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Preface

Operations in the nuclear power industry produce a wide variety of radioactive

wastes. The predisposal waste management is to produce waste packages suitable

for storage, transportation and final disposal. Cementation is a widely applied

technique for the conditioning of low- and intermediate-level radioactive wastes.

Compared with other solidification techniques, the cementation process is relatively

simple and inexpensive. Moreover, calcium silicate cements show many

advantages, such as easy supply, compatibility with aqueous wastes, good self-

shielding and high alkalinity, which allow to precipitate and thus confine many

radionuclides. However, specific issues have still to be addressed, such as the

limitation of adverse cement–waste interactions which may affect the quality of

the resulting solidified waste form, or the understanding and prediction of long-term

properties of the waste packages and cement barriers. There is also a need for safe

processes minimizing the production of secondary wastes.

Facing these major challenges, the objective of the 1st International Symposium

on Cement-Based Materials for Nuclear Wastes (NUWCEM), that was held in

Palais des Papes, Avignon and Marcoule Research Center on 11–14 October, 2011,

was to promote the exchange of advanced information on the ongoing research and

development activities dealing with cementation of nuclear wastes, from elabora-

tion of waste packages to their final disposal and long-term behaviour.

This book contains some of the contributions to the NUWCEM Symposium.

The invited speakers and the contributions from the participants covered the full

range of theoretical, computational, experimental and technological approaches.

In addition to the present contribution, there were numerous other excellent

contributions to the meeting, but because of the shortage of space, not all of these

presentations could be included in this book.

The chapters included in this book have been grouped as follows: methods of

production of cement–waste forms, physico-chemical processes occurring in

cement–waste forms at early age, influence of external and internal factors on

long-term properties of cement–waste package and cement barriers and emerging

and alternative cementitious systems.
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In the first group of contributions, concerning methods of production of

cement–waste forms, Drace and Ojovan summarize IAEA research project on

cementitious materials for radwaste management; Sukhanov et al. discuss the

main results of cementation technology for immobilization of hydroxide pulps

and Cardinal et al. evaluate the performance of high energy mixer for the cementa-

tion of ILW surrogate slurry.

The works on physico-chemical processes occurring in cement–waste forms at

early age compose the second group of contributions. Lothenbach investigates the

blending of Portland cement with silica-rich materials that leads to changes in

composition of the hydrated cement and of its pore solution; Gibsy et al. describe

the application of a sub-lattice model for C-S-H gel, allowing substitution of

alumina, sulphate or heavy metals into the structure, while Aimoz et al. develop a

thermodynamic model for the AFm-(I2, SO4) solid solution with the purpose of

predicting the fate of 129I in the complex cement matrix.

In the third part, contributions concerning the influence of external and internal

factors on long-term properties of cement–waste package and cement barriers

are regrouped. Torrenti et al. examinate the coupling between calcium leaching

and mechanical behaviour of concrete, while Bary et al. develop a chemo-transport-

mechanical model for the simulation of external sulphate attack in cementitious

materials. Concerning radionuclides sorption and transport, Wieland et al. present

a study on U(VI) and Np(V, VI) binding in hardened cement paste by micro-X-ray

fluorescence and micro-X-ray absorption spectroscopy (m-XRF/XAS); Wang et al.

summarize a significant database of selected sorption values on cement for 25

elements; Mercado et al. propose an experimental way to obtain the diffusion

coefficient of ions based on the determination of the electrical conductivity of the

specimen; Pang et al. review the multiphase modelling of moisture transport process

in pore structure of cement-basedmaterials, while Boher et al. focus on the hydrogen

diffusion through partially water saturated materials. Finally concerning the

concrete cells of nuclear repositories, Albrecht et al. review the current status of

microbiological catalysis of redox reactions in concrete and Depierre et al. study the

leaching of nuclear glasses in cement pore waters.

The final part will consider the emerging and alternative cementitious systems

for radwaste solidification and stabilization. After an exhaustive review of such

binders, proposed by Cau, a focus will be made on several matrices. Calcium sulfo-

aluminate cements are used as ZnCl2 stabilization matrix by Berger et al. and as

highly concentrated borate solutions conditioning material by Champenois et al.

On the other systems, Swift et al. evaluate the effects of supplementary pulverised

fuel ash on phosphate-modified calcium aluminate cement, while Poulesquen et al.

present the rheological behaviour of geopolymers. Finally on low-pH cement, Bach

et al. propose an original approach to predict their long-term chemical evolution

and Alonso et al. summarize the results of the international project Round Robin

test, which aims to propose methodologies for pH determination in low-pH cement

systems used in the context of nuclear waste repositories.

The Editors would sincerely like to acknowledge the financial support given

by Areva, Ondraf, Nuclear Filter Technology, Endel GDF Suez and A3i.
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F. Angeli Commissariat à l’Energie Atomique et aux Energies Alternatives,

DEN/MAR/DTCD/SECM, Bagnols-sur-Cèze, France
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Part I

Methods of Production
of Cement-Waste Forms



Chapter 1

A Summary of IAEA Coordinated Research

Project on Cementitious Materials

for Radioactive Waste Management

Z. Drace and M.I. Ojovan

1 Introduction

The IAEA Coordinated Research Project (CRP) on cementitious materials for

radioactive waste management has started in 2007 and has gathered 26 research

organizations from 22 member states to share their research and practices on the use

of cementitious materials [1, 2]. The CRP facilitated the exchange of information

and research co-operation in resolving similar problems between different

institutions and contributed towards improving waste management practices, their

efficiency and general enhancement of safety.

The objective of the IAEA CRP was to investigate the behaviour and perfor-

mance of cementitious materials used in radioactive waste management system.

These included waste packages, wasteforms and backfills as well as investigation of

interactions and interdependencies of these individual elements during long-term

storage and disposal. Fundamental to this is an understanding of the processes

that lead to the degradation of the barriers, physical and chemical properties.

The purposes of these elements in a waste management system are different, and

thus the requirements for long-term performance and account of degradation

mechanisms/consequences may also be different. However, all elements are

important, as well as interactions envisaged between them, ultimately aiming to

ensure the overall safety of a storage/disposal system.

Cement has many favourable properties, both chemical and physical, making it a

desirable barrier or matrix for the encapsulation of radioactive and toxic wastes.

Z. Drace
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Immobilisation Science Laboratory, Department of Materials Science and Engineering,
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Chemically, cement has a high pH (e.g. its pore water) and forms hydration

products which favour sorption and ion substitution. Physically, cement is a durable

solid material with a low permeability in its hardened state which protects the

radioactive waste, facilitating its safe transportation and storage. Cement is also an

inexpensive and readily available material, durable in its hardened state, fluid when

initially cast and tolerant to a variety of waste forms, including those in solid and

liquid states. Cements have also been proved to show their stability when irradiated

and ability to act as radiation shielding. Conventional cementitious materials

such as ordinary Portland cement (OPC) and OPC-based composite cements, as

well as novel cement systems such as geopolymers, high alumina and calcium

sulfoaluminate and MgO-based or phosphate (acidic) cements can be used to create

reliable immobilizing elements for safe storage and disposal of wastes. These

barriers function, as well as interactions envisaged between various components,

were considered in this CRP which was focused on predisposal management

systems. The main research outcomes of the IAEA CRP are summarized under

four topical sections: (a) conventional cementitious systems; (b) novel cementitious

materials and technologies; (c) testing and waste acceptance criteria; and

(d) modelling long-term behaviour, as well as conclusions of the overall CRP.

2 Conventional Cements

Conventional systems for immobilization of radioactive waste consist of cement,

waste and water [3]. The order of mixing is often important but in some cases is

limited by the nature of the waste, e.g. infiltration of scrap by a fluid cement—water

mix. Liquid and particulates are often homogenizedwith cement by stirring. Inmany

applications, a portion of the cement is substituted by a supplementary cementing

material, e.g. fly ash or slag. After setting, the conditioned product can be transported

and disposed of in a facility. Apart from the cementitious waste products (CWPs),

cement is also used for construction of engineering barriers such as steel-reinforced

trenches, silos, etc. These, together with aspects of steel corrosion, have been

addressed in this CRP.

The cement powder is itself not homogeneous. The industry varies the

proportions of these phases to influence the strength gain and increase resistance

of the hardened product in subsequent service to attack by soluble sulphate.

Cements are most often used in engineering applications as composite materials.

The components of a CWP are complex. Thus, the main variables in optimization of

cement matrix are (1) waste, (2) water-to-cement ratio, (3) waste-to-cement ratio,

(4) admixtures (type, content), (5) admixture-to-cement ratio, (6) type of cement,

(7) order of mixing and (8) emplacement and curing. In process optimization, it is

usual to change one variable at a time. The formulation is made in a suitable

container with the requisite quantity of waste, cement and water (if required).

The order of addition is often important to ensure a homogenous product. Using

liquid and particulate wastes, the mixture is homogenized most often (but not only)
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using a mechanical stirrer. The stirrer is removed and the CWP is allowed to set

undisturbed for a few days. Thereafter, the CWP may be removed from the

container and curing continued in a humidity chamber at ~100 % RH or under

water. After complete curing, nominally achieved in 28–90 days, the monolith can

be used for leaching and compressive strength measurements.

Cement matrices have been used for immobilization of various types of wastes

(Table 1.1). These CWPs are primarily evaluated for compressive strength and

chemical durability. Other characterization procedures include (1) phase identifica-

tion by XRD, (2) porosity, (3) water resistance, (4) freeze–thaw resistance,

(5) flowability, (6) heat generation and (7) loading of salts.

To verify the durability of the waste forms, several leaching methods have been

defined but none have been yet subject to sufficient critical scrutiny to be consid-

ered as standard. The conclusion of the participants to CRP is to promote

standardization of durability verification. Tests are available for both static and

dynamic conditions, but irrespective of the test method, analytical work is required

following leach tests. Variables affecting the leaching rate during testing have to be

agreed as appropriate. Defining “appropriateness” creates problems where data

have to be kept generic because no site has been defined and the expected

hydrogeological conditions are not known. Therefore, the main variables to be

considered are the flow rate, the time of leaching, the effects of the temperature and

the leachant composition.

3 Novel Systems

The CRP has discussed progress achieved so far on four types of alternative

cementitious systems as shown in Table 1.2.

The most engineering experience has been achieved with CAC and C$A

cements. The geopolymer type materials such as SIAL are made from alkali silicate

(sodium, potassium) and metakaolin which is produced from kaolin by calcination

Table 1.1 Example of conventional cementitious formulations

Waste stream Cementitious matrixa

Spent ion exchange resins Slag-Portland blends

Sludge and concentrates generated from

treatment of LLW, incinerator ash

OPC, with or without additives

Mixture of sludge and ion exchange resin OPC, Slag-Portland cement

Intermediate level liquid waste Slag-Portland blends, OPC with vermiculite

Secondary waste generated during treatment

of spent solvent from reprocessing plant

OPC

Waste generated during reprocessing of

thorium-based spent fuel

OPC

Evaporator concentrate containing boric acid OPC
a“Admixture” includes supplementary cementing materials such as slag or fly ash
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at ~700–750 �C. Although CRP results suggest that more widespread applications

of geopolymers are possible, standards for the precursors and experience of process

optimization are still needed along with long-term stability of these materials to be

demonstrated. Research activity in non-nuclear applications of geopolymers is

active and is likely to generate more knowledge of formulation and in particular,

their long-term durability. Phosphate cements also receive attention for radioactive

waste conditioning. Most of the experience in the nuclear field is with magnesium

potassium phosphate cements. Although with limited use in the construction indus-

try including rapid-set road and runway repairs and rock anchor bolt, these cements

demonstrated persistence in the natural environment. Some novel cements have a

history of commercial use and are known to be durable in a range of natural service

environments. Standards are also available for C$A and CAC cements. Although

used the geopolymer- and phosphate-type cements still require optimization with

promising research results. Important to note that novel and conventional cementi-

tious materials emplaced in the same repository have had no incompatibility

problems identified.

The conclusion of CRP is that novel materials need a better benchmarking.

Existing test methods may not give comparable results with different classes of

materials.

4 Testing of Cementitious Wasteforms

The durability of cementitious materials is an important issue and their proper

characterization using various methods plays a major role in the understanding of

the use of such material for storage, transportation and disposal. The durability of

Table 1.2 Representative non-Portland cement systems

Designation Formation conditions Comments

SIAL Mixture of sodium silicate

(hydrate) with metakaolin

Geopolymer-type matrix which is

characteristically X-ray

amorphous

Magnesium

phosphate

cement

Mixture of fine grained MgO

(periclase) and a phosphate

source, e.g. phosphoric acid

or monopotassium

phosphate (MKP)

Many variants are known, differing

in pH and solubility. Not fully

commercial except for small-

scale applications, e.g. as

refractory or dental cements

Calcium

sulfoaluminate

cement (C$A,

where $ ¼ SO3)

Available commercially or made

by mixing commercial calcium

aluminate cement (CAC) with

calcium sulphate

Has a history of use (~40 years) as

a construction cement.

Developed in China but now

widely available

Calcium aluminate

cement (CAC)

Based on clinkers or fused

products with dicalcium

silicate and CaAl2O4

Calcium aluminate cements are

widely available as commercial

products with a long history of

use in construction
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cementitious materials based on the designed specifications can only be quantified

over long periods of research. However, due to time constrains, short-term

characteristics such as the compression strength, tensile strength, porosity,

sorptivity and permeability (leaching) are determined to be used in models aiming

to determine the possible durability of these cementitious materials that satisfy

waste acceptance standards. Examples of short-term characterization techniques

used during the CRP are summarized in Table 1.3.

Most participants of CRP have used standard well-known methods for deter-

mining characteristics of cementitious materials in order to be used for durability

calculations (see, e.g. [4]). Alternative characterization techniques for cementitious

materials, such as neutron imaging and acoustic emission were demonstrated as

possible techniques to complement the study of the durability of cementitious

materials. The durability of cementitious materials is an important issue and the

measuring thereof plays a major part in the understanding of the use of such

material. Short-term characterization results can only be used as a guideline in

the individual member states for wasteform development and durability predictions

due to the fact that durability testing methodology is not standardized and scarce

long-term durability research results on behaviour of cementitious materials under

repository conditions.

Testing and the extrapolation of short-term test data to centuries (or longer) has

proved to be very complex as concluded by CRP participants. Reliable data on the

kinetics of all but the simplest processes are missing. It is suggested that quality

assurance and criteria for acceptance have proven to be another problematical area.

Although encouraging progress is reported on non-destructive testing (NDT),

additional NDT test methods are required. Criteria for acceptance for final disposal

need to be appropriate to the disposal site and activity of the package.

Table 1.3 Examples of techniques used within CRP for testing of cementitious materials

Property Characterization tests

Composition BET, DTA, XRD

Porosity ASTM D 4284, gravimetrical methods, neutron

imaging, mercury intrusion porosimetry (MIP)

Leaching ISO method, ANSI/ANS-16.1-1986, Czech nuclear

authority (SUJB) number 32811/2007

Sorptivity Neutron imaging

Hydraulic conductivity/permeability Permeability test (ASTM D 5084)

Pore size distribution Neutron imaging, MIP

Thermal cycles European standard EN 196-9

Micro structure and chemical

composition

SEM, EDX, STEM, neutron imaging, acoustic

emission, FTIR

Gas permeability Torrent methods (ASTM C 577)

Specific gravity ASTM C 642

Compressive strength KS L 5105 (Korean standard), TEST N.278 (Slovakia)

Bulk density KS F 2308 (Korean standard)

Biodegradability Ukrainian requirements (NP 306. 608-95), GOST

(Russia)
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5 Modelling Long-Term Behaviour

Although it is generally accepted that cementitious materials can be engineered to

perform over long times (based on analogy with natural, archaeological analogues

and old structures), methods for quantifying such long-term service are not

standardized and in some cases the need for durability evaluations is not recognized.

The durability of cementitious barriers can be assessed empirically by

extrapolating short-term data. This approach offers limited opportunities for mech-

anistic analyses of processes that occur at different rates and sensitivity analyses of

one-off conditions. Durability can also be assessed by reactive transport modelling

for which parameters such as diffusivity and permeability (hydraulic conductivity)

must be provided. This approach provides a mechanistic basis for durability and

allows for analyses of interrelated and concurrent processes which can occur at

different rates (fast processes addressed by the empirical approach and slow pro-

cesses that may be relevant for the time frames required for LLW and especially

ILW disposal facility performance). Reactive transport modelling can also support

sensitivity analyses (one-off) and more rigorous uncertainty analyses applied to the

overall disposal facility performance assessment or safety case evaluation.

In addition, this type of modelling is suited for extrapolation and prediction of

changes in physical and chemical properties of engineered cementitious materials

(including waste forms) as a function of changing conditions over long times.

Modelling durability has several aspects. Both conceptual models and mathematical

expressions which represent the important processes that control performance

(specifically flow and reactive transport models) are useful tools for analysing the

level of understanding of the overall performance and for extrapolating performance

beyond times for which observations and test data are available. Parameters used to

describe and model leachability are needed for both, the cementitious matrix and

also to radionuclides phases. Examples of the parameters used to describe the

leachability in reactive transport models include: bulk chemistry, radionuclide

concentrations, quantitative mineralogy, pore solution composition, leachate

chemistry as a function of pH and Eh, and leachate-to-sample ratio. In addition,

thermodynamic data and/or solubility data for the matrix phases are required.

Thermodynamic data and sorption data for the phases and speciation of the

radionuclides in water are also needed.

In a chemical approach to cementitious materials degradation under simple

leaching conditions, four states of evolution of cements are suggested for

benchmarking. These stages are achieved by sacrificial dissolution of cement

substance as shown in Fig. 1.1 and are summarized as follows [3]: (1) Stage I: The

pH is dominated by alkalis: all normal cement mineral hydrates are present. (2)

Stage II: The pH is dominated by Ca(OH)2: all normal hydrates are present. (3) Stage

III: Ca(OH)2 is consumed: C-S-H, depending on composition, pH is buffered in the

range 10–12. (4) Stage IV: Only degradation and reaction products are left to

condition pH. The four-stage approach is used in performance assessments for

radioactive waste repositories for geochemical modelling of cementitious barrier
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durability with respect to providing chemical buffering for radionuclide phases and

also physical/hydraulic durability (porosity, permeability and tortuosity) of the

matrix portion of the barrier. The objective is to estimate the life time of the buffer,

for example how long the desirable high pHmay persist, and to predict the evolution

of the near-field chemistry, which is needed to estimate the corrosion rate of metallic

containers and waste forms. The pH conditioning action depends partly on the

persistence of a metastable phase, C-S-H, and more data are needed on its persis-

tence as it may be subject to ageing as well as sacrificial dissolution.

One-dimensional geochemical modelling can be used to evaluate the performance

of coupled diffusive transport. This approach is often used to evaluate chemical

performance of multilayer features encountered in disposal facilities. In the simple

case, it is assumed that solute transport is by diffusion only, and assumptions are

made for the geochemistry of the solid-solution system.

The Geochemist’s Workbench, PHREEQC, GEMS and ORCHESTRA are

examples of computer codes used with various thermodynamic databases to predict

the long-term evolution of cementitious materials in the near-field environment.

These codes are used to link the cementitious material degradation with radionu-

clide sorption and solubility parameters in the near-field subsurface environment.

Although numerous data are available on the release of radionuclides from

various waste forms, modelling studies of the interactive processes of degradation

in cementitious material are a much larger task than could be encompassed in this

CRP. The local characteristics of the disposal site impose specific constrains on the

evolution of barrier performance with time. Both simple and complex models are

being developed: simple models as tools for semi-quantitative assessments and

more complex and sophisticated models to couple processes, including reactive

transport, with other chemical and physical degradation mechanisms.

The capacity to model all the effects involved in the dissolution and alteration of

the waste form, in conditions similar to the disposal site, and to predict behaviours

of cementitious materials used, is the final goal of the research undertaken by

Fig. 1.1 Evolution of cements in a disposal environment
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some research groups. As concluded during discussions modelling is still in its

developmental stage. Nevertheless, it may be the way forward as compression of

the time factor is difficult reliably to achieve by accelerated testing. However, it was

also suggested that the database for modelling needs to be upgraded and enhanced

and that modellers link to experimental studies designed to verify the key

conclusions of mathematical models.

6 Conclusions

The CRP resulted in an active interchange of experiences among leading research

groups on the behaviour of cementitious materials in long-term storage and disposal

of radioactive waste. It has enabled to access valuable information on the underlying

science and technology of cementitious materials used in radioactive waste

management.

It was confirmed that cements are a suitable material for the immobilization of a

variety of waste constituents due to their favourable chemical and physical

properties. The cement hydration products formed favour sorption and substitution

of cationic, anionic and neutral radwaste species into cement solids while the

microstructure affords physical immobilization.

CRP concluded that interactions between a cement system and the waste stream

have been shown to be complex. The research programmes of the CRP were carried

out to fully understand and quantify these. Available research results have highlighted

that, by controlling the internal chemistry, microstructure of the matrix and the

hydration products formed, through incorporation of reactive admixtures, choice of

curing temperature and water/cement ratio, systems may be developed selectively to

enhance immobilization of a specific waste component or group of components.

CRP participants agreed that more research is required on the physical and

chemical effects of waste ions on the cement structure during solidification: the

formation of exotic hydration products, the speciation of waste ions and the resis-

tance of the constituent solid phases to degradation. These interactions must be

better understood because apparently slight changes inmatrix chemistry could result

in significant change in immobilization capacity and, if this capacity is reduced,

accelerate release of radioactive material into the biosphere. Waste–cement

interactions, and the time dependence of the immobilization potential, should be

the focus of research.

Overall it is evidenced that an encouraging progress is reported in the CRP.While

many tasks remain incomplete there is a greater understanding and definition of the

remaining problems and of approaches and methodologies needed to solve them.

In addition to the report on achieved results of research, it is important to note that

IAEA has facilitated creation of a user group or network of organizations that will

continue to cooperate in this area of work. Bilateral agreements between

participating organizations have been already established duringCRP. It is expecting

that cooperation among participants will continue outside of the CRP framework.
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Chapter 2

R&D on Cementation of Pulp with Complex

Physical and Chemical Composition Stored

in Tanks at the Mining Chemical Combine

L.P. Sukhanov, K.P. Zakharova, N.A. Naumenko, O.N. Pogorelko,

A.V. Lebedeva, Yu. A. Revenko, V.A. Kravchenko, and V.I. Matselya

1 Introduction

Cementation is the basic technology for liquid LLRW/ILRW immobilization in the

Russian Federation. In particular, the cementation technology will be implemented

at the Mining Chemical Combine (MCC) in Siberia.

The object of cementation at MCC is “legacy waste,” i.e., of radioactive

hydroxide pulps (HP) have been accumulated in the MCC storage tanks.

These pulps are a result of previous activities of the MCC radiochemical plant.

The volume of pulp—several thousands of cubic meters.

The MCC radiochemical plant is to be decommissioned in the near future.

Accumulated pulps will be removed from the tanks and sent for cementation.

The aim of this report is to provide brief information about R&D results relevant

to the above issue.

The management of pulp includes the following stages:

Stages being currently implemented

• Removal of liquid phase from storage tanks.

• Dissolution of pulp solid phase.

• Extraction of U and Pu from solutions (if appropriate).

• Collection of undissolved pulp residues in interim tank (as “secondary” pulp).

Stages planned

• Immobilization of undissolved pulp residues (“secondary” pulp) in a cementmatrix.

• Long-term storage/disposal of cement compound.
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The use of cementation technology for MCC pulp immobilization is based on

different factors: ability to hold U and Pu in a cement compound, possibility to

enhance 137Cs confinement in a cement compound using sorbent additives, the

process is carried out at low temperature and does not require sophisticated

equipment, availability and relatively low cost of matrix materials, and absence

of secondary waste.
137Cs and 239Pu in pulp are “critical” radionuclides for safety of long-term

cementitious pulp storage. Safety of cement compound long-term storage/disposal

facility is based on several barriers: matrix composition (cement + sorption

additives), container (200-L drums) and packaging elements, engineering barriers

of the storage/disposal facility (building structures, buffer materials, and sealing

elements), massive rock materials between the storage/disposal facility and envi-

ronment (the facility is located at a depth of ~200 m below the surface).

Main components of pulp sent for cementation include Fe2O3, Fe3O4, AlO(OH),

Cr2O3, MnO2, SiO2, Ni and Sr and Cs (as hydro aluminum silicates), PuO2 as

silicates, aluminates, aluminum silicates, U as polyuranates.

Content of solid phase in the pulp is 100 � 60 g/L, b-activity (mainly 90Sr) is

1 � 0.5 Ci/kg.

Pulps have multicomponent chemical composition with significant content of

long lived alpha-radionuclides. Some components of the pulp solid phase can react

with cement components (hydrated oxides of Fe, Al, Mn, Ni, and Cr).

Main objectives of investigations were to obtain experimental data to make

recommendations on production of cement compounds satisfying the national

waste acceptance requirements and to check possibility for using the facility with

a pulse mixer for pulp cementation (new type of a cementation facility).

Scope of research investigations includes determining the characteristics of the

produced cement compound (mechanical strength, water resistance, frost resis-

tance, flowability, heat release, loading capacity of waste and others), assessing

behavior of cement compounds during their production, and short-term storage and

testing of the facility equipped with a pulse mixer for cementation of MCC pulp.

Main investigations have been performed using the simulated radionuclide-

containing pulp. A set of experiments performed using the real pulp samples has

been conducted at the Central radiochemical plant laboratory of MCC. All facilities

and equipment available included pilot cementation facilities, laboratory equip-

ment, radiation control instruments, and other equipment used at A.A. Bochvar

Institute and MCC.

2 Procedure of Experiments

In laboratory conditions at VNIINM, there has been a wide range of experiments

carried out using the hydroxide-pulp simulators. The experiments were meant to

develop optimal parameters for the cementation process to ensure obtaining the

required quality cement compound.
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In the course of the research investigations, the following characteristics indices

were determined: mechanical strength (after 7, 14, 28, 56, and 90 testing days),

water resistance and frost resistance of a cement compound, radionuclide leaching

rate, flowability, and specific heat release during hydration of compounds.

Two types of pulp simulators were used containing basic solid-phase

macrocomponents and differing in the hydroxide-to-silicon oxide ratio (Table 2.1).

The following binding materials and sorption additives were used to prepare

cement compounds:

• Portland cement PC 500-D0 (CEM I 42.5B).

• Slag Portland cement SPC 400 (CEM III 32.5).

• Bentonite clay M4T1К.
• Clinoptilolite (Kholinsky deposit, Siberia).

• Superplasticizer C-3.

A cemented pulp composition, a binder type, a cement-compound loading

capacity, and a water-to-binder ratio (W/B) were varied in the course of the

research. The cement compound samples, 2 � 2 � 2 cm in size, were placed in a

humid-air atmosphere for hardening.

A set of experiments using the real pulp samples has been conducted at the

Central radiochemical-plant laboratory of MCC to check VNIINM’s recommen-

dations. To carry out these investigations, the pulp sample with a volume of about 2 l

was taken from a storage tank. The sample represented an inhomogeneous mass of

sintered particles stuck together. The density and humidity of the pulp were,

respectively, 1.55 g/cm3 and 51.3 %. With the W/B ratio ranging from 0.7 to 0.9,

the degree of the compound filling with the pulp was 4.5 %, 9 %, and 40 %.

3 Experiment Results and Their Discussion

3.1 Laboratory Investigations

The results of some laboratory experiments are shown in Figs. 2.1, 2.2, 2.3, 2.4, and 2.5.

Table 2.1 Composition of hydroxide pulp simulators

Pulp component

Components of undissolved pulp residue (wt%)

Pulp simulator No. 1 Pulp simulator No. 2

Al(OH)3 11.3 9.1

Fe(OH)3 27.8 22.5

Cr(OH)3 2.3 1.9

Mn(OH)2 38.1 30.8

Ni(OH)2 14.2 11.4

SiO2 6.3 24.3
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Fig. 2.4 Effect of loading capacity (filling degree) on mechanical strength of cement compound

(real pulp from storage tank)

Fig. 2.5 Cesium-137 leaching tests for period 90 days (real pulp from storage tank)
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Laboratory research results

• Portland cement and slag portland cement with sorbent additives (klinoptilolite

or bentonite) may be used as a matrix material for MCC pulp immobilization.

• The cement compound had the required quality on mechanical stability, water

resistance, freezing resistance, and leachability.

• Experiments helped to determine optimal parameters for cementation process and to

make preliminary recommendations on technological regime of pulp cementation.

3.2 Testing of Pulse Mixer for Pulp Cementation

A.A. Bochvar Institute has developed the innovative cementation facility with a

pulse mixer. The facility has the following advantages: there is no stirrer in it and

cement compound is guaranteed to be discharged from the mixer. The testing

objectives were to check (1) possibility to get homogeneous cement compound of

a required quality and (2) preliminary technological recommendations made

according to the laboratory research results.

Testing of pulse mixer description includes the following (Fig. 2.6). The cemen-

tation facility mixer was loaded with pulp simulators and a mixture of PC (or SPC)

and bentonite (10 wt%), which was added to the mixer by permanent stirring

for 20 min. Once completely loaded, the mixer was stirred for 5 min and then

discharged. Samples were drawn in the beginning, in the middle and in the end of

the discharge process to determine the flowability of the compound. The mechani-

cal strength (after 7, 14, 28, 56, and 90 days), water resistance, freezing resistance,

and leaching rate of the obtained cement compound were determined.

Pulse mixer testing showed

• Using the pulse mixer for pulp cementation makes it possible to produce a

homogeneous cement compound with flowability allowing for the compound

discharge from the mixer to the drum.

• The obtained cement compound had the required quality.

Based on results of the experiments, the recommendations have been provided

on the cementation process parameters and characteristics of the cement compound

obtained.

4 Conclusion

The obtained experimental data allowed to make preliminary technological

recommendations on production of cement compounds that satisfy the national

waste acceptance requirements.

The next step will be creation of full-scale pilot cementation facility and its

testing using simulated pulp and real MCC pulp.
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Fig. 2.6 Cementation pilot

facility with pulse mixer
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Chapter 3

Cementation in High Energy Mixer of ILW

Surrogate Slurry. Demonstration of the Process

at Semi-industrial Scale

G. Cardinal, P. Regnard, E. Tronche, and L. Donnet

1 Description of the Platform

The platform is similar to the future cementation workshop of the Liquid Effluent

Treatment Station (STEL) at Marcoule. The purpose of the Liquid Effluent Treat-

ment Station is to receive active liquid effluent, decontaminate it by means of a

coprecipitation treatment, and then contain the radioactive slurry obtained in a

matrix that complies with the outlet constraints selected. By 2015, the renovation of

the Liquid Effluent Treatment Station will make it possible to replace the current

bituminization conditioning procedure with a cementation procedure (Fig. 3.1).

A pilot cementation platform was installed in 2009 in order to validate the

procedure at an intermediate scale between that of the laboratory and the future

nuclear facility. The purpose of the test platform is to validate the choice of mixing

technology, to adapt this commercial system for the nuclear industry, and to verify

the compliance of the waste container produced. The platform’s layout over three

levels is similar to that of the future nuclear facility (Fig. 3.2).

1.1 Upper Level of the Platform

The upper level is specifically designed for the storage and batching of different

components of the cement mix.

The dry materials such as cement and sand are stored in weighing hoppers. There

is one batcher for cement and a second batcher for sand. These materials are

introduced into the mixer by the force of gravity.
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The adjuvants, superplasticizer for example, are introduced by a volumetric

proportioning pump.

The waste, a non-radioactive slurry in this case, is introduced into the mixer by

means of a peristaltic pump. Batching takes place by weighing the drum containing

the slurry.

1.2 Intermediate Level: The Mixer

1.2.1 Choice of Technology

Feedback on mixer technologies was produced by French Atomic Energy and

Alternative Energies Commission (CEA) facilities and other entities from the

nuclear energy industry. A number of important points for the choice of technology

to be implemented were revealed:

• The power dissipated by the stirrer and the hydrodynamic regime obtained

depend on the position and geometry of the stirrer. These parameters are of

primordial importance, especially in the case of very viscous cement mixes.

• A gravity drainage system facilitating the flow of the mixture is favored.

• Driving the stirrer from the bottom of the vessel should be avoided in order to

limit maintenance of the leaktight seal system and to facilitate the cleaning of

this area which has retention points.

• The vessel and stirrer rinsing system must be efficient and consume little water.

Taking these criteria into account led CEA to choose an Eirich brand mixer

(Fig. 3.2). This type of machine has the advantage of having both a stirrer and a

rotating vessel. This is advantageous for highly viscous mixes that need high

mixing power. The mechanical maintenance of the stirrer is performed from

above, removing the leaktightness problem.

Drainage takes place by the force of gravity through a drainage gate in the

center of the base of the vessel. The stirrer and fixed scraper direct the material

towards the center facilitating the drainage of the mixer. In the event the hydraulic

drainage gate opening system were to dysfunction, opening can be forced using a

manually operated pump. Similarly, a loss of pressure in the hydraulic circuit

causes the drainage gate to open due to the effect of the weight of cement mix

present in the mixer.

The high-pressure rinsing system comprises a retractable pipe fitted at the end

with a rotating nozzle for the mixer vessel and fixed nozzles for the drainage

hopper. Water consumption for cleaning the machine is to be consolidated. Specifi-

cally, the notion of the cleanness of the mixer between an application for the nuclear

industry and a standard industrial application is different.
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The mixer and the instrumentation and control station are installed at the

intermediate level. The main characteristics of the R09 mixer installed on the

technological platform are as follows:

• The vessel has a volume of approximately 350 L ( 900 mm; H 580 mm) and a

useful volume of 150 L (or 240 kg). According to Eirich, this size of mixer is

representative up to a useful volume of 1,000 L.

• The other functions described in the introduction are present on this model.

• This mixer is half the scale of the future Liquid Effluent Treatment Station

mixer.

1.3 Lower Level: Pouring Station

The pouring station is at the lower level. The stainless steel container docks under

the mixer drainage hopper. These dimensions are, respectively, a diameter of

685 mm and a height of 1,000 mm. The volume is 380 L.

1.4 Laboratory

Samples of the mix taken from pouring are characterized in the laboratory attached

to the platform. Characterization of the fresh mix involves the measurement of

specific density, viscosity, then the maximum temperature during setting and the

associated time, as well as the hydration heat measured by semiadiabatic Langavant

calorimetry.

2 Description of a Cementation Test

The cementation formulation was adjusted as follows:

• Sand with a D50 of 593 mm was selected in order to obtain a pourable cement

mixture. It is non-alkali-silica reactive. The content in the mixture is of the order

of 24 % pds.

• A CEM 1 cement with a low hydration heat was selected. The cement used was a

Portland cement that is resistant to sulfate attack with a batching of 670 kg/m3,

which is approximately 37 % weight.

• The plasticizer is BASF Glenium 51 following the Plasticizer/Cement batching

comprised between 1 and 24 % weight.

• The non-radioactive slurry used for the tests has similar chemical and rheologi-

cal characteristics to those of real waste (Fig. 3.3). The initial effluent was

reconstituted on the basis of the average chemical composition of the actual
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effluent received in the Liquid Effluent Treatment Station (STEL). Next, the

manufacturing process follows the same treatment protocol as that used in the

STEL at Marcoule. During the first stage, the coprecipitation reagents are

introduced into the vessel of effluent. Then the suspension obtained is filtered

through a rotary filter with a precoating layer of perlite. The dry slurry extract

obtained is of the order of 200 g/kg. The rate of incorporation equivalent in dry

slurry in the cement matrix is 8 % weight.

The test procedure in terms of the order in which the constituents were

introduced, and the phasing of the various stages of mixture, is described in

Table 3.1. The mixing parameters were determined initially with the supplier and

then optimized on the basis of the results of the tests performed on the platform.

The slurry is introduced after the dry material in order to obtain a good mix of the

dry loads beforehand and also for safety reasons. In the event that the sand or

cement batching system dysfunctions the slurry introduced in the mixer would be

drained into a container. The treatment of this non-compliant container would

be difficult to manage.

Four successive concrete mixes were necessary to fill a 380 L drum. The total

duration of the production of the four concrete mixes by the platform was approxi-

mately 2 h 30 min (Fig. 3.4).

The retention of material in the mixer increases respectively by 30 kg in the first

concrete mix to 75 kg after the last concrete mix. The cycles of power consumed by

the stirring tool (Fig. 3.4: medium grey curve with squares) are similar for the

various concrete mixes. When the dry materials are introduced, the power con-

sumed increases up to a steady state of approximately 4.5 kW. There is a power

surge (approximately 6 kW) when the slurry is introduced that then falls rapidly and

stabilizes again around 4.5 kW. The power surge is smaller from one concrete

mix to the next as the residual mass of the hold-up is already homogenized.

The temperature inside increases by 6 �C during the first concrete mix and then it

Fig. 3.3 Reconstituted slurry

3 Cementation in High Energy Mixer of ILW Surrogate Slurry. . . 25



remains constant for the rest of the test. The introduction of materials at ambient

temperature (20 �C) probably stabilizes this slight increase in temperature.

All of the internal surfaces, i.e., the mixer vessel and the drawdown hopper, are

covered with a film of fairly thick mix.

Fig. 3.4 Diagram of container production

Table 3.1 Protocol for production of a cement mix container by the pilot mixer

Stage

No. Phases

Speed of the mixing

tool expressed as a

percentage of Vmax

Speed of the vessel

expressed as a

percentage of Vmax

Duration

expressed

in s

1 Incorporation of the

sand

44 50 60

2 Incorporation of the

cement

44 50 300

3 Mixing 44 50 30

4 Mixing 66 50 30

5 Mixing 44 50 10

6 Incorporation of the

slurry

44 50 360

7 Mixing 44 50 30

8 Mixing 66 50 60

9 Incorporation of the

superplasticizer

30 30 20

10 Mixing 44 50 180

11 Drainage preparation 50 75 10

12 Draining 100 (�400 tr/min) 100 (�40 tr/min) 20
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The repair of the hold-up is as follows:

• The area cleaned by the scraper, i.e., the side wall and bottom, is covered with a

regular film approximately 1.5 mm thick.

