis  are  not  present,  pH is
controlled by crystalline calcium hydroxide which buffers the pH to value 12.4.

Models for C-S-H gel

Since 1952, various models for C-S-H gel structures in hydrated OPC have been presented.[14]
Two  most  important  parameters  in  these  models  are  the  basic  structure  of  C-S-H  gel  and  the
polymerisation degree of silicate chains. Monomeric and dimeric silicate chain compositions have
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been used in past years. However, silicate chain length 3n-1 is the most popular in up to date
models due the experimental results. The biggest unsolved question in today’s models is the
structural composition of C-S-H gel in Ca/Si -ratio 1.7. Modified 1.4 nm -tobermorite and jennite
has  been  proposed  as  the  explanation  of  the  C-S-H gel  composition  at  the  Ca/Si  -ratio  1.7.  Most
important models for C-S-H gel are described and compared in the following sections.

Taylor’s model

According to Taylor’s model C-S-H in OPC can be derived from the 1.4 nm -tobermorite and
jennite by eliminating fully or partly the bridging tetrahedrons. C-S-H(I) corresponds 1.4 nm -
tobermorite -based structures and C-S-H (II) correspond jennite-based structures. According to
Taylor’s model, both forms C-S-H(I) and C-S-H(II) are formed in the early-age OPC hydration. As
the paste matures, these two regions interact, generating intermediate product with jennite-like
structures. The regions of 1.4 nm tobermorite and jennite are poorly defined and could even merge
at individual layers. [27]

Cong & Kirkpatrick’s model

Cong and Kirkpatrick questioned the existence of jennite type -structures in hardened OPC.[19]
According to their studies, only tobermorite –type structures are present. Higher Ca/Si -ratios are
results of missing bridging and paired silicate tetrahedrons. By eliminating whole dreieketten
sections from the 1,4nm- tobermorite structure, it is possible to attain higher Ca/Si -ratios which are
encountered in the OPC hydration. Total elimination of bridging tetrahedrons corresponds to the
Ca/Si -ratio of 1.35 with only dimeric silicate tetrahedrons present. However, experimental
observation indicated that the polymerisation greater then pure dimeric silicates were observed in
the samples with Ca/Si -ratio greater than 1.35. Therefore it is essential to Cong and Kirkpartick’s
model to eliminate full dreiketten -chains. In Cong and Kirkpatrick’s study, XRD measurements did
not show structures similar to jennite with Ca/Si -ratio greater than 1.35. Only 1.4 nm -tobermorite
type crystal lattices were observed.

Cong and Kirkpatrick also observed that crystalline portlandite was present in the samples Ca/Si -
ratios higher than 1.54 and the polymerisation degree of silicate chains was thus greater than
composition studies indicated. According to Cong and Kirkpatrick’s model, C-S-H gel is a solid
solution of disordered 1.4 nm-tobermorite and portlandite.

Nonat & Leqoc’s model

Nonat & Leqoc’s model is also based on 1.4 nm -tobermorite structure as Cong & Kirkpatrick’s
model. In Nonat and Leqoc’s model, the 1.4 nm -tobermorite is not disordered. High Ca/Si -ratios
are explained as additional Ca(OH)2 bound to interlayer sites of silicate tetrahedrons. According to
Nonat and Leqoc, each missing bridging tetrahedron provides two sites for OH- and allows
accommodation of one Ca(OH)2 in the structure. According to Nonat and Leqoc, model is capable
to explain whole range of the Ca/Si -ratios from 0.66 up to 2. [24]

Comparison of the models

All  three  models  describe  C-S-H  gel  as  defect  1.4  nm  -tobermorite  in  low  Ca/Si  -ratios.  The
differences are in high Ca/Si -ratios which is the C-S-H gel encountered in normal OPC hydration.
According to Taylor’s model, C-S-H in high Ca/Si -ratios is defect jennite -type, whereas Cong &
Kirkpatrick  and  Nonat  &  Leqoc  explain  higher  Ca/Si  -ratios  with  modification  of  1.4  nm  -
tobermorite. In Nonat & Leqoc’s model, increased calcium content is related to calcium bounding
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to C-S-H interlayer. Cong & Kirkpatrick explains the increased Ca -content by eliminating bridging
and paired silicon tetrahedrons from the C-S-H structure.

These differences have been recently evaluated in the light of Si-NMR, XRD, solubility -
measurements and modelling. Solubility data presented existence of two C-S-H phases in hardened
OPC, named as -C-S-H and -C-S-H. Alpha C-S-H had solubility product log K = 11.2 and was
stable in the Ca/Si -ratios 0.75–1. Beta C-S-H had solubility product log K = 14.2 and was stable in
the Ca/Si -ratios 1–1.5. It is now generally considered that both of these C-S-H phases are 1.4 nm -
tobermorite-based and fit in the definition of C-S-H(I).[24]

Local environments of Ca and Si in NMR measurements remained unaltered with the evolution of
Ca/Si -ratio, supporting that the structure does not change. Also calculated Si- NMR spectra of
1.4 nm -tobermorite is much closer to the experimentally observed and differ greatly of calculated
spectrum of jennite.[45] XRD-patterns changes only slightly throughout various Ca/Si -ratios. The
d-spacing  corresponds  to  the  basal  plane  of  1.4  nm  -tobermorite,  even  in  Ca/Si  -ratios  close  to
2.[20] However, 1.4 nm -tobermorite and jennite have relatively close spacing and it is impossible
to exclude jennite by the XRD evidence.

Silicate elimination from the bridging position has been accounted in the all three models and it is
consistent with the measured data. Silicate elimination from the paired silicate tetrahedron
according to Kong & Kirkpatrick would produce monomeric silicate which was not measured in the
Si-NMR.[24] Removal of the whole dimeric tetrahedrons would produce local environments similar
to jennite, which is inconsistent with the current evidence. On the other hand, inelastic neutron
spectroscopy has presented that in 8-month hydrated C3S -paste ~23% of Ca was balanced with
OH.[18] This results is in-line with the structure of jennite which has ~33% of calcium balanced
with OH, indicating corrugated calcium oxide sheets. In crystallline 1.4 nm -tobermorite, calcium
oxide sheets do not have Ca-OH bonds and the value is 0%.

The density of C-S-H in OPC hydration is 2.6–2.7 g/cm3 which is considerable higher than density
of pristine 1.4 nm -tobermorite (2.2 g/cm3) or jennite (2.32 g/cm3). In order to presents C-S-H gel
which forms in OPC hydration, the density and Ca/Si -ratio of the C-S-H must increase. Elimination
of the silicates increases the Ca/Si -ratio but lowers the density as the volume of the crystal cell does
not alter. Silicate elimination and addition of calcium to the interlayer fulfils both requirements of
Ca/Si -ratio and density.

Conclusions of the C-S-H models

It seems unlikely that elimination of whole dreiketten segments is the explanation of the C-S-H gel
structure as proposed by Cong & Kirkpatrick. Taylor’s and Leqoc & Nonat models differ in the
explanation of CaOH in the C-S-H gel structure. According to Taylor’s model, CaOH -sites are in
the central calcium oxide sheet, corresponding to the Jennite -like structures. According to Leqoc &
Nonat model Ca-OH sites are related to the interlayer calcium.  Indisputable conclusion cannot be
made on the basis of current experimental evidence. Circumstantial evidences can be presented for
both models. Density measurements of C-S-H gel favour the calcium addition to the C-S-H
interlayer whereas amount of measured CaOH sites (23%) is close to value of Jennite (33%),
supporting the model of Taylor.

C-S-H composition in low-pH concretes

Low pH concretes have large amounts of pozzolanic materials intermixed with OPC. Pozzolanic
materials are considered chemically inert in the beginning of the hydration. Pozzolanic materials
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can take part of hydration through their physical appearance and provide additional nucleation sites
for hydration products.[46][47] However, physical effects do not change the chemical composition
of C-S-H gel. Pozzolanic materials become chemically active when calcium hydroxide begins to
precipitate in the hydration. Pozzolanic materials begin to react with calcium hydroxide, forming
additional C-S-H gel. As long as calcium hydroxide is present, the forming C-S-H gel is in the
equilibrium with calcium hydroxide and the hydration products are similar to pristine OPC
hydration products, assuming that there are no local variations in the forming C-S-H gel
composition. After all crystalline calcium hydroxide is consumed, pozzolanic materials begin to
react with the calcium in C-S-H gel. As a consequence, the Ca/Si -ratio of the C-S-H decreases and
the silicate chain polymerisation increases (Figure 17).

Figure 5.6.17. Mean chain length and Ca/Si -ratio of C-S-H gel.[36]

Low  Ca/Si  -ratio  C-S-H  can  uptake  significant  amount  of  alkalis  into  crystal  structure.[35]  As  a
consequence the alkali content of the pore solution also decreases. Lowering of the pore solutions
alkali concentration and Ca/Si-ratio of C-S-H gel, the pore solution pH decreases. The pH decrease
depends on the amount of pozzolanic materials and also their composition.[20]

Pozzolans in low-pH concrete

Pozzolans are defined as materials that can react with crystalline calcium hydroxide and produce
hydration products. Various pozzolans have been investigated for low-pH concretes. The most used
one is silica fume (SF). Fly ash (FA) is also used commonly. Metakaolin has been also studied.[5]
Blast furnace slag (BFS) which is latent hydraulic binder has been also studied in low-pH concretes.
BFS  has  large  content  of  calcium  and  can  provide  higher  amounts  of  C-S-H  gel  than  pristine
pozzolans. BFS has lower Ca/Si -ratio than pristine OPC hydration products and will therefore also
react with calcium hydroxide. Table 5.6.1 presents the chemical compositions of silica fume, fly
ash, metakaolin and blast furnace slag.
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Table 5.6.1. Typical composition of low-pH concrete materials.[13][5]

Silica fume Fly ash (class C) Fly ash (class F) Blast furnace slag
SiO2 94–98% 30.2–47.9% 50% 32–38%
Al2O3 0.1–0.4% 10.7–21.9% 25% 10–16%
Fe2O3 0.02–0.15% 4.9–9.9% 7% 0.3–9.3%
MgO 0.3–0.9% 2.9–7.9% 2% 3–9%
CaO 0.08–0.3% 13.3–25% 6% 38–44%
K2O 0.2–0.7% 0.5–1.0% 1% 0.4–1%
Na2O 0.1–0.4% 0.2–7.3% 1%
C 0.2–1.3%
S 0.1–0.3% 1.1–12.3% 0,5% 1%
LOI 0.8–1.5% 0.3–1.8% 4% 0–1%

Low-pH concrete binder mix designs are typically classified according to number of the binder
components. Binary mix designs have two components, usually OPC and silica fume. Ternary mix
designs have three part binder composition, usually OPC, silica fume and fly ash or slag.

Equilibrium pH

Pozzolanic material content will determine the final composition of the hydration products and the
equilibrium solution composition. The pore solution pH in pozzolanic reaction has schematically
similar profile as the leaching process pH development (Figure 5.6.1).[5] At the first stage, solution
pH is controlled by the amount of alkalis. In the second stage, pH is controlled by the presence of
crystalline calcium hydroxide. When calcium hydroxide is consumed from the mixture and the
alkalis  are  bound  into  the  C-S-H  gel  structure,  the  pH  is  controlled  by  C-S-H  gel.  pH  is  in  the
equilibrium with the C-S-H gel which Ca/Si -ratio defines the systems pH. As the Ca/Si -ratio of the
C-S-H gel decreases, the pH will also decrease. Final pH value of the mixture is attained when all
the pozzolanic material has reacted with C-S-H gel or the C-S-H gel becomes to equilibrium with
amorphous SiO2.

Cau Dit-Coumes has presented that the SiO2 content of the binder has linear relationship to the
equilibrium pH of the solution (Figure 5.6.18). A linear relation seems to be most appropriate at the
higher pH -values (> 11). The pH values under 11 are more scattered and ternary, fly ash containing
mix designs have higher pH value than binary composition of OPC/silica fume.

Figure 5.6.18. The amount of SiO2 in the low-pH binder and the equilibrium pH.[5]
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Ca/Si -ratio

Ca/Si-ratio of fully reacted low-pH concretes will be low on the basis of mix designs.[48] In young
low-pH concretes, the Ca/Si-ratio of the C-S-H gel will resemble pristine hydrated OPC as the
pozzolanic reaction has not yet consumed calcium hydroxide from the matrix. As the concrete ages,
lower and lower Ca/Si -ratio C-S-H gel will be formed. The kinetics of the low Ca/Si -ratio C-S-H
gel formation is however unclear.

Kinetics of Ca/Si -ratio development

Figure 5.6.19 presents pore fluid pH of low-pH concretes in various times.[49] In 91 days, the pore
fluid pH lowers rapidly to a certain level which is dependent on the amount of siliceous material.
From 91 days forward, the pH remains relatively constant up to two years. The pH in 91 days
differs from the equilibrium pH of corresponding Ca/Si -ratio. pH in 91 day samples is significantly
higher than corresponding Ca/Si -ratio pH, indicating incomplete reaction degree of siliceous
material (Table 5.6.2). Yet, the reaction rate at the beginning is very rapid and is dependent on the
amount of pozzolanic material (Figure 5.6.19).

Figure 5.6.19. Pore fluid pH of various mix designs. Mix design compositions are summarized in
Table 5.6.2.

Table 5.6.2. Summarized mix designs of low -pH concretes [49], measured pH value after two years
and calculated equilibrium pH according to mix designs.

OPC SF FA Ca/Si Measured pH Equilibrium pH
according to Ca/Si -ratio

ref 100% 3.71 12.9 >12.5
B-1 60% 40% 0.86 12.2 10.2–11.5
B-2 50% 50% 0.62 11.2 10
T-1 80% 10% 10% 1.87 12.6 12.5
T-2 35% 35% 30% 0.46 11.2 <10
T-3 20% 50% 30% 0.24 10.5 <10
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Based on the above described behaviour, it seems that pozzolanic reaction happens through two
individual processes which are related to the surface area of pozzolanic materials. Pozzolanic
reaction that happens on the surface of siliceous materials is very rapid and enables fast lowering of
the pore solution pH within first days. After all available pozzolanic material surfaces become
covered with hydration products, the reaction level decreases significantly. Pozzolanic reaction rate
in the surfaces is very rapid and changes in pH can be observed on the daily basis. The reaction rate
with covered surfaces is very low. Within years perspective changes in pH cannot be observed.

If above presented reaction mechanisms is true, great care must be taken when pozzolanic materials
are selected for low-pH concretes as the surface area seems to be the crucial factor in low-pH
development.

Silicate chain

Experimental research on C-S-H gel nature in low-pH concretes is sparse. Reactive powder
concretes have some similarities to low-pH concretes, such as large utilization of pozzolanic
materials.[50] Reactive powder concretes have high OPC content and they are usually cured in
elevated temperatures which differ from low-pH concretes.

Silicate chains are linear in reactive powder concretes, cured in normal temperatures. Reactive
powder concretes, cured at elevated temperatures (200–250 °C) silicate chain branching has been
detected. Silicate chain branching in elevated temperatures was related to formation of Xonolite
(Ca6Si6O17(OH)2), which was confirmed with X-ray diffraction and water loss measurements.[51]
However, it is unclear was the formation of Xonolite related high temperature curing or increased
level of reactivity of pozzolanic material due the elevated temperature. If latter is the case, then
similar silicate chain branching might take also place in low-pH concretes.

The calcium/silicon -ratio of low pH-concretes indicates long silicate chain length in fully reacted
low-pH concretes. In fully reacted low-pH concretes, the mean silicate chain length can be up to
10–40 silicate tetrahedrons.[52]

It can be concluded on the basis of reactive powder concretes and Ca/Si -ratio of low-pH concretes
that fully reacted low-pH concretes have certainly long silicate chain length and possibly some side
branching of the silicate chain.

Ca-OH Si-OH

All the described models for C-S-H gel composition and experimental measurements indicate that
the C-S-H gel in low Ca/Si -ratios is fully 1.4 nm -tobermorite-like. 1.4 nm -tobermorite-like
structures does not have Ca-OH -sites in the structure. On the basis of experimental results, Si-OH
sites are present in C-S-H gel with Ca/Si -ratio lower than 1. Depending on the amount of silicate
chain branching the amount of SiOH -sites may vary if the branching, will take place from these
SiO-sites.

Effect of other ions

Alkali uptake

C-S-H has varying capability to include alkalis into the structure. In low calcium concentrations and
low Ca/Si-ratios alkali uptake is profound. Alkali uptake is related to SiO- content of C-S-H and the
counter ions. In high calcium concentrations, calcium ions dominate the charge balancing sites
although the alkali concentrations are significantly higher than calcium concentration. This is due
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the bivalent nature of calcium which bonds more firmly into SiO- sites than monovalent alkalis. The
Low Ca/Si-ratio C-S-H provides more SiO-sites compared to higher Ca/Si -ratio C-S-H. The
maximum Na/Si and K/si ratios reported are in the range of 0.3–0.5.[20][53] Alkali binding to C-S-
H is presented in Figure 5.6.20.

Figure 5.6.20. Alkali binding of C-S-H with various Ca/Si -ratios. [20]

Alkali uptake can take place in the interlayer and/or the surface sites of C-S-H. No preferential sites
have been reported. However, Na-NMR studies have revealed to two different environments for
sodium in C-S-H. First environment is related to broad NMR peak which has been assigned to
sodium with low mobility. Another chemical environment is related to sharper NMR-signal which
has been assigned to sodium with higher mobility or symmetrically bounded sodium. These are
labelled as bound Na and mobile Na, respectively. The fraction of bound sodium is observed to
decrease with increasing Ca/Si -ratio in the presence of low sodium concentrations (Figure
5.6.21)[20][54].

Figure 5.6.21. Sodium population distributions in function of C-S-H Ca/Si-ratio and total Na/Si -
ratio. [20][54]
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Alkali salts are also observed to influence to the silicate chain length. With the presence of alkalis,
the silicate chain polymerisation is lower than without alkalis (Figure 5.6.22). It has been suggested
that the calcium ions that alkalis replace from charge balancing sites forms additional main calcium
oxide layer, increasing the Ca/Si -ratio of the C-S-H main layer although the total Ca/Si -ratio is not
altered.

Figure 5.6.22. Mean silicate chain length in presence of various alkalis. [20]

The replacement of charge balancing calcium by alkali ions in the C-S-H interlayer, decreases the
basal spacing of C-S-H at the lower Ca/Si-ratios.[55][56]

Aluminium

C-S-H  is  able  to  accommodate  substantial  amounts  of  aluminium.  Figure  5.6.23  presents  the
aluminium content of C-S-H and the dissolved aluminium. C-S-H binds the aluminium irreversibly
and the lowering of aluminium concentration does not lead automatically to further dissolution of
aluminium from the C-S-H structure. This is observation has been also confirmed by ab-initio
calculations of the stability of the alumina as the bridging tetrahedron.[57]
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Figure 5.6.23. The amount of dissolved aluminium and the Al/Si -ratio of various C-S-H samples, a)
in absence of alkalis and b) in absence and presence of KOH in cements. [20]

Aluminium can replace silicate tetrahedrons in silicate chain, act as counter-ion in the interlayer (or
surface) and replace calcium in the main calcium oxide sheet. Aluminium accommodation is
complicated process and depending on the process conditions, the aluminium is found at multiple
sites.

In  the  low  Ca/Si  -ratios,  C-S-H  silicate  chains  are  long  providing  multiple  sites  to  aluminium  to
replace silicates in the polymeric chain. In the presence of alkalis as counter-ions, bridging position
in aluminium substitution is favoured.[17] In the bridging position, alumina is also able to crosslink
the two silicate chains. Crosslinking can take place with two adjacent chains of different layers
which structure correspond the structure of Al-tobermorite. Crosslinking can also take place within
two adjacent chains of same layer which is more likely in the calcium-aluminate-silicate-
hydrates.[55] As Ca/Si -ratio increases, more calcium binding to aluminium is observed. This can
take place either by replacement of paired silicate tetrahedrons or bridging position replacement
with calcium as counter ion. Exact knowledge of which is more likely is still missing.

In the low Ca/Si -ratio and with low alkali content, lower level of substitution is observed and the
replacement of paired silicate tetrahedrons is favoured. Due the electrostatic repulsion, the
replacement of two adjacent silicates is not possible, e.g. Al-O-Al -bond in the silicate chain is not
stable. Due to this restriction, maximum observed aluminium substitution ratio is 0.22. Higher
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replacement ratios are only stable if aluminium replaces bridging tetrahedron and the system is
stabilized in the presence of the alkalis.