• The mixing tool is also covered with a regular film approximately 1.5 mm thick.

• The scraper is covered with a film that is 2–3 mm thick. In addition, mix

agglomerates are present behind the scraper on the horizontal part and on the

vertical part.

• The cover of the mixer is covered with a 2–3-mm-thick film. There is mix

spattering inside the mixer feed points to a height of approximately 30 cm.

• The drainage hopper and the drainage gate are covered by a film that is 2–3 mm

thick. Agglomerates were observed in the gate opening/closing mechanism and

in the corners of the hopper.

Technically, this test demonstrates the feasibility of successively performing

several concrete mixes without cleaning the mixer. The leaktightness of the drain-

age gate was preserved.

The mixer supplier indicated a volume of 30–50 l for cleaning the mixer.

In addition, operators may need to clean the mixer manually from time to time.

The tests show that complete cleaning of the mixer needs a volume of water of

approximately 130 l. They also show that a series of short rinse cycles is more

effective than a single rinse consuming an identical volume of water. However,

these tests revealed shortcomings in the automatic cleaning system:

• The mixing tool creates a shadow zone on the cover of the mixer that is not

cleaned. The geometry of the top of the scraper is difficult to clean.

• Cement mix spattering was present in the mixer feed points.

• The rectangular section of the drainage hopper makes the cleaning of 90� angles
difficult. The positioning of the nozzles needs to be reviewed.

3 Characterization of the Cement Matrix

The Water/Cement ratio of the concrete mixes varies between 0.85 and 0.95.

This fluctuation is related to the variation of the dry extract of the slurry between

199 g/kg and 206 g/kg.

The dynamic viscosity of the cement mixture measured after each of the four

concrete mixes increased from 1,600 mPa s to 2,500 mPa s. On the other hand, the

W/C ratio increases from 0.85 to 0.95. An increase in the water content should, in

theory, lead to a more fluid cement mix. One assumption—to be confirmed—may

be put forward. The rate of recovery of material after the first drainage is 88 %.

The first germinations of hydrates in this material occur while the next are being

created. The formation of these hydrates could be a cause of the increase in the

viscosity of the mixture. As the viscosity increases, the retention of the material in
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the mixer increases, respectively, from 30 kg at the first concrete mix up to 60 kg

after the last concrete mix.

The specific density value measured in situ on the fresh mix is 1.82. The inferred

value of the measurement of porosity accessible to water in test specimens at

90 days is similar and is 1.85.

The temperature when the mix sets is monitored by Langavant semi-adiabatic

calorimetry and in the waste container.

The container is fitted with nine thermocouples distributed as shown in Fig. 3.5.

The maximum temperature at the core of the container is 79.1 �C. The tempera-

ture of the wall is 48 �C. The maximum temperature measured in the calorimeter is

59.4 �C (Fig. 3.6). The increase in temperature is 20 �C compared with the

temperature measured using the calorimeter.

The setting time is within a period of 45–50 h. No exudation of water on the

surface of the container is observed after 24 h.

The porosity accessible to the water is homogeneous over the entire container

and of the order of 50 %. The resistance to compression on the test specimens

11 � 22 cm at 90 days is between 20 and 25 MPa. They are clearly greater than the

8 MPa required by ANDRA. The appearance of the mix is homogeneous. Some

flaws (porosities 1 cm in size) were observed on the edges of the container.

At microscopic level, small clusters of slurry are distributed homogeneously

throughout the container. The cement matrix incorporates these slurry clusters

(Fig. 3.7).
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The results of the characterizations performed in the laboratory comply with

those obtained during determination of the cement formulation at laboratory scale.

The production of this drum makes it possible to comprehend the increase in

temperature due to the volume effect. This increase to the hottest point is of

20 �C in relation to the laboratory tests.
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Fig. 3.6 Semi-adiabatic calorimetry of the mix

Fig. 3.7 Scanning electron microscopy—appearance of the freshly fractured matrix (1: slurry

cluster; 2: hydrated matrix)
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4 Conclusion

The half-scale tests on this platform make it possible to validate the results obtained

in the laboratory on the cement matrix. The influence of the volume of the container

on the maximum setting temperature was revealed and is a 20 �C increase in

temperature in relation to the laboratory tests.

R&D will make it possible to optimize the mixing parameters, validate the

modifications of the machine to limit retention of the cement mix, define a nominal

operating range, and also consider transient and impaired conditions.
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Part II

Physico-Chemical Processes Occurring
in Cement-Waste Forms at Early Age



Chapter 4

Hydration of Blended Cements

B. Lothenbach

1 Introduction

The use of supplementary cementitious materials (SCMs) such as blast furnace

slag or fly ash represents a viable alternative to Portland cements and utilizes

by-products of industrial manufacturing processes. An industrial application of

SCMs, however, is often hindered by the different and varying chemistry and that

other hydrates are formed during hydration than in Portland cements. In Si-rich

systems, portlandite can be absent and a calcium silicate hydrate phase (C-S-H)

with a low Ca/Si ratio develops. A lower Ca/Si ratio leads also to an increase in

alkali uptake by C-S-H [2] and to a reduction of pH values in the pore solution [5].

Most of the available studies on the properties of blended systems focus on

mechanical or on durability aspects of a specific silica fume, fly ash, or slag,

while little is known about the fundamental connection between the composition

and hydrates formed as well as its impact on the long-term development of such

systems. In this chapter, the hydration of a Portland cement and of two blended

cements is investigated experimentally. Thermodynamic modeling is used to pre-

dict the changes during hydration and the changes associated with the presence of

increasing amounts of SiO2.
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2 Materials and Methods

2.1 Materials

The experiments were carried out at 20 �C using three different mixtures: a Portland

cement CEM I 42.5 R HS (OPC, w/b ¼ 0.8), a shotcrete mixture (ESDRED,
w/b ¼ 0.5), and a low-alkali cement (LAC, w/b ¼ 1.1). The shotcrete ESDRED

consisted of a 60%CEM I 42.5 N, 40% silica fume, an alkali-free accelerator, and a

polycarboxylate-based superplasticizer. To prepare the low-alkali cement LAC,

90 wt% CEM III/B 42.5 L was mixed with 10 wt% nanosilica and a 2.6 g/100 g of

superplasticizer, resulting in 30 % PC, 60 % blastfurnace slag, and 10 % SiO2.

The composition of the three cements and the slag was determined by XRF. The

mineralogical composition of the unhydrated cement was quantified by Rietveld

analysis according to the methodology presented in Le Saout et al. [6] and presented

in Table 4.1. The amorphous amount of the anhydrous sample was calculated using

an internal standard.

Table 4.1 Mineralogical composition of the cements

Phases

Weight fractions (wt%)

CEM I 42.5 R

HS (OPC)
CEM I 42.5N

(ESDRED)
CEM III/B 42.5L

(LAC)

Alite 52.7 52.8 16.7

Belite 14.4 22.8 5.6

Aluminate 1.1 5.0 0.9

Ferrite 17.2 7.9 3.4

Periclase 3.3 1.0 0.3

Calcite 1.7 2.9 3.9

Quartz – 0.5 0.3

Anhydrite 1.0 1.9 –

Hemihydrate 2.2 1.7 –

Gypsum 3.8 – 2.2

Syngenite – 2.0 –

Dolomite 2.5 1.5 0.7

Amorphous – – 65.9

Measured composition of the slag (wt%)

CaO – – 42.9

SiO2 – – 34.9

Al2O3 – – 11.1

Fe2O3 – – 0.3

MgO – – 6.7

Na2O – – 0.3

K2O – – 0.4

S(-II) – – 1.0
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2.2 Hydration Experiments

The composition of the hydrating OPC, ESDRED, and LAC cements was

investigated in paste samples from 1 h to 1,310 days. For each of time step, an

individual cement paste sample was prepared consisting of 1 kg cement.

The appropriate amount of water and admixtures was mixed twice for 90 s

according to EN 196-3. The pastes were cast in 0.5 and 0.1 L PE-bottles, sealed

(to exclude the ingress of CO2) and stored at 20 �C until they were sampled. After

different hydration times, solid samples were cut from the 0.1 L bottles and

examined immediately by XRD. X-Ray Diffraction (XRD) data are collected

using a PANalytical X’Pert Pro MPD diffractometer. For SEM/EDX analysis, the

samples were dried at 40 �C, pressure impregnated with epoxy resin, polished and

carbon coated. BSE and image analysis (SEM-IA) was used to determine the

amount of unreacted slag based on the gray level histogram and morphological

segmentation. The reaction of the anhydrous slag was determined by comparing the

volume of anhydrous slag in the hydrated pastes with the volume of the slag content

in the unhydrated paste.

Pore fluids of the hardened samples were extracted from the 0.5 L samples using

the steel die method and pressures up to 530 N/mm2. The solutions were immedi-

ately filtered using 0.45 mm nylon filters. The pH measurements were carried out

immediately after filtration using small aliquots of the pore solution; the

concentrations of other ions were analyzed using ICP-OES.

2.3 Thermodynamic Modeling

Thermodynamic modeling was carried out using the geochemical modeling code

GEMS [4], which computes equilibrium speciation of the dissolved species as well

as the kind and amount of solids precipitated. The thermodynamic data for aqueous

species as well as for many solids are taken from the PSI-GEMS thermodynamic

database [3], while data for cement minerals are taken from the recent cemdata07

database [7]. The cemdata2007 dataset includes thermodynamic data of common

cement minerals such as C-S-H, different AFt and AFm phases, hydrotalcite, and

hydrogarnets. No restrictions on the kind of hydrates calculated were imposed, with

the exception of siliceous hydrogarnet (C3AS0.8H4.4), whose formation was

suppressed as its formation seems to be kinetically hindered at ambient

temperatures. For modeling, the formation of ideal solid solution between Al- and

Fe-containing analogues is assumed, such that the expressions ettringite,

monocarbonate, str€atlingite, or hydrotalcite in this chapter all refer to the solid

solution between the Al- and Fe-containing analogues. As slag is present in the

LAC mixture, the formation of FeS (troilite) is taken into account.

4 Hydration of Blended Cements 35



3 Hydration

3.1 Experimental Results

The blending of Portland cement with mineral additions with high silica content

such as blastfurnace slag, fly ash, and/or silica fume influences the hydrate assem-

blage of the hydrated cement. The processes during the hydration of OPC are well

known. The main hydrate phases of the OPC studied included C-S-H (calcium

silicate hydrate), portlandite, ettringite, hydrotalcite, and monocarbonate. The pH

value of the pore solution was 13.4 as shown in Fig. 4.1. The hydrate assemblage

and the composition of the pore solution remained more or less stable after longer

hydration times.

During the first day, the hydration of the ESDRED cement (60 % PC, 40 % silica

fume, alkali-free accelerator) proceeded similarly to the OPC hydration. The gyp-

sum present in the cement was dissolved after 1 day and most of the clinkers were

hydrated after 1 week (Fig. 4.2). A significant quantity of ettringite was formed

during the first minutes due to the presence of aluminum and sulfate in the alkali-free

accelerator. The presence of small amounts of portlandite was observed between

1 and 7 days of hydration and the presence of hemi- and/or monocarbonate up to

56 days. After 1 year, the main hydration products that could be identified by XRD

and TGAwere ettringite and tobermorite-like C-S-H. TGA indicated the decrease of

the amount of pore solution during hydration and the formation of approx. 25 g

ettringite/g hydrated ESDRED. The 40wt% silica fume originally present was found

to react only slowly so that after 3.5 years of hydration, 10 wt% silica fume had not

yet reacted. The SEM/EDS analysis indicated amean Ca/Si ratio of 1.3 � 0.2 and an
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Fig. 4.1 Measured pH values in the pore solution of OPC, LAC, and ESDRED pastes
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Al/Si ratio in the C-S-H of 0.05–0.1. The pore solution had a pH of 11.5 (Fig. 4.1),

somewhat lower alkali concentrations than in an OPC system, but a relatively high

Ca concentration of 30 mM.

The hydration of LAC (CEM III/B plus 10 % nanosilica) proceeded similarly.

C-S-H (Ca/Si ¼ 1) and ettringite were the main hydration products, while no

portlandite was observed. EDX indicated the presence of hydrotalcite, and satura-

tion indices calculated from the pore solution show the presence of str€atlingite after
a few months (Lothenbach et al. submitted). While the nanosilica had reacted

within the first days, the slag dissolved relatively slowly. However, after 1 year

90 % of the slag had reacted and the SEM/BSE pictures of the hydrated samples

showed only the presence of a few unhydrated slag particles. A relatively dense

microstructure was visible with only little coarse porosity. The pore solution after a

hydration time of 1 year was dominated by sodium, potassium, hydroxide, as well

as by the different sulfur species. The high fraction of sulfide indicates reducing

conditions. A pH of 12.3 was determined after one year and longer (Fig. 4.1).

3.2 Modeling

Quantification of the phase assemblage is difficult in silica-rich blends as an

important part of the starting material and the C-S-H, the main hydration product,

are X-ray amorphous. Thus, thermodynamic modeling offers an alternative to
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investigate changes during the hydration and to predict quantitatively the hydrate

assemblage as illustrated for the silica fume blended ESDRED cement in Fig. 4.3.

The thermodynamic calculations are based on an empirical model to describe the

progress of hydration [8, 11], on the measured progress of the slag and silica fume

reaction, and on the composition of the starting materials. Based on the EDX

measurements an Al/Si ratio in the C-(A-)S-H of 0.1 was assumed.

The thermodynamic modeling of the shotcrete ESDRED predicts the formation

of C-S-H with Ca/Si ratio of ~1, ettringite, and some small quantities of hydrotalcite

(Fig. 4.3). During the first days of hydration, the formation of minor quantities of

portlandite and monocarbonate is calculated. The hydration of the Portland cement,

which produces a surplus of portlandite, is initially relatively fast, while the

dissolution of the silica fume, which consumes Ca(OH)2 to precipitate C-S-H, is

somewhat slower but continues more steadily. The temporary occurrence of

portlandite and monocarbonate during the first few days agrees with the experi-

mental observations in Fig. 4.2 and emphasizes that not only the composition of

solids but also their reactivity determines the phase assemblage.

The thermodynamic modeling of LAC predicts similarly C-A-S-H with Ca/Si of

1 as the main hydration product. In addition, ettringite, hydrotalcite, and small

quantities of str€atlingite were predicted, which agrees well with the experimental

findings [10].
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4 Influence of Increasing SiO2 Content

The main difference between the two blended cements and the ordinary Portland

cement was the complete absence of portlandite (Fig. 4.4) and the presence of a

C-S-Hwith a lower Ca/Si and a higher Al/Si ratio. The presence of a low Ca/Si C-S-H

led also to an enhanced uptake of alkalis and to lower pH values in the blended

cements. While the pH of the OPC mixture was after 3.5 years of hydration time at

13.3, it was at 12.3 for the LAC cement and as low as 11.5 for the ESDRED cement

(Fig. 4.1). Ettringite has been found in all cements investigated (Fig. 4.4).

Thermodynamic modeling may also be used to calculate changes in the phase

assemblage and in the pore solution caused by the blending of Portland cement with

SiO2 (Fig. 4.5). The addition of moderate amounts of SiO2 leads to the consumption

of portlandite, to the formation of more C-S-H, and eventually to a lowering of the

Ca/Si ratio. Increasing amounts of low Ca/Si C-S-H lead to an increased fraction of

the total Al taken up in C-S-H. If more SiO2 is available, the destabilization of

monocarbonate is calculated. Finally, ettringite becomes unstable with regard to Al

(OH)3 and gypsum is calculated to form due to the decrease of the pH value below

10. However, more probably the sulfate will be taken up in the C-S-H [1], thus

preventing gypsum formation. Sulfate uptake by C-S-H was not considered in the

thermodynamic model used.

The composition of the OPC studied after 1 year refers to composition at the left

side of Fig. 4.5, while ESDRED and LAC after 1 year of hydration time will be

around 25 and 28 % replacement level, respectively, as only a part of the silica fume

and the slag had reacted. With more time, as the silica fume and also the unhydrated

slag continue to react slowly, the mixtures studied will move more towards the right

side of Fig. 4.5.
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5 Conclusions

The composition of the solid phases and the pore solutions of the three cements

studied were clearly different after 1 year of hydration. The OPC continued to have

significant amounts of portlandite and high pH values in the pore solution.

The presence or absence of portlandite affected the composition of C-S-H; in

OPC a C-S-H with a high Ca/Si was present, while LAC and ESDRED had a

C-S-H with a lower Ca/Si ratio of approx. 1.0. The presence of a lower Ca/Si C-S-H

also led to an enhanced uptake of Al and alkalis by C-S-H. Ettringite was observed

in all three mixes, with ESDRED and OPC containing significantly more ettringite

than LAC. The composition of the pore solution after 3.5 years differed widely. The

ESDRED that contained most SiO2 showed with 11.5 the lowest pH values. It is

possible that these values could drop even further as significant quantities of silica

fume had not yet reacted.

Thermodynamic modeling indicates that the replacement of PC by SiO2 leads to

very significant changes of the composition of the hydrate assemblage. Not only

portlandite is depleted to form more C-S-H but also the amount and kind of AFm

and AFt phases are affected. Monocarbonate is calculated to be unstable with

regard to str€atlingite and calcite as more and more SiO2 is available. If even higher

quantities of SiO2 are available, eventually ettringite is calculated to be unstable as

the pH decreases.
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Chapter 5

Application of a Sub-lattice Model to Predictions

of Cement Hydrate Chemistry

J.A. Gisby, M. Tyrer, R.H. Davies, A.T. Dinsdale,

C.S. Walker, and F.P. Glasser

1 Introduction

Applications of computational thermodynamics to the field of cement chemistry have

seen considerable advances in recent years, owing both to developments in numerical

methods and the increased availability of fundamental data. These advances have

added considerably to our understanding of the evolution of nuclear waste repository

chemistry, especially in the prediction of groundwater–waste–cement–rock interac-

tions in and around the near field.

The engineered component of a low- and intermediate-level nuclear waste

repository in the UK will almost certainly consist primarily of ordinary Portland

cement (OPC)-based materials. OPC provides a chemical barrier by its ability to

buffer the pH > 12 as it dissolves in a percolating groundwater. A high pH in a

repository is desirable because it helps to minimise the solubility of many

radionuclides, metal corrosion and microbial activity. In order to assess the likely

performance of the chemical barrier, reliable models are required with which to

make predictions beyond the spatial and temporal limits imposed by experiment

and observation. The application of thermodynamic modelling to cement chemistry

has been advocated by numerous workers over the last two decades [1–5].

Its development has been driven largely by the need for a predictive capability in
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modelling the near-field processes, which govern the performance of proposed deep

geological disposal repositories for nuclear waste. Early work [1–5] sought to

develop pragmatic models with which to simulate the thermodynamic evolution

of cements in the repository environment. In achieving this goal, of critical impor-

tance was the development of a robust description of the incongruent dissolution of

C-S-H gel because of its major contribution to the longevity of the chemical barrier.

It is expected that a nuclear waste repository would experience elevated

temperatures over time scales of thousands of years, either due to the ambient

temperature of the host rock (e.g., 40–45 �C at 1 km depth in Japan), the heat of

hydration of the cement or radiolytic heating. Long-term experiments at elevated

temperatures have been shown to have a marked effect on the solubility behaviour

of C-S-H gel [6]. Thus, developing a credible predictive model, which can be used

to describe the dissolution of C-S-H gel at room and elevated temperatures, is of

critical importance.

2 Previous Work

The challenge of representing the incongruous dissolution of C-S-H gel by a

numerical model has been met by numerous workers using several different

approaches. Space precludes a detailed appraisal of them all, but the methods

have been described in recent reviews of this field [6–8]. One approach is to

develop an empirical (or semi-empirical) model based on solid-solution and

aqueous-solution compositions measured by experiment. In these cases, either

one or two pure solid phases with variable solubility products are chosen and the

model parameters are arbitrarily adjusted until a match is made with the measured

solubility data of the C-S-H system [1–4]. Whilst these models are pragmatic and

effective, they often do not account for all Ca/Si ratios (0.8–2.7) of the C-S-H

system expected in hydrated/leached OPC (Fig. 5.1), do not have a firm basis in

thermodynamic theory or do not allow simple expansion to include elevated

temperatures or variations in solid phase composition. Despite these observations,

the Berner [3] model and its variants have been the most widely used owing to its

elegant simplicity. A more thermodynamically rigorous description of the C-S-H

system uses a solid-solution aqueous-solution-based model [9–11, 35], which has

only been applied to Ca/Si ratios greater than 1.0 in the C-S-H gel (Fig. 5.1) and at

room temperatures. True Gibbs energy-based models (of which this chapter reports

one example) strive for greater flexibility and rely more on thermodynamic realism

than earlier methods. They can therefore account for all Ca/Si ratios expected in the

C-S-H gel (Fig. 5.1) and extend the limits of temperature.

Vertical dashed lines at Ca/Si ratios ¼ 0.8, 1.7 and 2.7 are for visual reference.

Model references are 87Atk [1], 87Gla [2], 88Ber [3], 92Rea [4], 96Ker [10],

07Wal [7], 97B€or [11], 99Rah [12], 98Tho [24], 07Gis, current model, solved

in 2D.
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3 Modelling Approach

The method adopted here uses a compound energy model [13] applied using a

sub-lattice representation of the C-S-H gel guided by structural studies of this

phase. To implement these ideas, the code MTDATA [14] has been used through-

out. This is a reliable and general software tool for calculating phase and chemical

equilibria involving multiple solution or stoichiometric phases with ease and

reliability. It provides true Gibbs energy minimisation through the solution of a

non-linear optimisation problem with linear constraints using the National Physical

Laboratory (NPL) Numerical Optimisation Software Library (NOSL), which

guarantees mathematically that the Gibbs energy reduces each time it is evaluated.

MTDATA has a long history of application dating back to the 1970s in fields such

as ferrous and non-ferrous metallurgy [15–17], slag and matte chemistry [18–20],

nuclear accident simulation [21], molten salt chemistry [22] and cement clinkering

[23]. The CALPHADmodelling principle embodied within MTDATA [14] is that a

database developer derives parameters to accurately represent the Gibbs energy of

Fig. 5.1 Schematic representation of Ca/Si ratio of C-S-H solid phase(s): (a) expected in *pure

water hydrated/leached OPC, (b) based on studies of synthetic C-S-H gels, where silica gel or

portlandite may co-exist with the gel phase, (c) in C-S-H gel models, Horizontal solid lines
represent compositional ranges of variable solubility and dotted lines of fixed solubility.

Compositions that form an integral part of each model are shown as circles. Note that although

several models operate numerically over a wide range of Ca:Si ratios in the solid phase, this is a

numerical consequence of the modelling approach. The authors do not imply that the CSH phase

shows stability beyond the limits determined by experiment, so no such inference should be drawn
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each phase that might form in a system as a function of temperature, composition

and, if necessary, pressure. This is achieved using data assessment tools within

MTDATA, which allow parameters to be optimised to give the best possible

agreement between calculated thermodynamic properties (such as heat capacities,

activities, enthalpies of mixing), phase equilibria (solubilities) and collated experi-

mental properties. The aim of the work described here has been to develop a

flexible, yet rigorous model and associated thermodynamic data for the C-S-H

system, at room and elevated temperatures, which are compatible with existing

NPL oxide and aqueous species databases.

In the current model, the C-S-H system was represented by a SiO2 gel (Ca/Si

ratio ¼ 0–1.11), C-S-H gel (Ca/Si ¼ 0.78–1.67) and portlandite present as a dis-

tinct phase at higher Ca/Si ratios. The C-S-H gel was represented using five sub-

lattices, as in [24], with occupancies as follows:

Sub-lattice Occupancy Number and type of sites

1 CaO 1/3 interlayer site, 2 sites pairing with SiO2

2 CaO, H2O 1 interlayer site

3 SiO2 2 sites pairing with CaO

4 SiO2, Va 1 site representing bridging SiO2 or Vacancy

5 H2O 6 sites

Unaries formed by taking one species from each sub-lattice in turn, i.e.

ðCaOÞ7=3ðCaOÞ1ðSiO2Þ2ðH2OÞ1ðH2OÞ5;
ðCaOÞ7=3ðH2OÞ1ðSiO2Þ2ðH2SiO3Þ1ðH2OÞ5;
ðCaOÞ7=3ðCaOÞ1ðSiO2Þ2ðH2SiO3Þ1ðH2OÞ5 and
ðCaOÞ7=3ðH2OÞ1ðSiO2Þ2ðH2OÞ1ðH2OÞ5;

were assigned Gibbs energies varying with temperature according to a standard

function of the form:

Aþ BTþ CTlnTþ DT2 þ ET3 þ F=T

The C, D, E and F parameters were obtained from estimates of heat capacity,

Cp(T), for each species guided by those for compounds like portlandite

(Ca(OH)2) and plombierite (14 Å tobermorite), for which thermodynamic data

were available from the SGTE substance database [25]. Initial values for the

entropy-like B parameters and enthalpy-like A parameters were estimated on a

similar basis. The A parameters were then adjusted, along with others introduced

to represent excess Gibbs energies of interaction between sub-lattice species,

using MTDATA’s data assessment tools to reproduce measured compositions of

C-S-H gel and aqueous phases in equilibrium from data available in the literature

[1, 26–35].
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The SiO2 gel was represented using two sub-lattices with occupancies as follows

(where Va is used to indicate a potentially vacant sub-lattice):

Sub-lattice Occupancy Number of sites

1 Ca7/3H14O28/3, Ca10/3H12O28/3, Va 1

2 SiO2 3

This model allows the composition of the SiO2 gel phase to vary within a triangle

formed by the unaries (SiO2)3, (Ca7/3H14O28/3)1(SiO2)3 and (Ca10/3H12O28/3)1(SiO2)3
as opposed to a line used by Kulik and Kersten [5]. The first two of these unaries lie

along the SiO2-rich side of the composition parallelogram formed by the four C-S-H

gel unaries. Data for the pure SiO2 unarywere based upon those for amorphous SiO2 in

the SGTE substance database.

Parameters representing interactions between species on the first sub-lattice in

this phase were derived, as for the C-S-H gel phase, to represent experimental phase

equilibrium and experimental solubility data as closely as possible. Calculations are

most flexibly undertaken in MTDATA by specifying start and end compositions at

a fixed temperature or start and end temperatures with a fixed composition. The

program will perform a series of phase equilibrium calculations for conditions

varying between the specified extremes and results can be plotted in terms of

phase amounts, aqueous species, element distributions or pH values. Thermody-

namic equilibria between C-S-H and SiO2 gels, portlandite and an aqueous phase

could, for example, be calculated by stepping across the H2O-SiO2-Ca(OH)2
composition triangle between two fixed compositions. In Figs. 5.2, 5.3 and 5.4, a

system comprising 1 kg H2O and 1 mole of SiO2 is simulated, whilst stepping the

CaO content from 0 to 2.5 moles.

Since the data for the C-S-H and SiO2 gels, for other stoichiometric phases such

as quartz and portlandite and for aqueous species (in the MTDATA implementation

of the SLOP98 Database) all have Gibbs energies modelled as a function of

temperature, as already described, equilibria can be calculated at elevated

temperatures just as at room temperature using these data.

4 Results

4.1 C-S-H Chemistry

Figures 5.2, 5.3 and 5.4 show the predicted pH and calcium and silicon

concentrations in solution at equilibrium with the SiO2 gel, C-S-H gel and

portlandite, as constrained by the Ca/Si ratio of the system, at 25 �C and the

corresponding measured values reported in the literature at near room temperature.

It should be noted that such gels are generally considered to be metastable because

they continue to react very slowly, eventually forming crystalline CaO–SiO2–H2O

phases. MTDATA predicts this true equilibrium state but metastable equilibria can be
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Fig. 5.3 Predicted calcium concentration of a solution at equilibrium with C-S-H compared with

measured values reported in the literature

Fig. 5.2 Predicted pH of solution at equilibrium with C-S-H compared with measured values

reported in the literature



studied by “classifying as absent” long-term decomposition products or removing

them from consideration in the calculations.

It has been noted by several authors that the experimental data divide into two

populations, depending on whether the C-S-H gel has been prepared directly from

ions in solution (i.e., by direct reaction or double decomposition) or from the

hydration and subsequent leaching of tricalcium silicate (the latter route forming

the least soluble solid). For the purposes of this model, parameters have been derived

to reproduce the lower SiO2 solubility curve as described by Jennings [41], thought

to be appropriate to the most stable gel structure, although reproducing either curve

is relatively straightforward. It should be noted that the high pH plateau is a feature

of the co-existence or portlandite and the C-S-H gel at Ca/Si ratios �1.7.

4.2 Elevated Temperatures

Surprisingly few long-term experiments of C-S-H gels maintained at high

temperatures have been reported. Work by Glasser et al. [6] has been chosen with

which to compare the results of the predictive calculations as shown in Fig. 5.5.

Fig. 5.4 Predicted silicon concentration of a solution at equilibrium with C-S-H compared with

measured values reported in the literature
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It should be noted that the model predictions were not fitted to the experimental

data shown. The order and shape of each curve in Fig. 5.5 is similar for both

predicted and observed results, reflecting a decreasing solubility of C-S-H gel with

increasing temperature. The general magnitude of the changes in solubility with

temperature is predicted well, although thematch between absolute solubility values

at high Ca/Si ratios appears poor. When Fig. 5.3 is taken into account, however, it is

clear that the room temperature solubility results of [6] for Ca/Si ratios>1.5 are not

representative of the bulk of the experimental solubility data available. Asmore high

temperature experimental data become available there is every reason to believe that

the current calculated results will provide a better match or, should this not be the

case, further optimisation of the Gibbs energies adopted would be possible.

4.3 Leaching

Simulation of leaching has been attempted in the simplest possible way by repeatedly

replacing the aqueous phase of the C-S-H–water system, whilst performing a new

equilibrium calculation at each stage. In this way, the incongruous dissolution of the

Fig. 5.5 Predicted calcium concentration of solutions at elevated temperature after equilibrium

with C-S-H compared with experimentally measured values
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C-S-H gel is demonstrated, as shown in Fig. 5.6. Significantly more advanced

simulations are possible, e.g. to account for changes in dissolution, porosity and

flow, through coupling MTDATA to more realistic transport codes.

4.4 Environmentally Sensitive Applications

Arsenic was chosen as an example of an element of environmental concern which is

both amphoteric and redox sensitive. A common component of wastes from mineral

processing, it also binds to C-S-H gel in addition to replace sulphate in ettringite, but

experiments suggest that the majority of this element is likely to be incorporated into

cements as calcium arsenic compounds [36], both in the form of As(III) and As(V).

In this study of arsenic chemistry, a simplified representation of the As(III) aqueous

chemistry has been adopted using a neutral HAsO2 (equivalent to As(OH)3–H2O)

species and the single dissociated ion AsO(OH)2�. For As(V) a complete series of

Fig. 5.6 Concentration of calcium and silicon in solution during the simulated leaching of

Portlandite–C-S-H mixtures in comparison with experimental modelling of this system by Harris

et al. [9]. At Ca/Si � 1.7 portlandite is expected to be present with the C-S-H gel
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hydrolysis products fromAsO4
3� toAsO(OH)3 are included. Figure 5.7 is a calculated

Pourbaix diagram for As at 25 �C, showing the extent of As2O3 (claudetite) stability

and the distribution of aqueous As(III) and As(V) species as a function of oxidation

potential (Eh) and pH. Dashed lines indicate infeasible regions beyond which the

aqueous solution breaks down through the formation of gaseous species.

The temperature dependence of the Gibbs energy of all species developed in this

work was modelled to be fully consistent with reference states used throughout the

worldwide modelling group SGTE [25]. Thermodynamic data for As2O3

(Claudetite) from the SGTE substance database were adjusted slightly to improve

consistency with HATCHES [37] at room temperature and experimental

measurements [38] from 0 to 75 �C.
Data for CaAs2O4 were taken from the SGTE substance database [25] without

change. Initial data for CaAsO2(OH) were based upon a combination of those for

CaAs2O4 and portlandite with an estimated enthalpy of formation, adjusted within

likely limits of experimental measurement, to give reasonable calculated Ca2+ and

As3+ solubilities as a function of temperature and pH.

Fig. 5.7 Calculated Pourbaix diagram for As-containing species at 25 �C
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According to measurements from [38], the H2O–As2O5 system features two

hydrated arsenic compounds in the temperature range 0–100 �C, namely As2O5 • 4H2O

and 3As2O5 • 5H2O. Thermodynamic data for these species were derived so as to re-

produce their reported solubilities in water [38] over this complete temperature range.

Data for the calcium arsenate hydrates, Ca2AsO4(OH), CaAsO3(OH), CaAs2O4(OH)4,

and Ca5As4O14(OH)2 were derived based upon combinations of those for simpler

species with an initially estimated, then adjusted enthalpy of formation, in a similar

way to that outlined for CaAsO2(OH). Data for Ca3As2O8 were taken from the SGTE

substance database [25] without change.

Calculated Ca, As(III) and As(V) solubilities in equilibrium with As(III) and

As(V) compounds, expressed as a function of pH, show excellent agreement with

reported values [39] (Fig. 5.8). Calculated As(III) and As(V) solubilities in equilib-

rium with As(III) and As(V), expressed as a function of Ca concentration, are

consistent with experimental measurements from [38, 40].

Fig. 5.8 Calculated Ca and As solubilities in solutions equilibrated with As(III)- and As(V)-

containing compounds in turn compared with data from [39]
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5 Discussion

The current chapter illustrates the potential of using a compound energy model to

represent C-S-H gel when simulating the chemistry of cements. We have shown the

basis on which the sub-lattice model is built and demonstrated its application in

simulating simple equilibrium chemistry at low and elevated temperatures, incon-

gruous dissolution during leaching and as part of a more complex model of arsenic

speciation in a cemented waste form. Development of this approach is the subject of

a new study at NPL, in which solid solution–aqueous solution models will require a

more complex representative C-S-H gel chemistry. For example, incorporation of

uranium, aluminium, sulphate and halides all pose problems which can readily be

addressed by considering their likely fate in the solid phase.
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Chapter 6

Characterization and Solubility Determination

of the Solid-Solution Between AFm-I2
and AFm-SO4

L. Aimoz, E. Wieland, D.A. Kulik, B. Lothenbach,

M.A. Glaus, and E. Curti

1 Introduction

Radioactive waste contains significant amounts of 129I. 129I will be released as

dissolved anionic species over time, since iodide (I#) is the chemically stable form

of iodine under repository conditions. 129I is predicted to be dose-determining in

safety analyses due to its long half-life (1.57 � 107 years) and its weak retention by

the major minerals from the engineered barriers of underground disposal facilities

and surrounding host rocks [1]. Such minerals are negatively charged (especially

clay minerals), and, therefore, only weakly retard anionic species. An important

unresolved issue is the identification of specific solid phases that would preferen-

tially bind iodide in cement-stabilized radioactive waste. A previous study showed

that calcium silicate hydrate (C-S-H) phase, which is the most abundant component

of hydrated cement, is not the main scavenger of iodide [2]. Minerals with a positive

structural charge, in particular AFm phases, were suggested to be candidates for

iodide retention in the cement matrix [2–5].

AFm-type cement minerals are present in hydrated Portland cement and belong

to the family of layered double hydroxides (LDH). AFm phases ([Ca2Al(OH)6]
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[Xn�]1/n · mH2O) are composed of sheets of edge-sharing polyhedra occupied

by CaII and AlIII hydroxides, stacked with H2O and charge-compensating anions

in between [6,7]. These phases possess a positive structural charge and, therefore,

have a strong potential for anion retardation in the interlayer. AFm phases occur in

cementitious systems in various anionic forms: AFm-OH, AFm-CO3, AFm-SO4

(monosulfate) and AFm-Cl2 (Friedel’s salt). Thus, replacement of SO4
2�, CO3

2�

and Cl� in AFm by I� is an uptake mechanism potentially capable of reducing the

mobility of 129I in cementitious materials.

AFm-I2 was successfully synthesized in earlier studies by a co-precipitation

method [8] and more recently by hydrothermal synthesis [4]. To the best of our

knowledge, only one study has been reported on AFm phases containing a mixture

of iodide and other anions [9]. In the latter work, the author showed that AFm-I2
was forming a continuous solid solution series with AFm-SO4 at 100

�C and also

with AFm-Br2 at 24
�C and at 150 �C, whereas two separate phases were observed

for mixtures with chloride at 24 �C or at 220 �C.
The present study aims at elucidating the iodide uptake mechanisms by

AFm-SO4 under ambient conditions (23 � 2 �C). A molecular-level understan-

ding is aimed at using X-ray diffraction (XRD) and extended X-ray absorption

fine structure (EXAFS) spectroscopy. Indeed, partial uptake of iodide by AFm

may influence the ordering of anions in the interlayer galleries [10], with possible

impact on phase stability and solubility. In addition, the solubility properties of

pure AFm-I2 and of its solid solution with AFm-SO4 were assessed in order to

be implemented in the thermodynamic database. Geochemical models involving

radionuclide species are required for performance assessment of the deep-

geological disposal of radioactive waste. To this end, the lack of solubility

data and the poor understanding of the iodide uptake mechanism by AFm

prevented any reliable predictions of the fate of 129I in cementitious systems.

The results of this study will therefore be useful for predicting the fate of iodide in

the performance assessment of a repository for low- and intermediate-level

radioactive waste.

2 Materials and Methods

2.1 Precipitation and Dissolution Experiments

A pure tricalcium aluminate C3A (Ca3Al2O6) was prepared in beforehand following

the procedure given in Matschei et al. [11]. AFm-(I2)x(SO4)1�x series were

synthesized in a glove box under a N2 atmosphere (O2, CO2 < 2 ppm) at 23 � 2 �C
by reacting C3A with CaI2/CaSO4 at various ratios (x ¼ 0.0, 0.1, . . ., 1.0) in

degassed Milli-Q® water at a liquid-to-solid ratio of 10. Replicates were prepared

for two different equilibration times: 3 and 6 months. Dissolution experiments were

started like co-precipitation experiments, but just with half of the initial water

volume. After 3 months, the second half of water volume was added, after adding
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the amount of KOH required to obtain the same OH� concentration as the one

measured for each sample at the end of the 3 months equilibration time from the

co-precipitation experiments. The dissolution samples were then equilibrated for

3 further months.

The solid phases were collected either by centrifugation or by filtration through

0.2-mm nylon filters. The solid phases were quickly washed with Milli-Q® water

and then thoroughly rinsed with degassed absolute ethanol in order to remove all

impurities of unreacted salts. The solid phases were dried over a saturated solution

of CaCl2 and stored in the glove box before solid characterization. The supernatant

was kept for liquid phase analysis.

2.2 Solid Phase Analysis

Mineralogical determination of the synthesized products was made by XRD using

an X’Pert Pro Phillips diffractometer. A diffracted beam monochromator with a

Cu-Ka source and steps of 0.02�/s with a counting time of 2 s were used in a Bragg-

Brentano mode. Solid stoichiometries were determined by chemical analysis.

A total of 100 mg of solid phase was digested in suprapur® HNO3 and analysed

for Ca and Al using inductively coupled plasma-optical emission spectroscopy

(ICP-OES). Replacement of anionic species in the interlayer with CO3
2� allowed

the SO4
2� and I� contents in the solid phases to be determined. To this aim, 100 mg

of solid phase was placed in a 0.1 M K2CO3 solution. SO4
2� and I� were

completely exchanged due to the large excess of CO3
2� (~10 times) and the high

stability of the AFm-CO3 phase [11]. SO4
2� and I� released in the aqueous solution

were then analysed by high-performance ion-exchange chromatography.

2.3 Liquid Phase Analysis

The OH� concentration was measured using a pH electrode calibrated with fresh

KOH solution (from 10�3 to 10�1 M). Dissolved Ca and Al concentrations were

determined by ICP-OES. A second aliquot was analysed for I� and SO4
2�

concentrations using high-performance ion-exchange chromatography. Charge

balance errors of all samples lay within 1–15 %.

2.4 EXAFS Spectroscopy

Iodine K-edge bulk EXAFS spectra were collected at the Dutch-Belgian beamline

(DUBBLE, BM26A) of the European Synchrotron Radiation Facility (ESRF) in

Grenoble (France). The measurements were carried out in transmission mode using

a liquid He cryostat system at a temperature of 15 K. The Si (111) monochromator
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angle was calibrated by assigning the energy of 33.169 keV to the first inflection

point of the K-edge of a KI reference compound. All samples were measured in

transmission mode with ionization chambers filled with 100 % Ar (I0) and a

50–50 % He–Kr mixture (It). EXAFS data reduction was performed using the

IFEFFIT software package (Athena) following standard procedures [12]. Spectra

were normalized by fitting a third-degree polynomial to the EXAFS region.

The energy was converted to photoelectron wave vector units (Å�1) by assigning

the origin E0 to the first inflection point of the absorption edge. Radial structure

functions (RSF) were obtained by Fourier transformation (FT) of the k3-weighted
w(k) function between 2.9 and 12.0 Å�1 using a Kaiser–Bessel window and an

apodization parameter of 1.0.

2.5 Thermodynamic Modelling

The activities and chemical potentials of the solutes were determined using a Gibbs

free energy minimization geochemical code GEM-Selektor (http://gems.web.

psi.ch), with thermodynamic data given elsewhere [13–15]. Activity coefficients

of aqueous species were computed with the built-in extended Debye–H€uckel
equation. All solubility products were calculated based on the measured ion

concentrations.

3 Results and Discussion

3.1 Characterization of the Solid Solution Series

XRD revealed that all AFm-(I2)x(SO4)1�x samples were crystalline. Small amounts

of ettringite ([Ca6Al3(OH)12][SO4
2�]3 · 26H2O) impurity were observed, espe-

cially at high SO4
2� content. In order to estimate the I/SO4 ratio in the solid

phase, the ettringite contamination was estimated from the Ca/Al ratio measured

in comparison to AFm and ettringite stoichiometries, i.e. Ca/Al ¼ 2 and 3, respec-

tively. Nonetheless, additional 125I uptake experiments of trace-level iodide by

ettringite were carried out in order to assess the possibility of iodide uptake.

These experiments revealed that ettringite does not take up iodide and its presence

should therefore not affect the AFm-I2–AFm-SO4 system. A single AFm phase

was observed by XRD with the interlayer distance increasing continuously with

I�/SO4
2�, indicating the presence of a solid solution series between AFm-I2 and

AFm-SO4. Our results show that AFm-I2 and AFm-SO4 form a continuous solid

solution series not only at 100 �C [9], but also at 23 � 2 �C.
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3.2 EXAFS

The k3-weighted spectra and their FT for AFm-I2 and for AFm-(I2)x(SO4)1�x are

shown in Fig. 6.1. Heavy backscattering atoms like iodine seem to be present in the

pure AFm-I2 as indicated by high backscattering amplitudes at high k (Fig. 6.1a).

In contrast, no enhanced amplitude was observed at high k in the case of AFm-

(I2)x(SO4)1�x (Fig. 6.1a). This indicates the absence of heavy backscattering atoms

or the presence of a strong disorder, respectively. The Fourier transformed EXAFS

spectra of AFm-(I2)x(SO4)1�x showed a splitting of the first coordination shell with

an additional peak at R + DR ~ 3.4 Å (Fig. 6.1b). Furthermore, the intensity of this

shell at R + DR ~ 3.4 Å is enhanced with increasing SO4
2� content (Fig. 6.1b).

The EXAFS data reveal that the coordination environment of iodine is signifi-

cantly influenced by the presence of SO4
2�. Both species may not only occupy the

same interlayer, but they may even occupy neighbouring positions. This further

implies that a complete mixing of I� and SO4
2� may occur within the interlayer of

the AFm phases even at short range distances. Multi-shell fitting of the EXAFS

spectra is planned to be performed in order to confirm the above findings. Theore-

tical scattering paths for the fit will be calculated with FEFF8.40 using structural

models of pure AFm-I2 and AFm-SO4.

Fig. 6.1 Iodine K-edge spectra recorded at 15 K for pure AFm-I2 and AFm (I2, SO4) samples with

various x(SO4) ¼ SO4/(I2 + SO4) ratios in the solid: (a) k3-weighted and (b) Fourier transform
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3.3 Solid Solution Solubility Products

Solubility data of the binary solid-solution system of AFm-(I2)x(SO4)1�x are

presented in terms of Lippmann diagrams [16]. The Lippmann total solubility

product SP is defined as the sum of the solubility products of each end-member

(introduced here in concentration scale). However, the Lippmann definition is

strictly valid for substituting species that are identically charged. An extension of

the Lippmann definition is required, if the exchanged species carry different

charges. In the present study, iodide is charged (�1) and sulphate is charged

(�2). The definition of the end-members can then follow two different conventions:

the Gapon convention, where the stoichiometric coefficients of the matrix part

[Ca4Al2(OH)12] of the end-members are identical: Ca4Al2(OH)12I2 and

Ca4Al2(OH)12SO4, or the Vanselow convention, where the coefficients of the

exchanged species are identical for both end-members (one I� for one SO4
2�):

Ca2Al(OH)6I and Ca4Al2(OH)12SO4. Both conventions result in two different

definitions of SP and in different definitions of the end-member mole fraction in

the solid solution. It can be shown that the end-member mole fraction is identical to

the site mole fraction.

1. Gapon convention:

SP ¼ Ca2þ
� �4

AlðOHÞ4�
� �2

OH�½ �4 I�½ �2 þ SO4
2�� �� �

(6.1)

x2�I;aq ¼ I�½ �
I�½ � þ SO4

2�� � (6.2)

x2�I;s ¼
nCa4Al2ðOHÞ12I2

nCa4Al2ðOHÞ12I2 þ nCa4Al2ðOHÞ12 SO4

¼ nI2
nI2 þ nSO4

¼
nI
2

nI
2
þ nSO4

(6.3)

With nI and nSO4, number of moles of I and SO4, respectively, in the solid.

2. Vanselow convention:

SP ¼ Ca2þ
� �2

AlðOHÞ4�
� �

OH�½ �2 I�½ � þ SO4
2�� �

Ca2þ
� �2

AlðOHÞ4�
� �

OH�½ �2
� �

(6.4)

xI;aq ¼ I�½ �
I�½ � þ SO4

2�� � (6.5)

xI;s ¼
nCa2AlðOHÞ6I

nCa2AlðOHÞ6I þ nCa4Al2ðOHÞ12 SO4

¼ nI
nI þ nSO4

(6.6)

With nI and nSO4, number of moles of I and SO4, respectively, in the solid.

62 L. Aimoz et al.



The solubility data were modelled using an ideal solid solution model. Theoretical

values of SP were computed using Eqs. (6.1) or (6.4) from the output of GEM-

Selektor speciation calculations, and of an ideal solid solution were calculated using

the solubility products of the pure end-members and plotted as solidus [vs. Eq. (6.3) or

(6.6)] and solutus [vs. Eq. (6.2) or (6.5)] curves against the experimental data in the

case of the Gapon convention (Fig. 6.2a) and the Vanselow convention (Fig. 6.2b).

Fig. 6.2 Lippmann diagrams of the solid solution between AFm-I2 and AFm-SO4 (a) using

Gapon convention and (b) using Vanselow convention. The solid line (solidus) and dashed line
(solutus) represent the ideal solid solution model after assessing the solubility product of the end-

members. The symbols are the experimental points after 3 or 6 months of co-precipitation

(supersaturation) and after 3 months of dissolution (undersaturation) experiments
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The results show that experimental solutus data are strongly displaced towards

the iodine side (xI,aq ~ 1), in a reasonable agreement with both models. The experi-

mental solidus data indicate that equilibrium is approached from both supersatura-

tion and undersaturation sides, matching the Vanselow convention closer. However,

since the total solubility products from undersaturation experiments are systemati-

cally smaller than corresponding values from supersaturation experiments, one can

conclude that full equilibration between aqueous and solid solution is not completely

reached after 3–6 months ageing time. The equilibrium data are expected to lie in

between the data determined in the undersaturation and supersaturation

experiments. In conclusion, the experimental data appear to be consistent with a

simple thermodynamic ideal solid solution model. Such models will eventually be

used for predicting the 129I concentrations in cementitious repository systems.

4 Conclusion

Formation of the continuous solid solution between AFm-I2 and AFm-SO4 was

observed by XRD and supported by EXAFS analyses. A preliminary thermody-

namic model indicates the formation of an ideal solid solution following the

Vanselow convention. Our findings underpin the potential of AFm-SO4 to act as

a sink for 129I.
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Chapter 7

Coupling Between Leaching and Mechanical

Behaviour of Concrete

J.M. Torrenti, T. de Larrard, and F. Benboudjema

1 Introduction

Deep nuclear waste disposal facilities need to be studied over periods of one or

more orders of magnitude greater than those of classical civil engineering. This

leads us to consider some degradation phenomena that are most of the time not

taken into account because of their slow kinetics. This is the case with calcium

leaching for concrete structures exposed to water from the host rock in a deep

underground storage. The calcium ion concentration in the interstitial pore solution

of concrete decreases and this leads to a dissolution of the calcium bound in the

skeleton of portlandite crystals Ca(OH)2 and calcium-silica-hydrates (C-S-H).

Calcium leaching leads to important changes in the concrete microstructure, and

especially a large increase of porosity [1, 2]. In this chapter, the influence of

leaching on the mechanical behaviour and then the influence of cracks on leaching

are firstly considered. But the main coupled phenomenon that is to be considered

here is tertiary creep. After a presentation of this phenomenon and its coupling with

leaching, an example of a probabilistic approach to assess the lifetime of a simple

structure is proposed.
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Département Matériaux, Université Paris Est, IFSTTAR, Paris, France

e-mail: jean-michel.torrenti@ifsttar.fr

T. de Larrard • F. Benboudjema

LMT/ENS Cachan/CNRS UMR8535/UPMC/PRES UniverSud Paris, Cachan, France

F. Bart et al. (eds.), Cement-Based Materials for Nuclear Waste Storage,
DOI 10.1007/978-1-4614-3445-0_7, # Springer Science+Business Media New York 2013

69

mailto:jean-michel.torrenti@ifsttar.fr


2 Influence of Leaching on the Mechanical Behaviour

of Concrete

2.1 At a Microscopic Scale

At a microscopic scale, microhardness measurements could be used to estimate the

mechanical effect of leaching [3]. Figure 7.1 shows microhardness measurements

on a leached cement paste (Fig. 7.1a) and on sound paste (Fig. 7.1b) with the same

magnification. Vickers hardness could be deduced from these experiments by

means of the imprint diagonals measurement. The measurements are normalised

by means of the hardness of the sound paste. Figure 7.2 shows the distribution of

Fig. 7.1 Hardness imprints in (a) the leached zone (b) the sound zone of a cement paste
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Fig. 7.2 Distribution of microhardness Hv (Vickers) in thickness of two degraded cement paste

[3]. x ¼ 0 corresponds to the surface of the sample that is leached
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microhardness Hv in the thickness of the degraded cement paste. These experiments

could be used to relate the local mechanical properties such as the Young’s

modulus, the chemical softening and the plastic strain hardening to leaching [3].

2.2 At a Macroscopic Scale

After leaching, at a macroscopic scale, the mechanical properties of the leached

material are also strongly affected by the evolution of the microstructure [4–7].

As leaching grows, a loss of strength and stiffness is observed, and a smoother post-

peak behaviour with increasing irreversible straining is to be noted (Fig. 7.3).

Cyclic loading suggests a plastic-like constitutive behaviour for the completely

leached concrete in compression (Fig. 7.4). The behaviour of concrete is strongly

influenced by leaching and evolves from damage (with small permanent strains) for

sound concrete to plasticity (with large permanent strains, but also a decrease of

mechanical properties as Young’s modulus and strengths) for totally leached

concrete. But in a real disposal, the loading will be sustained and not applied

after leaching. That is why the coupling between creep and leaching will be

discussed later in this chapter.

Fig. 7.3 Mean stress vs. mean strain curves at different degradation times for a concrete in

compression [7]
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3 Influence of Cracks

It is very difficult to obtain an uncracked concrete structure. At a meso-scale, the

restraint of cement paste shrinkage by the aggregates could be a source of

microcracks. At a macro-scale, boundary conditions, that could also restrain

delayed deformations, gradient of shrinkage (drying, carbonation, etc.) and the

applied loading are possible sources of cracks in normal service conditions. That

is why the influence of cracks on leaching must be considered.

An experiment performed at CEA by Peycelon [8] on a model crack with an

opening of about 350 mm shows that, if there is no advection, the leaching at the

crack tip is lower than at the surface of the sample (Fig. 7.5). Using similarity

properties, Mainguy et al. [9] have shown that, in case of a pure diffusive process,

Fig. 7.4 Mean stress vs. mean strain curves under cyclic loading after 197 days of degradation [7]

Fig. 7.5 Leaching of a crack (opening � 350 mm) in a cement paste sample, by courtesy of CEA [8]
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the kinetics of the degradation at the crack tip becomes a t1/4 function after a period
depending on the crack opening. In this case, the rate of degradation in the crack is

lower than at the surface (Fig. 7.6). This was confirmed by Rougelot [10] using

X-ray microtomography on a pre-cracked sample (using rapid drying) submitted to

leaching: cracks generate only small local effects and do not affect the mean

leaching depth. Note that Rougelot et al. [11] have also shown with the same

technique that leaching induces microcracks in the leached zone because of both

the mechanical properties decrease and the stresses generated by the decalcification

shrinkage [12] restrained by aggregates. These microcracks do not affect signifi-

cantly the leaching process.

4 Tertiary Creep

Finally the main coupling between leaching and the mechanical behaviour of

concrete appears in the case of a sustained load. Indeed, because of leaching, the

stress in the sound concrete increases and tertiary creep occurs. After a presentation

of this phenomenon and its possible modelling, the case of a very simple structure

will be presented taking into account variable properties.

4.1 A Coupling Between Creep and Cracking of Concrete

4.1.1 Experimental Evidence

Since R€usch experiments [13], one knows that when concrete is subjected to a high

sustained compressive load (stress higher than 80 % of the compressive strength),

non-linear creep is observed and failure occurs after a while. This phenomenon is
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presented in Fig. 7.5 [8]
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called tertiary creep. Several experimental results confirm this behaviour [14–16].

In tension some experimental evidence also exist using a unnotched sample loaded in

tension [17, 18] or a notched bending beam [19] or a wedge splitting test [20]. And, at

early age, tertiary creep could also be involved when shrinkage is restrained [21].

There is clearly a coupling between the high sustained load and the evolution of

microcracking. Smadi and Slate [22] have shown that the length of microcracks

evolves rapidly when the stress level is higher than 80 % of the compressive

strength. Using acoustic emission, it is also possible to highlight microcracking

during creep [23] or relaxation [20].

4.1.2 Modelling

Many modelling approaches have been proposed for tertiary creep of concrete.

Bazant and Xiang [24], assuming that tertiary creep is only due to the cracks

growing with time, uses a fracture mechanics approach coupled with creep to

model this behaviour. Coupling between creep and cracking can be modelled by

combining a viscoelastic and a viscoplastic model [25]. This model is built on

Duvault–Lion approach in which a generalised Maxwell model is integrated.

It reproduces with a satisfactory accordance linear viscoelastic creep, creep failure

and rate effect on strength. Several damage models were also used. Li [14]

proposed that the temporal variable can be explicitly introduced in the mechanical

damage evolution law (in terms of damage rate). In this case, this approach is

dissociated with linear viscoelastic creep strain. Challamel et al. [26] have devel-

oped a softening viscodamage model that could be viewed as a generalisation of a

time-independent damage model and describes phenomena like relaxation, creep

and rate-dependent loading. Recently, Sellier al. [27] have proposed a creep model

taking into account a material consolidation and a creep induced damage that

affects the creep potential. Mazotti and Savoia [28] proposed to model non-linear

creep strain by introducing a stress rate reduction factor as a function of the damage

variable in the solidification model [29]. Moreover, an effective strain is then

defined for creep damage, replacing the equivalent strain (as defined by Mazars

[30]) in damage evaluation for instantaneous loading case. The effective strain is

defined as the sum of instantaneous damaged elastic strain with a fraction of creep

strain. Omar et al. [18, 31] also used a similar approach.

Among these approaches, our model is based on the one proposed by Mazotti

and Savoia [28], since the use of damage allows a simple and natural coupling with

creep and, for the specific application of waste disposal, leaching through the use of

the effective stress concept.

Creep Model

The model used for creep strain evolution is based on the microprestress theory

proposed by Bazant and Xiang [24]. This model turns out to be particularly accurate
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when considering a very long time creep and is in good accordance with experi-

mental results (cf. the experimental campaign by Brooks [32] for 30 years creep).

The microprestress solidification theory leads to introduce a dashpot whose viscos-

ity depends on the microprestress so as to represent the microprestress relaxation

mechanism. Therefore, this model is able to reproduce accurately ageing, even after

hydration is completed. Microprestress is a stress level induced in the material by

capillary pressure, evolving with time during the hydration process and with pore

humidity. The strain evolution for the dashpot is given by Eq. (7.1), where s_ is the

effective stress (assuming that only the uncracked part of the material undergoes

creep, cf. section “Damage Model” for the definition of the effective stress), � is the
viscosity of the dashpot and S is the microprestress.

dê
dt

¼ ~s
�ðSÞ (7.1)

The difficult part with this approach is to determine the viscosity evolution with

microprestress as well as microprestress evolution with time. In the case of a

saturated (meaning that there are neither drying nor wetting phenomena during

the degradation and creep processes) and already aged structure (i.e. no hydration

process is ongoing during the load application), microprestress and viscosity

evolutions are quite simple [24] and leads to Eq. (7.2), where a is a creep parameter

that remains constant and depends only on the material.

dê
dt

¼ ~s
a
t

(7.2)

The main disadvantage of the flow element is that it does not allow to represent

the creep recovery: when the load is removed, no recovery can be modelled by the

flow element [s ¼ 0 in Eq. (7.2)]. To represent recovery, a Kelvin–Voigt chain is

added to the flow element in serial. Figure 7.7 shows, for a unidirectional problem,

the complete creep model. The Kelvin–Voigt element is composed of a dashpot

(viscosity �KV) and an elastic spring (stiffness k) connected in parallel. Illston [33]

has shown that the creep recovery lasts for about 1 week: thus, a value of 7 days for

Fig. 7.7 Principle of the creep model
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the characteristic time tKV ¼ �KV/k of the Kelvin–Voigt chain is used. The strain

evolution for the Kelvin–Voigt element is given by Eq. (7.3), where ~e is the creep
strain for the element under a stress ~s. The expression of the total creep strain ec
(sum of the 2 aforementioned strains) is given also in Eq. (7.3).

~s
k
¼ ~eþtKV

d~e
dt

and ec ¼ ~eþ ê (7.3)

Damage Model

Thedamagemodel proposed byMazars [30] is used. In thismodel, a scalarmechanical

damage variable Dc in compression is associated to the mechanical degradation

process of concrete induced by the development of microcracks. It is defined as the

ratio between the microcracks area to the whole material area. An effective stress ~s is

then defined from the apparent stress s applied on the whole material section. The

relationship between apparent stress s, effective stress ~s, damage Dc, elastic stiffness

tensor E, elastic strain ee, creep strain ec and total strain e reads:

s ¼ ð1� DcÞ~s and
d~s
dt

¼ E
dee
dt

¼ E
de
dt

� dec
dt

� �
(7.4)

The Poisson ratio is assumed to be constant. The mechanical damage evolution

is deduced from the Mazars equivalent tensile strain eeq defined in Eq. (7.5), where

eh iþ is the positive part of the strain tensor. The evolution law for the mechanical

damage variable is given in Eq. (7.6), where eD is the damage tensile strain

threshold, A and B are constant material parameters which control the hardening/

softening branch in the stress–strain curve.

eeq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eh iþ : eh iþ

q
(7.5)

Dc ¼ 1� eDð1� AÞ
eeq

� A

exp Bðeeq � eDÞ
� � if eeq � eD (7.6)

Coupling Between Damage and Creep

The coupling between creep and damage is taken into account twice. On the one

hand, creep strains are considered to be driven by effective stresses (only the

uncracked material creeps as shown in [34, 35], see section “Creep Model”).

It slightly increases creep strains after damage occurs in compression, but it is not

sufficient for correctly retrieving non-linear creep. On the other hand, the calcula-

tion of the equivalent strain [Eq. (7.5)] is modified as proposed by Mazotti and

Savoia [28] and includes a part of creep strains through a material parameter b,
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which can be identified from non-linear basic creep data. Therefore, damage is also

affected by basic creep strain. This allows to retrieve accurately non-linear basic

creep evolutions for high stress levels [Eq. (7.7)]. Note that with this coupling, due

to the choice of a non-asymptotic damage, failure will finally occur due to tertiary

creep (but in a very long time—several thousands years—if the loading is lower

than 40 % of the compressive strength).

eeq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eþbech iþ : eþbech iþ

q
(7.7)

This model is compared to experimental results obtained by Roll [15]. The

specimens have been loaded at an age of 28 days when the compressive strength

was equal to 42 MPa. The levels of loading were equal, respectively, to 20, 35, 50

and 65 % of the compressive strength. The lower level is used to calibrate the

parameters of the creep model (for this level of loading, there is no cracking, only

primary creep occurs). Introducing a coupling with b ¼ 0.31, the coupling between

damage and creep allows to fit the experimental results (Fig. 7.8).

4.2 Tertiary Creep and Leaching

4.2.1 Modelling of Leaching

Considering that the dissolution is instantaneous (local equilibrium) and that only

calcium species are to be taken into account, the leaching of a cement paste can be

described by the mass balance equation of calcium [Eq. (7.8)], as it was proposed

by Buil et al. [36], where SCa is the solid calcium concentration, CCa is the liquid
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Fig. 7.8 Delayed strains for different stress to strength ratio (with coupling b ¼ 0.31, Eq. (7.7)—

experimental results from Roll [15])
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calcium concentration, D is the calcium effective diffusivity in porous material

and f is the porosity. One can recognise the two main phenomena involved in

the leaching process: on the one hand, the solid and liquid phases of calcium in the

cement paste and in the porous solution are in chemical equilibrium; on the other

hand, the ionic calcium species diffuse through the material porosity. The non-

linearity of this equation is mainly due to the diffusivity which depends on the

porosity, itself depending on the solid calcium concentration.

@ðCCafÞ
@t

¼ �div �DðfÞgrad(CCaÞ½ � � @SCa
@t

(7.8)

In a semi-infinite medium, because leaching is driven by diffusion, the degraded

depth xd, corresponding to the dissolution front of portlandite, is a function of the

square root of time:

xd ¼ k
ffiffi
t

p
(7.9)

4.2.2 Coupled Mechanical and Chemical Damage

The coupling between mechanical behaviour and chemical degradation of concrete

has been studied in details (e.g. [5, 7, 37–39]). Gérard et al. [40] proposed a

simplified modelling for chemical alteration and a coupling with the mechanical

damage proposed by Mazars [30]. The coupling appeared through the evolution

of the coefficient of diffusion depending on the damage variable. The model

proposed by Ulm et al. [3] is based on the theory of porous media and couples

the hydrates dissolution with the evolution of porosity and strain. The model of

Kuhl et al. [41, 42] proposes to consider three components of porosity (initial

porosity, porosity due to chemical degradation and porosity due to mechanical

damage). Recently, Sellier et al. [43] have proposed a non-linear viscoelastic model

in which the non-linearities are due to damage or creep. In this model, the mechan-

ical properties are functions of the calcium concentration in the solid phase.

Studies led on degraded materials [7] have quantified the loss of residual

mechanical properties for leached concrete. This decrease mainly depends on the

mineral admixtures in the concrete mix design and on the degraded area which is

considered (dissolution of portlandite only does not lead to very significant

decrease of the compressive strength, whereas dissolution of C-S-H does). Here,

for sake of simplicity, it will be considered that the leached area does not sustain

any load. Indeed, considering more important residual mechanical properties for the

degraded areas would lead to introduce more input parameters in our model, and,

therefore, more variability. Such a strong hypothesis on the mechanical behaviour

of the degraded area has already been used by Torrenti et al. [39] and leads to an

under-estimation of the lifetime of the considered structure (which is in acceptable

accordance with a view of preserving the safety of concrete structures).
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4.2.3 Chemical Damage

A chemical damage variable Dw is associated to the leaching degradation process of

concrete and is defined as the ratio of the degraded area over the whole material

section. Figure 7.9 shows how the effective stress ~s is defined from the apparent

stress s applied on the whole material section (included the degraded area): the

stress that is actually applied on the chemically sound area is increased according to

the same ratio that the section is reduced. When a mechanical loading exists, the

effective stress s_ applied on the uncracked and chemically sound material is thus

deduced from the apparent stress s and the chemical and mechanical damage

variables Dw andDc [Eq. (7.10)]:

s_ ¼ s
ð1� DwÞð1� DcÞ (7.10)

4.2.4 Example of Application: Creep Coupled to Leaching [39]

When a loaded cylindrical sample (radius R) is also submitted to leaching (here

accelerated leaching using an ammonium nitrate solution), the stress s in the sound

zone increases during the test:

sðtÞ ¼ sðt0Þ pR2

pðR� k
ffiffi
t

p Þ2
(7.11)

and finally tertiary creep occurs (Fig. 7.10). Using the coupling between chemical

and mechanical damage, the experimental behaviour could be modelled.

Fig. 7.9 Definition of effective stress on damaged material: no stress is sustained by the

chemically damaged section (light grey), so the real stress s becomes ~s on the sound material

(white). Due to mechanical damage, cracks in the sound material (deep grey) reduce the material

section to sustain the load, and thus introduce an effective stress ŝ on the uncracked sound material
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4.3 Probabilistic Approach [44]

We consider here a column made of concrete (reinforcement is not considered) in

pure compression subjected to leaching due to pure water. The radius of the column

is equal to 20 cm. With the values of the parameters which are given in Table 7.1,

tertiary creep is obtained. The evolution of damage is analysed: in a first time, only

chemical damage occurs; then the coupling between chemical and mechanical

damage appears and finally failure occurs due to mechanical damage (Fig. 7.11).

Considering Beta(2,2) distributions for each of the seven parameters of the

model, 1,000 corresponding sets of input parameters were randomly generated

according to the Latin Hypercube Sampling principle [45], optimised thanks to a

simulated annealing algorithm [46]. The expected value and standard deviation for

each variable parameter of the model are presented in Table 7.1.

The expected value for the lifetime of the concrete structure, evaluated over the

1,000 realisations, is 980 years. The observed standard deviation is 393 years,

which corresponds to a coefficient of variation of 40 %. Of course, this important

value for the coefficient of variation must be compared to the variability of the

nine input parameters, whose coefficient of variation ranges between 10 and 25 %.
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Fig. 7.10 Comparison between experimental strains in a leaching and creep test and the coupled
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Table 7.1 Expected value

and standard deviation for the

seven variable input

parameters of the model

Expected values Standard deviation

f [�] 0.129 0.010

t [�] 0.134 0.020

Ε [GPa] 45.0 4.5

u [�] 0.178 0.044

b [�] 0.15 0.03

eD [/m/m] 109 16

B [�] 0.95 0.10
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Thus, the coupled problem we are dealing with leads to an increasing uncertainty.

It is interesting to note that lifetime follows a log-normal distribution, whereas all

input parameters are distributed according to a Beta law. Figure 7.12 shows the

lifetime distribution that has been calculated on the 1,000 realisations, which can be

compared to a log-normal distribution.

5 Conclusions

Leaching of concrete by water affects its microstructure and then its mechanical

behaviour: the compressive strength and the stiffness decrease with leaching. And

the behaviour of concrete evolves from damage (with small permanent strains) for

sound concrete to plasticity (with large permanent strains) for totally leached

concrete. In case of a cracked concrete, whatever is the source of the cracks

(leaching itself or internal or external stresses), if there is no water advection,

leaching at the crack tip is very low compared to leaching at the surface of concrete.

Finally, the main coupling is between leaching and the mechanical behaviour of

concrete appears in the case of a sustained loading. Indeed, because of leaching, the

stress in the sound concrete increases and tertiary creep occurs. This phenomenon is

due to a coupling between creep and damage. It leads to failure in case of a high

Fig. 7.11 Total, mechanical and chemical damage time evolutions obtained in pure water

7 Coupling Between Leaching and Mechanical Behaviour of Concrete 81



level of loading compared to the strength of concrete. This coupling could be taken

into account by means of a creep model coupled to a mechanical damage model.

When concrete is also submitted to leaching, a chemical coupling has to be taken

into account. A model for calcium leaching based on the calcium mass balance

equation is used. Assuming that only the sound zone of concrete is able to sustain

stresses, the damage evolution with time of a concrete column under pure compres-

sion and exposed to leaching and creep at the same time could be forecast.

Assuming a Beta distribution of all the parameters of the model, a probabilistic

study shows that the lifetime of this simple structure is distributed according to a

log-normal law.
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confinement des centrales nucléaires à eau sous pression, PhD thesis, ENS de Cachan (in

French)

19. Carpinteri A, Valente S, Zhou FP, Ferrara G, Melchiorri G (1997) Tensile and flexural creep

rupture tests on partially damaged concrete specimens. Mater Struct 30:269–276
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Chapter 8

Coupled Mechanical and Chemo-Transport

Model for the Simulation of Cementitious

Materials Subjected to External Sulfate Attack

B. Bary, N. Leterrier, E. Deville, and P. Le Bescop

1 Introduction

External sulfate attacks (ESA) in cementitious materials classically designate the

degradation due to the penetration of sulfate ions within the connected porosity and

their reaction with the hydrated products. In most situations these reactions appear

when the material is in contact with water containing the aggressive species, which

means that it is also subjected to leaching. In these conditions, the porosity is

generally considered as saturated. It is commonly accepted that the main reactions

in ESA, in addition to decalcification, involve the sulfate ions and monosulfoa-

luminate (AFm) initially present in the solid phase to precipitate into ettringite

(8.1a), and possibly these sulfate ions and calcium ones to form gypsum (8.1b).

3CaOAl2O3CaSO412H2Oþ 2Ca2þ þ 2SO2�
4 þ 20H2O

$ 3CaOAl2O33CaSO432H2O (8.1a)

Ca2þ þ SO2�
4 þ 2H2O $ CaSO42H2O (8.1b)

These phenomena may be accompanied by significant free expansions leading to

severe mechanical damage. Although the exact origin of the pressure causing such

macroscopic expansions is controversial, ettringite precipitation from AFm is

generally recognized as the major cause of macroscopic swelling [1]. For some
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authors, the internal pressure is mainly due to the growing of small AFm crystals

embedded in C-S-H matrix (e.g., [1]). In this case, the expansion process is assumed

to be due to crystallization pressures resulting from the interaction between the

solid product of chemical reactions (ettringite) and the surrounding matrix of

cement paste [2]. This approach then suggests that chemical energy is converted

into mechanical work whenever the solid product is confined, the driving forces

being the activities of the reactants (supersaturation) in the pore solution. The

crystallization pressure pc is generally expressed by the Correns’s equation:

pc ¼ RT
�Vcrys

ln
Qreac

Kreac

� �
; with Qreac ¼

Y

i

ai
uðreacÞi (8.2)

where �Vcrys is the molar volume of the growing crystal,R is the gas constant,T is the

temperature, ai and u
ðreacÞ
i the activity and the stoichiometric coefficient of species i

in solution, respectively, and Kreac is the equilibrium constant of the chemical

reaction. The main assumptions underlying (8.2) are that the growing crystal is

supposed to be in hydrostatic state of stress and that the curvature radius of the

crystal surface is large enough to neglect the contribution of the surface free energy

(see, e.g., [3, 4]). Confinement and supersaturation of the solution are the two

necessary conditions for this pressure to arise [1].

We study in this chapter the macroscopic free expansions of mortar samples

submitted to sodium sulfate solutions. A coupled chemo-mechanical approach is

proposed to simulate the behavior of these samples, with a particular attention paid

to the mechanical modeling of the macroscopic expansions. The numerical plat-

form ALLIANCES allowing to perform reactive transport calculations coupled

with mechanics is used for the simulations [5]. Numerical results are compared to

experimental data in terms of mineralogical profiles at given time and temporal

evolutions of expansions.

2 Estimation of the Parameters Evolution

In this study, we estimate the evolution of diffusive and mechanical properties of

hardened cement pastes (HCP) and mortars by making use of effective medium

approximation schemes. A precise description of their microstructure is then

required. The proposed two-scale description of HCP is based on the introduction

of two microstructural levels [6–8]. The first one ranges from a few tens of

micrometers to about 100 mm and is typical of the size of cement grains, while

the second one ranges from 0.2 mm to a few tens of micrometers and corresponds to

the scale of hydration products, such as portlandite (CH) or aluminate phases, and

of capillary pores. The level I corresponding to the biggest scale of HCP represents

the hydrated cement grains. During the hydration of cement particles, we assume

that two layers defined as inner and outer layers form successively from cement
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grains surface. An anhydrous part of the cement particles remains after full

hydration and constitutes a core surrounded by these two heterogeneous layers,

all being spherical.

The generalized self-consistent scheme (GSCS) is applied to work out this

microstructure [7]. The level II corresponds to the scale of the heterogeneities of

the two layers. Two different types of C-S-H are introduced. In the inner layer, the

CSHint behaves as a matrix phase embedding inclusions of CH and aluminates.

Similarly, the external layer has the same matrix-inclusion type morphology, where

CSHext is the matrix phase. We assume that the capillary pores are distributed in the

outer coatings. The properties of these two layers are estimated by means of the

Mori-Tanaka (MT) method. The proposed description of the mortar microstructure

involves the interfacial transition zone (ITZ) which is assumed to be a homoge-

neous phase. A doubly coated spheres model is again adopted to represent mortars:

the core, the intermediary layer, and the external one are occupied by sand particles,

ITZ and HCP, respectively. The macroscopic properties of mortars are also

estimated by the GSCS.

3 Mechanical Behavior of the Cement Paste Subjected to ESA

In the approach developed in [9], the mechanical aspects are coupled with chemo-

transfer ones through an analogy with poroelasticity. The crystallization pressure as

defined in (8.2) and generated by confined growing crystals of AFm plays the role

of the pore pressure. This model has been successfully applied to the determination

of cracking initiation consecutive to ESA in cement pastes. However, it has been

shown in [10] that the application of this approach leads to very small macroscopic

free expansions, very far from the experimental measurements (about two orders of

magnitude lower). The reason is that the calculated crystallization pressures are not

sufficient to generate strains values comparable to experimental ones with a purely

elastic approach. We then suspect that the observed expansions may also result at

least partly from other phenomena such as microcracking and creep (see, e.g., [11]).