Aluminium has been also observed to replace silicates in the silica gel which is present in the C-S-H
samples with extremely low Ca/Si -ratio. [17]

In the higher Ca/Si -ratios, when C-S-H silicate chains are in dimeric form, aluminium substitution
into silicate chains do not take place. Aluminium does not seem to be stable at the end of silicate
chain or its immediate neighbourhood. Instead, aluminium incorporation in the central CaO layer
has been observed (hexa-coordinated aluminium) with increased basal spacing. Two other hexa-
coordinated aluminium phases have been also identified. First one has been observed in the C-S-H
samples were AFm-phases has been supersaturated. Second one is attributed to an amorphous
alumina hydrate associated with the C-A-S-H. This phase is called third aluminium hydrate
(TAH).[20][58]

Aluminium has been also found to exist in the interlayer at the charge balancing ion (penta-
coordinated aluminium). The amount of penta-coordinated aluminium is approximately 10% and is
independent of Ca/Si -ratio. However, more information on the role of penta- and hexa- coordinated
aluminium is still needed. Figure 5.6.24 presents the amount of variously bound aluminium.

Figure 5.6.24. The amount of variously coordinated aluminium in C-S-H. [17]

Leaching

In long-term nuclear repository low-pH concretes are exposed to groundwater. As the groundwater
constantly flows, the concrete experiences a leaching process. Flow rates of groundwater might not
be large but long lifetime of the repository makes the leaching process significant. Hardened
Portland  cement  is  a  soluble  material  that  equilibrates  with  the  pore  solution.  Solubility  of  the
hardened  Portland  cement  phases  will  determine  the  composition  of  the  pore  solution.  As  pore
solution is constantly interacting with the surrounding groundwater, more hardened OPC phases
will dissolve to maintain chemical equilibrium. Eventually leaching causes degradation of the
hardened Portland cement matrix.[9] [31]
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Leaching of OPC

Various stages of leaching are known and the schematic dissolution of sulphate resistant OPC is
presented in Figure 5.6.1. First phases that will dissolve are the alkalis that causes pH values above
saturation pH of portlandite (pH > 12.4). Second step is the dissolution of the portlandite, followed
by the incongruent dissolution of calcium-silicate-hydrates. When congruently dissolving calcium-
silicate-hydrates are formed, the pH will remain constant as long as calcium-silicate-hydrates are
present in the Portland cement matrix.[31][9]

Besides alkalis, calcium hydroxide and C-S-H gel, also other OPC phases will dissolve. Apart from
the dominant C-S-H gel and calcium hydroxide, a partly independent minerals containing calcium,
iron, aluminium and sulphur will also dissolve. The two dominant groups of alumina ferrites are
called Aluminium-Iron-tri (Aft) and Aluminium-Iron-mono (AFm). Tri- and mono- are referring to
the single formula unit of CaX2 where  X  can  denote  OH-, ½SO4

2-, Cl- and  ½CO3-2. Ettringite
[Ca3Al(OH)6*12H2O]2*(SO4)3*2H2O is dominant phase of AFt and monosulphate
Ca3Al2O6*CaSO4*12H2O is the dominant phase of AFm in normal hydrated OPC. In non-
equilibrium conditions, ettringite is stable in pH above 10.7. In similar conditions monosulphate is
stable in pH > 11.7.[59]

As pH lowers below 11.7, the monosuphate will decompose into ettringite and calcium aluminate
hydrate (hydrogarnet). At the pH 10.5, Ettringite will decompose to sulphates and metal hydroxides.
It has been observed that in dynamic dissolution, decomposed sulphates from ettringite will form
additional ettringite in the inner region of the leaching concrete due the higher pH of the inner
region. This process creates inward moving boundary of sulphates. Similar inward movement of
calcium hydroxide has been also observed. Inward movement of ettringite and calcium hydroxide
develops a dense zone inside the leaching concrete. [59]

Ettringite is not a highly stable mineral. High temperature or large alkali concentrations can cause
the degradation of the ettringite. High chloride concentrations can cause formation of Friedel’s salt
which is an AFm phase. Large amount of carbonates in the leaching phase can cause formation of
thaumasite [Ca3Si(OH)6*12H2O](SO4)(CO3) at a low temperature environment.[59]

Alteration zone

Leaching of OPC happens through alteration zone where the chemical processes takes place (Figure
5.6.25). Alteration zone can be defined as the region between intact cement paste and groundwater.
In the alteration zone, leached ions transport outwards from intact cement paste but also ions are
transported into alteration zone due the charge balance requirement. Transport rate of these ions
determines the overall leaching rate.

Transport rate on the ions in alteration zone are controlled by multiple factors. Rate of the pure
diffusion of the ions is controlled by the concentration gradient of intact cement paste pore solution
and the leaching water, and the ionic mobilities of the ions. The rate of the leaching is dependent on
the movement of whole ion ensemble because the electroneutrality must be maintained throughout
the leaching process. It has been observed that chlorides in the leaching solution increase the
leaching rate. Chloride can charge balance rapidly the outward movement of hydroxide ions
enabling higher dissolution rate. [59][60]
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Figure 5.6.25. Schematic presentation of ion movement and precipitation at the cement paste in the
alteration zone. [59]

Physical structure of the alteration zone affects the leaching rate. The structure of leaching concrete
has  three  types  of  porosity  that  is  relevant  to  the  ion  diffusion.  The  porosity  consist  gel  porosity,
initial porosity and porosity formed by material dissolution. Gel porosity has insignificant effect
when  compared  to  latter  two  porosities.  Initial  porosity  depends  on  the  concrete  quality  and  the
degree of hydration. Diffusion mainly occurs throughout the connected capillary pores which
amount depends mainly on the water/cement -ratio of the concrete. It has been estimated that
capillary porosity becomes connected at the porosity volume 18%. The main formed porosity will
consist of dissolved calcium hydroxide volume. It has been estimated that calcium hydroxide
induced porosity becomes connected with porosity volume 12–15%.[59]

In dense concretes, very narrow capillary pores exists which make the surface effects significant.
Surfaces are covered with oriented water molecules with the electric double layers, reducing further
the volume where free diffusion can take place.

Alteration zone is not a homogeneous phase but have large diversity of various zones. These zones
are presented schematically in the Table 5.6.3, based on real leached concrete structures.

Table 5.6.3. Schematic interpretation of zonal patterns in the leached concrete and their chemical
characteristics. [60][59]
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Shell formation

Leaching rate is a combination of physical and chemical processes as above has been described.
Various studies have been conducted which simulates the leaching process. These studies are
performed either in distilled water or the leaching is accelerated by increasing acidity of the
leachate. It has been observed that a shell of silica and various metal hydroxides is formed at the
leaching  boundary.  The  development  of  this  shell  was  a  controlling  factor  in  the  rate  of  the
leaching. The pH of the leachate was not prominent in neutral and basic leachates. At the leachate
pH below 4, components of the shell become soluble affecting the total leaching rate. If carbonates
are present in the leaching solution, calcite was observed to form similar shell.[59][61][62]

Silicon transport

Silicon transportation in the OPC leaching is particularity interesting as it presents the complexity
of the leaching process. In pore solution with pH > 10.5, silica is not highly soluble due the high
calcium concentration of the pore solution. As the pH lowers < 10.5, silica becomes more soluble
due the depletion calcium content. As dissolved silica, in ionic form HSiO3

-, diffuses towards the
leaching boundary where it encounters pore solution with pH < 10. The solubility of the silica
decreases. As a result, silica gel precipitates on the leaching boundary and will affect the leaching
rate as above have been described.[59]

Leaching rate

Leaching is dependent on the ion diffusion between bulk leaching solution and intact cement paste.
Attempts to calculate the leaching rate has been performed.[63][59] Leaching rate has been
estimated on the basis of Fick’s second law of diffusion and various parameters to include the solid
structure. Equation 1 presents the formula for relative diffusivity through alteration zone.

= 0,025 0,07 ( 0,18) 1,8( 0,18) + 0,14 ( 0,16) 3,6( 0,16)
(Equation 1.)

Where, D/D0 = relative diffusivity (D0 diffusivity of pure water 0.8*10-9 m2/s, i = water porosity
in initial paste, l = water porosity after leaching.

Leaching of low-pH cement

Low-pH cement leaching is not widely studied. It can be assumed that leaching of low-pH concrete
is similar to normal concrete leaching, with the exception that low-pH cements have lower Ca/Si -
ratio of the C-S-H gel in the long-term. The leaching low-pH cement system can be divided to two
extreme cases and the actual leaching scenario is something between the two extremes. First
extreme is the dissolution at the young ages where the pozzolanic reaction has not yet significantly
proceeded. This system consists of hydrated Portland cement mixed with large amount of
amorphous silica. Second extreme is the dissolution of the matured low-pH cement where the
pozzolanic material has reacted with calcium hydroxide and lowered the Ca/Si-ratio of C-S-H gel.
This system consists of low Ca/Si -ratio C-S-H gel and other hydration products that are stable in
that environment. Unreacted pozzolans are present, or not in the mixture.

The leaching at the young ages is very similar to normal OPC leaching except the solution remains
saturated respect to silicon. The effect of saturated silicon needs to be studied as the calcium
leaching in saturated silicon solution might cause formation of secondary C-S-H. Any solid
conclusions cannot be made on without experimental studies.
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The leaching of the matured low-pH cement has also pending uncertainties. A large difference is the
dissolution behaviour of various Ca/Si -ratio C-S-H. The following chapter summarizes the current
understanding of the leaching of C-S-H at the various Ca/Si-ratios.

The Ca/Si-ratio effect on the C-S-H gel leaching

The Ca/Si -ratio of the C-S-H determines the dissolution behaviour. Incongruent dissolution of C-S-
H with the Ca/Si -ratio higher than 0.9 mainly dissolves calcium from the C-S-H structure. Higher
the Ca/Si -ratio, more calcium is respectively dissolved (Figure 5.6.26). Incongruent dissolution of
C-S-H with Ca/Si -ratio lower than 0.8 will dissolve more silicon compared to congruent
dissolution of the C-S-H. The Ca/Si -ratio increases as a result leaching of pristine water in low
Ca/Si -ratio C-S-H. Congruent dissolution of the pristine C-S-H takes place in Ca/Si -ratio between
0.8–0.9.  The  pH  of  the  C-S-H  is  proportional  to  the  Ca/Si  -ratio.  Equilibrium  pH  of  congruently
dissolving C-S-H is 10.6 in pristine water (Figure 5.6.27). Depending on the low-pH cement Ca/Si -
ratio, leaching behaviour will differ and in some cases even pH increase throughout leaching is
possible. [31]

Figure 5.6.26. The Ca/Si -ratio in the solution and the leachate volume with C-S-H with various
initial Ca/Si -ratios. [31]
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Figure 5.6.27. pH of the leaching solution and the leachate volume with various Ca/Si -ratio of C-
S-H. [31]

However, information of pristine C-S-H leaching behaviour is not enough to reliably estimate the
leaching behaviour of low-pH concrete. Multiple simultaneously affecting factors and potential re-
precipitation of hydration products makes the real leaching scenario difficult to predict. One large
factor is the effect of non-reacted silicates. Do they act as inert material or do they hinder the
dissolution of certain phases due the saturation of silicon in the pore solution is unknown. The
solution compositions are affected by the solid phase and vice versa.

Groundwater effect

The third factor that will affect the pH of the low-pH cementitious materials is the groundwater
composition. If groundwater includes ions that will dissolve from the cementitious phase, the
dissolution becomes limited. As the dissolution becomes limited, also the amount of dissolving
hydroxyl -ions will lower and the pH will be lower than in pristine water. This effect is usually
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described as common ion effect. The common ion effect can have large effect on the solutions pH.
Figure 5.6.28 presents the pH of low-pH concrete in ion-exchanged water and in Olkiluoto
groundwater. The difference of the solution pH is almost one unit. This effect might be critical
when the pH of low-pH concrete system is evaluated in the nuclear waste repository environment.
[48]

Figure 5.6.28. pH of the identical solid low-pH concrete sample measured in deionized water and
simulated olkiluoto groundwater. [6]

Groundwater composition can also have an effect on composition of solid phases. Magnesium
uptake has been reported in the low Ca/Si -ratio C-S-H gels which were submerged in magnesium
containing water. Magnesium was included into C-S-H structure or even forming a new phase of
magnesium-silicate-hydrates.[49]

C-S-H in nuclear waste repositories

The constructed long-term nuclear waste repositories will have extremely long lifetime. The
lifetime expands over timeline which none of the current infrastructure materials have encountered.
Some indications of concrete stability with the timeline can be gained by studying old structures.
Oldest structures that have been constructed with modern cements are over hundred years old
whereas similar hydration products have been used since Roman times.

Long-term stability of OPC and low-pH concretes

Modern cements have been used for one hundred years. During that time the composition of the
OPC has not altered, although today’s cements are more finely-graded than the cements used
hundred years ago.[59] Hundred year old concrete structures have been studied and the effect of
constant leaching has been estimated. Lagerblad et al. has studied old concrete water basins which
were cast during years 1910–1960.[59] These studies have been able to improve understanding of
leaching process and the significance of precipitation of secondary minerals in the concrete crust.
[64] However, the crystalline composition of the concrete was not altered and little new information
of long-term behaviour was gained. At the moment, we can reliably estimate the durability and the
chemical processes of OPC in hundred year perspective.

Hydraulic binders have been utilized since Roman times and the study of Roman constructions has
been performed in order to gain information of the concrete structures durability in two thousand
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years perspective.[65][66][67] The composition of Roman hydraulic binders differs from modern
OPC but they still have major similarities. Roman binders consist from quicklime, volcanic ashes
and various pyroclastic rocks. Modern OPC consist of artificially made calcium silicates with minor
various ingredients. Main elements in Roman binders and modern OPC are calcium, alumina and
silicates. Studied Roman mortars had calcium content  10%, alumina ~15% and silicates ~50%. In
modern OPC, calcium content is typically 60%, silicates 20% and alumina < 5%. Roman binders
have significantly lower Ca/(Si+Al) -ratio compared to modern OPC. In that respective, the
elemental composition of Roman binders resembles today’s low-pH cements rather than pristine
OPC. The difference between low-pH cements and Roman binders is the significantly higher
alumina content of the Roman binders.[68]

Reaction products of Roman binders were mixture of crystalline of Al-tobermorite and C-A-S-H
gel. According to researcher’s analysis, the formation of Al-tobermorite was not related aging of the
binder but the Al-tobermorite was formed in relatively early-ages. Al-tobermorite was formed in the
early-ages were the temperature of the mortar was sufficient to crystallization of Al-tobermorite. C-
A-S-H  gel  seems  to  be  highly  stable  which  enables  C-A-S-H  presence  in  two  thousand  year  old
samples in aggressive maritime environment. C-A-S-H gel and crystalline Al-tobermorite had same
chemical  composition.  The  difference  of  the  C-A-S-H  and  Al-tobermorite  was  related  to  the
coordination of aluminium tetrahedrons. Al-tobermorite had a double silicate chain structure where
aluminium acted as bridging tetrahedron between two silicate chains. Also the polymerisation
degree of the Al-tobermorite was high. C-A-S-H had aluminium in tetrahedral and octahedral
coordination with strong heterogeneities in 25 nm scale. [68]

High stability of C-A-S-H was hypothesised to originate from charge balancing stability of the
silicate chain interlayer. Al-O -bonds are 8–10% longer than Si-O bonds -which enabled effective
accommodation of charge balancing cations in the interlayer. Aluminium substitution also increases
the negative charge balance of silicate chains and silanol binding capacity. This increases the
irreversible binding of charge balancing cations and causes improved resistance to chemical attacks
compared to pure C-S-H gels.

It remains to be seen, is the aluminium role vital in longevity of C-(A)-S-H gels. Studies related to
the role of aluminium in polymerisation of silicate chains has demonstrated that aluminium prefers
sites of bridging octahedral and increases effectively the polymerisation degree of the silicate
chains. In that respective, the role of aluminium in low-pH binder longevity should be studied.

Pending topics

According to current research review and the previously done research, some topics needs to be
further studied to understand the behaviour of the low-pH concrete in the repository. Although lot
of research has been conducted, the kinetics of the pozzolanic reaction is sparsely studied. In order
to evaluate the development of the alkaline plume, the kinetics of the pozzolanic reactions must be
defined. Also the leaching of low-pH concrete is a subject of limited study and understanding.

The long-term stability of low-pH concrete has not been throughout analysed. There might be
processes that have not yet been recognised but have a large influence on the low-pH concrete
stability. One of these subjects is the combined effect of alumina ferrite phases and the pH
development  of  the  low-pH concrete.  It  is  generally  known fact  that  Aft  phases  will  transform to
AFm phases during the concrete maturing process but the pH development favours the Aft stability
as it is stable at the lower pH -values. This might lead to similar AFm  Aft transformation which
is encountered in delayed ettringite formation.
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5.7 Geochemical Interaction of the Groundwater-Concrete-Bentonite system
and its impact in the near field and EDZ

CIEMAT Research Centre for Energy, Environment and Technology, Madrid, Spain
CSIC High Research Council of Spain, Madrid, Spain

UAM Autonomous University of Madrid, Madrid, Spain

The Deep Geological Repository (DGR) is currently the most accepted management option for the
long-term isolation of high level radioactive wastes [1, 2]. Regardless of the geological options
considered for the DGR, they all call for use of a multi-barrier system (Engineered barrier system,
EBS) in order to achieve the safety requirements for limiting the eventual release of radionuclides
to the biosphere.

The main EBS taking a relevant role in the stability of the repository are:
1) the host rock where the galleries are built,
2) The concrete to hold and close the galleries,
3) The bentonite barrier surrounding the canister containing the radioactive waste, and
4) The metallic canister containing the radioactive waste.

These barriers are in close contact and they interact each other, so that a physical-chemical
compatibility between the interfaces of all barriers is a mandatory requirement for construction of
the DGR. Besides the engineering barriers are in contact with groundwaters flowing that will affect
the long-term safety if degradation processes are developing.

The chemical composition of the groundwaters has a critical function to maintain the integrity and
retard degradation phenomena at the interface level of the engineering barriers towards the bulk.
Clayey waters and granitic waters will interact both with concrete and bentonite which chemical
composition (ionic content) is critical to maintain the stability within each barrier. In addition to, the
corresponding waters flowing through each barrier can contribute to the advance of long-term
interaction between concrete/bentonite barriers. The different scenarios actuating in a DGR are
schematised in Figure 5.7.1 where the main EBS interactions are highlighted.

Figure 5.7.1. Interactions Host-rock/concrete/bentonite in DGR groundwaters.

The understanding of the phenomenological processes of degradation due to the interaction between
the barriers and the waters and the identification of the critical parameters involved are of
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fundamental interest to advance in the design of the DGR, being the scope of present analysis of the
actual knowledge. The specifics aspects to be addressed are:

1) Role of groundwaters and pore water in the DGR.
2) Concrete groundwaters interactions in EBS.
3) Bentonite-concrete interface reactivity in granitic repository.
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5.7.1 Role of groundwater and pore water in the DGR
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Disposal of radioactive wastes includes cement-based materials and bentonite as materials to tunnel
reinforcement, and to buffer, plug and seal main galleries, grouts and wells in the selected
repositories. At the time scale of a repository these materials interacts each other and with the
surrounding media, namely granite or clay rock plus groundwater and pore water (Figure 5.7.1.1),
so its integrity in terms of barrier function isolating the wastes must be assessed.

In this context three levels should be considered for analysis: groundwater/pore water from the host
rock, pore water from the Engineered Barrier System (EBS) and the interaction among them. The
aim of the analysis is assessing the stability of groundwater and pore water conditions over time,
since this is one of the most important safety requirements; the chemical composition of water
(groundwater and pore water of the DGR as a whole) influences the reliability of containment in the
repository, canister corrosion, dissolution of waste matrix, sorption on mineral surfaces, the
mobility of radionuclides, and the rate of their leakage back to the surface [1].

This section refers specifically to hydro-geochemistry in terms of types of water entering/hydrating
the system, the initial processes during hydration and hydro-geochemical reaction among the
different components of the system.

Figure 5.7.1.1. Water movement and interactions in a granite repository concept.