This suggests that an alternative approach has to be developed for more accurately

describing the free expansions. We propose to apply the model developed in [12]

(also used in [11] and [13], and appearing in a slightly different way in [14]) and

based on the introduction of a macroscopic bulk strain e� for reproducing the

expansions due to ettringite formation. The hypothesis is made that ettringite first

precipitates in larger pores without generating expansions. After a fraction of these

pores quantified bybf0, withf0 the initial porosity andba parameter to identify, are

filled by ettringite, macroscopic strains appear. They are expressed by:

e� ¼ 1 3= fEtt � f0
Ett � fAFm � bf0

� �
þ1 ¼ e�v1 (8.3)
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with f0
Ett the initial volume fraction of ettringite, 1 the second-order identity tensor,

and �h iþ the Macauley brackets. The macroscopic behavior law is then written in the

form:

s ¼ K : ðe� e�Þ � aAFtpc1 (8.4)

where K, s, e, pc, and aAFt are the fourth-order rigidity tensor, the stress tensor, the

strain tensor, the crystallization pressure as defined in (8.2), and the interaction

coefficient, respectively. The expression of aAFt is detailed in [10]. The model

defined by (8.3) and (8.4) is implemented in the platform ALLIANCES. In this first

stage, no damage or microcracking phenomena are considered.

4 Simulation Results

As mentioned in the introduction, the model is applied to the simulation of labora-

tory tests performed at EMPA [15]. These tests consist in mortar prisms exposed to

solutions containing 4 and 44 g/L of sodium sulfate. The estimated initial composi-

tion of the main hydrated products of the mortar is listed in Table 8.1 [16].

The C-S-H phase was modeled as a composite of jennite (C1.7SH2.1), tobermorite

(C0.8SH1.3), and SiO2, considered as three separate solids in the reactive transport

calculations as solid solution models are not yet available in ALLIANCES. The

volume fraction of sand is 0.58 and the initial porosity is 0.151.

The mesh of one quarter of the specimen is composed of 50 � 50 identical

elements and the simulations are performed in 2D. Note that to reproduce the

periodic changes of solution at 7, 14, 28, and 56 days which lead to significant

temporal evolutions of ionic species at the specimen surface [16], the solution

domain is also meshed (see Fig. 8.1).

To meet the conditions relative to the existence of crystallization pressures in

(8.2), a kinetic law is introduced to guarantee the supersaturation of the solution

regarding the precipitation of ettringite:

dCettr

dt
¼ kp Oettr � 1ð Þ (8.5)

whereCettr designates the concentration of ettringite, kp is a kinetics coefficient, and
Oettr ¼ Qettr=Kettr where Qettr is defined in (8.2). The effects of kp are illustrated in

Fig. 8.2 showing the profiles of portlandite, ettringite, and gypsum for three

Table 8.1 Composition of the mortar [16]

Portlandite Jennite AFm AFt Hemicarbo Hydrotalcite

mol/L of mortar 1.654 1.387 0.135 0.0165 0.0460 0.0411
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different values of the kinetics constant kp at 56 days for the 44 g/L Na2SO4

ingressing solution. We observe that, as expected, ettringite precipitates further in

the material for kp ¼ 1� 10�13 mol=s than for kp ¼ 1� 10�15 mol=s. Portlandite is
also modified by the kinetics constant, whereas gypsum appears almost unaffected.
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Fig. 8.2 Mineral assemblage profiles obtained at 56 days for the 44 g/L Na2SO4 ingressing

solution and for three different values of the kinetics constant kp
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Fig. 8.1 Mesh used for the coupled simulations and vertical stress field in the specimen at 56 days

for the 44 g/L sodium sulfate case
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Figure 8.3 left shows in black lines the calculation results of SO3 profiles as a

weight fraction of the mass of cement present, at 56 days in the 44 g/L Na2SO4 case,

and for the three aforementioned values of kp. These profiles are directly related to

EDS measurements presented in gray symbols [15]. The profile corresponding to a

chemical equilibrium simulation [i.e., without considering (8.5)] is also shown in gray

thick line [16]. Figure 8.3 left illustrates the accumulation of sulfate as the sodium

sulfate solutions migrates into the mortar. In the core of the sample, the calculated and

the measured SO3 fractions correspond to the total SO3 present in the cement while

they increase nearer to the surface where the minerals interacts with the ingressing

Na2SO4 solution. We note that the calculations with kp ¼ 1� 10�13 mol=s agrees

relatively well with the measured weight fractions compared to the other kp values.
However, the simulations indicate generally a narrower zone of precipitated gypsum

than the one observed experimentally between about 0.25–1 mm.

Figure 8.3 right presents the time evolutions of the calculated free expansions of

the mortar specimens for both 4 and 44 g/L Na2SO4 ingressing solution and for two

values of the coefficientb introduced in (8.3). These numerical results are compared

to experimental data (dark symbols, [15]). We note that the value b ¼ 0:72 gives

results of free expansions close to the measured values for the two considered cases,

while b ¼ 0:6 overestimates them significantly for the 44 g/L Na2SO4 case. The

approach described in (8.3) and (8.4) appears then to satisfactorily reproduce the

observed free expansions, contrary to the crystallization pressure approach alone,

which leads to notable underestimations (unless exhibiting unrealistically high

crystallization pressures of several thousands of MPa [10]). The same conclusion

has been reported in [11]. However, the results obtained in this study do not include

the possible microcracking which may be caused by the expansions. In fact, the

simulations indicate the presence of relatively high stress levels in both tensile

and compressive zones (see Fig. 8.1), suggesting that microcracks may initiate and

propagate in particular in the regions subjected to tensile states of stresses.
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Fig. 8.3 SO3 profiles as a weight fraction of the mass of cement present at 56 days for the 44 g/L

Na2SO4 ingressing solution and different values of kp (left), and vertical expansions for both 4 and
44 g/L Na2SO4 ingressing solution (right)
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Moreover, while the approach defined by (8.3) and (8.4) seems appropriate to

estimate the free expansions of laboratory specimens, we point out the fact that for

real structures or specimens with restrained displacements, the macroscopic stresses

resulting from (8.4) may be extremely high. This is due to the expression of the bulk

strain e�, which does not depend on the stresses. These aspects are currently under

investigation, and improvements of the model are expected in particular regarding

the calculation of e�.

5 Conclusions

We have presented in this study some numerical results regarding the coupled

chemo-transport-mechanical simulations of 2D mortar specimens subjected to ESA

in saturated conditions. The simulations are performed with the numerical platform

ALLIANCES. Crystallization pressures due to restrained ettringite precipitation are

assumed to be the major cause of the observed macroscopic expansions. The

necessary condition for their existence, i.e., the supersaturation of the solution, is

fulfilled by the introduction of a kinetics law governing the ettringite precipitation.

To reproduce the free expansions, a macroscopic bulk strain e� calculated from a

part of the volume fraction of precipitated ettringite is introduced in the mechanical

model. The kinetics constant governing the ettringite precipitation is adjusted so

that experimental and numerical mineral concentration profiles of mortar

specimens subjected to two different sodium sulfate solutions match reasonably

well. The calculated macroscopic free expansions are in quite good agreement with

experimental data, provided a correct calibration of the parameter involved in the

expression of e� . However, it is asserted that the model would lead to very high

stress levels in the structures in the particular case of restrained displacements at its

boundaries. In particular, we suggest that in the same way that the capillary pressure

pc expressed in (8.2) acts on the solid skeleton to produce macroscopic stresses,

external applied (compressive) stresses generate local microscopic stresses in the

ettringite inclusions which counteract pc. As a consequence, formation of ettringite

may be reduced and even inhibited by these stresses. This aspect, together with

the fact that microcracking is disregarded at this stage, will be the subject of

subsequent investigations so as to improve the model response.
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Chapter 9

Micro- and Macroscopic Investigations

of Actinide Binding in Cementitious Materials

E. Wieland, R. D€ahn, X. Gaona, N. Macé, and J. Tits

1 Introduction

The Swiss radioactive waste disposal program, as many others worldwide, foresees

the long-term safe disposal of low- and intermediate-level radioactive waste

(L/ILW) in a cement-based deep geological repository. In the proposed Swiss

concept it is foreseen that cement is used to condition the waste materials and for

the construction of the engineered barrier (liner, backfill material). Hence, cemen-

titious materials are an important component of the multi-barrier system in under-

ground repositories. In performance assessment it is considered that the

cementitious near field controls radionuclide solubility and retards radionuclide

release into the far field. Therefore, knowledge of the chemical mechanisms by

which radionuclides are retarded due to interaction with cement minerals is essen-

tial for long-term assessments of the safe disposal of radioactive waste.

Hardened cement paste (HCP) is a heterogeneous matrix consisting of mainly

calcium (aluminium) silicate hydrates [C-(A)-S-H], portlandite [Ca(OH)2] and

calcium aluminates (AFt- and AFm-type phases). Among the different cement

minerals, C-S-H phases are considered to be the most important constituent of

HCP as they are abundant and exhibit a wide diversity of structural sites for cation

and anion binding.

Actinides are common constituents in L/ILW. Uranium(VI) is expected to be the

dominant redox state under the relevant repository conditions, i.e. slightly oxidizing

to reducing conditions. Several studies have been published on U(VI) uptake by

HCP and cement minerals (e.g. [1–5]).
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Spectroscopic studies on the sorption mechanism of U(VI) in cementitious

materials complement our current understanding from the batch sorption experiments

[6–10]. Extended X-ray absorption fine structure (EXAFS) spectroscopy studies of

Sylvester et al. [7] and Zhao et al. [10] showed that the uranyl (UO2
2+) moiety is

preserved on U(VI) loaded untreated and hydrothermally treated cement samples,

indicating that the +VI redox state is stable upon uptake byHCP. These studies further

showed that U(VI) equilibrated with hydrothermally altered concrete formed oligo-

meric surface complexes or surface precipitates. The authors proposed that U(VI)

coordination onto the surfaces of cement minerals occurs via equatorial oxygen

bonding. The results reported by Harfouche et al. [6], Wieland et al. [9] and Tits

et al. [8] will be discussed in the following section.

In contrast to its importance for performance assessment due its long half-life

(237Np, t1/2 ¼ 2.14 � 106 years), its radiotoxicity and its redox sensitivity, the

currently available information on the behaviour of Np in cementitious

environments is very limited. Np(IV) species are expected to exist under the

reducing conditions of a repository near field. Zhao et al. [10] observed partial

reduction of Np(V) to Np(IV) in the course of Np(V) uptake by HCP while the

reduction process had no influence on the overall partitioning between the aqueous

phase and HCP, indicating similar sorption behaviour. At present, sorption studies

with Np(IV) on cementitious materials are lacking. On the basis of chemical

analogy with Th(IV), Np(IV) is expected to be strongly retarded by HCP and

C-S-H while a significantly weaker uptake of Np(V) by HCP is expected due to

its lower effective charge (+2.3). Note, however, that preliminary in-house

measurements suggest strong interaction with cementitious materials, comparable

to that of tetravalent actinides.

In this chapter, we report results from micro-spectroscopic investigations

(m-XRF(X-ray fluorescence)/EXAFS/XANES) (X-ray absorption near edge spec-

troscopy) on U(VI) and Np(V,VI) loaded intact HCP samples, which are discussed

in connection with bulk EXAFS studies on U(VI) and Np(IV,V,VI) loaded HCP

and C-S-H samples.

2 Material and Methods

2.1 Sample Preparation

Intact samples. U(VI) and Np(V,VI) loaded intact HCP samples were prepared

using a sulphate resistant Portland cement denoted as HTS cement [CEM I 52.5 N

HTS (¼Haute Teneur en Silice), Lafarge, France] [11]. The U(VI) and Np(V,VI)

loaded hydration samples were prepared by mixing unhydrated HTS cement with

U(VI) and Np(V) stock solutions of appropriate concentrations at a water:cement

(w/c) ratio of 0.4 following the procedure described in Vespa et al. [12]. Mass

balance calculations showed that, after addition of the actinide stock solutions, the
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conditions in the pastes remained strongly alkaline due to the large buffering

capacity of cement. Sodium hypochlorite (NaOCl) 5 � 10�3 M was added to one

of the hydrating samples to promote the oxidation of Np(V) to Np(VI). The average

U(VI) loading of the cement paste was ~20,000 ppm in the U(VI) sample while the

Np loading was ~1,000 ppm in the Np(V,VI) samples. The U(VI) and Np(V,VI)

loaded pastes were cast in Plexiglass moulds, which were tightly closed using

polyethylene snap caps. The samples were stored at room temperature and 100 %

relative humidity in a closed container, which was placed in the glovebox with N2

atmosphere, and cured over appropriate periods of time [U(VI): 1 day; Np(V,VI):

30 days]. Upon curing the HCP samples were extruded from the cast, immersed in

acetone for 12 h to stop the hydration process and dried overnight in the glovebox.

From the HCP material, polished thin sections were prepared for further use in the

m-XRF/XAS investigations.

Sorption samples. The actinide doped HCP and C-S-H samples were prepared

according to procedures described in detail elsewhere [13, 14]. Briefly, U(VI) and

Np(IV,V,VI) stock solutions were added to synthetic C-S-H suspensions [C-S-H

with various Ca/Si (C/S) ratios] or crushed HCP material in equilibrium with

artificial cement pore water. The Np(IV) stock solution was prepared in a glovebox

by electrolysis of Np(V) while NaOCl was added to oxidize Np(V) to Np(VI) [13].

Sodium dithionite was added to stabilize Np(IV). The pH of the actinide doped

sorption samples ranged from 10 to 13.3 and the loadings from ~860 ppm [Np(IV,V,

VI)] to ~2,700 ppm [U(VI)]. After equilibration and separation of the solid and

liquid phases, the wet pastes were placed into Plexiglass holders, sealed with two

layers of Kapton® tape and, in addition, with thermo-sealed polyethylene bags. Note

that special precautions had to be taken during preparation and transport of the

Np(IV) loaded samples to the beamline in order to avoid/minimize access of oxygen

[13]. Reference samples were prepared for the U(VI) studies by diluting ~15 mg of

the U(VI) minerals with 250 mg boron nitride (BN, 98 % purity, Sigma-Aldrich,

Switzerland). A description of the U(VI) minerals (Ca uranate, uranophane,

soddyite) is given elsewhere [14]. No Np reference compounds were available.

2.2 Spectroscopic Measurements

U(VI) micro-spectroscopic measurements. Micro-XRF/XAS measurements were

carried out at BL 2-3 at the Stanford Synchrotron Radiation Lightsource (SSRL,

Menlo Park, CA, USA). The beamline is equipped with a Si(111) double-crystal

monochromator and a Kirkpatrick–Baez (KB) mirror focusing system. The mono-

chromator position was calibrated by assigning the first inflection point of the

K-absorption edge of a Y foil to 17,038 eV. The X-ray beam was focussed down

to ~2 � 2 mm2 spot size. Fluorescence radiation was detected using a single

channel VORTEX Si detector. Several EXAFS spectra were recorded on the

selected U(VI)-rich spot to achieve the requested signal-to-noise (S/N) ratio.

9 Micro- and Macroscopic Investigations of Actinide Binding. . . 95



Np(V,VI) micro-spectroscopic measurements. Micro-XRF/XANES was carried out

at the MicroXAS beamline at the Swiss Light Source (SLS, Villigen PSI,

Switzerland). Monochromator and focusing system correspond to that at BL 2-3,

and the same adjustments were made (energy calibration with a Y foil; ~2 � 2 mm2

spot size). Fluorescence radiation was detected using a KETEK Si detector. Several

XANES spectra were recorded to achieve the requested S/N ratio.

Bulk EXAFS measurements. EXAFS spectra at the U LIII edge (17,166 eV) and the

Np LIII edge (17,610 eV) were collected at room and liquid He temperatures,

respectively, at BM 20 (ROBL) at the European Synchrotron Radiation Facility

(ESRF, Grenoble, France). Description of the beamline and the experimental set-

ups are described elsewhere [13, 14].

Data analysis. Bulk-EXAFS and m-EXAFS data reduction and analysis were

performed using the SIXPACK and IFEFFIT software packages following standard

procedures [15–17]. Reduction and modelling of the EXAFS data were performed

with the ATHENA/ARTEMIS software package (for details see [13, 14]).

Analysis of the EXAFS spectra was based on the assumption that several species

of the absorber atom contributed to the overall EXAFS signal. Therefore, the

EXAFS spectra were analysed on the basis of statistical analysis using principal

component analysis (PCA) and iterative target-transformation factor analysis

(ITFA) as described elsewhere (e.g. [18, 19]). PCA was used to determine if a set

of spectra can be represented as linear combination of a smaller number of

independent component spectra. The indicator value as described in Manceau

et al. [18] was used as the criterion to determine the number of independent

components sufficient to reproduce the set of experimental spectra. Linear combi-

nation (LC) fitting was carried out with the aim of describing the original spectra as

a sum of the new components with coefficients (weights) between 0 and 1.

Structural information was obtained by applying a multi-shell approach for

EXAFS data fitting of those components identified by PCA [13, 14].

3 Results and Discussion

3.1 U(VI) Speciation in Cementitious Systems

The findings from the bulk EXAFS and TRLFS investigations on U(VI) loaded

HCP and C-S-H samples can be summarized as follows [6, 8, 9, 14].

Sorbed U(VI) species. TRLFS allowed the determination of two different sorbed

species along with a U(VI) precipitate (Ca uranate) and the aqueous U(VI) hydroxo

species present under alkaline conditions [8]. The spectral characteristics of the

sorbed species indicated strong coordination via equatorial oxygen atoms,

suggesting inner-sphere complexation. The sorbed species with the weaker spectral

red shift is expected to be a surface-bound species or a species weakly bound in the
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interlayer of C-S-H. The proportion of this species was found to decrease over time.

The species with the stronger red shift is considered to be incorporated in the C-S-H

interlayer. The proportion of this species increased over time. The presence of an

incorporatedU(VI) species was already suggested based on an earlier EXAFS study [6].

C-S-H as uptake-controlling cement phase. TRLFS and EXAFS studies further

showed that the coordination environment of U(VI) is similar upon uptake by

HCP and C-S-H phases [8, 14]. From this finding we infer that C-S-H is the

uptake-controlling cement phase in the complex cement matrix. Micro-

spectroscopic investigations on U(VI) loaded intact HCP samples, whereby U(VI)

was allowed to diffuse into the cement matrix over a period of 270 days, showed that

U(VI) preferentially accumulates in the reactive zones around Ca-rich clinker

minerals, presumably belite (Ca2SiO4), where C-S-H phases form [9]. Thus, U(VI)

speciation was found to be identical regardless of whether U(VI) uptake starts from

over-saturation as in the sorption experiments due to the addition of a highly

concentrated U(VI) stock solution or from under-saturation as in the diffusion

experiments where the U(VI) concentration was fixed at the solubility limit of Ca

uranate [9].

U(VI) coordination environment. U(VI) taken up by C-S-H phases has a local

arrangement of the nearest neighbouring atoms that resembles the coordination

environment of U(VI) in the uranyl silicates uranophane and soddyite. While

EXAFS indicated formation of an uranophane-like structure (Fig. 9.1), TRLFS

suggested a soddyite-like structure on the basis of the position (red shift) of the

emission bands in the fluorescence spectra [8]. At the present time the reason for

this discrepancy is not understood. Nevertheless, irrespective of the discrepancy,
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Fig. 9.1 (a) k3-weighted EXAFS data for selected U(VI) reference compounds and U(VI)/HCP

and U(VI)/C-S-H sorption samples; (b) the corresponding radial structure function with the k
range taken between 2 and 11 Å�1 for all Fourier transforms
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we may conclude that U(VI) is taken up into the structure of C-S-H phases, where it

occupies crystallographic positions similar to those of U(VI) in uranyl silicates.

This further supports the idea that, after long equilibration times, U(VI) preferen-

tially forms an incorporated species in the C-S-H structure.

U(VI) precipitate. At high U(VI) loadings (20,000 ppm) U(VI) forms a Ca uranate in

cementitious materials. Precipitation of Ca uranate was previously postulated from

thermodynamicmodelling of U(VI) solubility limits in C-S-H [5] and cement systems

[9], and further supported by TRLFSmeasurements onU(VI) loaded sorption samples

[8]. Figure 9.2 shows that, in intact U(VI) loaded HCP samples with high U(VI)

loadings, U(VI) is heterogeneously distributed in the cement matrix and further, the

EXAFS spectra collected at U(VI) hot spots contain backscattering contributions from

two species (a) the “U(VI)-C-S-H-type” species (as described earlier) and (b) Ca

uranate. Hence, Ca uranate is considered to be the solubility-limiting phase in cemen-

titious systems in short-term experiments (up to 300 days). Whether this phase is

stable in the long term, however, is currently uncertain. Kienzler et al. [20] suggested

that uranophane could be the solubility-limiting U(VI) mineral in the long term,

particularly in cement matrices corroded by NaCl and MgCl2 brines.

3.2 Np Speciation in Cementitious Materials

Information on the speciation of Np in cementitious materials is very limited and

mainly results from a recent bulk EXAFS study on Np loaded HCP and C-S-H

systems [13] and an ongoing micro-spectroscopic study.

Sorbed Np species. The results from the bulk EXAFS investigation on Np(IV)

loaded HCP and C-S-H samples indicated predominant incorporation of Np in the

C-S-H structure for C/S ratios ranging between 0.75 and 1.65. Two species were

2 4 6 8 10

-10

-5

0

5

10

HL_1

LL

HL_2

k (Å-1)

k3 c(
k)

a b

Fig. 9.2 (a) Micro-XRF maps of U and Ca distribution in a U(VI) loaded HCP sample

[~20,000 ppm U(VI), 1 day hydration]; m-EXAFS spectra were collected on the indicated U-rich

spots (circles). (b) k3-weighted EXAFS spectra of the main components obtained with PCA. All

composite spectra collected at the U spots contain two U(VI) species designated as HL_1 and

HL_2 species whereby the LL and HL_1 species are identical. K-range for data analysis was taken
between 2 and 10 Å�1
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identified, corresponding to Np(IV) in C-S-H with C/S ¼ 1.65 as in “fresh” HCP

and 0.75 as in highly degraded HCP. The coordination environment of Np(IV) was

found to depend on the C/S ratio of C-S-H but not on the pH in accordance with the

aqueous speciation of Np(IV) in the pH range 10–13.3 [predominance of Np

(OH)4(aq)]. Comparison of the structural parameters determined with EXAFS on

the Np(IV)/HCP and Np(IV)/C-S-H samples further showed the same coordination

environments of Np(IV), indicating that C-S-H are responsible for Np(IV) immo-

bilization in cementitious materials. Hence, as for U(VI), incorporation of Np(IV)

by C-S-H phases determines the long-term immobilization of this tetravalent

actinide in the cementitious near field. Preliminary analysis of EXAFS data further

suggests that incorporation into the structure of C-S-H phases also could play an

important role in the immobilization of pentavalent neptunium.

Np speciation in intact HCP samples. Np was found to be heterogeneously

distributed in the cement matrix (Fig. 9.3a). Preferential accumulation was

observed around reacting clinker minerals as in the case of U(VI) [9]. Micro-

XANES further showed that the redox state of Np in the samples in presence of

NaOCl does not change (Fig. 9.3b). In contrast to observations made on Np sorption

samples using HCP, NaOCl did not oxidize Np(V) to Np(VI) within the time scale

of the hydration process. One may speculate that Np(V) was taken up rapidly by

C-S-H phases during cement hydration, which impeded oxidation by NaOCl.

Comparison of m- and bulk-XANES data further revealed differences in the coordi-

nation environments of Np(V) in the bulk material and on the local spots. XANES

indicates presence of both Np(IV,V) oxidation states at spots NpA-HS1 and NpB-

HS1/2 as the broad shoulder, which is characteristic for Np(V), is absent in the

spectra (Fig. 9.3b). The reason for the presence of Np(IV) is presently unknown

although beam damage could be a plausible explanation.
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Fig. 9.3 Micro-XRF maps of Np collected on a Np(V) loaded HCP sample after 30 days of

hydration (a). Np-rich spots are denoted as NpA-HS1/2. (b) Comparison of XANES (bulk)
and m-XANES (hot spots) spectra determined on the two samples: A ¼ Np(V) loaded HCP (a),

B ¼ Np(V) tracer + NaOCl loaded HCP (map not shown). Bulk-XANES data of the Np(IV,V,VI)

loaded HCP sorption samples are given as references
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4 Conclusion

Macro- and micro-spectroscopic investigations provide essential information on the

uptake mechanisms of actinides by cementitious materials. This information is

complementary to that obtained from batch sorption studies and discloses new

aspects in conjunction with the long-term safe disposal of actinides. The spectro-

scopic studies indicate that, in addition to the formation of surface-bound species,

actinides can be readily taken up into the interlayer of the C-S-H structure where

they occupy specific crystallographic positions [e.g. as in uranyl silicates in the case

of U(VI)]. Furthermore, actinides are preferentially accommodated by C-S-H

phases in the cement matrix. This finding, in combination with the observed long-

term persistence of C-S-H phases in an evolving cementitious near field, further

implies that the uptake-controlling cement phase for actinides might be present in a

cement-based repository over a very long period of time. This strongly suggests that

long-term safe disposal of actinides in a cementitious near field is possible.
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Chapter 10

A New Radionuclide Sorption Database

for Benchmark Cement Accounting

for Geochemical Evolution of Cement

L. Wang, M. Ochs, D. Mallants, L. Vielle-Petit, E. Martens, D. Jacques,

P. De Cannière, J.A. Berry, and B. Leterme

1 Introduction

ONDRAF/NIRAS is developing a safety case as part of a license application for

building and operating a near-surface disposal facility for short-lived low and

intermediate level waste (LILW-SL) in Dessel, Belgium. Safety assessment (SA)

is being performed by SCK•CEN to underpin the safety case. In the ONDRAF/

NIRAS disposal concept, cementitious materials are used as the major physical and

chemical barriers to the release of radionuclides from the disposal facility (see

Fig. 10.1 for the design concept). Chemical containment or immobilisation

resulting in retardation of contaminant migration is expected to be realised mainly

by sorption on concrete engineered barriers. For the current SA calculations,

sorption of radionuclides is accounted for by a linear and reversible sorption

process. Sorption values in the form of distribution coefficients (Kd, [L/kg]) are

therefore needed. In sorption literature, however, the majority of data are reported

as distribution ratios (Rd, [L/kg]) without clear knowledge if the value was deter-

mined under conditions of linear, reversible and equilibrium sorption. For SA

purposes, the selected sorption values must be applicable to conditions suitable

for the use of Kd values. Concerning terminology in this chapter, sorption refers to

surface sorption (in other words, no distinction is made between surface adsorption,

incorporation, binding by lattice substitution, etc.) but excluding bulk precipitation.
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Compilations of sorption values for cement available in the open literature, e.g.

Bradbury and Sarott [2], Bradbury and Van Loon [3], Wieland and Van Loon [4],

Allard [5], and Baker et al. [6] were used in a previous iteration of the SA [7].

A new data compilation was needed for the current SA calculations for the

following reasons:

• Since the previous SA iteration, more detailed geochemical boundary conditions

for the cementitious components of the Dessel repository have become avail-

able. Therefore, sorption values need to be re-evaluated for the more relevant

and site-specific chemical conditions.

• The majority of the existing sorption values from the literature deal with

situations for deep geological disposal where geochemical and hydrogeological

conditions are different from the near-surface disposal site at Dessel. For deep

disposal, redox conditions are likely to be reducing, while for near-surface

disposal, as is proposed here, overall conditions are expected to be close to

oxidising. Also, slow groundwater flow in a deep-disposal situation leads to an

extremely low rate of cement leaching and thus geochemical evolution, resulting

in sorption values that remain relatively constant over time. Because of this,

most existing data compilations only need to consider sorption values for cement

that has encountered limited geochemical evolution. For the Dessel repository,

the rate of water infiltration is expected to be high enough for cement degrada-

tion to proceed much faster than under deep disposal conditions. As a result,

sorption values for highly evolved cementitious materials are also needed.

• New sorption data have been available since the previous SA iteration, e.g.

Pointeau et al. [8], Garcia-Gutierrez et al. [9], and many others. It is necessary to

include these state-of-the-art data.

• Also, and distinct from the majority of existing data compilations, an interna-

tional panel of experts has been involved in the process of data review, selection,

and documentation of scientific arguments.

Fig. 10.1 The ONDRAF/NIRAS near-surface disposal concept for LILW-SL disposal in Dessel,

Belgium [1]
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This chapter presents the new sorption database and the procedure of data selection

based mainly on literature review and the guidance of an international panel of

experts. Details of the data review are given in Wang et al. [10] and Ochs et al. [11].

2 Method for Data Selection

Literature sorption values in the form of Kd or Rd on cementitious materials for

25 elements (Ag, Am, Be, C, Ca, Cl, Cs, H, I, Mo, Nb, Ni, Np, Pa, Pb, Pd, Pu, Ra,

Sr, Se, Sn, Tc, Th, U, Zr) were reviewed. Under the guidance of an international

panel of experts, best estimate, upper and lower bound values for each element were

selected. All sorption values were determined for four degradation states of cemen-

titious materials under the expected local conditions of the Dessel repository. To

account for uncertainties about the repository redox conditions, values for both

oxidising and reducing conditions were determined for redox sensitive elements.

Sorption values for a benchmark cement, which is pure cement without effects of

organics, high chloride or other ions, were reviewed and selected. The influence of

perturbing components such as organics from waste and cement additives, and

other ions was assessed separately.

2.1 Geochemical Conditions Applied to Selection of Sorption
Values: Four States of Cement Degradation

Cementitious materials are not thermodynamically stable when in contact with

infiltrating water and tend to degrade over time. Cement degradation arises from

a number of processes but a principal chemical degradation mechanism expected

for the Dessel repository is leaching of cement components by infiltrating soil

water. Relevant chemical conditions were determined by reaction modelling

assuming equilibrium between cement phases and infiltrating water [12, 13].

Figure 10.2 shows the modelled four states of cement degradation characterised

by the evolution of pH, the total Ca and Si solid phases, and the calcium/silicium

ratio (C/S) ratio that prevail in the near field.

At the reference temperature of 25 �C, state I has a pH above 13 with a high

concentration of Na and K ions in the cement pore fluid. State II has a fixed pH of

12.5 controlled by the solubility of portlandite. State III starts when all portlandite

has been leached out of the cement and the pH drops to around 10 when the pore

water composition is buffered by C–S–H phases. State IV is free of effective

cement phases and has a pH lower than 10 with calcite and aggregate minerals

controlling the final pH, together with the chemical composition of the infiltrating

soil water. Note that at the ambient temperature of the Dessel repository, estimated

to be around 10 �C, the pH will be almost 0.5 units higher than at 25 �C, i.e. 14 for

state I, 13 for state II, and so on.
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2.2 Procedure for Data Selection

Sorption values were reviewed from original research papers and reports and

presented as Kd or Rd as a function of pH. The procedure for evaluating the data

quality and appropriateness is based on the criteria below:

1. Do the sorption data represent Kd or Rd?

2. Are the data from batch test or derived from leaching tests? Preference was

given to batch test data while leaching tests were considered to produce

sorption values with higher uncertainty owing to use of interpretative models

which typically need uncertain model parameters.

3. If modelling was included to interpret experimental data, additional credit was

given to such sorption values.

4. For redox sensitive elements: were experiments carried out while keeping

control of the oxidation state? In the present study best estimates of sorption

values will not be linked with specific values of redox potential (Eh), but

instead the different oxidation states of the redox-sensitive radionuclides will

be addressed.

5. How was the dominant aqueous speciation of the sorbing element determined?

This is normally achieved based on common knowledge of solution chemistry

or speciation calculation using thermodynamic models. Only in a very few

cases has the speciation of the sorbing element been experimentally

determined.

6. What was the liquid-to-solid separation technique? A total separation is impor-

tant in many cases, especially for strongly sorbing radionuclides.

Fig. 10.2 Calculated evolution of pH (left axis), solid phase Sisolid and Casolid-no calcite (calcareous

aggregates not accounted for) and calcium/silica (C/S) ratio (right axis) at 10 �C. Cumulative

leached water corresponds to total amount of external (soil) water considered in equilibrium

reactions with 1 dm3 of concrete
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7. What was the solid-to-liquid ratio (S/L)? As far as equilibrium sorption is

concerned, the S/L ratio should normally not influence the sorption value.

Experimentally observed variation in sorption values as a function of the S/L

ratio may indicate some experimental artefacts or the influence of uptake

processes other than sorption.

8. Sorption isotherms were preferred over a single point measurement as they help

to evaluate the linearity of the uptake process over a wider range of initial

radionuclide concentrations.

9. Was the initial tracer concentration well below its solubility limit to avoid bulk

precipitation of the sorbing element?

10. Was the atmosphere in the glove box controlled by means of N2, Ar, or CO2?

This helps with judging the speciation of the sorbing element and the stability

of the cement materials as sorbent, especially when in combination with the

addition of a reducing agent.

11. What was the contact time for batch tests? Differences in final sorption values

may occur as a result of different contact times, resulting in different degrees of

equilibrium. Very long contact times may result in a transition from reversible

to irreversible processes, the latter involving slow reactions, e.g. diffusion/

incorporation processes. Note that the fact that a concentration does not change

with time in a sorption experiment is not generally accepted as a proof of

equilibrium. A more generally accepted criterion is reversibility: if the same

data are obtained from adsorption and desorption tests, it can be assumed that

equilibrium has been attained. However, such information is not always avail-

able, and therefore recourse to the former criterion is acceptable. Another

reason to prefer the reversibility criterion is its implication when sorption

values are used for safety assessments. Use of short-term reversible test results

is conservative, in terms of safety, compared to long-term possibly irreversible

test values.

12. To which state of cement degradation did the pore water composition

correspond?

13. Final pH of the test solution provides an important indication of whether the

pore water was in chemical equilibrium with the sorbing solid or if significant

interactions occurred between the sorbing solids and the liquid phase.

14. What was the sorbing solid?

These criteria were implemented in an ACCESS™ database. Further guidance

was provided by the panel of experts for the literature review and included the

following:

1. If sufficient data are available, sorption values of redox-sensitive elements

should be included for both oxidising and reducing conditions.

2. Data should focus on cement degradation states II and III where sorption is

effectively dominated by cement phases. For state III, values will be taken at

about pH 11 (state II has a fixed pH of 12.5 at 25 �C).
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3. Sorption data obtained from crushed concrete and mortar are not included

because the crushing may generate sorbing surfaces from aggregates.

4. Whenever possible, sorption values on amorphous calcium silicate hydrates

(CSH) are preferred because measurements on crystalline CSH phases are not

representative of real cements.

5. Sorption on amorphous or poorly crystalline materials, including CSH, may not

give a single value but rather a range of 1–2 orders of magnitude.

6. Sorption values determined from experiments involving incompatible

substances (resulting in a chemical reaction in the course of the sorption experi-

ment) should be excluded.

7. Sorption values were discussed for fully hydrated cement paste and the

corresponding hydrated mineral phases. When there is clear evidence of the

presence of unhydrated clinker phases, the data should be excluded.

Temperature influence was not considered because tests are usually done at

ambient temperature around 25 �C. Although the temperature in the disposal

facility will be lower at ~10 �C, no significant differences are expected in sorption

behaviour. Note however that geochemical calculations of cement evolution were

done at 10 �C. There is about a 0.5 pH increase in each state compared to such

calculations at 25 �C (Jacques 2008).

If no sufficient data were found, supplemental values are estimated based on

chemical analogy or other arguments. The purpose is to provide a minimum of

guidance to safety assessors in developing data for assessment purposes in the

absence of best estimates. The supplemental values are indicative data usually

supported by qualitative or semi-quantitative arguments only, and thus are associated

with a larger uncertainty.

2.3 Role of the Expert Panel

The expert panel includes representatives of several European countries. This is

valuable because their collective experience affords insights into different national

programmes and has enabled data which might otherwise have remained obscure to

be included in the scope of the review.

The role of the expert panel was to provide guidance on the initial data review

carried out by SCK•CEN during panel meetings and endorse the final sorption

values. The guidance was given following the check list below:

• Reliability: the panel agreed that they must be fully aware of how reliable the

data are that they are using. Several issues were discussed:

– It was generally agreed that data from batch experiments are preferable: data

from through-flow experiments are complementary.
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– For traceability and defensibility it was essential to clearly separate what has

been used for Kd derivation from any further supporting arguments and

“conservatism”.

– It was stressed that the experts must be aware of the assumptions implicit in

the Kd approach, such as reversibility. Within many experimental setups of

hydrated cement systems the sorbing solid is undergoing alterations while

sorption is proceeding but this apparent non-reversibility may have nothing to

do with irreversible sorption in the thermodynamic sense. It was agreed that

data for conditions other than those of interest are of limited use. However, it

may be difficult to find Kd values directly relevant to the repository

conditions. The challenge is then to extrapolate from the available data to

repository conditions.

– There were concerns raised over the use of thermodynamic data in linear

free-energy models. However, it was suggested that some thermodynamic

modelling would be necessary.

• Appropriateness: for the Dessel disposal facility: the review had to focus on

relevant cement systems, or more generally relevant solid phases.

• Data quality: influence of solubility, appropriate S/L ratio, appropriate initial

concentration of radionuclides, etc.

• Time frames: all four states of cement degradation were considered in the data

selection because the cement, when in contact with infiltrating soil water and soil

air, will experience each of these states within the lifetime of the repository; for

the purpose of data selection knowledge of the start and end times of the

degradation states is not necessary.

• Heterogeneity: several types of heterogeneity needed to be considered. These

include:

– Stable elements that need to be considered. The distribution of radioactive

and non-radioactive wastes over the facility might be important, especially in

view of isotopic dilution as a sorption process.

– Chemical and/or microbiological degradation of bitumen might affect redox

conditions, while reduction of nitrates leached from bituminised waste may

further alter the redox state.

– Organics within the waste packages and the potential impact of their degra-

dation products on radionuclide migration.

– Waste containing high chloride concentrations, on account of

chlorocomplexation.

– Water held in the interstitial pores in cement gel may not have the same

thermodynamic properties as bulk water. Therefore, sorption values derived

from bulk water experiments may not be applicable to gel pores.