Groundwater from the host rock

The term groundwater refers to that water coming from the host rock (either granite or clay or salt)
and hydrating the EBS. In this sense groundwater chemistry influences the function and integrity of
each component in the repository, and the system cannot be completely understood if a complete
dataset on the composition of the groundwater and its evolution over time is not made. This dataset
should help to construct a clear model including the groundwater initial conditions (baseline) and
the evolution of the groundwater composition over time before and after interacting with the
different components of the EBS. This model will offer the opportunity of assessing processes
occurring in the system with performance assessment purposes.
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Movement of groundwater through crystalline rocks is dependent on the presence of open fractures
and connected matrix pores according to two hydraulic regimes (Figure 5.7.1.1): water-conducting
zones linked to fracture networks where solute transport occurs by advection, being the faster form
of transport in the media (< 10-8 m/s), and water stored in the bedrock mass, which cannot flow or
flows at very low rates (< 10-11 m/s) due to low permeability, where solute transport is dominated
by diffusion [2–5]. On the other hand, clay rocks mainly contain stored matrix water (pore water),
and the pores are usually very small, with pore space connection very poor, so the water cannot
move easily (hydraulic conductivities are < 10-12 m/s)  and  there  is  a  solute  movement  mainly
controlled by diffusion [6].

During construction and operation of the DGR the fractures and matrix of the rock mass
surrounding the galleries will partially desaturate and atmospheric pressure and oxidizing
conditions will prevail [7], causing chemical changes in the groundwater/pore water and creating
what is named the excavation disturbed zone (EDZ) [8]; as example, pyrite oxidation in the EDZ
may increase sulfate content in the groundwater/pore water [9-11]. Additionally, water evaporation
may occur, increasing salt concentration [12]. All this processes may in turn have an impact on the
EBS materials and questioning its reliability.

As galleries are getting closed, pre-existing groundwater pressures and conditions will be restored.
Groundwater will flow until achieving the re-saturation of both, the rock surrounding the EBS and
the EBS itself [8, 13, 14]. This process will take a few years. During the re-saturation stage
simultaneous processes occur: (a) the chemical disequilibrium between groundwater hydrating the
EBS from the  rock  and  pore  water  from the  EBS will  alter  the  system up  to  equilibrium is  once
again achieved, and (b) air in the repository will be slowly replaced by water and the oxygen in the
pore space will be consumed by different reaction processes so reduced conditions will be re-
established over the repository.

The groundwater/pore water re-saturating the EBS in crystalline rocks can be very variable
depending on the location. For example, the deeper granite groundwater in countries considering
crystalline rocks in their programs, as Sweden, Finland (Fennoscandian Shield) and Canada
(Canadian Shield), is close to neutral, reduced and saline Na-Ca-Cl type water, with total dissolved
solids of 1–10 g/L [15–20], and other ions including sulfate and magnesium are also present in
relatively high concentrations. However, the deeper granite groundwater in other countries, as
Switzerland, Japan or Spain, is close to neutral or slightly alkaline, reduced and dilute Na-HCO3
type water [21–23]. The differences are important since salinity influences the hydration and
swelling capacity of bentonite (loss of swelling) [1, 24] or may alter the concrete properties
affecting its durability [25–27] ( see section 5.7.2).

On the other hand, some countries are undertaking research programs on consolidated or plastic
argillaceous formations: France (Toarcian-Domerian Clay at Tournemire and Callovo-Oxfordian
Clay  at  Bure),  Belgium  (Boom  Clay  at  Mol),  Hungary  (Boda  Clay  at  Mecsek)  and  Switzerland
(Opalinus Clay at Mt Terri and Palfris Formation at Wellenberg). All the pore waters that would re-
saturate the EBS in these clayey rocks are neutral, reduced and with rather high salinity, being
sulfate and chloride the dominant anions, and sodium and magnesium the dominant cations, except
for the Boom Clay [28–34]. In Spain, studies on cores from an Oligocene-Miocene argillaceous
formation  (RAF)  at  Central-North  Spain  provided  data  on  clay  water  composition  very  similar  to
the above ones, being the water neutral, reduced and Mg-SO4 type [35]. The main variations in the
pore water of the different clay rocks are in the contents of sulfates and bicarbonates, suggesting
that processes related to carbonate and redox systems are critical in defining the final composition.
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Once established the baseline conditions of the system, one step further may be using natural tracers
behaving conservatively, such as Cl, Br, 18O, 2H and 4He, to quantify rates and mechanisms of
solute transport in the rock formation [19, 36–39] and also between the different components of the
EBS [40–42], main flow paths and also water-rock interaction processes occurring in the system.

In summary, processes as water redistribution during desaturation and re-saturation periods and
equilibration of EBS pore water with surrounding groundwater, among others (e.g. temperature
gradients), will induce a series of geochemical processes (see sections 5.7.2 and 5.7.3) that will play
an important role in the evolution of the whole system. Within this context, baseline composition of
groundwater and pore water of the different constituents in the DGR and their evolution during the
life time of the repository is a key issue in two aspects: (a) may condition the properties of the EBS
materials, and (b) can provide valuable data to understand processes taking place in the repository.

Bentonite/groundwater interaction

During  re-saturation  stage  the  chemistry  of  the  bentonite  pore  water  varies  as  a  function  of  the
composition of the host rock groundwater (e.g. fresh or saline), besides the interactions with the
other components of the EBS. Moreover, during this period the interactions are strongly dependent
on the temperature. Once the galleries are closed the re-saturation of the bentonite occurs. The area
located near the canister will dry due to water evaporation caused by temperature rise. Vapor
generated near the canister will flow towards cooler areas and will condensate. As a result,
bentonite pore water near the canister will evaporate in the early stages of the saturation phase,
causing the precipitation of some mineral phases and a saline front will develop. Since the
thermodynamic equilibrium between the aqueous and solid phases can be altered, minerals could
precipitate in pore spaces, leading to clogging of porosity and loss of plasticity, or dissolve,
resulting in an increasing of permeability of the material [43]. These processes overlap to those
occurring during previous stages and described in previous section. When ionic content in the rock
is lower than in the bentonite pore water (e.g. FEBEX bentonite in contact with fresh granite water
[21, 44], the slow migration of the species from bentonite to granite by diffusion occurs.

Subsurface repository facilities for low and intermediate level radioactive waste and underground
research laboratories (URLs) in different are used for performing generic-type experiments of
interest to deep disposal. Between them, the FEBEX experiment, an in situ full-scale experiment in
one such underground laboratory at Grimsel Test Site in Switzerland [13] has simulated the thermal
evolution of the engineered barriers in a repository for high-level wastes in a granite formation and
has served to provide a realistic setting to study the processes influencing barrier evolution that will
affect radionuclide migration away from waste packages.

Boreholes drilled in the granite very close to the experiment have provided information on
groundwater composition along time. Chloride and sodium were selected as natural tracers of
solutes transfer between the bentonite porewater and granite groundwater given the difference in
concentration (about two orders of magnitude) of these ions between these two types of water.
Therefore, the study of an element such as Cl in the FEBEX experiment has a double application
due to its role as a tracer in the mass transfer between the bentonite and the granite, and their
chemical analogy with the radionuclide 36Cl.

The Na and Cl concentration in the granite groundwater increase in a way that evolved from Ca-
HCO3 type water to a Na-Cl type water. The lack of flow related to complete saturation, a
transmissivity of the bentonite 3 orders of magnitude lower than in the granite and the absence of
pressure gradients indicate no water movement; the hydrogeological model based on data recorded
in the gallery concludes that there is a unique flow in a direction parallel to the gallery (Martínez
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Landa, pers. comm.). Then, there is a bentonite–granite solute transfer occurring via diffusion
(Figure 5.7.1.2). This suggests similar changes might occur in other bentonite–granite scenarios
[39].

Figure 5.7.1.2. Diffusive transport of Cl and Na between the bentonite pore water and the granite
groundwater in the FEBEX in situ experiment. Circles and squares correspond to analysis of Cl
and Na in groundwater along time [39].

Most predictive models of bentonite porewater evolution take into account of ion-exchange
reactions between the bentonite (smectite) and the infiltrating groundwater. The dominant ion-
exchange reaction is likely to be between sodium in the bentonite and calcium in the groundwater,
although other exchanges are possible depending on the composition of the groundwater. This is
important since the concentration of exchangeable cations can influence the swelling [45].

Concrete/groundwater interaction

The concrete pore water chemical composition depends on a number of parameters, namely the
initial composition of the water in contact with the cement, the components of the material, the
degradation of the solid phases in the system, etc. During the re-saturation stage, leaching will be a
dominant process in the system, and the pore solution of concrete equilibrates with the surrounding
saline (e.g. water from clay rock or granite rock from Fennoscandian and Canadian Shields) or fresh
water. The final composition will be controlled by strong alkalis (KOH and NaOH) and their
evolution towards equilibrium with portlandite (Ca(OH)2), which confers a high-pH plume to the
system, with pH ranging from 12 to 13 or higher [46]. The hyperalkaline solutions may react with
the rocks hosting the repositories and change their physical and chemical properties; A number of
experiments have been made in situ and in laboratory to investigate the interactions between
cementitious materials and clayey [47] or granite deep formation [48, 49].  The results show that the
composition of the alkaline water can have an influence on the diffusion of cations in geological
media and Soler and Mäder [49] observe a decrease in the permeability of the rock in an experiment
of injection of hyperalkaline fluids in the granite Grimsel Tests Site. Furthermore, Baker et al. [50]
stated that groundwater that had reacted with cement hydrated phases within a cementitious
repository will subsequently react with the surrounding rock to form an alkaline disturbed zone
(ADZ)  in  which  the  change  of  the  chemistry  of  the  pore  solution  will  provoke  subsequent
dissolution/precipitation of different mineral phases [51] (see section 5.7.2).

In the Underground Reasearch Laboratory at Manitoba, Canada, geochemical monitoring was made
after injecting a sulphate resistant concrete in fractures in a granitic rock [52]. It was demonstrated
that the degree of interaction of hydrated cement phases with groundwater will depend on c/w ratio,
porosity, permeability and, most of all, the composition of the cement. If OPC is used in freshwater
environments, leaching of Ca(OH)2 will occur leading eventually to dissolution of CSH phases and
disintegration of the concrete (see section 5.7.2). In saline groundwaters, the dissolution rate is
lower due to the higher ionic strength of the water, particularly of Ca.
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Cement  components  as  C3A may also react with sulphate (gypsum)  derived from the cement
composition used as setting regulator or from environmental sources such as SO4

2- that occurs
naturally in pore water in clay rock, and both mechanisms will produce gypsum [53] (see section
5.7.2). Low SO4

2- and  HCO3
- concentrations in the groundwater will stabilize the cement and

maintain a high pH [52]. Another reaction that can occur between concrete and groundwater is the
chloride attack, also present in the more saline waters, resulting in the conversion of aluminate
phases  in  different  kind  of  complexes  (see  section  5.7.2).  A  clear  definition  of  the  baseline
groundwater is a key issue to anticipate those phenomena that may affect the performance of the
system.