• Completeness: for each species, possible mechanisms explaining the sorption

processes were discussed, thereby seeking consistency among chemically

similar species.
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3 Selected Sorption Values

Scientific best estimate Rd values for each of the four concrete degradation states

are given in Table 10.1 for 25 elements [10, 11]. These data represent sorption on

unperturbed cement pastes. Sorption of radionuclides onto cement may be

Table 10.1 Selected best estimate Rd (‘/kg) values as function of cement degradation state

Element State I State II State III State IV

Ag i.d. [1] i.d. [1] i.d. [1] 1

Am 1 � 104 1 � 104 1 � 104 1 � 104

Be i.d. i.d. i.d. i.d.

Ca 2 � 103 5 � 103 2 � 103 i.d.

Ca 7 1 10 40

Cl 2 � 101 (1) 5 � 101 (1) 2 � 101 (1) 0 (0)

Cs i.d. 2 20 i.d.

H 0 0 0 0

I 1 (1) 10 (1) 1 (1) 0.4 (0)

Mo 3 3 3b, 0.1c 0.1

Nb 5 � 104 5 � 104 5 � 104 5 � 102

Ni 65 4 � 102 4 � 102 5

Np Np (IV) 3 � 104 3 � 104 3 � 104 3 � 102

Np (V) i.d. i.d. i.d. i.d.

Pa Pa (IV) 3 � 104 3 � 104 3 � 104 3 � 104

Pa (V) 1 � 104 1 � 104 1 � 104 3 � 102

Pb 3 � 102 3 � 103 3 � 104 8 � 102

Pd i.d. [3 � 102] i.d. [3 � 103] i.d. [3 � 104] i.d. [8 � 102]

Pu Pu (IV) 5 � 103 3 � 104 3 � 104 3 � 102

Pu (VI) 2 � 103 3 � 104 3 � 104 50

Ra 3 � 102 1 � 102 8 � 102 1

Se(�II) i.d. [0] i.d. [0] i.d. [0] i.d. [0]

Se(+IV) 2 � 102 2 � 102 2 � 102 3

Se(+VI) 3 3 3b, 0.1c 0.1

Sn 2 � 104 2 � 104 i.d. [3] i.d. [3]

Sr 1 � 102 30 1 � 102 1

Tc Tc (IV) 3 � 103 3 � 103 3 � 103 i.d.

Tc (VII) 1 1 1 1

Th 3 � 104 3 � 104 3 � 104 3 � 104

U U (IV) 3 � 104 3 � 104 3 � 104 3 � 104

U(VI) 2 � 103 3 � 104 3 � 104 50

Zr i.d. 1 � 104 1 � 105 i.d.

Values in [] are supplemental values. For Ni and Ca site-specific cement data were used to

calculate Rd for states I, II, and III. Values between parentheses are for high chloride background

concentrations

i.d. insufficient data
aInorganic carbon
bEttringite present
cEttringite absent
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negatively affected by the presence of organic degradation products or high

chloride concentrations. Corrections will need to be made for different concrete

formulations including aggregates by accounting for the weight percent of cement.

4 Effect of Perturbing Components

Perturbing compounds exist in some waste streams or originate from cement and

concrete as additives. These compounds include chloride and organics such as

cellulose [with its degradation product, isosaccharinic acid (ISA)] from waste and

cement admixture from concrete. The perturbing compounds may interact with

radionuclides in the waste forming soluble complexes and as a result may decrease

sorption on cement and increase the mobility of radionuclides. In general, the

current review found very limited data enabling a quantitative assessment. A

qualitative evaluation is, however, made and summarised hereafter:

• Effect of organics: for the majority of waste packages where ISA concentration

is lower than 10�5 molal, no impact of organics on sorption is expected with the

exception of Zr where a sorption reduction factor about 30 was observed. For

individual waste packages with an ISA content between 10�4 and 10�3 molal, a

sorption reduction factor of 10 was assigned to Nb, Np (IV), Pa, Th and a factor

of 100 to Pb, Pu, and Zr. As concerns the high molecular weight organics, no

effects have been reported based on experimental data for Pu. As concerns

cement admixtures, small increase of Pu solubility was found.

• Effect of chloride: three groups can be distinguished based on the tendency of

interaction with chloride or competing for sorption sites on cementitious materials

– High impact: if chloride is present as NaCl, sorption reduction is expected for

Cs, Sr, and Ra mainly due to Na+ competition. Ag, Pb, and Pd belong to the

high impact group also because of high tendency of forming complexes with

chloride.

– Medium impact: Tc(IV) as there is evidence for formation of Cl complexes,

Ni (due to its position in the periodic table), Cl, I, Mo, and Se(VI) due to

competing with Cl�, and CO3
2� for sorption sites on cement.

– Low impact: U(VI), U(IV), Pu(VI), Th, Np(IV), Nb, Pa(V), Be, Ca, Se(IV),

Sn, and Zr. These are not expected to interact strongly with chloride.

Acknowledgments This work has been performed as part of the project on disposal of category A

waste—short-lived low and intermediate level waste (LILW-SL)—that is carried out by

ONDRAF/NIRAS, the Belgian Agency for Radioactive Waste and enriched Fissile Materials.

Disclaimer The following members of the panel of experts are sincerely acknowledged for their

contributions to the data review and endorsement: E. Giffaut, C. Gallé, V. Blin, B. Schwyn, A,
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Chapter 11

On the Determination of the Diffusion Coefficient

of Ionic Species Through Porous Materials

H. Mercado, S. Lorente, and X. Bourbon

1 Introduction

Whichever may be its origin, radioactivity can be dangerous for people and their

environment. Hence, radioactive material and waste involve a risk due to

radionuclides that they contain. In the case of nuclear wastes storage and disposal,

several protection barriers are set up in order to ensure the safety of people working

or living near storage centers. Different types of confinement elements, often made

from cementitious materials, are to be constructed so that optimal storage

conditions are satisfied. Any attempt to confine efficiently a radioactive substance,

within an enclosure made from a cement-based material, will certainly lead to the

analysis of transfer properties of this kind of materials. Indeed, these properties play

a main part in the suitability assessment of a determined storage solution. The

diffusion coefficient of ionic species through porous materials is an essential input

parameter that allows to model transfer phenomena and to predict material behavior

in time. A study is presented in this chapter on the determination of the aforemen-

tioned diffusion coefficient through two different types of concrete, using two

different methods, namely an electrochemical impedance spectroscopy (EIS) test

and an electrokinetic one [1]. Special focus is made on impedance spectra analysis

by means of two different electrical models.
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2 Materials

The concrete samples were based on CEM-I and CEM-V cements with water-to-

cement ratio of 0.40 and 0.43, respectively. These materials are based on the

ANDRA prescriptions and their composition is a reference composition. They

were cast into cylindrical molds of 11 cm in diameter and 22 cm in height, before

being demolded after 24 h. The samples were kept in humid chamber for at least

6 months for each type of concrete. At the end of the curing period, the cylinders

were sawed into 3 cm thick pieces. The characteristics of the two concretes are

presented in Table 11.1, together with their apparent density and water porosity

(obtained from the AFPC-AFREM protocol [2]). The ionic composition of the pore

solution was measured by atomic adsorption spectroscopy after extraction. Because

sulfate and calcium concentrations were very small, Table 11.2 presents only

the main ionic species concentrations and the ionic strength I of each solution.

The latter was calculated from Eq. (11.1).

I ¼ 1

2

X

i

z2i ci (11.1)

where i is the ionic species, z is the charge number, and c is the concentration.

3 Experiments

3.1 Electrochemical Impedance Spectroscopy

Impedance measurements were performed with an impedance analyzer (HP

4294A). The amplitude of the sinusoidal voltage was 200 mV and the frequency

range was 40–(110 � 106) Hz. We designed our own electrodes made of a PVC

envelope protecting a layer of copper and a thin mattress of stainless steel. The test

Table 11.1 Concretes characteristics

CEM-I concrete CEM-V concrete

W/C 0.43 0.41

Apparent density (kg/m3) 2,330 2,285

Water porosity 0.13 0.14

Table 11.2 Composition of the pore solutions and ionic strength I (mol/m3)

Na+ K+ OH� I

CEM-I concrete 31.5 122.8 154.3 154

CEM-V concrete 70.6 173.9 244.6 245
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lasted <5 min per sample. The results are presented on Nyquist plots in terms of

average of 3–4 tests, each test led in a day of interval, in a room at constant

temperature.

The diffusion coefficient was obtained from the measurement of the saturated

material resistance. Indeed the ratio of the pore solution conductivity spore to the

conductivity of the material saturated with the same pore solution smat is the same as

the ratio of an ion diffusion coefficient in the pore solution Dpore to the diffusion

coefficient of the same ion though the saturated material,D. This ratio is known as the
formation factor F. For more details on the application of the Nernst–Einstein relation

and its applicability to cementitious materials, see for example Snyder’s papers [3, 4].

F ¼ spore
smat

¼ Dpore

D
(11.2)

Dpore can be obtained in books and handbooks of chemistry, such as Atkins [5].

The material conductivity is calculated from

smat ¼ L

ARmat

(11.3)

where L is the sample thickness (m), A is the sample cross-section (m²), and Rmat is

the saturated material resistance (O). The latter is measured from the EIS

experiments.

3.1.1 Conventional Model

This model consists of representing the electrical characteristics of the material by

two associations of a resistance and a capacitance placed in parallel. The electrodes

are represented by a similar association. The three are assembled in series. The

equivalent electrical circuit used in this work is shown in Fig. 11.1. The impedance

of the equivalent circuit is given by:

ZðoÞ ¼ ZrealðoÞ þ i ZimðoÞ (11.4)

RE

C0

R0

C1

R1

CE

Fig. 11.1 Conventional

electrical model
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where

ZrealðoÞ ¼ RE

1þ ðoRECEÞ2
þ R0

1þ ðoR0C0Þ2
þ R1

1þ ðoR1C1Þ2
(11.5)

and

ZimðoÞ ¼ oR2
ECE

1þ ðoRECEÞ2
þ oR2

0C0

1þ ðoR0C0Þ2
þ oR2

1C1

1þ ðoR1C1Þ2
(11.6)

The value of the AC angular frequency o for which the imaginary part of

the equivalent circuit impedance corresponds to a totally resistive behavior of the

circuit is

ZðoÞ ¼ Rmat (11.7)

Yet, because the imaginary impedance is unlikely to reach a null value due to

parasite effects, Rmat will be approached by the minimum value of Zim [6]. Note that

Rmat corresponds to R0 + R1.

3.1.2 Microstructure Model

If the preceding model is the most encountered in the literature, it presents the

drawback of not being based on parameters with a physical meaning. Following

the works published by Macphee et al. [7] or Song [8], we consider here that the

porous material can be seen as a combination in parallel of three ways to transfer

the electrical charges:

– The continuous conductive paths represent the fraction of opened and connected

pores. They are represented by a resistance in the equivalent electrical model,

RCCP

– The solid matrix plays the role of an insulator, modeled by a capacitance Cmat

– The discontinuous pore paths are pore paths separated by cement paste layers

The association in series of a resistance RCP and a capacitance CDP represents

this path where CP means continuous portion and DP discontinuous point.

The microstructure model is then associated in series with the block representing

the contribution of the electrodes as shown in Fig 11.2.

Writing that the two circuits of Figs. 11.1 and 11.2 are equivalent, in the sense

that they must represent the same EIS experimental result, and omitting the

electrode contribution we obtain
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Cmat ¼ C0 � C1

C0 þ C1

CDP ¼ ðR0 � C0 � R1 � C1Þ2
ðR0 þ R1Þ2ðC0 þ C1Þ

RCCP ¼ R0 þ R1

RCP ¼ R0 � R1ðC0 þ C1Þ2ðR0 þ R1Þ
ðR0 � C0 � R1 � C1Þ2

(11.8)

Experimentally, we note some dispersion on the results. In order to work on a

more accurate modeling of the microstructure, the capacitances were replaced by

constant phase elements (CPE) which are characterized by impedances such as

ZðoÞ ¼ 1

QðoiÞa (11.9)

where Q is the value of 1/|Z| when o ¼ 1 rad/s.

As a result the equivalent impedance of the entire circuit is

ZðoÞ ¼ 1

RCCP

þ 1

RCP þ 1
QDPðoiÞaDP

þ QmatðoiÞamat

 !�1

þ 1

RE
þ QEðoiÞaE

� ��1

(11.10)

The optimization procedure consists of solving the equation

ZðoÞ � ZexpðoÞ ¼ 0 (11.11)

CE

RE

Cmat

RCCP

RCP CDP

Fig. 11.2 Microstructure

electrical model
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where the nine electrical characteristics (R, Q, a) are unknown. The optimization

is based on the Simplex algorithm [9, 10]. The circuit component corresponding

to the diffusion of species through the material is the continuous conductive

resistance RCCP.

3.2 Electrokinetic Tests

The principles of electrokinetic tests are well known and used in practice, in

particular for the measurement of the chloride diffusion coefficient [11, 12]. The

experimental setup used in this part of the work is a new version of the LMDC-Test

(LMDC for Laboratory of Materials and Durability of Constructions) developed

more than a decade ago in our laboratory.

A cylindrical sample of material is placed between two compartments containing

any of the artificial solutions (corresponding to the pore solution analysis of each

type of concrete) completed with 20 g/L of NaCl. Both compartments contain the

same electrolytic solution. The cathodic side is filled with 500 mL of solution. The

concrete samples were initially vacuum saturated with the same solution of NaOH,

KOH, and NaCl. This means that no concentration gradient existed between the

material and the electrolyte solutions. A constant electrical potential difference is

applied between the two faces of the material in a way to create a DC 400 V/m

electrical field. The geometry of the electrodes (made of stainless steel) ensures a

uniform distribution of the electrical field through the sample, at least at the

macroscopic level. The originality of the test lies in the measurement of the amount

of chloride remaining in the cathodic compartment in time. The cathodic solution is

regularly renewed in order to maintain constant boundary conditions. The test lasts

<2 days and starts immediately after saturation, which should prevent from the

changes inmicrostructure that can be noticed in timewhen classic migration tests are

used [13]. The difference in the initial amount of chloride and the amount of chloride

still in the cathodic compartment is the amount of chloride entering thematerial. The

chloride concentration is measured by potentiometric titration. From these data, the

flux of chloride can be calculated with Eq. (11.12).

Ji ¼ �Dizi
F

RT
cir’ (11.12)

where J is the flux of the ionic species i, D is its diffusion coefficient, c is the

concentration in solution, z is the charge number, F is the Faraday’s constant, R is

the ideal gas constant, T is the absolute temperature, and ’ is the electrical potential.

Equation (11.12) is the Nernst–Planck equation written when all the concentration

gradients are null, with therefore ∇’ ¼ �DU/L, if we call DU the electrical

potential difference and L the sample thickness [14, 15].
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4 Results

We present in Fig. 11.3 the results obtained for the two types of concrete

corresponding to the different cases of saturation: some samples were saturated

with an artificial solution corresponding to the one extracted (Table 11.2). Other

samples were saturated with the same artificial solution to which 20 g/L of NaCl

(0.342 mol/L of Cl�) were added. In this last case, the experiments were conducted

after 3 weeks, 9 months, and 13 months during which the saturated samples

remained immersed in their saturation solution.

Figure 11.3 shows both the experimental results and the theoretical ones (from the

microstructure model). The optimization procedure results in a good agreement with

the experiments. The low frequency range is dominated by the electrode behavior,

while the results obtained in the highest frequencies are characteristics of the material

itself. According to MacPhee et al. [7] the first loop would correspond to the pores

system while the second one would give indications on the hydration products.

Figure 11.4 shows a zoom of Fig. 11.3b. The capacitance loop exhibits an

inflexion which, in our view, corresponds to the superposition of two loops. This

inflexion point is highlighted by the blue circle in the figure. According to some

results in the literature [16], the impedance of the cementitious materials does not

intersect the Nyquist diagram on its origin. The intersection is claimed to occur at a

distance R from the origin. The corresponding equivalent model is therefore

constituted of the resistance R placed in series with a “block” of resistance/capaci-

tance in parallel. The physical explanation of such behavior varies from one paper to

another, yet none of them appears to be really convincing. The frequencies used in

this study are higher than those presented in the above cited papers. This may explain

why, in our case, the measured impedances intersect the origin of the Nyquist

diagram. This is also the reason why our experiments could also catch the second

arc, measured between 5 and 110 MHz for both types of concrete.

The continuous conductive resistances RCCP, result of the optimization proce-

dure, are gathered in Table 11.3. Note that RCCP is equivalent to Rmat in the

conventional model.

Table 11.3 indicates that the continuous conductive resistance of a CEM-V

concrete saturated with its own pore solution is twice as much as the RCCP

resistance of a CEM-I concrete saturated also with its own pore solution.

This does not mean that the ratio between their diffusion coefficients is 2 since

the diffusion coefficient as calculated with the Nernst–Einstein equation

[Eq. (11.2)] depends also on the pore solution electrical properties.

Whatever the pore solution, the RCCP resistance remains approximately constant

in the case of CEM-I concrete which tends to show that even when chloride was

present in the pore solution network for more than a year, it has very little impact on

the results. The case of CEM-V concrete is different. The saturation in chloride of

the pore solution leads to an increase of the continuous conductive resistance. This

increase in RCCP continues in time. Indeed the longer the presence of chloride in the

pore solution the higher the resistance. This can be attributed to the change in
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geometry of the pore network. The reaction of Cl� with the hydration products of

the solid matrix, and particularly with the aluminates leading to Friedel’s salt,

induces a narrowing of the paths measured through the increase of the resistance.

The CEM-I seems to be not sensitive to this, at least for the duration of the

experiments, probably because of its pore size repartition much less centered on

the nanopores unlike CEM-V.

Fig. 11.3 EIS on concrete samples results. CEM-I concrete saturated with respectively its own

pore solution (a), and NaCl for 3 weeks (b), and NaCl for 9 months (c), and NaCl for 13 months

(d). CEM-V concrete saturated with respectively its own pore solution (e), and NaCl for 3 weeks

(f), and NaCl for 9 months (g), and NaCl for 13 months (h). Dotted and thick curves stand for

experimental and theoretical results, respectively
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We present in Table 11.4 the diffusion coefficients corresponding to a saturation

with NaOH–KOH, and to a saturation with NaOH–KOH and NaCl, the samples

remaining in this last case in the saturation solution for 3 weeks.

A good agreement exists between results obtained with the EIS method and the

electrokinetic one when the samples have been saturated with their respective pore

solution and NaCl for 3 weeks. The diffusion coefficient of the CEM-I concrete

remains relatively constant whatever the saturation solution, while the CEM-V

concrete diffusion coefficient decreases in a more significant way after 3 weeks

of saturation with chloride. This behavior is attributed to the partial blockage of the

pore network by the reaction products of chloride with the cement matrix.

Table 11.4 Diffusion coefficients (m2/s)

Saturation

with. . .
The pore

solution (EIS)

The pore solution + NaCl,

3 weeks (EIS)

The pore solution + NaCl, 3 weeks

(Electrokinetics)

CEM-I

concrete

4.1 � 10�12 3.0 � 10�12 2.8 � 10�12

CEM-V

concrete

1.5 � 10�12 1.0 � 10�12 0.8 � 10�12

Table 11.3 Continuous conductive resistances RCCP (O)
Pore

solution

Pore solution + NaCl,

3 weeks

Pore solution + NaCl,

9 months

Pore solution + NaCl,

13 months

CEM-I

concrete

373 334 496 387

CEM-V

concrete

731 827 1,002 1,133

Fig. 11.4 Detail of Fig. 11.3, inflexion on curve (b)

11 On the Determination of the Diffusion Coefficient of Ionic Species. . . 121



5 Concluding Remarks

We presented in this chapter an attempt to describe how the microstructure of two

kinds of concrete has effect on the value of the diffusion coefficient, with an

equivalent electrical model fitting EIS measurements. The microstructure model

allows proposing a description of the results with physical meanings, unlike the

conventional model. In particular, the continuous conductive resistance is the main

indicator of the transports of ionic species. Its increase with the time of residence of

chloride in the pore networks gives hints on the evolution of the microstructure in

the case of CEM-V concrete and helps explaining the decrease in the chloride

diffusion coefficient: features that the conventional electrical model cannot catch.

Finally, the comparison between this new technique of aqueous diffusion coefficient

measurement and the electrokinetic (migration) technique is very good andmakes EIS

a good candidate for direct and fast measures.
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Chapter 12

Moisture Transport Properties

of Cement-Based Materials for Engineered

Barriers in Radioactive Waste Disposal

X.Y. Pang, K.F. Li, and C.Q. Li

1 Introduction

Cement-based materials can be used for the engineered barriers for near surface

disposal structures for radioactive wastes at low and intermediate levels [1]. These

disposal structures are exposed to natural (underground) environments thus can be

degraded, through physical processes or chemical reactions, by the external aggres-

sive agents [2]. For cement-based materials, most of these degradation processes

are intimately related to moisture (water) transport in the pore structure of materials

[3]. Moisture, on one side, serves as the medium for aqueous transport of ions and

other solutes, and, on the other side, can participate in the deterioration processes

like leaching of the solid skeleton of materials. Thus mastering the moisture

transport is fundamental for all other durability performance of cement-based

engineered barriers. The moisture transport processes in concrete as a porous

material have been investigated extensively so far in the literature [4–6]. In near

surface disposal facilities, the concrete materials can be subject alternatively to

water and dry conditions due to underground water level change and surface water

infiltration. This paper introduces a multi-phase transport model of moisture in

porous cement-based materials; with the measured transport properties the model is

used to calculate the internal moisture distribution in cement-based engineered

barriers exposed to natural drying and drying–wetting actions.
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2 Moisture Transport Modeling

2.1 Fundamental Properties for Moisture Transport

For moisture transport in a porous medium, the water storage characteristic is the

fundamental property, i.e., the relationship between the external humidity h and

the pore water saturation degree y. The humidity h (0 � h � 1) is defined as the

vapor pressure in pores divided by standard atmospheric pressure and the saturation

degree y (0 � y �1) is defined as the volumetric ratio of liquid water in pores. For a

porous medium, the saturation y can be linked to the capillary pressure in pores, pc,
through the relation pc–y, also named as characteristic curve of moisture transport.

For low permeable porous materials like concrete, a relation, adapted from the

expression from Van Genuchten [7], is proposed by Mainguy et al. [8],

pcðyÞ ¼ aðy�b � 1Þ1�1
b (12.1)

with a, b as experimental coefficients. Through perfect gas law and thermodynamic

equilibrium at liquid–gas interface, the pressure difference across the vapor–water

interface can be expressed as

dpl ¼ rl
RT

Mv

d lnðpvÞ (12.2)

where pl,v stand for liquid and vapor pressures (Pa), R is the perfect gas constant

(J/mol/K),Mv is the molar mass of vapor (kg/mol), T is the temperature (K) and rl is
the liquid water density (kg/m3). Taking vapor–liquid equilibrium of bulk water and

saturated vapor under standard atmospheric pressure as reference state, the pore

capillary pc is expressed in terms of h through,

pcðyÞ ¼ aðy�b � 1Þ1�1
b ¼ rl

RT

Mv

lnðhÞ (12.3)

The relation y–h from this expression is the moisture isotherm for a porous material.

2.2 Multi-phase Modeling of Moisture Transport

Inmulti-phasemodeling ofmoisture transport, three phases are assumed to participate

in pore transport: water (liquid), vapor (gas) and dry air (gas). This mixture transports

in porous space of materials due to pressure (for liquid phase) or concentration

gradient (for gas phases). It is also assumed that thermodynamic equilibrium is kept
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among the phases during the transport process. With these assumptions, the mass flux

of vapor phase, Jv [kg/(m
2s)], writes [9]

Jv ¼ �Dvazrrv; rrv ¼ �Mvrv
rlRT

rpc (12.4)

In the above expression, Dva denotes the vapor diffusivity in air (m
2/s) and z the

resistance of pore structure to gas diffusion (�) [10]. The second part of equation

expresses the density in terms of vapor pressure through perfect gas state equation.

The mass flux of liquid water, Jl [kg/(m
2s)], in porous medium is formulated by

Darcy’s law,

Jl ¼ KsKrðyÞrpc (12.5)

where Ks,r are saturate permeability (s) and relative permeability (�). The mass

conservation of moisture in pores gives

@ rl’yð Þ
@t

¼ r � Jv þ Jlð Þ (12.6)

Finally the moisture transport is described by a diffusion-like equation

@y
@t

¼ r � ½DðyÞry� (12.7)

with the moisture diffusivity expressed as

DðyÞ ¼ KsKrðyÞ þ Dvaz
Mvrv
rlRT

� �
@pc
@y

(12.8)

The factor z assumes the expression z ¼ ’2.7(1 � y)10/3. And the relative

permeability is expressed, based on the assumption of Van Genuchten [7], through

KrðyÞ ¼ y1=2 1� 1� yb
� �1=bh i2

(12.9)

So far, Eqs. (12.7)–(12.9) give a complete multi-phase modeling for moisture

transport with boundary conditions prescribed on the water saturation.

2.3 Hysteresis Effect

From the above multi-phase model, one key point is the characteristic curve, i.e.,

pc–y relation, which determines the expression of moisture diffusivity in Eq. (12.8).

However, experimental results show that this characteristic curve does not follow

the same path for absorption and desorption processes [11]. This phenomenon is
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named as hysteresis of moisture transport. It is commonly accepted that the

observed hysteresis is mainly due to the local connectivity of pores of different

sizes, named as “ink-bottle” effect [12]. Actually, this non-uniqueness of pc–y
relation has impact on the moisture diffusivity evaluated from Eq. (12.8),

Dd;wðyÞ ¼ KsKrðyÞ þ Dvaz
Mvrv
rlRT

� �
@ pcð Þd;w

@y
(12.10)

In other words, the moisture diffusivity should be associated with different pc–y
relations during drying (desorption) and wetting (adsorption).

3 Pore Structure and Sorption Isotherm

3.1 Material and Experiments

AC50 concrete, intended to be used as engineered barrier materials for near-surface

waste disposal containers, is retained here for study. This concrete incorporates 45%

slag in the binder materials. The pore distribution of this concrete, measured on

particles of hardened mortar, was evaluated through MIP test at age of 90 days, and

the total porosity was evaluated form gravimetry measurement between saturated

and totally dried states. Then themoisture isothermwasmeasured under six different

controlled humidity environments under constant room temperature (20�C). The
material mixture, as well as its measured properties, is given in Table 12.1.

3.2 Pore Structure and Sorption Isotherm

The accumulated pore volume and pore size distribution (PSD) from MIP are

showed in Fig. 12.1, the measured moisture isotherm is illustrated in Fig. 12.2

and the characteristic curves are given in Fig. 12.3. The adsorption and desorption

curves in Fig. 12.2 are respectively measured from totally dry and saturated samples

Table 12.1 Mix

proportioning of concrete

and the properties

Proportioning/property Value

Cement PO42.5 (kg/m3) 237

Slag (kg/m3) 200

Coarse aggregates (5–20 mm) (kg/m3) 1,055

Fine aggregates (<5 mm) (kg/m3) 702

Water (kg/m3) 175

Water to binder ratio w/b 0.40

Cubic strength at 28 days (MPa) 57.1

Capillary porosity by gravimetry 0.141
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Fig. 12.1 Accumulated pore volume (left) and distribution (right) from MIP measurement

Fig. 12.2 Measured moisture isotherm for container concrete

Fig. 12.3 Measured and predicted characteristic curves (left) and curve fitting results (right)
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for six humidity conditions. From Fig. 12.1, one can see that the PSD is very

different for mercury intrusion phase and extrusion phase and quite important

quantity of mercury (~50 %) is retained in pores after extrusion. This reflects the

fact that “ink-bottle” pores exist extensively in concrete and the MIP measurement

gives just the size distribution of pore “neck” size.

Theoretically, the capillary pressure for moisture sorption can be deduced from

the PSD,

pcðyÞ ¼ � 2g cos a
rðyÞ ; y ¼ 1

V

Z r

rmin

dV

d log r
dr (12.11)

where V denotes the total mercury intrusion volume, g the surface tension of water

in air (0.07275 N/m for 20�C) and a the contact angle between water and pore wall
(180�). From this equation, the desorption and adsorption curves can be deduced

respectively from the PSDs of the intrusion and extrusion phases.

The results are given in Fig. 12.3 (left) together with the measured curves. It can

be seen that rather large difference exits between the predicted and the measured

pc–y relations. The main cause is still the “ink-bottle” shape pores, which render the

PSD from MIP not really the PSD. The cylindrical assumption for pores geometry

in concrete is too simple to get realistic estimation for moisture transport properties.

The second cause can be the MIP measurement on concrete. In fact, due to the

sample size of MIP (several grams) and the heterogeneity of concrete materials on

this scale, MIP cannot be reliable for concrete pore characterization. Accordingly,

the measured isotherm is used in the multi-phase transport model and the curve

fitting is presented in Fig. 12.3 (right). The regressed parameters are a ¼ 33.3 MPa,

b ¼ 2.77 for desorption curve and a ¼ 6.02 MPa, b ¼ 3.26 for adsorption curve.

The saturate permeability Ks is evaluated as 3.0 � 10�15 s and the diffusivity of

vapor in air Dva is related as 2.45 � 10�5 m2/s.

4 Moisture Transport in Cement-Based Engineered Barriers

In this section, the moisture transport is calculated for some typical environmental

exposure conditions for disposal containers. The retained concrete is adopted as the

structural material for the container in near-surface disposal.

The following cases investigated (1) a simple drying process with the initial water

content as 0.8 and surface water content as 0.4 (corresponding to an external humidity

of 30 % according to Fig. 12.2); (2) annual drying–wetting action with wetting period

of 30 days; (3) annual drying–wetting action with wetting period of 60 days. The two

latter cases simulate the annual contact of container wall with underground water

movement. The calculation is effectuated for a container wall of thickness of 50 cm.

The detailed boundary conditions are given in Table 12.2. The involved model is

themulti-phase transport model in Sect. 2 and the involved parameters were presented

in Sect. 3.
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The moisture profiles during simple drying of 30 years are presented in Fig. 12.4.

It can be seen that the drying front has largely passed the wall thickness and final

water saturation drops from 0.8 to about 0.6. The moisture profiles for wetting

periods of 30 and 60 days are illustrated respectively in Figs. 12.5 and 12.6. From

the two figures, it can be seen that under the drying and wetting actions the concrete

surface alternatively losses water by drying and absorbs water by wetting and the

final moisture profiles are determined by the two processes. A convection zone is

identified on the two figures in which the water saturation changes actively with the

boundary conditions. This convection zone can be very important for ion transport

and the electrolytic process of steel corrosion. From the two drying–wetting cases,

it can be seen that wetting period of 60 days gives a larger convection zone (about

180 mm) compared to the case of wetting period of 30 days (about 110 mm). Due to

the longer drying period, the wall loses more water for 30 days wetting case than for

60 days wetting case.

Certainly these are only numerical results, and more calculations are needed to

have a clear dependence law of convection depth on the initial water saturation,

surface drying condition as well as the drying–wetting time ratio. A theoretical

analysis of the convection zone can be found in [13].

Table 12.2 Boundary conditions for three simulation cases

Study case Initial state

Drying Wetting

CyclePeriod Condition Period Condition

1 y ¼ 0.8 30 years y ¼ 0.4 – – –

2 y ¼ 0.8 330 days y ¼ 0.4 30 days y ¼ 1.0 30

3 y ¼ 0.8 300 days y ¼ 0.4 60 days y ¼ 1.0 30
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Fig. 12.4 Moisture profiles during drying for 30 years
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Fig. 12.6 Moisture profiles during drying–wetting actions of 30 years (wetting period 60 days)
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Fig. 12.5 Moisture profiles during drying–wetting actions of 30 years (wetting period 30 days)
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5 Conclusions

1. From this research, the multi-phase modeling of moisture transport in concrete as

partially saturated porous media is established for engineered barrier materials in

radioactive waste disposal. The model considers the pore phases as liquid water,

vapor and dry air phases and gives a diffusion-like equation formoisture transport

using water saturation as basic variable. The key property of moisture transport is

identified as the moisture isotherm or the characteristic curve.

2. A typical structural concrete for disposal container was investigated for its pore

structure as well as its moisture transport properties. The pore structure

measured by MIP shows a large difference between intrusion and extrusion

phases and the retained mercury in pores is about 50 % of total intrusion volume,

confirming the extensive existence of “ink-bottle” pores in material. Also the

moisture isotherm predicted from PSD by MIP is far from the measured one.

3. Using the measured moisture transport properties, the concrete wall in disposal

containers is exposed to different environmental actions including simple drying

and drying–wetting alternative cycles. From the results, it can be seen that the

drying fronts pass thewall thickness at the end of 30 years and a convection depth is

observed for concrete surface exposed to drying and wetting actions. This convec-

tion depth depends strongly on the ratio between drying and wetting periods.
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Chapter 13

Simulation of Gas Hydrogen Diffusion Through

PartiallyWater SaturatedMonomodal Materials

C. Boher, S. Lorente, F. Frizon, and F. Bart

1 Introduction

Today, the preferred solution for low and intermediate level nuclear wastes consists of

using cementitiousmaterials as an envelope and physical barrier of the waste. In some

cases, hydrogen may be produced as a result of radiolyse reactions. The risk is that

hydrogen may accumulate to the limit of becoming explosive. It is therefore of great

importance to design concrete envelopes which pore network allows the diffusion of

hydrogen towards the outside. This work is part of a systematic study, both experi-

mental and numerical, of H2 diffusion through complex pore networks at various

saturation degrees [1–3]. More detailed studies are also conducted on one-mode

materials, i.e., materials with an almost unique peak in the pore size repartition.
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The objective of this specific study is to determine the contribution of a pore size

in the diffusion process. This chapter documents the modeling of a quasi one-mode

material: geopolymers. According to their formulation, these materials can have a

specific pore size repartition and are quasi monomodal. The study quantifies the

pore network impact on the diffusion coefficient. The effect of the saturation level

on the hydrogen diffusion coefficient is also highlighted.

The word “geopolymer” was introduced in 1978 [4] to describe aluminosilicate

inorganics polymers. These materials are obtained from an aluminosilicate source,

activated by an alkaline solution with a high pH.

The geopolymers studied here are made of metakaolin and amorphous silica as

aluminosilicate source to which a solution of NaOH is added, as high pH source.

The detailed compositions are given in Table 13.1.

Because of the polymerization reactions, these formulations have a very specific

pore network. Figure 13.1 shows the pore size distribution, obtained with mercury

intrusion porosimetry.

Depending on the formulation, the pore size range varies between 1.5 and 10 nm.

This is very interesting because it allows us to model the hydrogen diffusion

through a porous material with controlled pore size.

Table 13.1 Composition of the geopolymers (molar ratio)

NaOH 0.6 NaOH 1.1 NaOH 1.2 NaOH 1.3

Global ratio Na2O/AlO3 1 1 1 1

SiO2/AlO3 3.0 3.5 3.6 3.7

Na2O/SiO2 0.33 0.29 0.28 0.27

High pH solution SiO2/Na2O 0.6 1.1 1.2 1.3
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Fig. 13.1 Geopolymers pore size repartition (from mercury porosimetry)
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2 MOHYCAN Description

MOHYCAN is a model developed in our research group [5] which calculates the

hydrogen diffusion coefficient through a virtual network, for saturation degrees

ranging from 0 to 100 %.

MOHYCAN creates a virtual pore network from mercury porosimetry data.

Since the previous version of the work, the accuracy of MOHYCAN virtual pore

network was improved by discretizing into four pore families the pore network

repartition obtained from mercury porosimetry. The four pores families have a

length of L/2 and are combined into “Assemblings” that are depicted in Fig. 13.2.

The family number of the different pore families is assigned to have the

following basic property:

Npores;family n�1<Npores;family n�2<Npores;family n�3<Npores;family n�4 (13.1)

where Npores, family n�x is the number of the pore family n�x.
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Fig. 13.2 Repartition

of the pore families in

the different assemblings
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From this initial assumption, each amount of Assembling is calculated according

to the following algorithm:

• All the pores from family 1 are distributed between Assemblings 1, 2, and 3.

• The model user specifies the relative proportion of Assembling 1 and Assem-

bling 2. Assembling 3 relative proportion is automatically calculated.

• The remaining pores from family 2 which have not been used in Assembling 1

are distributed between Assemblings 4 and 5.

• The user specifies the relative proportion of Assembling 4. Assembling 5 is

automatically calculated.

• The remaining pores from family 3 which have not been used in Assembling

2 and Assembling 4 are distributed in Assembling 6.

• The remaining pores from family 4 which have not been used in Assemblings 3, 5,

and 6 constituted the Assembling 7. The latter is made of the pores from family 4.

According to the previous algorithm, the model user must specify three

proportions, noted:

• P1 (proportion of Assembling 1)

• P2 (proportion of Assembling 2)

• P4 (proportion of Assembling 4)

In our study, seven proportions cases are investigated. They are described in

Table 13.2:

• In case A, Assemblings 3, 5, 6 are privileged, i.e., Assemblings with the bigger

number of pore family.

• In case G, Assemblings 1, 4, 6, 7 are privileged, i.e., Assemblings with the

smallest number of pore family.

• Cases B–F make the transition between case A and case G.

When the virtual porous network is created, a mercury intrusion porosimetry is

simulated in order to compare the artificial pore network to the experimental one. If

the virtual pore network fits the experimental one, the model continues the calcula-

tion. Next, water layers with a constant thickness are deposited into the entire

virtual network as a function of the expected saturation degree. The total water

layer thickness varies from 0 nm to the maximal porous network radius. Thus, the

water saturation level starts from 0 % and ends at 100 %.

For each saturation degree, the hydrogen diffusion coefficient through the artifi-

cial pore network is calculated, as described in the next paragraph.

Depending on the pore size, the diffusion mechanisms are different. Free

molecules diffusion is dominant when the mean free path is negligible in front of

the pore radius. On the other hand, when the pore radius is negligible in front ofmean

Table 13.2 Presentation

of the different cases of

assembling proportions

investigated

Case A B C D E F G

P1 (%) 0 0 10 25 50 75 100

P2 (%) 0 10 10 25 50 25 100

P4 (%) 0 10 10 25 50 100 100
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free path, diffusion is due to Knudsen regime. When the mean free path and the pore

size have the samemagnitude, the two regimes occur simultaneously in the diffusion

process. To cover both diffusion mechanisms, the following equation is defined:

1

Dc;i
¼ 1

Dm;i
þ 1

Dk;i
(13.2)

whereDc,i is the global diffusion coefficient (m
2 s�1),Dm,i andDk,i are, respectively,

the free molecule diffusion coefficient and the Knudsen diffusion coefficient

(m2 s�1). Both of Dm,i and Dk,i are explained below [6].

Dm;i ¼ 3p
16

le

ffiffiffiffiffiffi
kT

m

r
kT
ffiffiffi
2

p
ps2P

� �
(13.3)

Dk;i ¼ 2le
3

ffiffiffiffiffiffi
kT

m

r

(13.4)

1

le
¼ 1

l
þ 1

r
(13.5)

where le (m) is the equivalent mean free path [7], k is the Boltzmann constant,

k ¼ 1.3807 � 10�23 JK�1 mol�1, T is the temperature (K), m is the mass (kg), s is

the molecule diameter (m), l is the mean free path (m), and r is the pore radius (m).

3 Application to Geopolymers

Before running MOHYCAN in order to calculate the diffusion coefficient, mercury

porosimetry data need to be discretized into four families, which boundaries are

defined as:

• Rb1 is the largest pore radius with a ðdV=dðlog rÞ>0.

• Rb2 is located at the abscissa where (dV=dðlog rÞÞ ¼ 5% of curve peak maxima.

• Rb3 and Rb4 are placed on the both sides of the peak, where ðdðdV=dðlog rÞÞÞ=dr
is maximum, i.e., where the peak slope is maximum.

• Rb5 is the smallest pore radius investigated with mercury porosimetry

(¼1.5 nm) (Fig. 13.3).

Once the boundary radii are chosen, the model can define the pore families and

the diffusion coefficient is calculated as a function of the saturation degree.

Figure 13.4 illustrates the virtual porous network results.

As shown in Fig. 13.4, there is a good correspondence between the experimental

results and the modeled pore network. The hydrogen diffusion coefficient can be

calculated through these networks for the various saturation levels. Figure 13.5

illustrates the results obtained as a function of the water saturation degree.

Figure 13.5 shows that the diffusion coefficient decreases in a quasi linear way

when the saturation level increases until a threshold after which a sudden drop in the

diffusion coefficient values is noticed.
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The simulations of the geopolymer NaOH 0.6 behavior indicate a discrepancy

in the results when the saturation degree varies from 40 to 90 %. We see here the

impact of the pore assemblings on the hydrogen diffusion coefficient evolution.

The explanation of this result is to be found in the pore size distribution which is

wider than the other geopolymers. This observation highlights the importance of the

pore families assembling when the materials studied are not monomodal.

In the case where the porous materials are monomodal (NaOH 1.1, 1.2, and 1.3),

the diffusion coefficient drop is more sudden than with other material (NaOH 0.6 for

example). This is due to the complete water saturation of the main pore family.

Therefore, because the hydrogen diffusion in water is 1,000 times slower than through

gaz [8,9], we obtain a diffusion coefficient which is 6 orders of magnitude smaller.

4 Influence of Pore Family Number

The aim of this part is to study the impact of the mercury porosimetry discretization

on the hydrogen diffusion coefficient. In this part, only the NaOH 1.2 geopolymer

formulation will be studied.

Figure 13.5 details the discretization of the pore size repartition, depending on

the pore family number (Fig. 13.6).

Once the experimental data are discretized, the virtual networks are created and

the diffusion coefficients are calculated. The results are shown in Figs. 13.7 and 13.8.

According to Fig. 13.7, the more numerous the pore families, the better the

match between experimental and modeled pore network. Using a one-pore-family

discretization, the difference between the numerical and the experimental pore

network is too important. Consequently, a one-pore family-based model cannot

be used, because of its nonrealistic virtual pore network. This is due to the

geopolymers pore network itself. Geopolymers are quasi-monomodal but not

0

0.2

0.4

0.6

0.8

1

1.2

1.4

110100100010000

d
 V

/d
 lo

g
 r

 (
m

L
/g

)

Access pore radius (nm)

Experimental data

Rb1 Rb2

Rb3 Rb4

Rb5

Fig. 13.3 Discretized pore size repartition, extracted from mercury porosimetry. Geopolymer

with a formulation of NaOH 1.1

140 C. Boher et al.



00.
05

0.
1

0.
15

0.
2

0.
25

1
10

10
0

10
00

10
00

0

Cumulated introduced mercury volume 
(mL/g)

P
o

re
 a

cc
es

s 
ra

d
iu

s 
(n

m
)

E
xp

er
im

en
ta

l d
at

a 
ob

ta
in

ed
 o

n 
N

aO
H

 0
.6

M
od

el
ed

 d
at

a 
ob

ta
in

ed
 o

n 
N

aO
H

 0
.6

00.
05

0.
1

0.
15

0.
2

0.
25

0.
3

1
10

10
0

Cumulated introduced mercury volume
(mL/g)

P
o

re
 a

cc
es

s 
ra

d
iu

s 
(n

m
)

E
xp

er
im

en
ta

l d
at

a 
ob

ta
in

ed
 o

n 
N

aO
H

 1
.1

M
od

el
ed

 r
es

ul
ts

 o
bt

ai
ne

d 
on

 N
aO

H
 1

.1

00.
05

0.
1

0.
15

0.
2

0.
25

0.
3

0.
35

1
10

10
0

Cumulated introduced mercury volume
(mL/g) 

A
cc

es
s 

p
o

re
 r

ad
iu

s 
(n

m
)

E
xp

er
im

en
ta

l d
at

a 
ob

ta
in

ed
 o

n 
N

aO
H

 1
.2

M
od

el
ed

 r
es

ul
ts

 o
bt

ai
ne

d 
on

 N
aO

H
 1

.2

00.
05

0.
1

0.
15

0.
2

0.
25

0.
3

1
10

10
0

Cumulated introduced mercury volume
(mL/g)

A
cc

es
s 

p
o

re
 r

ad
iu

s 
(n

m
)

E
xp

er
im

en
ta

l d
at

a 
ob

ta
in

ed
 o

n 
N

aO
H

 1
.3

M
od

el
ed

 r
es

ul
ts

 o
bt

ai
ne

d 
on

 N
aO

H
 1

.3

F
ig
.
1
3
.4

C
o
m
p
ar
is
o
n
o
f
ex
p
er
im

en
ta
l
an
d
m
o
d
el
ed

cu
m
u
la
te
d
in
tr
o
d
u
ce
d
m
er
cu
ry

v
o
lu
m
es
.
D
at
a
o
b
ta
in
ed

w
it
h
g
eo
p
o
ly
m
er
s
fr
o
m

N
aO

H
0
.6
,
1
.1
,
1
.2
,
an
d

1
.3

13 Simulation of Gas Hydrogen Diffusion Through Partially Water. . . 141



1.
E

-1
3

1.
E

-1
2

1.
E

-1
1

1.
E

-1
0

1.
E

-0
9

1.
E

-0
8

1.
E

-0
7

1.
E

-0
6

1.
E

-0
5

0%
20

%
40

%
60

%
80

%
10

0%
W

at
er

 s
at

u
ra

ti
o

n
 d

eg
re

e 
(%

)

N
aO

H
 0

.6

C
as

e 
A

C
as

e 
B

C
as

e 
C

C
as

e 
D

C
as

e 
E

C
as

e 
F

C
as

e 
G

1.
E

-1
5

1.
E

-1
4

1.
E

-1
3

1.
E

-1
2

1.
E

-1
1

1.
E

-1
0

1.
E

-0
9

1.
E

-0
8

1.
E

-0
7

1.
E

-0
6

1.
E

-0
5

0%
20

%
40

%
60

%
80

%
10

0%

Diffusion coefficient (m²/s) Diffusion coefficient (m²/s)

Diffusion coefficient (m²/s) Diffusion coefficient (m²/s)

W
at

er
 s

at
u

ra
ti

o
n

 d
eg

re
e 

(%
)

N
aO

H
 1

.1

C
as

e 
A

C
as

e 
B

C
as

e 
C

C
as

e 
D

C
as

e 
E

C
as

e 
F

C
as

e 
G

1.
E

-1
5

1.
E

-1
4

1.
E

-1
3

1.
E

-1
2

1.
E

-1
1

1.
E

-1
0

1.
E

-0
9

1.
E

-0
8

1.
E

-0
7

1.
E

-0
6

1.
E

-0
5

0%
20

%
40

%
60

%
80

%
10

0%
W

at
er

 s
at

u
ra

ti
o

n
 d

eg
re

e 
(%

)

N
aO

H
 1

.2

C
as

e 
A

C
as

e 
B

C
as

e 
C

C
as

e 
D

C
as

e 
E

C
as

e 
F

C
as

e 
G

1.
E

-1
5

1.
E

-1
4

1.
E

-1
3

1.
E

-1
2

1.
E

-1
1

1.
E

-1
0

1.
E

-0
9

1.
E

-0
8

1.
E

-0
7

1.
E

-0
6

1.
E

-0
5

0%
20

%
40

%
60

%
80

%
10

0%
W

at
er

 s
at

u
ra

ti
o

n
 d

eg
re

e 
(%

)

N
aO

H
 1

.3

C
as

e 
A

C
as

e 
B

C
as

e 
C

C
as

e 
D

C
as

e 
E

C
as

e 
F

C
as

e 
G

F
ig
.
1
3
.5

C
al
cu
la
te
d
d
if
fu
si
o
n
co
ef
fi
ci
en
t
as

a
fu
n
ct
io
n
o
f
th
e
w
at
er

sa
tu
ra
ti
o
n
le
v
el
.
R
es
u
lt
s
o
b
ta
in
ed

o
n
N
aO

H
0
.6
,
1
.1
,
1
.2
,
an
d
1
.3

142 C. Boher et al.



0

0.
51

1.
52

2.
5

1
10

10
0

10
00

10
00

0

d V/d log r (mL/g)

P
o

re
 r

ad
iu

s 
ac

ce
ss

 (
n

m
)

4 
p

o
re

s 
fa

m
ili

es

G
eo

po
ly

m
er

 N
aO

H
 1

.2

0

0.
51

1.
52

2.
5

1
10

10
0

10
00

10
00

0

d V/d log r (mL/g)

P
o

re
 r

ad
iu

s 
ac

ce
ss

 (
n

m
)

3 
p

o
re

s 
fa

m
ili

es

G
eo

po
ly

m
er

 N
aO

H
 1

.2

0

0.
51

1.
52

2.
5

1
10

10
0

10
00

10
00

0

d V/d log r (mL/g)

P
o

re
 r

ad
iu

s 
ac

ce
ss

 (
n

m
)

2 
p

o
re

s 
fa

m
ili

es

G
eo

po
ly

m
er

 N
aO

H
 1

.2

0

0.
511.
522.
5

1
10

10
0

10
00

10
00

0
d V/d log r (mL/g)

P
o

re
 r

ad
iu

s 
ac

ce
ss

 (
n

m
)

1 
p

o
re

 f
am

ily

G
eo

po
ly

m
er

 N
aO

H
 1

.2

F
ig
.
1
3
.6

P
re
se
n
ta
ti
o
n
o
f
b
o
u
n
d
ar
ie
s
ra
d
ii
in

th
e
d
if
fe
re
n
t
ca
se

o
f
p
o
re

fa
m
il
ie
s
n
u
m
b
er

(b
o
u
n
d
ar
ie
s
p
la
ce
d
o
n
p
o
re

si
ze

re
p
ar
ti
ti
o
n
o
b
ta
in
ed

w
it
h
m
er
cu
ry

p
o
ro
si
m
et
ry
)

13 Simulation of Gas Hydrogen Diffusion Through Partially Water. . . 143



perfect monomodal materials. The residual porosity on both sides of the peak a one-

pore-family modelization.

The information given by Fig. 13.7 is confirmed by Fig. 13.8: diffusion coeffi-

cient calculated with a one-pore family network is away from the three others.

Concerning the two-, three-, and four-pore family-based models, results of

simulated mercury porosimetry are acceptable approximation of the experimental

one. Moreover, calculated diffusion coefficients are similar. So, in the case of

monomodal materials, a three-pore family-based model is good enough to represent

the real pore network.
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5 Conclusion

In this chapter, we presented MOHYCAN, a model that calculates the hydrogen

diffusion coefficient as a function of the water saturation degree, from mercury

porosimetry data. This model is applied to a new material: the geopolymer. These

materials are made from mineral polymerization in a high pH solution and are quasi

monomodal.

After verifying that the modeled pore network reflects the actual one, diffusion

coefficients are calculated according to the water saturation degree. The results are

for a quasi monomodal material:

• The diffusion coefficient is not sensitive to different virtual pore network

arrangement.

• The diffusion coefficient values have a sharp drop at specific water saturation.

This is due to the water saturation of the main and unique pore family.

• A two-pore family-based model is sufficient to represent the pore network.

These observations will not be valid if we consider a material with a large pore

size repartition, like cementitious materials. Yet we hope to be able in the next

future to propose a good representation of this complex network by combining

simple pore arrangements such as the ones encountered with geopolymers.
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Chapter 14

Microbial Catalysis of Redox Reactions

in Concrete Cells of Nuclear Waste Repositories:

A Review and Introduction

A. Albrecht, A. Bertron, and M. Libert

1 Redox Reactions in Natural Biogeochemical

as Well as Anthropogenic Systems

Reduction–oxidation reactions are the corner stone of all life on Earth, mentioning

as an example the oxidation of organic matter (sugars or organic acids) as source of

energy for mammals or for bacteria parallel to the reduction of oxygen, nitrates, Fe

(III) or sulphates. The redox potential can be seen as an indication of the kind,

strength and abundance of electron donors in any system of interest, with those

mentioned above known as the most prominent. The reduction of O2 to H2O

(13.75), NO3
� to N2 (12.65), Fe(III) to Fe(II) (�0.8) or SO4

2� to S2� (�3.5) are

the predominant candidates for many oxidation reactions with the number given in

parenthesis [pe�(W)] [1] indicating the electron activity of the half redox reactions

at pH 7 (written as a reduction with 1 electron accepted). The parameter pe is

directly related to the equilibrium constant and the Gibbs free energy, indicating

that the reduction of O2 is energetically favourable compared to the others.

Equilibrium speciation calculations have been carried out for a variety of bio-

sphere and geosphere redox sequences [2] constructing a theoretical basis that

allows simulation of the behaviour of dissolved species (i.e. of metals and

radionuclides) and to place their phase transitions within the redox sequence

(Fig. 14.1). These theoretical redox sequences have thus the double advantage of
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illustrating transitions from systems initially dominated by oxidising substances,

such as a nuclear waste storage cell during exploitation to a system controlled by

reducing phases such as sulphides, H2 or CH4 and of indicating the redox potential at

which a radionuclide such as Se(VI) is reduced to Se(IV), the latter known to be less

soluble and more strongly adsorbing. This is a very powerful and validated means to

simulate on first thermodynamic principles the speciation and the migration

behaviour of any radionuclide in any system of interest for which the thermody-

namic equilibrium constants are known [3].

Thermodynamics is based on equilibrium assumptions, which are rarely achieved

in natural systems. This is, among others, a consequence of very slow reaction kinetics

and the dependence of many redox reactions on catalysis. Nitrate, sulphate and

carbonate at natural temperatures and pressures are known not to react unless

catalysed by microbial activity, with some possible exceptions of abiotic surface

catalysis for nitrates [4]. As these oxyanions, together with the major reducing agents

organic matter, zero-valent metals and hydrogen gas play a key role in defining the

redox conditions in a waste storage environment, their importance in nuclear industry,

for waste stabilisation and cell construction will be discussed in a separate section.

2 Oxyanions in the Nuclear Industry

Oxyanions, in particular nitrates, sulphates and phosphates, are widely used in the

nuclear industry, from fuel pellet preparation to spent nuclear fuel recycling and

waste effluent water treatment. During fuel preparation, U is initially present as a

uranyl nitrate solution. A variety of organic substances such as amines and urea are
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Fig. 14.1 Possible sequence of the redox potential (pe�(W) given for natural water at neutral pH

and unit activities [1]) from an oxidising system (low electron activity, high pe) characterised by

free oxygen, nitrates, etc., toward a reducing system (high electron activity, low pe) dominated by

the reduction products of sulphates and carbonates; shown as examples are the potentials for the

transition of Se(VI) to Se(IV) and U(VI) to U(IV)
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used to produce the fuel gel spheres, leaving behind an ammonia solution rich in

nitrate and amine [5]. One main step of the recycling procedure, known as

Plutonium–Uranium Extraction (PUREX) is the dissolution of the fuel rods in hot

nitric acid media followed by selective solvent extraction based on tibutyl phos-

phate to give an example [6]. The electrochemical behaviour of nitrate can be used

to introduce its reaction behaviour in purely chemical systems compared to the

biogeochemical environment. The former is based on auto- [7] or surface- [8]

catalytic processes that have been observed so far only at temperatures above

90 �C. The latter has extensively been studied in natural systems and requires

microbial catalysis and/or the presence of reactive iron-bearing phases [9, 10].

In waste effluent treatment a variety of oxyanions are added, in particular sulphate

and nitrate in acid or salt form for co-precipitation of radionuclides. To give some

examples: addition of Ti(SO4)2 or Ba(NO3)2 triggers precipitation of titanium

[Ti(OH)4] and barium (BaSO4), respectively, the former along with Sb, the latter

with Sr; addition ofCoSO4 induces precipitation of cobalt (CoS) togetherwithRu [11].

In all cases effluents and precipitations are formed that contain nitrates,

sulphates and a variety of organic substances. The treatment of nitrate and organic

matter containing waste is difficult [5]; electrochemical reduction of nitrate (and

nitrite) to nitrogen gas has been tried but the reaction demands significant energy

consumption [12]. Nitrate and sulphate salt mixtures have in some countries such as

Belgium, Japan or France been stabilised in a bitumen matrix. The oxyanions in

such waste matrices thus often coexist with a variety of organic substances, making

this waste biochemically more complex and one of the best examples to discuss the

biogeochemistry of redox reactions in waste cells. It will be used here together with

examples of reduced complexity.

3 Concrete, Steel, Organic Matter and Hydrogen Gas

and the Storage of Nuclear Waste

Let us use the latest concept of an Andra waste cell architecture for bituminous

waste to illustrate the various components present in the system (Fig. 14.2). We will

not describe the cell in much detail, this has been done elsewhere [13], but simply

give a rough overall understanding of volumes and components involved. The

waste cell is situated within the roughly 140 m thick Callovo-Oxfordian (Jurassic)

clay rock formation. The main redox sensitive components in the rock are ferric and

ferrous Fe, organic matter as well as sulphates and sulphides present in celestine

and pyrite; these sulphur species are currently controlling the redox potential (pe)
which is at an equilibrium value of around �3 [14]. The waste, which is a mixture

of inorganic salts embedded in a bituminous matrix, is contained in metal packages

which are grouped within steel-reinforced overpacks. Here the main redox-

sensitive components are the metals of the different types of steel, the organic

substances of the bitumen and the oxyanions present in the waste. A large volume
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of the several hundred metre long storage cell will be filled with concrete (grey

zone in Fig. 14.2), bearing only few redox-sensitive components, with the possible

exception of Fe(III) in hydrogarnet or Fe(II) and S(-I) in pyrite or organic matter

(i.e. plasticisers). This mass of concrete will impose an alkaline condition on the

cell (pH > 12), with the exception of the interface zones to the primary waste

containers and to the Callovo-Oxfordian host rock.

For completeness it is important to mention the steel wire mesh and the rock

bolts present at the concrete–host rock interface. It will also be at this interface that

the oxygen perturbation will have the most profound impact. Depending on the

period of exploitation several phase changes, such as oxidation of S(-I) or Fe(II)

from pyrite will occur, thus locally increasing the amount of electron acceptors

[i.e. Fe(III) and sulphate]. Hydrogen gas will already be present in the waste cell

during storage (produced by radiolysis of the organic matter). After waste

cell closure and the disappearance of free O2, H2 will be produced via anaerobic

corrosion, where H+ of water serves as electron acceptor during the oxidation of Fe

(0) and the other metals present in the steel. It is known that bacteria have a

profound impact on anaerobic corrosion [15], but these issues will not be discussed

here. During exploitation and ventilation, both the concrete as well as a defined

zone of the host rock will be de-saturated. Re-saturation after closure will be a slow

process, leaving the waste cell in a non-saturated state for an extensive period of

time. Not shown on Fig. 14.2 is an altered zone near the interface concrete-clay

rock, where fracturing can be observed as a consequence of excavation and where

porosity and permeability are enhanced compared to the unperturbed host rock.

reinforced
concrete over
pack

concrete
 plug

concrete
plug

concrete
plug

concrete
plug gallerystorage cell

clay
groove

clay seal

lid
tele-guided 
tie bolts

grip for
handing waste
packages

stainless steel 
reinforcement: 
M(0)

seal bituminous waste (incl.: organic 
matter, nitrate, sulphate,  H2, …)

primary waste package:
stainless and C-steel; M(0),
H2

armoured concrete: M(0), Fe(III), 
pyrite, organic matter; wire mesh 
and rock bolts, M(0)

Clay host rock: S2-; Fe(II) , 
organic matter; SO4

2-; Fe(III)

concrete
bloc

Fig. 14.2 Illustration of a repository cell for medium-level long-lived nuclear waste with the main

architectural features and possible redox-sensitive components. Of particular importance here is

the 250–400 m long storage cell in which 16 individual waste containers (inset) are stocked

per row
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4 Microbial Activity in the Waste Disposal Cell:

Probability and Impact

The high alkalinity and the reduced presence of free water (high suction, low activity)

are likely to be the main parameters controllingmicrobial activity in a disposal cell for

low and intermediate nuclear waste. A third parameter is space, but this may only be

relevant for highly compacted unfractured clay rocks. The discovery of Archaea and

the extremophile species associated to this group allowed expanding the domain of

microbial activity to amuchwider domain. The presence of bacteria living sustainably

inwater saturated fracture zones several kilometres below ground in South Africa [16]

is of particular interest, because it shows their survival in systems where space, water

and nutrition are strongly limited and where ecological exchange is remarkably

hampered. The main source of energy is H2, produced via radiolysis of water fuelled

by the presence of natural radioactivity. It is also via the study of extremophile species

that their capability of survival at high radioactive dose rates has been discovered and

linked to a gene that helps these bacteria to survive at high suction pressure in the case

of a lack of available water [17].

The final possibly limiting factor would be the high pH, but here again recent

studies givemore andmore evidence ofmicrobial activity even above pH12. It is clear

that the cellular protection and the required active transport mechanisms across the

cell have a high energy demand and that these bacteria (alkalophiles) are characterised

by strongly reduced metabolism compared to bacteria living in pH neutral conditions

(neutrophiles) [18]. In a companion paper we confirm these findings for the nuclear

waste-relevant case of nitrate reduction in a concrete environment [19].

It is now widely accepted that significant metabolic microbial life is not possible

in highly compacted rocks such as clay host rocks (i.e. Callovo-Oxfordian). There is

indirect evidence based on sulphur species evolution during compaction [20] and

direct evidence from microbiological analysis of compacted bentonites [21, 22].

No such analysis has been carried out for compacted concrete, but the existence of

open spaces within and between the containers and along interfaces (Fig. 14.2) does

not require explicit consideration of the space argument in our context. But it is

possible to limit the field of microbial activity to the near field and the excavation

damaged zone of the host rock. Farther inside the rock, where no artificial fracturing

occurs, microbial activity can be considered irrelevant.

The possible impact of microbial colonisation, particularly in deep geological

repositories, has been considered for many years [23]. It was considered that they

could not go against thermodynamics and that they would simply control the time it

would take to reach the equilibrium that was used anyhow to predict the (geo-)

chemistry of the repository environment. With the exception of free living microbes

possibly functioning as an additional transport vector, or biofilms as an extra means of

retardation, no remarkable impact was prognosticated (excluding bio-corrosion not

evaluated here). Their impact on reactions that would otherwise not occur had

only been discussed by few (i.e. methane production and release of 14C and tritium

[24]). In a more recent article [25], the positive impact of micro-organisms on the
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biotransformation of recalcitrant, complexing organic matter has been investigated

(discussed inmore detail later) and it was here that their positive impact was explicitly

expressed. Their crucial impact on catalysing key reactions involving the components

mentioned above (oxyanions, H2, CO2, CH4, etc.) has been known [51] but not

explicitly considered in the phenomenological evolution of waste cell chemistry.

5 Analogues and Applications

In this section we will on one hand consider the intermediate-level long-lived waste

discussed before, and on the other look into surface disposal of low-level short-

lived waste. Some bibliographic research has been done in the search for natural

analogues, but the ideal case with widely comparable phenomenology has not been

found. The hyper-alkaline spring waters of Maqarin in Jordan are particularly

relevant, because the pH of some of the springs surpasses 12 and the site has

been studied both as a natural analogue of concrete–clay interaction [26], for the

migration of radionuclide analogues (i.e. Re [27]) as well as a microbiological

laboratory [28]. The latter study found significant microbiological activity even at

pH > 12, but no integrated assessment has been carried out that looked into the

combined effect of microbial reaction kinetics, redox dynamics, concrete chemistry

and metal mobility.

5.1 C-14

Applications of microbiological reaction catalysis can be quite striking in the case

of carbon (or 14C), which can be a solid (C0 in graphite), in gaseous form of widely

different valence (CIVO2, C
�IVH4) or present as a variety of solid or dissolved

organic substances. Many of these chemical forms have widely varying migration

behaviour. If 14C is present in the inorganic form (CO2, HCO3
�) it is known to

exchange isotopically with carbonates or to be bound during carbonation of con-

crete, thus explaining significant retardation [29]. If the redox potential drops

significantly, carbonate will become an electron acceptor (Fig. 14.1) and in the

presence of methanogenic bacteria [30] 14C can be converted to gaseous CH4,

known to be more mobile [24].

5.2 Tritium

The situation for tritium is somewhat comparable to 14C. Tritium could also be

mobilised via methane formation [24], but this pathway is less probable, because

tritium is only of concern in surface or near-surface repositories (cf. short half-life)
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where redox conditions are less likely to be in the range of methanogenesis. A more

likely scenario is the oxidation of tritiated hydrogen gas (HT), released directly

from the waste containers and transported multiphase in the gaseous and dissolved

forms. As titrated hydrogen gas is much less capable of entering the food chain

compared to water or organically bound tritium [31], the hydrogen gas will have to

be oxidised first, a reaction again requiring microbial catalysis at ambient tempera-

ture, a further example for the application of bacteria-catalysed redox reactions

with an impact on radionuclide mobility and repository safety assessment. We

suspect that this oxidation is less likely to take place in the concrete repository

because of the high pH and the low degree of saturation, but to be preferentially

occurring in the boundary zone between the repository and the underlying

geosphere, possibly in the vadose zone, characterised by fluctuating groundwater

levels. A variety of hydrogen-oxidising bacteria are known to occur in this zone

[32], but unfortunately research efforts have mostly been focused on tritium upward

flux from contaminated groundwater [33], but not the case of tritium downward

movement and in all cases mostly without considering the microbial catalysis of

hydrogen phase changes.

5.3 Metallic Radionuclides

We do not intent to review information on the catalysing impact of microbial

activities on redox reactions implying radionuclides. Even if the radionuclide is

not itself redox sensitive it is likely to be influenced by phase changes of organic

matter or Fe- and Mn-(hydr)oxides, the reactivity of which is known to be mediated

by bacteria [34]. We will only give a few highlights for Selenium [35] and Uranium

[36], two radionuclides of relevance in safety assessments of both near-surface and

deep repositories. This is done for near-neutral rather than concrete-dominated

systems because of a lack of information for the latter. Both radionuclides are

redox sensitive with the most oxidised form (SeVI and UVI) known to have a higher

solubility and reduced sorption. Within the waste they are more likely present in

their mobile oxidised form; their reduction is strongly catalysed by microbial

activity. Even in the presence of evidence for the lack of reduction in sterile control

experiments ([37] for Se; [38] for U) it cannot be precluded that very slow surface-

catalysed reduction is acting. But it is important that the overall redox potential of

the waste cell has reached the value where reduction is thermodynamically

favourable (Fig. 14.1). If, for example, nitrate is still present in the system, the

redox potential is increased and U or Se present in their oxidised form will not be

reduced, even in the presence of catalysing bacteria [39]. In the case of low and

intermediate waste disposal assessments, where corroding steel does not have a

safety function, the positive catalytic impact of bacteria should be pointed out [40].
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5.4 Organic Matter

Organic matter is both a carbon, energy and electron source for microbial metabolism.

One can make a distinction between readily bio-available and more recalcitrant

organic matter, with humic and fulvic acids being prime natural examples of the latter.

Because they are soluble or present in colloidal form and known to carry functional

groups capable of sorbing radionuclides, they have been suspected as serving as

transport vectors for radionuclides that would usually be efficiently retarded by

sorbing to the solid matter [41, 42]. For host rocks, such as very low porosity clay

rocks, the impact of the relatively large humic and fulvic acids is less likely because of

size restrictions. Waste component–degradation products such as isosaccharinic acid

(ISA, degradation product of cellulose), which have a much smaller size and are

known for example to increase the solubility of Pu [25] are more likely to serve as

radionuclide transport vectors. In any case it has been shown that both humic and

fulvic acids as well as ISA can be oxidised by microbial activity. In the case of humic

substance bacteria and fungi can break the aliphatic structure either using the

N-bearing peripheral parts or ether groups. As this requires extra energy, such activity
is only found when more easily available C and N sources are not present [43, 44].

Similarly organisms capable to degrade ISA under aerobic and anaerobic conditions

have been found at alkaline sites [25]. It remains unclear if the reaction goes to

completeness or if intermediate—still complexing molecules—remain.

6 Conclusion and Possible Safety Approach

It is not possible to predict the evolution in space and time of the various microbial

species capable of influencing key processes occurring in concrete-dominated

repository systems. It is thus not really possible to predict reaction kinetics con-

trolled by microbial activity. Two approaches are nonetheless useful; a biogeo-

chemical simulation exercise will help tracing the reactionary paths and a mass

balance approach reducing uncertainties in regard to the final, possibly equilibrium

situation. Both are described here with the goal in mind to syntheses and conclude a

subject matter which is at full scientific swing.

The example of a simulation exercise is for a bituminous waste cell, where

nitrate and sulphate are released from the waste container, FeIII is present in the

system produced via corrosion and organic matter and H2 are available as electron

donors. The exercise was carried out by the National Nuclear Laboratory on behalf

of Andra [45] with the biogeochemical reaction and transport code GRM [46].

The variation of the redox potential with time (Fig. 14.3) is given to illustrate the

simulation approach and some major results.

Results at four distinct locations are presented, one near the waste container, the

second within the concrete engineered barrier and two in the Callovo-Oxfordian

clay rock, distinguishing a fractured zone from the undisturbed rock (Fig. 14.3).
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In all four locations a drop in redox potential can be seen as a consequence of

reduction of FeIII and sulphate, reacting either with organic matter or H2. A variety

of additional chemical reactions are considered by the code of which the formation

of FeS or the degradation of concrete minerals is sufficiently important to be

explicitly considered here. We are well aware that the results are a function of

kinetic parameters, themselves controlled in the code on the basis of explicit

consideration of growth and death rates of specific groups of bacteria. There is

little known on bacterial growth in a bituminous waste cell; parameters are those

used for a validation exercise of the code [46].

A much simpler approach is to carry out mass balance calculations assuming that

microbial catalysis is present for all possible reactions. We will again use the

example of a bituminised waste storage cell, considering for simplicity only the

reduction of nitrate to nitrogen gas

2NO�
3 þ 5H2 þ 2Hþ ! N2 þ 6H2O

and sulphate to hydrogen sulphide

SO4
2� þ 4H2 þ 2Hþ ! H2Sþ 4H2O
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Fig. 14.3 Simulation of the redox potential in a bituminous waste cell using the biogeochemical

reaction and transport (here diffusion) code Generalised Repository Model (GRM); main reactions

controlling redox potential are reduction of FeIII and sulphate and the precipitation of troilite.

Nitrate is not considered a redox-controlling reaction
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In both cases hydrogen gas is used as an electron donor, formed via the classical

anaerobic corrosion reaction

3Feþ 4H2O ! Fe3O4 þ 4H2

All masses used in the mass balance exercise are based on the components

present in a 250 m waste cell design [47] and the related bituminous waste

inventory [48]. Corroding the total mass of steel (supposed to be 1.1 � 106 kg of

Fe or 2.0 � 107 mol) would yield 2.6 � 107 mol of H2. To reduce the 1.2 � 105 kg

of nitrate (2.0 � 106 mol) requires 5.0 � 106 mol of H2; for the 2.6 � 105 kg of

sulphate (2.70 � 106 mol) another 1.1 � 107 mol H2 are needed. The remaining

amount of H2 (2.6 � 107 � 5.0 � 106 � 1.1 � 107¼) 1.0 � 107 mol will likely

be used by autotrophic, methanogenetic bacteria, that will produce CH4 by reduc-

tion of carbonates. The system could therefore run through the entire sequence as

shown in Fig. 14.1. The mass of O2 present in the waste cell after closure and the

FeIII initially present and produced during corrosion have been omitted in this mass

balance calculation for simplicity, but they are unlikely to change the overall

conclusion in particular because the masses of organic matter, second main electron

donor, have also not been considered.

Knowing that bacteria control most, if not all, of the above-mentioned reactions

and considering that most, if not all, of low and intermediate-level waste

repositories are characterised by the massive presence of concrete, it will be

important to reinforce research of microbial activity in such concrete-dominated

conditions (see companion papers [19, 49]). This will have to consider not only

microbial activity at high pH, but also the formation of low pH zones within

concrete structures or at their interfaces as well as processes reducing their alkalin-

ity, such as carbonation and acid–base reactions [50].
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Chapter 15

Leaching of Nuclear Waste Glass in Cement

Pore Water: Effect of Calcium in Solution

S. Depierre, F. Frizon, S. Gin, and F. Angeli

1 Introduction

Glass chemical interaction with cement has been studied in various fields such as in

vitrified nuclear wastes or in the building industry [1–4]. In the context of nuclear

waste containment glass in a geological repository, aqueous alteration studies have

been performed with glass in the presence of cement. The methodology used in

these investigations is closely related to the repository concept considered [5, 6].

In the French geological repository concept, intermediate-level vitrified waste

packages may be disposed of in concrete containers in a deep geological repository.

Our objective is to study the glass dissolution mechanisms and kinetics in

various cement pore water compositions corresponding to different stages of

cement aging. In this study, we focused on one of these compositions corresponding

to equilibrium with respect to Portlandite (pH25�C ¼ 12.4) to assess the impact of

calcium at high pH on the mechanisms and kinetics.

Three main mechanisms generally occur simultaneously during glass alteration

by water: ion exchange (interdiffusion), hydrolysis of the silicate network and

precipitation of secondary phases [7–9]. Depending on the reaction progress,

however, each mechanism in turn can control the overall glass dissolution kinetics

[10]. Glass composition, pH, temperature and also the leaching solution composi-

tion are key parameters for the overall glass dissolution kinetics.
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Glass alteration mechanisms are well known in water at neutral pH [7]. However,

few studies have been reported on glass alteration in basic pH and highly ionic

charged solutions such as cement pore water [5, 11–13]. It is well known that glass

durability decreases at high pH values [11, 14]; however, a recent study at high

reaction progress and lower pH (pH90�C ¼ 8.7) has shown that the calcium from

solution induced a strong decrease in the glass alteration rate by its participation in

the condensation of the passivating reactive interface [15]. Thus the elements

present in the leaching solution, here the calcium coming from the Portlandite,

may have an additional effect in the glass alteration mechanisms.

The purpose of this study is to have a better understanding of the effect of

calcium in solution on the mechanisms and kinetics of glass leaching. A simplified

glass, containing the seven main oxides of a typical French CSD-B nuclear glass,

has been studied. Previous experiments have shown that this seven-oxide glass

behaves like the complex one. Alteration experiments were carried out in a

Portlandite-saturated solution called S2 (pH25�C ¼ 12.4) at various glass-surface-

area-to-solution-volume (SA/V) ratios and temperatures (25 and 50�C). Two

hypotheses are proposed to explain the effect of calcium at both low and high

reaction progress.

2 Materials and Methods

2.1 Glass Specimen Preparation

The simplified glass has a chemical composition corresponding to the elemental

molar ratios of a typical French CSD-B nuclear glass composition for intermediate

long-lived vitrified wastes (Table 15.1). The 20–40 mm and 40–80 mm powder size

fractions were obtained by milling and sieving fragments of glass rods. The powder

was cleaned ultrasonically in acetone and then in deionized water. The specific

surface areas were determined by the BET method using Kr absorption and were

equal to 1,585 and 1,005 cm2 g�1 for the 20–40 mm and 40–80 mm size fractions,

respectively.