Concrete/bentonite interaction

Different European Projects such as ECOCLAY I and II, NF-PRO and PEBS have dealt with how
the concrete changes both its chemical and physical properties over time and how it interacts with
bentonite. These projects comprised batch leaching tests with bentonite mixed with different
synthetic solutions of cement pore water as well as in situ experiment on the concrete/bentonite
interface and the determination of chemical and microstructural changes by the interaction between
both materials [54, 55](further information can be found in section 5.7.3).

Once the concrete is saturated a hyperalkaline fluid starts moving towards the bentonite, reacting
with it and affecting its physical and chemical properties [40–42, 56, 57]. This fluid could also enter
the host formation, and react with it as seen in previous section. The main reactions described in the
literature consist of ion exchange and mineral dissolution/precipitation, which affect the sorption
and transport properties of the whole system.

In order to explain the main aspects of soluble ions mobility [58] designed several laboratory
column experiments in which bentonite was in contact with a lime mortar on one side and magnetite
on  the  other  side,  and  the  system  was  hydrated  with  fresh  granite  type  water  (Grimsel  Test  Site
water). Magnetite-bentonite–mortar solute transfer was inferred from the Cl and SO4

2- concentration
in the system. A selective concentration of chloride in the mortar and the precipitation of sulfate
solid phases, both in the mortar and in the magnetite powder were observed. An identical
experiment without interfaces showed chloride back-diffusion to the water reservoir. The same
processes has been observed from the in situ FEBEX experiment (see previous sections) and from
similar experiments considering a saline groundwater for hydration purposes [59, 60]. The
phenomenological approach related to this processes is widely explained in section 5.7.3.
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5.7.2 Concrete groundwaters interactions in EBS

M.C. Alonso, J.L. Garcia-Calvo

CSIC High Research Council of Spain, Madrid, Spain

This section summarizes the degradation processes expected in cementitious materials in contact
with groundwaters according to those described in 5.7.1. First of all, it should be noted that concrete
pore waters originating from a Portland cement have high alkalinity and are able to react with and
modify the bentonite barrier. These early cement pore waters have alkali ions that will be
transported by diffusion and possibly by advection due to bentonite suction if this material is
emplaced under unsaturated conditions. However, the transformations promoted in the bentonite
barrier are discussed in section 5.7.3. In present section only the most relevant studies related to the
use of concretes in radioactive waste repositories have been considered. Most of the related studies
published in the literature deal with conventional Portland concretes but there are also some studies
concerning low-pH cementitious materials.

Although concrete is stable in high humid environments, the direct contact with water, stagnant,
percolation,  flowing,  produces  a  diffusion  of  the  pore  solution  and  also  alteration  of  the  solid
phases. Degradation of concrete due to leaching occurs when the hydrates in cementitious materials
dissolve into the surrounding water and the precipitation of new phases takes place. Moreover,
carbonation reactions can occur and different aggressive agents dissolved in water can attacked the
existing hydrates (e.g., sulphates attack). All these phenomena can cause a loss of strength.
Obviously, these processes are difficult to predict since there are many parameters involved that are
not easily quantifiable [1]. Although the expected degradation rate is slow, its evaluation is very
important for structures near field DGR, where extremely long-term stability is needed.

The leaching processes of materials that contain cement pastes are a combination of chemical
reactions and diffusion transport and have to be studied thermodynamically and kinetically. Cement
degradation depends on physical factors including the effect of porosity, compressive strength and
density as well as on leachant characteristics including the effect of pH, flow rate, temperature and
water chemical composition.

In realistic conditions of DGR, concrete durability is based on its interaction with clays and/or
granite groundwaters. In general, groundwaters are mineralised solutions; however their exact
composition in site must be known for evaluating their interaction with concretes. For example, as
indicated in 5.7.1, salinity of groundwater is very variable depending on the emplacement of the
repository, while in south of Europe the more expected groundwaters have low salinity, in the North
it would be expected water with high saline content, around 50g/l [2].

The presence of cementitious materials may greatly alter the chemistry of water in the DGR. These
materials provide a large reservoir of unstable Ca-silicate phases that will dissolve and reprecipitate
at the rock-water or concrete-bentonite interfaces. Chemical interactions between water and
concrete may well be dominated by the dissolution kinetics of the unstable amorphous and
crystalline phases and precipitation kinetics of the meta-stable or stable phases. Therefore, there is
an enormous concern on determining the concrete behaviour under the long-term action of water, in
representative conditions of the real storage scenario. However, up to now, there are very few
published experienced about this subject.
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Regarding conventional Portland cement (PC) materials, most of the published results refer to tests
made in laboratory conditions. It is well known that the solid hydrates of cement paste are more
persistent at pH above 12–13, but at lower pHs the hydrated phases are no longer remain stable and
dissolve. The pore solution of a typical Portland cement paste is highly alkaline, so that the leaching
process  starts  by  removing  alkalis  (Na+ and  K+), followed by dissolution of portlandite and
subsequently by the leaching of calcium from silicates, e.g., C-S-H [3–5]. Aluminate phases are
also affected, dissolution/precipitation processes of AFm, ettringite and calcite are observed [6, 7],
and aluminium might be incorporated in the C-S-H gel. Silica gel formation has also been detected
in the outer layer of cement pastes exposed to leaching in deionized water.

In different leaching tests carried out, decreases in the C/S ratio of C-S-H were observed [8]. In the
degraded zone, between surface and unaffected concrete, there is a continuous decrease in calcium
concentration. The concentration of silica species in the pore solution remains very low whatever
the concentration of Ca [7, 9]. Several experimental studies had been performed to elucidate the
leaching mechanism of C-S-H [6, 7, 10–12]. It seems that the leachable calcium is located in the
silicates interlayer. Aluminium may substitute Si in regions of low Ca/Si but only in the bridging
tetrahedral. When cement paste is put in contact with an aqueous solution two phenomena take
place simultaneously:

a) The transport of mass by diffusion.
b) Chemical reactions of dissolution and precipitation.

If the kinetics of the chemical reactions are slower than diffusion then the first controls the leaching,
but if chemical reactions occur rapidly the leaching flow will be controlled by diffusion [7, 8].
Diffusion takes place across a solid–liquid interface, and a diffusion front appears where local
chemical equilibrium is usually assumed to have been achieve [13, 14]. Anyway, leaching may be a
slow process; 5 to 10 mm leached depth having been found in PC concretes exposed for 100 years
submerged in natural waters [15]. This is in part due to the hydration of anhydrous grains of cement
during leaching, which leads to a densification of the material and new portlandite is formed from
in-situ hydration [15].

In real conditions, it is expected that the interactions between groundwaters, interstitial cement
waters,  cement  and  host  rock  minerals  will  progressively  use  up  the  pH buffering  capacity  of  the
concrete barrier and an alteration front will develop the concrete barrier [16]. Although, as
previously mentioned, the alterations promoted in the concrete matrixes depend on the chemical
composition of the groundwater, in general, four types of reaction mechanism have been described
in the literature [8–36]:

- Leaching due to the pH gradient (groundwater pH is lower than pore solution pH of
concrete) that lead to dissolution of hydration products, mainly portlandite. Degradation
consists  in  dissolution  of  calcium  and  hydroxide  ions  out  of  the  matrix,  which  causes  an
increase in porosity and transport properties of surface concrete [19, 20]. Leaching is
accelerated with neutral and acid solutions/groundwaters [21, 22], and it may be coupled
with the ingress of aggressive ions such as chloride, sulphate, magnesium [23]. It is evident
that the other major components of the cement paste can also leach out, which during the
interaction and equilibration with surrounding groundwater, changes the chemistry of the
pore solution resulting in disintegration of cement paste [24]. An example of the leaching
processes associated to calcium dissolution in Portland cement pastes is showed in Figure
5.7.2.1.
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Figure 5.7.2.1. Profiles of loss of calcium in the solid phase for pure PC pastes present two
degraded zones of the same thickness: (1) both dissolution of portlandite and progressive
decalcification of C-S-H; (2) only dissolution of portlandite [19].

- Sulfate attack: this phenomenon has been described when clayey groundwaters/solutions
with high sulphate concentrations are considered. In this sense, concrete based on PC with
mineral additions has been predicted to be less sensitive than those based on pure PC to
sulphate attack [25]. Scenarios involving sulphate attack are shown to potentially alter
strongly a concrete engineered barrier based on pure Portland cement. The mechanism of
degradation of concrete exposed to external sulphate attack depends on exposure conditions,
such as temperature [26, 27], associated cation [28, 29] and sulphate concentration [30–32].
The best known mechanism involves calcium aluminates (C3A) and portlandite in the
cement matrix and sulphate ions [28, 33–35]. The first stage of this mechanism is based on a
diffusion-reaction based phenomenon. Sulphate ions react with portlandite to form gypsum,
which can in turn react with the hydration products of C3A to form ettringite. The formation
of gypsum and ettringite can be expansive.

- Figure  5.7.2.2  shows  a  SEM  image  of  the  gypsum  and  ettringite  crystals  in  the  exposed
surface of Portland cement pastes exposed for 3 months to a 50 mmol/l Na2SO4 solution in
unsaturated conditions [35]. During the second stage of degradation the expansive products
that have filled the porosity of concrete cause swelling, damage and finally a strength loss of
concrete [36].
Carbonation due to calcium leaching. This aspect is also more relevant when concentration
of carbonates in the groundwater is high. The carbonation layer formed can act as protective
layer as it makes denser the cement paste matrix thus increasing its resistance against
groundwater penetration.

- Magnesium attack: although this degradation process had limited effects in the studies
carried out.
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Figure 5.7.2.2. Sulphur content mapping (2 x 2 mm) for a PC paste exposed for 3 months to a 50
mmol/l Na2SO4 solution in unsaturated conditions [35].

Obviously, all these interactions are going to promote modifications in the porosity profiles of the
used concretes: porosity reduction may occur due to carbonation of the cement paste or due to
precipitation of different hydrates but porosity increases will occur due to leaching phenomena [8–
36]. However, according to the published studies, the main detrimental reactions of concrete are
taking place at small depths from the exposure surface, which is typically relatively small part of
the whole structure and, especially, of the total multiple technical barriers[24].

Figure 5.7.2.3. Degradation front detected in a low-pH shotcreted concrete based on PC plus silica
fume after two years in contact with granitic water [39].