2.2 Leaching Experiments

Boron is a good alteration tracer as it is not retained in the alteration products [16], so

it can be used to determine the alteration rates except in the initial regime for which

the dissolution is expected to be congruent; silicon is more easily measurable. In this

regime, the forward rate and the initial rate correspond to the dissolution rate in KOH

solutions and in cement pore water, respectively. The simplified glass powder

samples were submitted to two types of alteration tests designed to measure the

glass alteration kinetics.
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2.2.1 Initial and Forward Rate Measurement

These experiments consisted of static tests at a low SA/V ratio (0.25 cm�1) in order

to determine the forward rate in KOH solution and the initial rate in Ca(OH)2
saturated solution. They were conducted at 30�C (�1�C) and 50�C (�2�C) by

vigorously stirring the solution in a PTFE container with glass powder (40–80 mm
fraction) and a 450 mL KOH or Ca(OH)2 solution, both with a pH initially equal to

12.4 at 30�C. Samples of 3 mL were taken with a syringe at equivalent intervals

during a few hours or a few days, depending on the leaching solution. These

samples were filtered to 0.45 mm and the silicon concentration was measured by

UV/Visible spectrophotometry according to the blue b-silicomolybdenum method

with an uncertainty around 7 %. The pH was measured at the start and at the end of

the alteration tests.

2.2.2 Static Test at High Reaction Progress

This experiment consisted of a static test at a high SA/V ratio (200 cm�1) in which

glass powder (20–40 mm fraction) was leached by a 70 mL Ca(OH)2 saturated

solution at a slightly elevated temperature (50 � 2�C). The initial pH was equal to

11.6 at 50�C. This test was conducted under nitrogen atmosphere to avoid carbon-

ation of solutions and precipitation of secondary phases. Solution aliquots were

taken at regular intervals over 1 year. Each sample was filtered to 0.45 mm and

acidified with 0.5 N HNO3 before ICP-AES analysis for Si, B, Na, Li and Ca with

an uncertainty range of 3–5 % depending on the elements.

2.3 Expression of Results

The normalized mass loss (NL) is used to assess the quantity of altered glass from

the released mobile elements (Na, Li, B) and also to determine the retention

capability of the alteration products from a low mobility element (Si):

NLi ¼ Ci

xi � ðSA=VÞ

Table 15.1 Glass

composition in mol%
Oxide Glass Oxide Glass

SiO2 56.7 Li2O 4.9

B2O3 14.0 CaO 3.7

Na2O 13.7 ZrO2 1.1

Al2O3 5.8
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where Ci is the concentration (mg L�1) of element i in the solution, xi is the mass

fraction of the element i in the glass and SA/V is the ratio (m�1) between the glass

surface area and the solution volume.

The glass alteration is defined as follows:

r ¼ dðNLBÞ
dt

where r is expressed in g m�2 d�1 and NL in g m�2. As specified previously, silicon

would be used to determine the alteration in the initial regime instead of boron.

2.4 Characterization of the Altered Glass Samples

The glass surface of samples altered for 6 months in Ca(OH)2 solution was

characterized by SEM observations [ZEISS Supra 55, 15 kV acceleration voltage,

equipped with a energy dispersive X-ray spectrometer (EDS)]. Direct observations

of the altered grain surface have been performed to reveal the presence of secondary

phases.

XPS analysis [AXIS ultra, non-monochromatic Al Ka (1,486.6 eV)] were

performed on samples altered for 1 day in saturated Ca(OH)2 solution at room

temperature to characterize the first few nanometers of the altered glass surface.

A specific protocol was set up to minimize artifacts due to the reactivity of the glass

surface. More details are reported below.

3 Results and Discussion

3.1 Initial and Forward Rate Measurement

The forward and initial rates estimated from released silicon at 30 and 50�C
are indicated in Table 15.2 together with the initial leaching solution pH. During

the alteration experiments, the pH remained stable. For both temperatures, the

results showed that the initial rates are more than an order of magnitude lower

than the forward rate in the reference medium, i.e., at the same pH in KOH

solution. This result highlights the compositional effect of cement pore water,

especially the calcium effect.

Forward and initial rates were determined by linear regression between the set of

experimental points and between the first two experimental points in KOH solution

and Ca(OH)2, respectively. In fact, in the case of the saturated Ca(OH)2 solution,
the silicon normalized mass losses seemed to evolve as a square root function of

time as shown in Fig. 15.1. According to recent findings of Ca effect at lower pH

164 S. Depierre et al.



and higher reaction progress [15], it can be assumed that the calcium coming from

solution reacts with silicon at the glass/solution interface to form a passivating

phase.

To further investigate this latter point, the XPS analysis was performed on glass

monoliths in saturated Ca(OH)2 solution (Table 15.3). It is important to note that

special precautions are necessary for XPS analysis. Due to the high surface reactivity

of glass with atmospheric water, XPS analysis was conducted on fresh fractured

glass samples. For the altered glass, the monolith was fractured just before the

beginning of the leaching experiment in a glove box to avoid contamination of

the extreme surface. This analysis showed that almost all the glass components were

leached at a similar ratio of 0.7 except for O and Ca. In fact, the altered glass is

enriched in calcium by a factor of 7 compared to the pristine glass. The relative

Table 15.2 Forward and

initial rates at 30 and 50�C
Leachant pH r0 (Si) (g m�2 d�1)

At 30�C
KOH 12.4 0.290

S2 12.4 0.017

At 50�C
KOH 11.7 0.742

S2 11.7 0.018
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Fig. 15.1 Evolution of

silicon normalized mass

losses versus square root

of time for the glass altered

in Ca(OH)2 solution at 50�C

Table 15.3 Quantitative

analysis (atomic percentage)

relative to different elements

of simplified glass altered in

saturated Ca(OH)2 solution

during 24 h at room

temperature

Pristine glass Altered glass Ratio

Si 19.6 13.8 0.7

B 7.5 5.4 0.7

Na 9.4 6.2 0.7

Al 3.8 2.1 0.5

Ca 1.3 9.8 7.3

Zr 0.4 0.3 0.7

O 58.0 62.5 1.1

Relative concentrations of the constituents are calculated exclud-

ing exogenous elements
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concentration of boron in the altered glass is 5.4 which means that either a part of the

pristine glass is analyzed or that the boron is retained by the formation of a C-S-H

phase on the glass/solution interface.

Geochemical calculations with the CHESS1 code showed that as soon as the

silicon concentration reaches 0.18 mg L�1 in a Portlandite-saturated solution at

25�C, tobermorite 14-A, a natural analog of C-S-H, is potentially able to precipitate.

This highlights the Si–Ca affinity at high pH. Two hypotheses can be proposed to

explain the effect of calcium on the initial regime. Silicon released from the glass

could react with calcium in solution to form C-S-H phases that act as a thin

passivating layer on the glass surface. The calcium could also compensate two

nonbridging oxygens (Si–O�) in the altered layer, which could decrease the hydro-

lysis of silicon bonds as already shown at higher reaction progress [15]. New

experiments are currently in progress to better understand this effect.

3.2 Static Test at High Reaction Progress

The Si, B, Na, Li, Al normalized mass losses and Ca concentration are shown in

Fig. 15.2. The glass alteration rate based on the boron release of the experiment

calculated by linear regression over the last 200 days is 1.4 � 10�4 g m�2 d�1. The

equivalent alteration thickness in boron at 270 days is 46.5 nm. The rate drop,

calculated as the initial rate over the residual rate, is 375.

From the beginning of the alteration experiment, the calcium concentration

decreased dramatically. After a few days, the calcium from solution was almost

totally consumed and after 1 month, the calcium concentration was around

15 mg L�1. The low NL(Si) indicates that silicon either recondenses to form an

altered layer or participates in the precipitation of secondary phases. As indicated

above, geochemical calculations showed that the pH of the solution and the calcium

concentration are favorable to the formation of C-S-H phases with released silicon.

The glass powder visibly formed an aggregate at the bottom of the leaching

container. Samples of altered glass powder were removed from the container after

6 months of alteration. SEM characterization was performed on the direct altered

glass surface (Fig. 15.3). Numerous heaps of secondary phases can be seen on the

glass grain surface, identified as C-S-H phases. As these phases are known to give

mechanical properties to cement-based materials, such a precipitation can contrib-

ute to the observed cohesion between glass grains.

Complementary experiments are currently in progress to investigate the influ-

ence of the aggregation of glass powder by C-S-H phases by maintaining a constant

calcium concentration using Portlandite. Our objective is to correlate the densifica-

tion of C-S-H phases on the glass surface with the glass alteration kinetics.

1 http://chess.ensmp.fr/.
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4 Conclusion

The initial glass leach rate in cement pore water [Ca(OH)2] depends not only on the

pH and the temperature but also on the leachant composition. Calcium, which is a

major component in cementitious water, diminished the high pH-dependence in

highly basic media on the alteration. The calcium in solution appears to react at the

glass/solution interface and limit the Si–O bond hydrolysis, perhaps by the forma-

tion of a C-S-H passivating layer at the glass surface or by inclusion of calcium in

the altered layer as charge compensator of nonbridging oxygen in silicon species.

At higher reaction progress, the leached silicon and the calcium in solution react

rapidly forming C-S-H phases. Further experiments are in progress to study the

impact of the formation of C-S-H phases on the glass alteration kinetics.

0,00

0,04

0,08

0,12

0,16

0,20

0 50 100 150 200 250 300

Time (d)

N
L

 (
g

/m
²)

0

100

200

300

400

500

600
Si B
Na Al
Li Ca

[C
a]

(m
g

/L
)

VS / S2 / 50°C

Fig. 15.2 Si, B, Na, Li, Al normalized mass losses and Ca concentration versus time in static test

at SA/V ¼ 200 cm�1 at 50 �C in initial saturated Ca(OH)2 solution

Fig. 15.3 SEM images of glass surface altered in initial saturated Ca(OH)2 solution after 6 month

of alteration. C-S-H phases are visible on the glass surface
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Part IV

Emerging and Alternative
Cementitious Systems



Chapter 16

Alternative Binders to Ordinary Portland

Cement for Radwaste Solidification

and Stabilization

C. Cau-dit-Coumes

1 Introduction

Cementitiousmaterials intended for radioactivewaste solidification and stabilization

usually include substantial amounts of ordinary Portland cement (OPC) in their

formulation [1]. OPC benefits from technology transfer from civil engineering

research, and also from more than 150 years of experience on its durability

under various service environments. However, wastes produced by nuclear

activities are very diverse and some of their components may chemically react

with cement phases or mixing water, reducing in some cases the quality of the

product. These reactions, such as adsorption, precipitation, acid–base or redox

reactions, can result in inhibition, retardation or acceleration of the cement

hydration process. In some cases, the chemical interactions between waste and

cement proceed slowly without affecting hydration, but eventually result in the

deterioration of the waste form in storage or disposal, for instance by swelling

and cracking.

The usual strategy to reduce or eliminate adverse waste–cement interactions

consists in turning the penalizing constituent(s) of the waste into a form which is

thermodynamically stable in cement. One alternative to avoid such a pre-treatment,

which increases the complexity and cost of the process, would be using a binder

showing a better chemical compatibility with the waste than OPC. A description of

some common inorganic cements is given in this article, and their potential for

waste stabilization/solidification is discussed. For clarity reasons, the binders are

divided into three categories, depending on whether they are based on (1) hydration

reactions, as for OPC, (2) acid–base reactions or (3) polycondensation reactions.
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2 Non-Portland Cement Types Undergoing Hydration

Reactions: Calcium Aluminate Cements and Calcium

Sulphoaluminate Cements

2.1 What Are Calcium Aluminate Cements and Calcium
Sulphoaluminate Cements?

Calcium Aluminate Cements (CACs) were developed to overcome the problem

associated with sulphate attack on OPC-based concrete used in the construction of

railway tunnels in gypsiferous grounds [2]. The first patent was registered in 1908

by Jules Bied, from the J&A. Pavin de Lafarge company in France, and production

was initiated in 1913. CACs being also characterized by rapid strength gain after

setting and good resistance to abrasion compared to OPC, they are currently used in

refractory and building applications, such as floor screeds and rapid-hardening

mortars. Their widespread use is limited by their cost, higher than that of OPC,

and directly related to the limited supply of bauxite, the main source of alumina in

CAC production [3].

CACs are characterized by the presence ofmonocalcium aluminate (CA1) as their

main constituent, and sometimes C12A7 and/or CA2 [4]. Their chemical composition

may vary over a wide range, with Al2O3 contents typically comprised between 37.5

and 82.5 %. Unlike Portland cement, they do not contain tricalcium silicate, but

silica may be present in small amounts as dicalcium silicate (C2S) and/or gehlenite

(C2AS). The trade names Fondu and SECAR, for cements with lower and higher

Al2O3 contents respectively, are also widely used. They refer to the clinkering

process used: either fusion of bauxite and limestone at 1,450–1,600�C for Fondu

or sintering of alumina and calcium oxide (or high purity limestone) for SECAR.

The first calcium sulphoaluminate cements (CSACs) were developed in Russia

and Japan in the 1960s. The change from lab scale to industrial scale was performed

in China in the 1970s. Their production exceeded 1 million tons in 1999 [5], and has

stayed stable around 1.2 ~ 1.3 millions tons since 2004 [6]. One of the main reasons

is, as for CACs, the high cost of bauxite, one of the raw materials used.

CSACs can have highly variable compositions, but all of them contain

ye’elimite, also called Klein’s compound or tetracalcium trialuminate sulphate

C4A3S, in their clinker [7, 8]. In sulphoaluminate belite clinkers, ye’elimite

predominates over belite, the second predominant phase [2, 9]. Other secondary

phases may also be present, depending on the composition of the raw constituents

[10]. In the presence of iron oxide in the raw meal, a small amount of this oxide may

enter into the structure of ye’elimite, giving the solid solution C4A(3�x)FxS, with x
around 0.15 [9, 11]. In addition, the ferrite phase [C2(A, F)] may be formed, leading

1 Shorthand cement notations: C ¼ CaO, A ¼ Al2O3, S ¼ SiO2, S ¼ SO3, F ¼ Fe2O3, H ¼ H2O,

T ¼ TiO2.
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to the so-called ferrialuminate clinkers. The calcium aluminate phases CA and

C12A7 may also be present if the SO3 content in the raw meal is insufficient to

convert the whole amount of Al2O3 into ye’elimite. On the contrary, anhydrite (CS)

remains in the clinker in free form at too high SO3 contents. Free lime may also be

encountered in some clinkers.

CSA clinker is produced by firing mixtures of limestone, gypsum and bauxite of

appropriate compositions in shafts or rotary kilns, as for OPC clinker, but at a lower

temperature (1,200–1,300�C) [12]. Industrial by-products or waste materials can be

advantageously added to the blend to reduce the cost of the clinker. The clinker is

then interground with calcium sulphate in much higher content (typically

15–25 wt% of gypsum [13]) than for OPC (a few wt%). By varying this content,

a series of materials, ranging from rapid-hardening to shrinkage compensating, and

eventually to self-stressing, can be designed [13], with applications for construction

by cold weather, urgent repair, precasting, self-levelling mortars and screeds [14],

glass-fibre reinforced cement composites [15], etc.

Tables 16.1 and 16.2 provide a comparison of the oxide and phase compositions

of OPC, CACs and CSACs.

2.2 How Do They Hydrate?

Hydration of CACs and CSACs occurs according to a dissolution–precipitation

process. Hydration of CA, the main anhydrous phase of CAC, can lead to four

different hydrates (CAH10, C2AH8, C3AH6 and AH3) as shown in Fig. 16.1 [16].

From a thermodynamic point of view, the sole stable phase assemblage is

Table 16.1 Typical oxide composition (wt%) of OPC clinker, CACs and CSA clinker

Al2O3 CaO SiO2 Fe2O3 SO3

OPC clinker 3–8 59–67 17–25 0.5–6 –

CACs Fondu 37.5–41.5 36.5–39.5 2.5–5.0 14.0–18.0 –

SECAR 51 50.5–53 37–39 4–5.5 – –

SECAR 71 69.8–72.2 26.8–29.2 – – –

SECAR 80 79.5–82.5 16.2–17.8 – – –

CSA clinker 8–47 36–61 3–27 1–13 3–15

Table 16.2 Typical phase composition of OPC, CACs and CSAC (sulphoaluminate belite

cement)

Primary phases Secondary phases

OPC C3S C2S, C3A, C4AF, CSH2

CACs Fondu CA C12A7, CA2, C2S, C2AS, C4AF

SECAR 51 CA C12A7, C2AS, CT

SECAR 71 CA, CA2 C12A7, Aa

SECAR 80 CA, CA2, Aa C12A7

CSAC C4A3S, C2S, CS/CSH2 C4AF, C2AS, C12A7, CA, CT
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[C3AH6 + AH3]. However, the metastable hydrates CAH10 and C2AH8 form

initially at low or ambient temperature since their nucleation is easier than that of

C3AH6. Their conversion to stable C3AH6 is accompanied by the formation of

poorly crystallized AH3 and the release of water. Since the density of the stable

hydrates is higher than that of the metastable ones, the conversion process results in

porosity increase, and subsequently in strength decrease of the material. Thus, it is

the strength after conversion which must be taken into account for structural design.

When soluble silica is present, str€atlingite (C2ASH8), another stable hydrate,

may form. As for C3AH6, its nucleation is rather difficult, and the first precipitated

hydrates are still the metastable ones. However, its density being lower than that of

C3AH6, its formation strongly reduces the porosity increase during the conversion

process. Blending CAC with silica fume [17], blastfurnace slag [18] or other

sources of reactive silica [19] could thus be a way to mitigate the problem of

strength loss associated with conversion.

The hydration reactions and equilibria in CSACs are complicated and not as well

defined as for OPC or CAC. The hydration of ye’elimite depends on whether

calcium sulphate and calcium hydroxide are also present [2, 20, 21] (Table 16.3).

– In pure water, ye’elimite is postulated to yield calcium monosulphoaluminate

hydrate and aluminium hydroxide as products of hydration [Eq. (16.1)].

CA
T<∼30°C

+ 10 H

CAH10

197 cm3 124 cm3 93 cm3 140 cm3

T∼30°C T∼70°C

+ 5.5 H

0.5 C2AH8
+ 0.5 AH3

0.33 C3AH6
+ 0.66 AH3

0.5 C2ASH8
+ 0.5 AH3

+ 4H

+ 0.5 SiO2

Metastable hydrates
conversion

Stable hydrates

Water release, porosity increase
strength loss

Fig. 16.1 Hydration of CA: hydrate assemblages and conversion process [16]

Table 16.3 Balance equations postulated to describe the hydration of ye’elimite [2]

Balance equation Eq. no.

C4A3Sþ 18 H ! C3A � CS � H12 þ 2AH3 (16.1)

C4A3Sþ 2CSH2 þ 36H ! C3A � 3CS � 32Hþ 2AH3 (16.2)

2C4A3Sþ 2CSH2 þ 52H ! C3A � 3CS � 32Hþ C3A � CS � H12 þ 4AH3 (16.3)

C4A3Sþ 7CHþ 2xH ! C3AH6 þ 2C3A � 1=2CS � 1=2CH � xH (approximate composition) (16.4)

C4A3Sþ 8CSH2 þ 6CHþ 74H ! 3C3A � 3CS � 32H (16.5)
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– Mixes of ye’elimite and gypsum produce aluminium hydroxide together with

ettringite if the molar ratio between the two reactants is at least 1:2 [Eq. (16.2)],

or a mixture of ettringite and calcium monosulphoaluminate hydrate if the

amount of gypsum is reduced [Eq. (16.3)].

– Mixes of ye’elimite and calcium hydroxide yield hydrogarnet and AFm phases in

the absence of gypsum [Eq. (16.4)], while ettringite is the sole product if

sufficient amounts of calcium hydroxide and gypsum are present [Eq. (16.5)].

Depending on the clinker composition, additional hydrates may precipitate, such

as str€atlingite (C2ASH8), C-S-H, CAH10 (a metastable product) or siliceous

hydrogarnet. Winnefeld et al. [22] have described the phase evolution during

hydration of a CSAC containing ye’elimite, belite and anhydrite with ongoing

hydration. The hydration progress of the cement paste occurs by the initial precipi-

tation of ettringite and aluminium hydroxide, followed by the precipitation of

calcium monosulphoaluminate hydrate and AH3 once calcium sulphate is deficient.

Belite has a slower hydration rate and leads to str€atlingite and AH3 under the

investigated conditions.

2.3 Applications for Waste Conditioning

The potential of CACs and CSACs for waste conditioning results at least from three

factors: (1) a rate of hydration less affected by strong retarders of OPC such as

heavy metals or borate ions, (2) the possibility to form in significant amounts AFm
and/or AFt phases as well as aluminium hydroxide, which can give rise to chemical

entrapment (AFm, AFt phases) or chemisorption (AH3) of deleterious species of the

waste and (3) a high chemical water demand, leading rather easily to dry internal

environments due to self-desiccation, associated with a reduced pore solution pH

compared to OPC, which could mitigate the oxidation of some electropositive

metals such as aluminium.

2.3.1 A Rate of Hydration Less Affected by Some Retarders of OPC

Due to the different cement chemistries, the retarders of OPC may be less influent

on CAC and CSAC hydration.

For instance, ashes resulting from the incineration of technological wastes with

neoprene and polyvinylchloride may contain substantial amounts of soluble zinc

chloride [23], leading to potential concentrations as high as 0.5–1 mol/L in the

mixing solution. Zinc is known to have deleterious effects on OPC hydration.

Setting is strongly delayed, and can even be inhibited at high zinc loadings [24],

while hardening is slowed down [25]. To reduce this adverse interaction, the

classical approach is to perform a chemical pre-treatment of the waste, aiming at

precipitating Zn(II) as a phosphate, silicate or calcium compound. The reactions
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with phosphates and silicates are slow at ambient temperature, and only calcium

precipitation would meet industrial requirements [26]. An alternative consists in

using a CSAC, which is much less retarded than OPC, as shown by Berger et al.

[27] (Fig. 16.2). The waste can thus be solidified without any pre-treatment.

2.3.2 A Favourable Mineralogy for Waste Immobilization

As for OPC, the high pH of the interstitial solution of CACs (around 12.5 [28]) and

CSACs (from 10.5 to 12.5 [22]) allows the precipitation of many radionuclides as

hydroxides.

Moreover, the main hydrates of CSAC are ettringite and calcium monosulphoa-

luminate hydrate, the proportions of which depend on the calcium sulphate content

of the binder: the former dominates in a gypsum-rich environment, whereas the

latter tends to increase in a gypsum-deficient system. These two phases exhibit a

rather flexible structure, and can accommodate many substitutions (Fig. 16.3).

CSACs have been shown to insolubilize borate ions efficiently [33]. Borates are

incorporated in an AFt phase, even with low calcium sulphate content cements.

CSACsmay also have a potential to stabilize waste streams with significant amounts

of chloride and carbonate ions, including 36Cl and 14C long-lived radioactive

isotopes. Mesbah et al. [34] have shown that carbonates are rapidly depleted by

calcium monosulphoaluminate hydrate to form calcium monocarboaluminate

hydrate and/or calcite, depending on the ratio between carbonates andmonosulphoa-

luminate. Chloride ions react more slowly and the final chloride-containing products

are Kuzel’s salt and/or Friedel’s salt, depending on the ratio between the two
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Fig. 16.2 Comparing the hydration rate of CSAC and OPC as a function of the initial ZnCl2
concentration in the mixing solution. (a) CSA cement prepared from 80 % CSA clinker + 20 %

gypsum. (b) CSA cement comprising either 100 % clinker or 80 % clinker + 20 % gypsum. CSA

clinker comprising 68.5 wt% C4A3S, 15.9 % C2S, 9.5 % C12A7, 2.9 % CT, 1.5 % MgO, 0.5 % CS,

0.5 % quartz and 2.4 % of other phases (including 1.2 % iron oxide). The curves were recorded by

semi-adiabatic Langavant calorimetry. The temperature rise is characteristic of a massive dissolu-

tion of anhydrous phases. Unlike what would be expected for OPC, the small delay of the gypsum-

free CSAC hydrated by the ZnCl2 solution results from the strong retardation caused by chloride

anions, which is partly balanced by an accelerating effect due to zinc cations. Sulphates also

strongly accelerate hydration and, when gypsum is added to the binder at a level of 20 %, the delay

is almost compensated [27]
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reactants. CSACs are also interesting binders for conditioning wastes with high

levels of sulphates, such as demolition waste containing hydrated plaster [35]. This

waste component replaces, at least partly, the calcium sulphate source usually

ground with the CSA clinker, and takes part to the hydration process.

Whatever their gypsum content, CSACs have been shown to provide very good

confinement of heavy metals such as lead, cadmium, zinc and trivalent chromium

[36, 37]. The substitution of the heavy metal cations for calcium in the structure of

ettringite is often postulated to account for the good retention. However, a recent

study by Berger et al. [38] shows that, in the case of zinc, the confinement would

rather result from the precipitation of a hydrated and well crystallized compound

with platelet morphology, possibly a layered double hydroxide, at early age

(<1 day), and from chemisorption of Zn2+ onto aluminium hydroxide at later age.

CACs also form AH3 with sorption properties. Moreover, when CACs are

hydrated with ionic solutions, AFm phases can precipitate. A patent has been

registered on the use of CACs for purifying aqueous solutions polluted by nitrate

ions, which are precipitated as calcium nitroaluminates [39]. The nature of the

precipitated hydrates can be adjusted by blending CAC with calcium sulphate (to

promote sulphate-AFm or AFt phases precipitation), calcium hydroxide (to promote

OH-AFm phases), or fine limestone (to precipitate carbonate-AFm phases). Toyohara

et al. [40] showed for instance that the best CAC to bind radioiodide comprises

SECAR71 and gypsum in weight ratio of 100:15.5. The enhanced sorption

Fig. 16.3 Structure of calcium monosulphoaluminate hydrate (a) and ettringite (b) [29], and

possible ion substitutions ([29–32] and references therein). Calcium monosulphoaluminate

hydrate is an AFm phase, belonging to the lamellar double hydroxide (LDH) large family. Its

crystal structure is composed of positively charged main layers [Ca2Al(OH)6]
+ and negatively

charged interlayers [1/2 SO4·nH2O]
�. Ettringite is an AFt phase. Its structure is composed of

positively charged columns [Ca3Al(OH)6]
3+ arranged parallel to the c-axis, and of negatively

charged channels [3/2SO4·nH2O]
3�
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compared to OPC is attributed to the precipitation of an I-AFm phase. Interesting

results have also been reported for caesium, another labile radionuclide in hydrated

OPC. By blending SECAR71 with 40 wt% silica fume, Fryda et al. [41] showed that

more than 99 % of inactive caesium, can be immobilized in a zeolitic phase of the

chabazite family. Moreover, the same zeolitic phase precipitates when a pre-

hydrated mix of CAC and silica fume is in contact with a Cs solution.

2.3.3 Self-Desiccation and Lower Alkalinity of the Pore Solution

Could Mitigate the Oxidation of Aluminium

Aluminium is a reactive amphoteric metal, readily forming a protective oxide layer

on contact with air or water. This layer is generally regarded as stable in the pH

range 4.5–8.5. However, in a strong alkaline solution, such as the pore solution of

OPC, the layer is soluble and corrosion continues, with production of dihydrogen,

formation of expansive metal hydroxides as well as calcium-based aluminosilicates

[42]. Using CSAC could lead to a marked reduction in aluminium corrosion as

compared with composite OPC system [43, 44] (Table 16.4).

Some corrosion is detected in the first 24 h, but, following this initial period,

rates fall to very low levels. The interstitial pH of the CSAC matrix, around 11, is

lower than that of the BFS/OPC reference (pH around 13), but still outside the range

of passivation of aluminium, which could explain the initial corrosion. Subse-

quently, the binding of a large amount of water into the ettringite structure may

lead to self-desiccation of the system, lowering the internal humidity, and thus

reducing the ongoing corrosion. The reported studies were carried out on relatively

short periods (28–40 days), and complementary investigations would be required to

assess the long-term corrosion of aluminium. Indeed, the pore solution pH of a

CSAC paste is between 10 and 11 at early age, but increases to about 12.5 once

calcium sulphate is exhausted. The risk of corrosion restart in hydrated monoliths

should be assessed in case of water resaturation of the materials.

Recently, a special grout, compatible with aluminium components, has been

designed for the decommissioning of old reactors at Savannah River site (USA).

It is based on CAC blended with calcium sulphate (66.6% Fondu + 33.7% of Plaster

of Paris), which hydrates to form ettringite and develops an interstitial solution pH of

~9.5. About 92 m3 were poured into a reactor vessel at the end of 2010 [45].

Table 16.4 Aluminium corrosion rates in CSAC and OPC/blast furnace slag (BFS) matrix [44]

Binder Peak rate during the first 24 h (L/h/m2)

Rate (L/h/m2) at

24 h 4 days 40 days

CSA1 0.22 0.010 0.0002 Below detection

CSA3 0.1 0.010 0.0023 Below detection

BFS:OPC 5.8 0.81 0.10 Not measured

CSA clinker composition: C4A3S 58 %, C2AS 17 %, CA 16 %, C4AF 4 %, CT 4 %, C12A7 1 %

Cement compositions: CSA1: 60 wt% clinker/40 % gypsum at w/c ¼ 0.6; CSA3: 70 % clinker/

30 % gypsum at w/c ¼ 0.65; BFS:OPC 90:10, w/c ¼ 0.33, T ¼ 40 �C
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3 Phosphate Cements Based on Acid–Base Reactions

Phosphate cements are the main representatives of acid–base cements. The setting/

hardening process is brought by a reaction between acid and basic compounds,

yielding a salt or hydrated salt. The acid reactant may be an inorganic acid, or an

acid salt (for example monoammonium phosphate, or acid phosphates and

polyphosphates of ammonium and alkali metals). The basic constituent is usually

a weakly basic or amphoteric metal oxide with a moderately small ionic radius

(MgO, ZnO, CaO), but may also include other compounds that are less acid than

their counterpart (such as tetracalcium phosphate Ca4(PO4)2O or wollastonite

(CaO·SiO2) [2].

3.1 Magnesium Phosphate Cements

The main area of application of magnesium phosphate cements is mortars or

concrete mixes for rapid repair works. One of the advantages is the good bonding

of magnesium phosphate cement mixes to mature concrete based on OPC.

Their constituents are magnesium oxide (calcined, or “deadburnt”, magnesia)

and a water-soluble acid phosphate, which is most often diammonium hydrogen

phosphate (NH4)2HPO4. Struvite (NH4MgPO4·6H2O) is the main product of reac-

tion [Eq. (16.6)], and the one mainly responsible for setting and hardening.

MgOþ NH4ð Þ2HPO4 þ 5H2O ! NH4MgPO4 � 6H2Oþ NH3 (16.6)

Other by-products may also form in unwanted side reactions, such as dittmarite

(NH4MgPO4·H2O), schertelite (NH4)2Mg(HPO4)2·4H2O, newberite MgHPO4·3H2O

and magnesium phosphate Mg3(PO4)2·4H2O. An amorphous or poorly crystalline

phase may also be precipitated in mixes with very low water contents [46]. Noxious

gaseous ammonia is released in the hardening process, which is not suitable for

radioactive waste immobilization. This problem can be avoided by using alkali

phosphates (such as NaH2PO4, KH2PO4, Na2HPO4, K2HPO4) instead of ammonium

phosphate. The counterpart is a decrease in the final strength of the hardened

material.

In Argonne National Laboratory (USA), a matrix called ceramicrete was devel-

oped to treat problematic low-level mixed wastes [47]. The process is based on a

reaction with deadburnt MgO and monopotassium phosphate KH2PO4, leading to

the precipitation of MgKPO4·6H2O (MKP). The reaction is rapid and exothermic.

Boric acid (at a typical content of 1–2 wt% of the binder) has thus to be used as a

retardant to get an acceptable setting time and to limit the temperature rise during

setting and hardening. Langton et al. [45] noticed however that a minimum temper-

ature of 65�C is necessary to form a significant amount of MKP. At lower

temperatures, other hydrated magnesium potassium phosphate phases precipitate,
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with no binding power. The solidified binder typically exhibits a compressive

strength between 20 and 30 MPa, a density of ~1.8 g/cm3, an open porosity of

2–5 vol%, and a pore solution pH within the range 6–8 [48].

Waste immobilization results from two processes: precipitation of many

contaminants (in particular actinides) as phosphates with very low solubility, and

physical encapsulation in a dense phosphate matrix. Good results have been

reported for several types of wastes: low-level debris wastes contaminated by
137Cs [49], 99Tc oxide-containing wastes [50], Pu-containing combustion residues

[51], or highly saline effluents [52]. Stabilization of As, Cr and Hg is however

difficult. These contaminants may require additional stabilizers, such as a source of

sulphides, to decrease their solubility. Besides, sulphates have to be reduced before

encapsulation, and immobilization of caesium requires a prior treatment with

zirconium phosphate.

Because of its low pore solution pH which should limit oxidation of aluminium,

ceramicrete was selected as a potential candidate for reactor vessel filling in the

Savannah River in situ decommissioning project [45]. A pumpable, flowable, self-

levelling slurry was formulated. Finally, it was not selected (see Sect. 2.3.3) but,

because of its interesting features, such as adhesion to metal surfaces, absence of

shrinkage and chemical stabilization of radionuclides, it is still under consideration

for other decommissioning and dismantling applications.

3.2 Calcium Phosphate Cements

Calcium phosphate cements are composed of one or several calcium phosphates, to

which other calcic compounds can possibly be added, such as calcium hydroxide or

calcium carbonate, as well as additives to control the setting rate and the properties

of the hardened matrix. Mixed with water, they yield stoichiometric or calcium-

deficient hydroxyapatite by an acid–base or hydrolysis reaction. Their main area of

application is dentistry and medicine since they form a product with a composition

close to that of bones and teeth. They could also offer some prospects for nuclear

waste conditioning given the outstanding properties of hydroxyapatite.

– The structure is highly tolerant to cation and anion substitution, which can lead

to chemical entrapment of deleterious species (Fig. 16.4).

– Stoichiometric hydroxyapatite (Ca/P ¼ 1.67, no vacancy on the cationic sites) is

stable up to 1,000�C.
– It has the property to anneal radiation damage, which gives it low amorphization

susceptibility [54].

– It exhibits a very low solubility in water, respectively three and almost four

orders of magnitude lower than that of C-S-H and portlandite. Besides, it is the

less soluble calcium phosphate in slightly acidic, neutral or basic medium [55]

(Fig. 16.5), and its solubility is retrograde, decreasing when temperature

increases (Ks ¼ 10�117 at 25�C, and 10�126 at 100�C [56]).
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Hydroxyapatite crystallizes in the hexagonal P63/m space group. It is made from a quasi-compact

stacking of phosphate groups which form two types of tunnels, parallel to the c-axis, in which the

calcium ions are localized. The first type of tunnels, with a diameter around 2.5 Å, is located

between three phosphate groups, and its centre corresponds to cationic site I. The second type of

tunnels is larger, with a diameter between 3 and 4.5 Å, and located between six phosphate groups.

Six cationic sites, referred as sites II, are located alongside these tunnels at a height of c/4 (three

sites) and 3c/4 (three sites), and the centre is occupied by a hydroxide ion. The presence of

vacancies (open rectangle) can be caused by the departure of cations or anions, or by the presence
of cations or anions with different valencies. The existence of tunnels in which the anions are

located gives to hydroxyapatite properties similar to zeolites. For instance, they can behave as ion

exchangers (OH�, F�, Cl�)
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Calcium phosphate cements are characterized by a high variety, resulting from

the diversity of possible precursors (Fig. 16.5a). The reactions leading to stoichio-

metric or calcium-deficient hydroxyapatite are hydrolysis, or acid–base.

• Hydroxyapatite is the less soluble calcium phosphate for a pH higher than 4.2

(at 37�C) (Fig. 16.5b). Thus, in water suspensions, all calcium phosphates have

the potential to convert to hydroxyapatite according to a dissolution–preci-

pitation process.

• Tetracalcium phosphate is the only calcium phosphate with a Ca/P ratio higher

than that of hydroxyapatite. It can be combined with another calcium phosphate

of lower Ca/P to form hydroxyapatite according to an acid–base reaction.

• Stoichiometric hydroxyapatite can also be formed from blends of calcium

phosphates free from tetracalcium phosphate provided a complementary addi-

tion of calcium in the form of calcium hydroxide or calcium carbonate to adjust

the Ca/P ratio to 1.67.

All these reactions do not necessarily lead to a cementitious system with

reasonable setting time. The reaction rate can be accelerated by different ways:

• adding a diluted H3PO4 solution as the mixing solution, instead of plain water,

• varying the pH of the mixing solution, which may be done by varying the

XH2PO4/X2HPO4 ratio (X ¼ Na+ or K+),

• adding crystalline hydroxyapatite to the mix as a seeding material,

• increasing the fineness of the starting materials.

It is also particularly important to determine the water balance: if low porosity is

required, most of the added water should be chemically combined, which is not

always the case, some reactions even producing some water (for instance TTCP +

MCPM, TTCP + DCPD or TTCP + OCP).

Most available calcium phosphate cements are not appropriate for waste

conditioning since they have been developed for medical applications, with

requirements very far from those expected in the nuclear field. However, six

reaction schemes were compared in order to form hydroxyapatite at room tem-

perature, with the objective to develop a cement aiming at encapsulating nuclear

spent fuel assemblages [a-TCP/H2O, a-TCP/CaCO3, a-TCP/Ca(OH)2, TTCP/
DCPA, DCPA/Ca(OH)2 and DCPA/CaCO3] [57]. Hydrolysis of a-TCP and

acid–base reaction between TTCP and DCPA gave the most promising results.

In both cases, the product is a calcium deficient apatite. Cement pastes

(w/c ¼ 0.4–0.5) with setting times below 24 h are obtained provided additions

of nucleation seeds in the solid phase and sodium monohydrogenophosphate in

the liquid phase. Flow properties are improved by introducing a plasticizer

(polycarboxylic ether). However, hardening is quite slow, and the cement pastes

exhibit a compressive strength around 8 MPa only after 28 days. It results from

their high porosity (around 50 %), which is itself the consequence of the low water

demand of the chemical reactions.
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4 Alkali-Activated Binders

4.1 What Are Alkali-Activated Binders?

Alkali-activated binders are made by mixing solid aluminosilicates, such as fly ash,

metakaolin, various clays usually activated by heat or blastfurnace slag, with an

activating solution comprising high concentrations of alkali hydroxide (NaOH,

KOH) and/or polysilicate (Na2O·nSiO2, K2O·nSiO2). The reaction product, formed

according to a polycondensation process, exhibits a network structure that could

evoke that of organic thermoset polymers. Thus, the binders are sometimes called

“inorganic polymers” [58], or “geopolymers” [59].