Regarding low-pH cementitous materials, results from the scarce leaching tests made, show, in
general, a good resistance of the low-pH cementitious materials against water aggression, although
an altered front can be also observed from the surface in all the tested samples, as can be seen in
Figure 5.7.2.35.7.2.3. From leaching analyses using deionised water, a Ca2+ released in the leaching
solution has been described, as well as a decalcification process governed by diffusion being the
Ca2+ flux not only balanced by the release of OH- but  also  by  that  of  sulphate  ions  [37,  38].
However, in most of the cases the decalcification of the low-pH cement pastes is much slower than
that of OPC ones.

Apart from a very low CaO/SiO2 ratio (0.3 to 0.4 for all pastes), a disappearance of ettringite and
enrichment in a hydrotalcite-like phase have been reported near the leached surfaces of low-pH
cement pastes [38].
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In leaching tests made on low-pH concretes using real groundwater (from the Äspö Site) [39] or
simulated fresh groundwater [37], leaching of Ca2+ is again clearly recognized. After the test
periods, low-pH concretes show a small altered front that can be observed from the surface. In this
altered front, decalcification of the C-S-H gels followed by the incorporation of magnesium ions
from ground water into them (even forming M-S-H phases) and into the anhydrous phases (as
“magnesia nodules”). However, after this small zone, the rest of the paste of both types of concretes
has a similar composition than those obtained before testing. It is remarkable that when immersed
low-pH cementitious materials in saline water, leaching of Ca2+ is much higher, but Si leaching was
the lowest [37]. The decalcification intensity varies in the different published studies but, in general,
it seems that the degradation front is higher when clayey environments are considered and lower
when aggressive granitic waters are taken into account [18, 39]. Therefore, it is essential to respect
the in-situ conditions for understanding cement paste degradation mechanisms.

Anyway, recent results have demonstrated that Mg-perturbation is systematically observed for low-
pH cementitious materials placed in clayey, or granitic environment, or in any kind of environment
containing at least 3 mmol/L of magnesium in its pore solution [18, 39–41]. The mineralogical
phase associated with such Mg-perturbation was identified as a Mg–Si gel-like phase. A typical
example of this Mg-perturbation is showed in Figure 5.7.2.4.

Figure 5.7.2.4. SEM picture and EDS mappings of Mg and Ca at the interface between low-pH
concrete (top) and clay (bottom) after 5 years of interaction [41].

It has been also observed that for low-pH cement in contact with groundwaters carbonation occurs
[18, 39, 40]. This carbonation is linked to the precipitation of calcite and thus the decalcification of
C-S-H. Calcite and smectite were shown to form a protective coating at the surface of low-pH
cementitious materials in contact with this saline water [37].

All the cases commented above were made in low-pH cementitious materials based on PC with
mineral additions but there are a few studies focused on low-pH concretes based on calcium
aluminate cement (CAC) plus mineral admixtures (silica fume, SF, and fly ashes, FA). The
corresponding obtained results of leaching tests show a good resistance of the low-pH concretes
based on CAC+SF against granitic groundwater aggression. Moreover, calcite precipitation
observed on the leached surface could be playing a protecting role against the water aggression. In
those concretes based on CAC+FA, an altered front can be observed from the surface in the tested
samples. In this altered front, a decalcification of the C-A-S-H phases and an incorporation of
magnesium ions from groundwater into them are suggested, as it is occurred in low-pH concretes
based on PC [42, 43]. Moreover, the formation of calcium sulfoaluminate hydrates (probably
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ettringite) in pores has been also reported in low-pH concretes based on CAC+FA even for granitic
waters with low sulphate concentration PC [43]. Figure 5.7.2.5 shows this last phenomenon.

Figure 5.7.2.5. Sulfoaluminate hydrates formation in low pH concretes based on CAC plus FA after
two years in contact with granitic water (BSEM image x350) [43].
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5.7.3 Concrete-bentonite interface reactivity in granitic repository

J. Cuevas, R. Fernández, A.I., Ruiz

UAM Autonomous University of Madrid, Madrid, Spain

Concrete and bentonite in granite repository concepts

In a generic concept of DGR bentonite clay is commonly used as hydraulic seal and physical-
chemical buffer material while concrete is used as a structural support or in the form of plug seals
for constructing drifts or isolating galleries, respectively. In any case, concrete will act as a source
of alkaline fluids being itself an alkaline barrier in which migrating radionuclides would be
eventually precipitated and retained. The interactions between clay and concrete materials generate
a complex and evolutionary system whose reaction pathways lead to a varied mineralogy depending
on materials considered [1, 2], geological and experimental environment [1, 3], and
thermodynamic-kinetic framework in the system predictions at several time-scales [4–7].

Most clay-concrete interactions studies have been found to be relevant under the scope of clay-rock
repository concepts for spent nuclear waste isolation. For the geometry (usually horizontal
galleries), and geological environment (rock mechanics) of these repositories they use to have a
requirement for the presence of a concrete annulus to provide mechanical support for the excavated
galleries (e.g. in the Swiss concept: PEBS, 2012 [8]). Temperatures as high as 60 °C are expected to
be maintained during several thousand years at the concrete annulus/bentonite interface [9]. Figure
5.7.3.1 shows clay rock (Swiss and French) and crystalline rock (Finland, Sweden, Spain)
schematic designs. In crystalline rock [10, 11], in deposition tunnels and horizontal galleries,
concrete plugs are used in order to tap the backfill and buffer clay materials. In these cases the
thermal impact in the concrete plug- clay should be lower than in the clay rock-concrete annulus-
bentonite interaction. Temperatures considered in these cases are within 15–35 °C [12–16] (Boom
Clay).

Figure 5.7.3.1. Repository concepts in clay rock (A and B) and in crystalline rock: concrete
location. A: NAGRA: SF/HLW/ILW repository in Opalinus Clay using low pH shotcrete tunnel
support [8]. B: ANDRA: DOSSIER 2005 ARGILE -ARCHITECTURE AND MANAGEMENT OF A
GEOLOGICAL DISPOSAL SYSTEM [17]. C: POSIVA (Finland) and SKB (Sweden) KBS3 concepts
in crystalline rock: [10]; concrete plug at the access drift: [12]); D: ENRESA (Spain) concept in
granite [11].
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Concrete-bentonite interface reactivity under the scope of a granite repository concept

The environmental conditions of concrete-clay interaction in granite deposits can be restricted to
low-moderate temperatures and to the interaction of bentonite and concrete materials. These
conditions are met in the above mentioned repositories, some of them supported in large scale
underground experiments as FEBEX, ESP, etc. [13, 18, 19]. Besides, concrete/bentonite mass ratio
should be very low (5:1000 in the constructing repositories (Onkalo based: [10]) and the
interactions may take place just in the concrete plugs/bentonite seals contacts. Then, the study of
concrete-bentonite in granite-like repositories focus to local geochemical perturbations of the
system which can be significant for describing the long-term evolution of EBS system interfaces.

Local geochemistry in the concrete-bentonite interface surrounded by a granitic environment is
driven by:

- Granite groundwater chemistry (see section 5.7.1)
- Concrete chemistry (high pH, low pH, mineralogy, ageing; see section 5.7.2)
- Bentonite chemistry (surface chemistry (exchangeable cations); mineralogy (d-p reactions);

porewater chemistry (see section 5.7.1)

The groundwater chemistry in granite-like repositories (i.e. granite-granodioritic gneissic crystalline
rocks) varies significantly form very low salinity (TDS < 0.1 g/L at GTS; [20, 21]) to > 10 g/L (~ >
0.2 M, NaCl) , for instance at OLKILUOTO, [22] in the Fennoscandian Shield. NaCl based (Na-Ca-
Cl-SO4-HCO3; pH 8-9) compositions are typical, being carbonates more significant at lower depths,
although significant Mg ions concentration (in Na-Ca cations predominant groundwaters) can be
found in ASPO saline groundwater (see section 5.7.1). These solutions are going to hydrate
concrete and bentonite through the surface galleries contact.

In terms of porewater chemistry one of the major chemical gradients in the EBS system are related
to concrete interfaces. Granite groundwater affected by concrete has been analyzed in 5.7.1 and
here the focus will be bentonite-concrete interaction. In fact, bentonite porewater can be also a
saline (~ 0.3 M NaCl; pH ~ 8 type (Na-Mg-Ca-Cl-SO4- HCO3) either in the case of FEBEX [23, 24]
or MX-80 [25] bentonites.

Taking in mind the pH gradient (> 13–12 to 11–10 in high pH to low pH concrete) at the concrete-
bentonite interface, some of the processes and observed reactions are depicted in Figure 5.7.3.2.
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Figure 5.7.3.2. Scheme of geochemical interactions in a concrete-bentonite interface within a
concrete plug in a granite gallery context. hpH, lpH (high pH and low pH concrete).

The pH gradient produce an alkaline front with the capacity to partially alter both the mineralogy of
the bentonite [5, 6, 26] and obviously of the concrete, as has been demonstrated by Dauzères et al.
[27] and Jenni et al. [2] in clay rock contacts. This alteration is expected to be very similar in
bentonite contacts [28]. Bildstein and Claret [29] have reviewed the chemical perturbation aspects
of concrete/clay interactions recognizing that: “concrete cannot simply be mimicked by a
hyperalkaline fluid or a fluid in equilibrium with portlandite”. Many experiments have focused on
the chemical behavior of clay when it is exposed to an alkaline plume at several temperatures. Most
of them introduces Na, K-hyperalkaline fluids at pH > 13, rather than lower pH environments
dominated by Ca(OH)2 (pH 12.5) or C-S-H phases (pH < 12) as have been identified by Dauzères et
al. [1]. These authors outline the relative absence of representative experiments in real clay/concrete
interfaces,  and  their  failure  to  take  into  account  the  effects  of  real  volumes  and  composition  of
solutions migrating through the porosities of the involved materials. Moreover, even fewer papers
have been dedicated to exploration of the clay pore-water impacts on the concrete mineralogy and
porosity.

Following Figure 5.7.3.2, a variety of processes can be identified in the overall granitic groundwater
bentonite-concrete scenario:

- Carbonation of concrete and concrete-bentonite interface: the initial high pH interface
will  favor  the  dissolution  of  CH  (portlandite)  and  the  precipitation  of  calcite  rims  in
hydrated high pH concrete surfaces [27]. Calcite, aragonite and gypsum have been observed
to precipitate either in the concrete hydration surface or in the bentonite concrete interface in
CEM-I concrete disc – FEBEX compacted bentonite long term experiments [30]. In the case
of OPC-clay interface calcite is formed with a net volume increase leading to pore space
clogging  [2],  Can  this  effect  to  temporary  isolate  the  concrete  system? Dissolution  of  CH
and later high Ca/Si C-S-H compete with calcite formation. Moreover, Ca-Al-sulfates and
carboaluminates are predicted to form as intermediates to yield finally calcite, gypsum,
gibbsite and silica phases [31].

- Cation exchange in montomorillonite: high pH cements are initially a source for K and Ca
during the migration of concrete porewater. Montmorillonite selective dissolution and K ion
exchange can drive to apparent illitization processes (described in [5, 29, 32]), followed by

C-S, C-S-H (Ca/Si > 1.5)  + CH + chloride, sulfate, HCO3-,
Al (from bentonite or concrete aluminosilicates), Mg(bentonite)

C-A-S-H (Ca/Si ~0.8) + ettringite + carbonates + Cl-C-aluminates
+ MSH + brucite
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precipitation of secondary phases as zeolites or C-(A)-S-H phases. Direct contact of
compacted bentonite and OPC concrete at long term is characterized by the decrease of Mg
and the increase of Ca concentrations both in pore waters ([13], FEBEX experiment after 5
years of operation), and in the exchangeable cations population [30, 33]. Mg is exchanged
and transferred to the alkaline media where it is precipitated as brucite (direct contact
groundwater-concrete) or M-S-H phases [34] depending on the availability of silica released
during montmorillonite or amorphous silica dissolution. Mg-silicate rims have been found
elsewhere in clay-concrete contacts (FEBEX bentonite: [35]; Boom clay [36]; Opalinus clay
[2]). These exchange reactions coupled with some dissolution and precipitation processes
are  restricted  to  <  1mm  (precipitation  rims)  to  <  5  cm  (cation  exchange)  scales  in  the
experiments with real interfaces.

- Dissolution of CH, development of a Ca-rich front, C-S-H evolution and C-A-SH
formation: Concrete evolution, affected by the low pH environment of bentonite, is driven
by  portlandite  and  high  Ca/Si  C-S-H  dissolution  and  the  precipitation  of  low  Ca/Si
tobermorite type C-S-H. C-A-S-H have been identified in FEBEX bentonite-CEM-I and
lime mortar interfaces at different time scales (months to 7 years), [32, 37]; detected at
concrete interfaces forming part of a calcium rich rim in the bentonite side (Figure3). C-A-
S-H phases found in the experiments are consistent with narrow compositional types 0.2-0.3
Al/(Si+Al), ~0.8 Ca/Si ratios described in the literature. Moreover, ongoing structural
analyses revealed a potential intercalation or association of montmorillonite and C-A-S-H
phases at the pore scale.

- Sulfate and chloride reactions in concrete. Cement minerals can react with chloride in
different ways to form chloroaluminates or Friedel’s salt as Afm-like phases, or adsorbed in
C-S-H minerals [38–40], thus retaining the chloride, which can be diffused from the
compacted bentonite. In parallel dissolved sulfates can react during CH dissolution from
concrete and Al dissolution from montmorillonite to form ettringite-like (Aft) needle
aggregates [32].

Figure 5.7.3.3. Cemented calcium rich rim in the contact of a compacted bentonite (Ca-K
exchanged).
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All these mentioned processes are basically in agreement with the observations of Dauzères et al.
[1], regarding realistic conditions of reaction in terms of temperature (low) and transport (mainly
diffusive in concrete-clay rock interfaces): carbonation of the interface, CH dissolution, low Ca/Si
C-S-H formation, and ettringite precipitation. Dauzères et al. [27] and Jenni et al. [2] have shown
also, in both, low-pH or high-pH concrete interfaces, the role of carbonation and sulfate phases
dynamics in producing porosity changes in the concrete when they became in contact with clay pore
waters or clay materials.  Porosity changes, including volumetric consequences, related to a realistic
description of these evolving interfaces, are important in order to study the geochemical evolution
of the system in terms of mass transfer and barrier properties. Low pH and high pH concretes
exhibited different reactivity, and some of the forming phases are not well known, especially M-S-
H or C-A-S-H, [41]. These studies are critical for a complete physical-chemical characterization of
the concrete-bentonite interface dynamics.

Existing scoping models for cement perturbation of bentonite properties

Numerous models of interaction between the engineered barriers of a repository have been
performed over the last 20 years in the context of a DGR. Although not specifically consider barrier
systems in a granitic formation, some of these models are focused on the interaction between the
concrete (cement paste or alkaline pore fluids as simplistic representations of concrete) and
bentonite barriers. In 2002, Savage et al. [42] identified several limitations modelling the interaction
of bentonite with alkaline fluids using a kinetic approach. These limitations consisted on: 1)
uncertainties on the kinetic rates for mineral dissolution at high pH; 2) inability by the geochemical
codes to simulate the complexity of the chemical reactions through mineral surfaces, which is
eventually solved by mathematical approaches producing dissolution and precipitation of minerals,
although is experimentally unreal; 3) limited thermodynamic data for hydrated cement paste
minerals, poor crystalline phases and aqueous species relevant at high pH, which in addition
exhibited a weak consistency, and 4) transport mechanisms not coupled with respect to mineral
transformations that could cause inconsistencies when changing porosity at a certain domain does
not affect the fluid flow or diffusion.

A large effort has been performed in the last years to provide accurate and reliable data of chemical
species, and cement and clay minerals relevant in the expected reactivity between concrete and
bentonite [43, 44]. In this respect, at least two databases have been developed with significant
improvement in terms of accuracy, robustness and completeness of data: 1) CEMDATA (latest
release on May 07, 2015, version CEMDATA14.01), is a thermodynamic database that include a
considerable number of cement phases, e.g. [45, 46], supported from the Swiss Institute of
Materials Science and Technology EMPA, and 2) Thermoddem (latest release on December 16,
2014), is a complete set of thermodynamic and kinetic data for a large number of minerals with
especial attention for cement and clay minerals [44, 47], supported from the French Geological
Survey BRGM.

In addition, geochemical codes have constantly been developed to include new features enabling the
simulation of more coupled processes with increasing mechanistic detail [48]. Coupling between
changing porosity and transport is now enabled in some codes, as well as multicomponent transport
where charged chemical species move independently themselves according to their specific
diffusion rates, associated with charged clay surfaces. The later treatment has an important effect in
porous materials of low hydraulic conductivity, such as compacted bentonite [49].

Thermodynamic models that have been used either to reproduce laboratory experiments or perform
long-term predictions of the geochemical stability of concrete and bentonite as engineered barriers
in a conceptual repository assume that the number of secondary minerals available to precipitate
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should be large in order to bring the most stable solution to the system [5,  50].  When this case is
applied, the thermodynamic data used must be very consistent. Based on this hypothesis, Gaucher
and Blanc [50] predicted a limited spatial extension of the alkaline disturbance, below 0.1 m, in a
bentonite barrier affected by an evolved cement paste of pH 12.5 after 100,000 years. The most
significant effects were a large decrease in porosity at the alkaline interface, accompanied by
mineral transformations and ion exchange in montmorillonite (Ca replacing Na). The sequence of
partial mineral transformations produces secondary clay minerals like illite, saponite and
clinochlore as a consequence of montmorillonite dissolution and formation of zeolites, hydrated
cement phases and carbonates near the interface, associated to the porosity decrease. Far from the
interface, bentonite does not suffer much alteration except for cation exchange and other
mineralogical effects more related with the increase of temperature originated from the radioactive
waste than from the concrete degradation, in agreement with de Windt et al. [51]. More recently,
Marty et al. [52] performed a comparison of six geochemical codes through a benchmark case of
multicomponent reactive transport across a concrete/clay interface. Three scenarios were
considered, being the more reliable that using fast reaction rates, which lead to conditions closer to
thermodynamic equilibrium. Very limited discrepancies in numerical results were observed
between the six codes, and all produced similar results to those by Gaucher et al. [50] considering
the reaction evolve to 10,000 years. Porosity clogging is achieved after this time, associated to
zeolites and calcite formation, being the alkaline plume diffusion (pH > 9) limited to the first 10 cm
from the interface.

Models that include kinetic rates laws in addition to thermodynamics have been also used to
reproduce laboratory experiments and to perform long-term predictions using different scenarios
[42, 53]. Some of these scenarios lead to very improbable situations at short- and long-term, but
they serve to point out the relevance of key parameters such as the kinetic rates and the spatial
refinement [4] and how slight modifications in a single parameter may have an important influence
on the overall results. Watson et al. [54] showed that the choice of dissolution model for
montmorillonite played an important role, while other factors, such as the mineral growth rate, the
montmorillonite surface area and the inclusion of trace minerals in the bentonite mineralogy had a
smaller impact.

Theoretically, models using kinetics in addition to thermodynamics are more complete and permit
more flexibility to the system. Processes can be better captured, especially in systems where
temperature and pH increases induce an increase in the mineral dissolution rates. Besides,
metastable phases may form consistently. However, kinetic constants are very dependent on the
specific experimental conditions used, and wrong values may lead to very implausible scenarios.
Modellers who use kinetic models restrict the number of mineral phases involved in the reactivity.

Some processes observed experimentally, like those involving structural changes in a mineral phase
are still very difficult to incorporate in the available codes. The simplification used to mimic these
structural changes consist on include secondary minerals able to precipitate. Therefore, although not
realistic, these processes are modelled through dissolution/precipitation. Fernández et al. [33] found
experimentally a chlorite-like phase characterized as a brucite-montmorillonite complex produced
by a brucite monolayer intercalation in the montmorillonite interlayer as a consequence of diffusive
interaction between a high pH solution representative of an initial pore water from cement (pH
13.5) and a compacted bentonite at 90 °C. A geochemical model of such system introduced Mg-
silicates phases (talc and Mg-saponite) to mimic the experimental results [55].

Concrete degradation has been less studied by modelling studies in the system concrete/bentonite,
however, a recent model that evaluate the reactive transport of an hyperalkaline solution through a
fracture in a limestone rock confirmed the sealing of the fracture by a porosity reduction controlled
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by the precipitation of undifferentiated C-S-H/C-A-S-H with gradual decrease of the Ca/Si ratio
from the fracture [56]. In addition, ettringite precipitated controlled by diffusion of sulfate and
aluminum from the wall rock to the fracture, with aluminum provided by the dissolution of albite.
Calcite also precipitated, controlled by diffusion of carbonate from the rock. The processes
described in the later study may also be extrapolated to concrete/bentonite systems.
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