Geopolymer synthesis chemistry depends on the nature of the solid precursor

and alkali activator, and many aspects are not fully understood. However, it is

possible to describe a general and simplified process [60].

• Dissolution of the solid aluminosilicate source by alkaline hydrolysis, consum-

ing water, produces aluminate and silicate species.

• Once in solution, the silicate and aluminate precursors are mobile and rearrange

to form more stable oligomers.

• Dissolution of amorphous aluminosilicates leads to oversaturation of the solu-

tion. The oligomers form a large network by condensation, and a gel-like phase

precipitates. This process releases the water that was consumed during dissolu-

tion. According to NMR and FT-IR results, the gel-like phase exhibits a high

aluminium content (Si/Al ratio ~1), which can be attributed to the readier

dissolution of aluminium than silicon because the Al–O bonds are weaker than

the Si–O bonds.

• As the reaction progresses, more Si–O groups in the starting material dissolve,

favouring the evolution of the initial gel-like phase into a more silica-rich

product (Si/Al ratio ~2). The connectivity of the network increases. This process

of reorganization determines the microstructure and pore distribution of the final

material.

The gel-like aluminosilicate phase bears strong resemblance to zeolite frame-

work, but is generally lacking in long-range crystalline order. Its structure consists

of a rather randomly arranged three-dimensional network of corner-linked SiO4 and

AlO4 tetrahedra (Fig. 16.6).

To outbalance the negative charges brought by the presence of AlO4

tetrahedra, a corresponding number of positive charges, in the form of monova-

lent or divalent cations, are located in spaces between the tetrahedra, together

with some constitutional water. This type of product is described in the literature

as N-A-S-H gel. Zeolite crystallization tends to occur with high water content,

high temperature curing and/or extended ageing, and is more important in hydrox-

ide systems [62].
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4.2 Potential of Alkali-Activated Binders for Waste Conditioning

By selecting appropriate startingmaterials and by varying the conditions of processing

and curing, it is possible to vary the properties of the produced alkali-activated binders

over a wide range, and to tailor them to specific requirements [63, 64]. Geopolymers

can thus exhibit a wide range of properties, including high compressive strength,

low permeability, low shrinkage, fast or slow setting, low thermal conductivity, acid,

fire and/or freeze–thaw resistance [65]. Geopolymerization may also provide an

opportunity to stabilize/solidify hazardous wastes.

The mechanisms of stabilization are believed to be physical, due to the low

permeability of the matrix, and/or chemical. Several processes can occur,

depending on the waste contaminant, such as precipitation as a compound (typically

a silicate or hydroxide) of low solubility, or binding into the structure for charge

balancing roles. For instance, well-designed geopolymers have been shown to

provide good immobilization of lead [66] which is believed to precipitate as

Pb3SiO5 [67]. Ga and Ge substitute for Si or Al in the gel structure [68]. Alkali

metals (Li, Na, K, Rb, Cs) are mainly immobilized by acting as charge balancing

cations within the gel [69]. In particular, the insolubilization of caesium by a

geopolymer (either made of fly ash or metakaolin) is reported to be much better

than by an OPC matrix [70].

Bankowski et al. [71] investigated the leaching of various cationic contaminants

from a mixed brown coal fly ash/metakaolin geopolymer. Every s- (Ba, Sr) or

p-group (As, Se) element was effectively immobilized by the geopolymerization

Fig. 16.6 Schematic structure of a Na-Poly(sialate-siloxo) gel according to Barbosa et al. [61]
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process, while the transitionmetals either showed no immobilization (Cr, Cu,Mo) or

increased leachability (Mn, V, Zn). Upon exposure to very high pH, the speciation of

transition metals may change to favour the formation of soluble oxyanions.

Geopolymers are thus more effective as a means of treating wastes that do not

significantly increase in solubility at high pH.

The high alkalinity of the interstitial solution of a geopolymer, at least at early

age, is beneficial to reduce the corrosion of Mg–Zr alloys, compared to OPC.

According to Lambertin et al. [72], the corrosion density of such alloys in a

geopolymer activating solution is one order of magnitude lower than in an OPC

pore solution. When the alloys are encapsulated in a geopolymer, the H2 production

due to corrosion is 2–3 times lower than in the OPC matrix during the first 28 days.

Very few studies concern the influence of anions on geopolymers evolution. The

presence of sulphates accelerates the conversion of the N-A-S-H gel-like phase into

zeolites [73]. This, in turn, can adversely affect the mechanical strength of the

material. By comparison, nitrates seem less effective in favouring the geopolymer/

zeolite transformation [74].

Application of geopolymers to radioactive waste conditioning is still limited.

Khalil and Merz [75] investigated the use of a commercial geopolymer to immobi-

lize intermediate-level wastes containing Cs, Mo and Sr. Static leaching tests were

performed in distilled water and Q-brine (MgCl2 saturated salt brine). Strontium

was better immobilized than caesium, which was itself better confined than molyb-

denum. The matrix exhibited good resistance to leaching by pure water: the samples

maintained their shape, dimensions and strength. On the contrary, tolerance of most

compositions to Q-brine was poor.

More recently, Lichvar et al. [76] reported the development of an alkali-activated

binder, named SIAL®matrix, for the solidification of radioactive sludge and sludge/

ion exchange resin mixtures. The dry matter loading in the final products was in the

range 12–17.5 wt%. The solidified waste forms checked the Czech and Slovakian

specifications for disposal in a surface repository, with leachability indexes higher

than 6 (according to the ANSI/ANS-16.1-1986 procedure—137Cs: Li ¼ 9–14, Am,

Pu nuclides: Li ¼ 12–18, 90Sr: 12–14), and compressive strength about 25 MPa. In

the last years, 29.6 m3 (38.15 t) of radioactive waste with a total activity of

~4.94 � 1012 Bq were immobilized using the SIAL® matrix.

Some authors suggest that geopolymers may be viewed as amorphous analogs of

zeolites or that, from a thermodynamic point of view, geopolymers can be consid-

ered as metastable with regard to zeolites [77]. Zeolites are a family of complex

aluminosilicates having a three-dimensional network structure containing channels

and cavities which can immobilize a variety of contaminants. Controlling the

crystallization of geopolymers and tailoring the particular zeolite structures formed

may be very attractive to ensure optimal immobilization of the desired

contaminants. In this context, materials called hydroceramics have been developed

to deal with reprocessing wastes at the Idaho National Engineering and Environ-

mental Laboratory (INEEL, USA) [78]. INEEL waste is characterized by over-

whelming amounts of sodium. Thematrix constituents include waste (typically 30%

dry-mass basis), metakaolin or class C fly ash, ~5 % powdered vermiculite
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Table 16.5 Concerns and key issues for the investigated alternative binders

Elaboration Phosphate

cements

Cost and availability of the binders components

Calcium phosphates prepared at high temperature (TTCP,

a-TCP) are expensive
Specific surface area of deadburnt MgO can be highly

variable from one batch to another, affecting the binder

reactivity

Geopolymers Handling of large amounts of highly concentrated solutions

Most superplasticizers used for OPC are not effective

Heat

production

CACs/

CSACs

Careful management of the initial exotherm is needed

Phosphate

cements

Geopolymers

Setting and

hardening

CACs/

CSACs

CSACs can set very rapidly depending on their ye’elimite

content, the kind and content of minor phases, and the

amount and reactivity of calcium sulphate. In that case, a

retarder (boric acid, citric acid) has to be used

Phosphate

cements

Setting can be too rapid for magnesium phosphate binders, or

some calcium phosphate cements based on MCPM. A

retarder is then needed

Setting of calcium phosphate cements involving Ca(OH)2 and

calcium phosphates prepared at room temperature is too

slow for industrial application

Slow hardening of calcium phosphate cements; limited

strength due to high porosity

Geopolymers Setting and hardening process highly sensitive to the activation

conditions : sometimes, slow strength gain

Durability CACs/

CSACs

CACs weakened by a prolonged service in warm and humid

environments (conversion); insufficient experience on the

long-term evolution of CAC/SiO2 blends

Hot and dry environments should be avoided for CSACs

(ettringite prone to lose water)

Phosphate

cements

Durability unproven (especially for magnesium phosphate

cements)

Geopolymers Durability unproven

What is the influence of the geopolymer/zeolite

transformation on the properties of the matrix?

Are the zeolites representative of the natural evolution of the

matrix?

Interaction

with wastes

CACs/

CSACs

Need for a better understanding of the processes involved

Phosphate

cements

Geopolymers
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(to enhance 137Cs fixation), ~0.5 % sodium sulphide (redox buffer and heavy metal

precipitant), plus ~10 % sodium hydroxide dissolved in enough water to produce a

stiff paste. The hydroceramic waste forms are then autoclaved at 90 or 190�C to get a

dense matrix with very low solubility, consisting mainly of zeolites.

5 Conclusion

Binders with different levels of development have been presented in this article.

CACs have been used for more than 100 years under various service conditions, and

are much better known than more novel binders such as magnesium phosphate

cements or geopolymers. Table 16.5 tries to summarize the main concerns and

remaining key issues for the different investigated binders.

In all cases, the reactions involved in the setting/hardening process are exother-

mic. While excessive temperature rise is not a problem affecting small-scale

laboratory samples, large-volume drums of cemented waste forms may exhibit a

substantial temperature rise. This thermal evolution at early age should be taken

into account to understand how actual cemented waste forms will perform. The

question is all the more important since the solid phase composition in materials

based on CSACs, CACs, magnesium phosphate and alkali-activated binders

depends on temperature. Besides, understanding the chemistry of cement–waste

interactions, and their consequences on the physical properties of the solidified

waste forms, including their long-term evolution, will be a critical task for the

acceptance of these alternative binders in nuclear waste conditioning. Particular

attention will also have to be paid to their possible interactions with the near-field

environment. This offers a wide field of research which should be attractive and

stimulating for physico-chemists in the years to come.

References

1. Atkins M, Glasser FP (1992) Application of Portland cement-based materials to radioactive

waste immobilization. Waste Manage 12:105–131

2. Odler I (2000) Special inorganic cements. Taylor & Francis Group, London

3. Juenger MCG, Winnefeld F, Provis JL, Ideker JH (2011) Advances in alternative cementitious

binders. Cement Concr Res 41:1232–1243

4. George CM (1983) Industrial Aluminous cements. In: Barnes P (ed) Structure and perfor-

mance of cements. Applied Science Publishers, London, pp 415–469

5. Zhang L, Su MZ, Wang YM (1999) Development of the use of sulpho- and ferroaluminate

cements in China. Adv Cement Res 11:15–21

6. Wang J (2010) Hydration mechanism of cements based on low-CO2 clinkers containing belite,

ye’elimite and calcium alumino-ferrite. PhD Thesis, Lille 1 University, France

7. Klein A, Troxell GE (1958) Studies of calcium sulphoaluminate admixture for expansive

cements. Proc ASTM 58:986–1008

16 Alternative Binders to Ordinary Portland Cement for Radwaste. . . 187



8. Mehta RK (1965) Investigation on the products in the system C4A3S-CaSO4-CaO-H2O.

Proceedings of the annual meeting of the Highway Research Board, pp 328–352

9. Sharp JH, Lawrence CD, Yang R (1999) Calcium sulphoaluminate cements: low-energy

cements, special cements or what? Adv Cement Res 11:3–13

10. Sahu S, Majling J (1993) Phase compatibility in the system CaO-SiO2-Al2O3-Fe2O3-SO3

referred to sulphoaluminate belite cement clinker. Cement Concr Res 23:1331–1339

11. Chen D, Feng F, Long S (1993) The influence of ferric oxide on the properties of

3CaO.3Al2O3.CaSO4. Thermochim Acta 215:157–169

12. Ikeda K (1980) Cements along the join C4A3S-C2S. Proceedings of the 7th international

congress of the chemistry of cement, Paris, pp 31–36

13. Glasser FP, Zhang L (2001) High-performance cement matrices based on calcium

sulphoaluminate-belite compositions. Cement Concr Res 31:1881–1886

14. Georgin JF, Ambroise J, Pera J, Reynouard JM (2008) Development of self-levelling screed

based on calcium sulphoaluminate cement: modelling of curling due to drying. Cement Concr

Compos 30:769–778

15. Pera J, Ambroise J (2004) New applications of calcium sulphoaluminate cement. Cement

Concr Res 34:671–676

16. Fryda H, Saucier F, Lamberet S, Scrivener K, Guinot D (2010) La durabilité des bétons
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phosphocalciques – application au blocage de l’activité labile du combustible nucléaire irradié
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Chapter 17

Leaching of a Simulated ZnCl2-Rich Radwaste

Stabilized with Calcium Sulfoaluminate Cement:

Experimental Investigation and First Attempt

of Modeling

S. Berger, G. Aouad, C. Cau-dit-Coumes, P. Le Bescop, and D. Damidot

1 Introduction

Cementitious materials intended for radioactive waste solidification and stabilization

usually include substantial amounts of ordinary Portland cement (OPC) in their

formulation. However, wastes produced by nuclear activities are very diverse and

some of their components may chemically react with cement phases or mixing water,

thus reducing the quality of the product. For instance, ashes resulting from the

incineration of technological wastes with neoprene and polyvinylchloride may con-

tain substantial amounts of soluble zinc chloride [1]. This compound is known to have

deleterious effects on OPC hydration. Setting is strongly delayed and can even be

inhibited at high zinc loadings [2], while hardening is slowed down [3]. It has been

shown recently that calcium sulfoaluminate (CSA) cementsmay exhibit amuch better

compatibility with zinc chloride than OPC [4, 5]: their setting is never inhibited, even

at high ZnCl2 (0.5 mol/L) in the mixing water, and zinc is readily insolubilized.

Blending the CSA clinker with 20 % gypsum is beneficial for several reasons. (1)

The hydration delay observed for a gypsum-free binder is suppressed. (2) The

temperature rise and cumulative heat produced during hydration are reduced. (3)

The compressive strength of the hardened materials is improved and their expansion
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under wet curing strongly limited. (4) Their mineralogy is less dependent on the

thermal history at early age.

This chapter complements these results by investigating the behavior under

leaching of a ZnCl2-rich waste stabilized with CSA cement according to a test

developed to understand and model the degradation processes of cement pastes [6].

2 Experimental

2.1 Materials

CSA cement was prepared by mixing a ground industrial CSA clinker (composition

in Table 17.1; d10 ¼ 2.7 mm, d50 ¼ 17.6 mm, d90 ¼ 50.8 mm, BET specific surface

area ¼ 1.3 m2/g) with the appropriate amount of analytical grade gypsum (20 % by

weight of cement; d10 ¼ 5.4 mm, d50 ¼ 19.6 mm, d90 ¼ 50.3 mm, BET specific

surface area ¼ 0.4 m2/g) for 15 min. In the clinker, ye’elimite predominated over

belite and mayenite. The other minor constituents, mainly phases containing tita-

nium and iron, could be regarded as hydraulically inactive.

The simulated waste form was prepared with a standard laboratory mixed

(European standard EN 196-1) by mixing cement with a 0.5 mol/L ZnCl2 solution

(liquid/solid mass ratio of 0.55) at low speed for 3 min and at high speed for 2 min.

The zinc concentration was representative of the concentration released in mixing

water by actual radioactive incinerator ashes. The resulting paste, containing 1.2 wt

% Zn, was then cast into airtight polypropylene boxes and submitted to a brief

thermal excursion at early age simulating the temperature rise and fall occurring in

a 200 L drum of cemented waste, as described elsewhere [4]. The thermal cycle was

justified by the fact that the physicochemical evolution of CSA-based materials can

be highly dependent on their thermal history at early age [7]. The samples were then

cured for 3 months in sealed bags at 20�C.

2.2 Leaching Test

Two cylinders (5 cm in diameter, 3 cm high, protected against lateral degradation

by a polymer coating) of paste specimens were leached in deionized water

thermoregulated at 20 � 1�C and kept under N2 atmosphere to avoid carbonation.

Table 17.1 Mineralogical composition of the investigated CSA clinker (Belitex KTS 100)

Minerals C4A3S C2S C12A7 CT Periclase CS Quartz Othersa

Wt% 68.5 15.9 9.5 2.9 1.5 0.5 0.5 2.4

Cement notations: C ¼ CaO, A ¼ Al2O3, S ¼ SiO2, S ¼ SO3, T ¼ TiO2, H ¼ H2O
aInclude 1.2 % of iron oxide
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The ratio between the sample surface area and the solution volume was fixed at

0.23 dm2/L. The composition of the leaching solution remained constant during the

tests, with a pH maintained at 7.0 by addition of nitric acid (0.25 mol/L).

The leaching solution was renewed when the volume of added nitric acid reached

1 % of the solution volume (18 renewals were realized over the 90 d leaching

period). After each renewal, the solution was analyzed by ion chromatography and

OES-ICP. The mineralogy of the leached zone was assessed by progressively

scraping the samples from the external surface to the sound core using a micro

milling machine. With the help of XRD, TGA, and SEM/EDS, it was possible by

this way to determine the phases within slices approximately 100 mm thick, parallel

to the leached surface.

2.3 Characterization Methods

Crystallized phases were identified by XRD (Panalytical X’Pert Pro—Cu anode

lKa1 ¼ 1.54056 Å; 40 mA and 40 kV). The acquisition range was from 5� to 60�

2y in 0.02� 2y steps with integration at the rate of 50 s per step. Thermogravimetric

analyses were carried out under N2 atmosphere on 50 � 2 mg of sample using a

TGA/DSC Netzsch STA 409 PC instrument at 10�C/min up to 1,000�C. The
microstructure and chemical composition of the cement pastes were investigated

using SEM (JEOL JSM-5910 LV, tungsten filament, or ESEM XL30-FEI, thermal

field emission gun). X-ray microanalyses were performed using an energy disper-

sive X-ray system (EDX EDAX type). Total water porosity fw of the samples

before leaching was estimated by measuring the total water amount removed from

water-saturated paste samples after drying at 60�C (to limit ettringite degradation)

until stable mass loss [Eq. (17.1)].

fwð%Þ ¼ ma � md

ma � mw

� 100 (17.1)

where ma and mw are the water-saturated sample mass values measured in air and

under water, respectively, and md the mass of the dried sample measured in air.

2.4 Model Features and Thermodynamic Data

The reactive transport code HYTEC [8] was used to simulate the leaching tests,

taking into account diffusive transport of solutes and chemical reactions. Transport

and chemistry were coupled through a sequential iterative algorithm. Moreover, the

effective diffusion coefficient changed when mineral precipitation or dissolution

modified the local porosity. A modified version of the Archie’s law, implemented in
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HYTEC, was used in a first attempt to model the retroactive effect of chemistry on

mass transport.

DeðoÞ ¼ Deðo0Þ o� oc

o0 � oc

� �a

(17.2)

where o ¼ porosity, De ¼ effective diffusion coefficient, oc ¼ critical porosity

threshold under which diffusion stops, a ¼ empirical Archie coefficient, oc and a
were fixed to 0.005 and 2, respectively.

1D grid was used with a 100 mmmesh large. Zero-flux boundary conditions were

defined. The cement paste area had a section of 0.393 dm2. The leachant chemistry

corresponded to a pure water solution at pH 7 and 20�C, in agreement with the

experimental conditions. The leachant concentrations were maintained at zero.

The degradation was modeled over 90 days. The solubility constants (log K) for

CSA cement hydrates were previously given in [7], those of the Kuzel’s salt and

Friedel’s salt were, respectively, fixed to �27.11 and �26.31 at 25�C [5]. Data

relative to zinc-containing phases were found in [9] and [10].

3 Results and Discussion

3.1 Characterization of the Samples Before Leaching

The hydrate assemblage observed on the 90-day-old samples (Fig. 17.1) comprised

ettringite, amorphous aluminum hydroxide, and Friedel’s salt, an AFm-structured

compound in which the positively charged main layers are balanced by the insertion

of chloride anions in the interlayer (C3A·CaCl2·10H2O). Small amounts of residual

ye’elimite and gypsum were noticeable. No zinc-containing crystallized phases

could be detected. The total water porosity was measured to be 32 %.

3.2 Durability Under Leaching by Deionized Water

3.2.1 Characterization of the Leachates

The cumulative quantities of OH�, Ca2+, SO4
2�, and Cl� released in the leaching

solution increased linearly as a function of the square root of time (Fig. 17.2).

Leaching was controlled by diffusion. Silicates and aluminates were not detected in

the solution. However, an amorphous white compound, identified as aluminum

hydroxide by EDX microanalysis, precipitated in the leachate. The zinc concentra-

tion always remained below the detection limit of the ICP method (2 mmol/L),

meaning that, for the whole test (18 renewals), the leached fraction of zinc was

<0.1 %. The cement matrix thus provided good confinement of zinc.
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3.2.2 Characterization of the Degraded Solid

The position of the degradation front in the samples was assessed after 3 months of

leaching. Portlandite is usually a good indicator for the location of the degradation

front for common OPC-based materials [6]. However, the tracer for the degradation

of CSA-based materials was unknown. Different techniques were thus combined:

SEM observations and X-ray microanalysis, as well as X-ray diffraction.

The first approach was to use chemical contrast from SEM/BSE images, the

density of the degraded zone being lower than that of the sound core due to

decalcification. A sharp transition was effectively observed between a bright zone

(sound core) and a dark one (degraded material) (Fig. 17.3). The degradation depth

was around 700 mm. Ca- and S-mapping clearly showed the decalcification and

sulfur loss from the cement paste near the surface exposed to leaching, in a zone

with a thickness of 700 mm, which was in good agreement with the estimation

derived from the BSE image. The silicate density in this zone appeared to increase

slightly. The Cl mapping revealed that chlorides were leached within a larger

domain, to a depth of 1,600 mm from the surface. The alumina and zinc contents

appeared to remain relatively constant whatever the considered depth.

In a second approach, XRD analyses were carried out on the samples surface

which was scraped off step by step (thickness � 100 mm for each step) to obtain

XRD profiles (Fig. 17.4). In addition to ettringite and Friedel’s salt detected in the

cement pastes before leaching, the sound core contained Kuzel’s salt, an AFm

phase with ordered chloride and sulfate anions in its interlayer

(C3A·½CaSO4·½CaCl2·11H2O), and str€atlingite (C2ASH8). These new hydrates

resulted from a restart of hydration of the residual anhydrous phases after immer-

sion of the samples previously cured in sealed bag.

Fig. 17.3 SEM characterization of the leached cement pastes after 3 months of leaching

(deionized water, pH 7, 20 �C)
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The first signs of alteration were noticed from a depth of 2,500 mm. Several

processes were observed:

• Dissolution of Friedel’s salt (from 2,500 to 1,900 mm) and Kuzel’s salt (from

1,900 to 1,500 mm) which released chlorides

• Transient precipitation of monosulfoaluminate (from 2,100 to 1,300 mm)

• Dissolution of monosulfoaluminate (from 1,500 to 1,300 mm) and of residual

ye’elimite (from 1,300 to 1,100 mm)

• Dissolution of ettringite (from 1,500 to 700 mm)

The surface layer, with a depth of 700 mm (consistent with the SEM

observations), was mainly composed of perovskite, poorly crystallized aluminum

hydroxide, and probably C-A-S-H. The latter were not identified with certainty, but

Fig. 17.4 XRD patterns of the degraded zone of the samples after 3 months of leaching (S
str€atlingite, E ettringite, M monosulfoaluminate, K Kuzel’s salt, F Friedel’s salt, G gypsum, A
aluminum hydroxide, Y ye’elimite, P perovskite)
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the leached silicate flux was below the detection limit and STEM analyses

performed on the surface layer showed the presence of small amounts of calcium

and silicon, together with aluminum. In addition, TGA curves exhibited a weight

loss at 98�C which could correspond to C-A-S-H. This surface layer was highly

porous and friable.

Zinc was homogeneously distributed in all the three zones, which rules out the

assumption of dissolution in the intermediate zone, followed by reprecipitation in

the surface layer. Additional characterization using TEM and STEM in SEM of the

hydrates in the different zones [5] showed that the confinement of zinc by

the cement matrix likely resulted from chemisorption of Zn2+ onto aluminum

hydroxide (which involved the binding of Zn2+ to AlO6 in an edge-sharing bidentate

geometry), rather than Zn2+ $ Ca2+ substitution in the structure of ettringite or AFm

phases, as previously postulated. Sorption of Zn2+ onto C-(A)-S-H could also occur,

but could not explain by itself the good retention of zinc.

3.3 Modeling: Sample Composition and Results

The composition of the 90-day-old hydrated cement pastes before leaching was

simplified for modeling (Table 17.2). The residual anhydrous phases were consid-

ered as inert during leaching (e.g., C2S and ye’elimite). In addition, the small

amount of str€atlingite observed experimentally in the sound core was neglected.

The porosity of the sample corresponded to its experimental value: 32 %. The

effective diffusion coefficient was adjusted to 6.5 � 10�11 m/s to reproduce the

cumulative amount of Cl� released during leaching (15.5 mmol/dm). The main

objective of modeling was to predict the mineralogical evolutions during leaching.

Results are given in Fig. 17.5 and Table 17.3.

The degradation front, which was determined by the total depletion of Friedel’s

salt, occurred at a depth of 4,800 � 100 mm. This is not in agreement with

experiment (measured depth of 1,900 mm). Similarly, the degradation front of

Kuzel’s salt was predicted to occur at 4,000 � 100 mm and was experimentally

observed at 1,500 mm. Modeling the chloroaluminate phases degradation has still to

be improved.

However, the model was closer to experiment for calcium monosulphoaluminate

hydrate and ettringite, which were fully depleted at 1,600 � 100 mm (1,300 mm
experimentally) and at 800 � 100 mm (700 mm experimentally), respectively. The

mineralogical evolutions during leaching were also well predicted, which was the

main objective of the modeling. In particular, the transient precipitation of

monosulphoaluminate was reproduced.

Table 17.2 Mineralogical composition used for modeling

Minerals Ettringite AH3 gibbsite Friedel’s salt Kuzel’s salt Inert

Wt% 53.8 20.4 7.6 5.2 13.0
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The effective diffusion coefficient was adjusted to reproduce the cumulative

amount of Cl� released, which explains the good agreement between experiment

and modeling. However, the others fluxes values were largely underestimated. This

could result from several factors: (1) dissolution of the residual anhydrous phases

was not taken into account by the model (in particular, C2S was considered as inert),

(2) precipitation of AH3 in the leaching solution was not reproduced, and (3) the

likely precipitation of C-(A)-S-H was omitted.

4 Conclusion

The simulated cemented waste form (cement paste prepared with a CSA binder

comprising 20 % gypsum and a 0.5 mol/L ZnCl2 mixing solution) exhibited three

zones after 90 days of leaching by deionized water at fixed pH and temperature

(7 and 20�C, respectively):

• The surface layer, with very poor mechanical strength, composed of aluminum

hydroxide, perovskite, and C-A-S-H, which could be easily detected from BSE
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Fig. 17.5 Modeling of phase assemblage evolution of a 90-day-old cement paste during leaching

by pure water (pH 7, 20 �C) using the reactive transport code HYTEC

Table 17.3 Comparison between the cumulative amounts of Ca2+, SO4
2�, Cl�, and OH� released

during leaching and those obtained by modeling

Cumulative amount Ca2+ SO4
2� Cl� OH�

Experiment (mmol/dm2) 72.0 17.0 15.5 84.4

Modeling (mmol/dm2) 36.3 9.5 15.2 28.2
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images, Ca- and S-mapping (EDS analysis), and X-ray diffraction (disappearance

of the ettringite signal)

• A less porous intermediate zone in which several precipitation and dissolution

fronts occurred, as shown by X-Ray diffraction and Cl mapping (EDS analysis)

• The sound core

The first attempt of modeling the leaching test using the reactive transport code

HYTEC was promising since the phase assemblage evolution was well reproduced.

However, the extent of degradation was largely overestimated, and the model still

needs to be improved.
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Chapter 18

Conditioning Highly Concentrated Borate

Solutions with Calcium Sulfoaluminate Cement

J.B. Champenois, C. Cau-dit-Coumes, A. Poulesquen,

P. Le Bescop, and D. Damidot

1 Introduction

Calcium silicate cements, such as Ordinary Portland cement (OPC), are widely

used for low- and intermediate-level radioactive waste conditioning. However, the

wastes produced by nuclear industry are very diverse and some of their components

may chemically react with cement phases. Among these components, soluble

borates are well known to interfere with hydration of OPC: they act as set retarders

and false set may also occur [1]. Two main strategies have been used to solidify

wastes with high contents of borates:

– Addition of calcium hydroxide to OPC to precipitate borates as calcium

hexahydroborite CaO.B2O3.6H2O [2–4].

– Addition of calcium hydroxide and aluminates to OPC to incorporate borates

into the AFt phase 3CaO.Al2O3.2Ca[B(OH)4]2.Ca(OH)2.30H2O (calcium

quadriboroaluminate QBA or high-boron-content AFt) [5, 6].

The former has been used to encapsulate PWR evaporator concentrates with

boron up to 40 g L�1. However, two disadvantages arise: (1) cement set is still

retarded and (2) calcium hexahydroborite is unstable in cement and is progressively

J.B. Champenois • C. Cau-dit-Coumes (*) • A. Poulesquen
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converted into calcium mono- or quadri-boroaluminate. The latter, which is more

effective to reduce setting inhibition, was applied to the conditioning of ion

exchange resins and highly concentrated borate solutions.

An alternative may consist in using a binder showing an improved chemical

compatibility with the waste, such as calcium sulfoaluminate cement (CSA). The

expected beneficial effects would be a simplification of the solidification process

and a possible increase in the waste incorporation rate. When hydrating, CSA

cements form significant amounts of ettringite and calcium monosulfoaluminate

hydrate depending on their gypsum content. It is well known that ettringite can

incorporate borate ions in its structure [7, 8]. Moreover, an AFm phase containing

borate anions in its interlayer has already been described [9]. In this work, we first

studied the influence of borate anions in the mixing solution on the early age

hydration of three CSA cements comprising, respectively, 0, 10 and 20 % of

gypsum. Evolution of the mineralogy of the CSA cement pastes was then

characterized over 90 days. Finally, the length change and mechanical properties

of mortars comprising 0, 10 and 20 % of gypsum were monitored over 180 days.

2 Experimental Section

2.1 Materials and Specimen Preparation

Three CSA cements were prepared by mixing a ground industrial CSA clinker

(d50 ¼ 15.1 mm, specific surface area ¼ 4.8 m2/g) with the appropriate amount

(0 %, 10 % and 20 % by weight of cement) of analytical grade gypsum (d50 ¼ 18.7

mm, specific surface area ¼ 0.5 m2/g) for 15 min. Mineralogical composition of the

CSA clinker is reported in Table 18.1. In the clinker, ye’elimite predominated over

belite and mayenite. The other minor constituents, mainly phases containing tita-

nium and iron, could be regarded as hydraulically inactive.

Cement pastes and mortars were prepared using a w/c ratio of 0.6. A blend of two

siliceous sands (0.1–1.2 mm) with a sand-to-cement ratio of 3 was used to optimize

the workability and limit the heat release of fresh mortars during hydration. The

mixing solution was prepared by dissolving the appropriate amount of analytical

grade boric acid in distilled water (1 mol/L of boric acid); pH of the mixing solution

was then raised up to 11 by adding analytical grade sodium hydroxide (960 mmol/L

of sodium hydroxide). Mixing was performed in a standardized laboratory mixer

(following European standard EN 196-1) at low speed for 3 min and at high speed

for 2 min. Cement pastes were cast into airtight polypropylene boxes (7 mL of paste

per box) and cured at 20�C for three months. Mortars were cast into 4 � 4 � 16 cm

moulds and cured for 7 days at 20 � 1�C and 95 � 5 % R.H. The specimens were

then demoulded, measured and kept at room temperature in sealed bags or

immersed under water at 20 � 1�C.
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Shorthand notations were used to refer to the different investigated

compositions, as summarized in Table 18.2.

2.2 Characterization of Early Age Hydration

Hydration of pastes was followed using an isothermal microcalorimetry at 25�C
(SETARAM, C80 type) and a AR1000 Rheometer using a ribbon geometry in

dynamic mode (strain of 10�4 and stress of 1 rad/s). Hydration was stopped after

fixed periods of time (from 5 min to 3 months) by successively immersing the

crushed pastes into isopropanol and drying them in a controlled humidity chamber

(with 20 % relative humidity at 22 � 2�C). Crystallized phases were identified by

X-ray diffraction (Siemens D8—copper anode lKa1 ¼ 1.54056 Å generated at

40 mA and 40 kV) on pastes ground to a particle size of less than 100 mm. The

acquisition range was from 5� to 60� 2y in 0.02� 2y steps with integration at the rate
of 50 s per step. Thermogravimetric analyses were carried out under N2 atmosphere

on 50 � 2 mg of sample using a TGA/DSC Netzsch STA 409 PC instrument at

10�C/min up to 1,000�C. Pore solution was extracted as far as possible using a 2-ton
press in order to measure its pH.

2.3 Characterization of Mortar Properties

The compressive strength of mortar prisms cured in sealed bag or under water was

measured following European standard EN 196-1 after 1 day, 7 days, 28 days,

90 days and 180 days. Two specimens were used at each testing age. Dimensional

variations were measured after 1 day, 7 days, 28 days, 90 days and 180 days using a

retractometer.

Table 18.1 CSA clinker

mineralogical composition

(Belitex KTS 100)

Minerals C4A3Š C2S C12A7 CT MgO Others

Wt % 66.2 13.5 9.4 2.6 0.9 7.4

Table 18.2 Shorthand

notations of the investigated

compositions

Gypsum content

(% by wt of cement)

[B(OH)3]total
(mol/L) Paste Mortar

0 0 C 0G M 0G

1 C 0G 1M M 0G 1M

10 0 C 10G M 10G

1 C 10G 1M M 10G 1M

20 0 C 20G M 20G

1 C 20G 1M M 20G 1M
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3 Results

3.1 Investigation of Early Age Hydration: Influence
of the Gypsum Content of the Binder and of the pH
of the Mixing Solution

The heat flux released during hydration of the cement pastes by a 1 mol/L B(OH)3
solution adjusted at pH ¼ 11 was first investigated as a function of the gypsum

content (Fig. 18.1) using isothermal calorimetry at 25�C. Increasing the gypsum

content resulted in a longer induction period. When the mixing solution contained

1 mol/L of borates at pH ¼ 11, the heat flux recorded by isothermal calorimetry

reached its maximum after 28 h only for a gypsum-free binder, instead of more than

80 h for a binder comprising 10 % of gypsum and about 95 h for a binder

comprising 20 % of gypsum. Under similar conditions, the maximum heat flux

would occur after about 140 h for OPC. A retarding effect by borate anions was still

observed when using CSA cements since the setting time of CSA cements mixed

with pure water under similar conditions is always less than 20 h.

From a mineralogical point of view, for both C 0G 1M and C 10G 1M

compositions, different events occurred before the massive dissolution of anhy-

drous phases, corresponding to the main peak of heat flux. Small amounts of

anhydrous phases began to dissolve, as indicated by the less intense peak at about

5 h. XRD analysis showed that the dissolution of anhydrous phases was

accompanied by the precipitation of small amounts of an AFt-type phase

(Fig. 18.2, top). The peak shift of the {001} reflection could result from the

incorporation of borate anions in the AFt phase. In addition to this crystallized
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Fig. 18.1 Influence of the initial gypsum content on the heat flow generated during the hydration

of CSA cements by a boric acid solution ([B] ¼ 1 mol/L, pH ¼ 11—w/c ¼ 0.6)
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phase, TGA analysis showed the likely precipitation of an amorphous compound

characterized by a weight loss at about 70�C (Fig. 18.2, bottom).
The pore solution of the investigated pastes was extracted before the massive

dissolution of the anhydrous phases in order to obtain a mean value of its pH. The

mean pH values were 12.6 � 0.2 for C 0G 1M (compared to 11.4 � 0.1 for

reference C 0G), instead 10.8 � 0.2 for a cement containing 10 % of gypsum

(compared to 10.2 � 0.2 for C 10G).

These results make us to consider the precipitation of the amorphous calcium

borate compound C2B3H8 to explain the retarding effect of borate anions on CSA

cements hydration, as many authors did to explain the retarding effect of borate

anions on OPC and calcium aluminate cements [10, 11].
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• C 10G 1M composition. The pH of the pore solution during the induction period

(close to 11) is consistent with the precipitation of the amorphous compound,

which was supported by TG analysis (Fig. 18.2). The rise of the pore solution pH

occurs simultaneously with the massive dissolution of the anhydrous phases,

causing the destabilization of the amorphous compound and the precipitation of

a borate-containing AFt phase (Fig. 18.2). Additional results obtained by

dynamic mode rheometry (Fig. 18.3, bottom) showed that the precipitation of

the amorphous compound occurs at very early age and gives cohesion to the

paste. This compound would be responsible for the false set observed during

hydration of CSA cements by borate solutions. The subsequent precipitation of

hydrated phases, consecutive to the amorphous compound destabilization and to

the massive dissolution of anhydrous phases, yields to a strength gain, which is

shown by the increase in the storage modulus value in Fig. 18.3.

• C 0G 1M composition. According to the results of Casabonne, C2B3H8 would

not be stable during the induction period because of the too high pH of the pore

solution (comprised between 12.0 and 12.8). Nevertheless, some of our

observations seem to indicate the precipitation of an amorphous compound

even under these conditions: (1) occurrence of a significant weight loss at

70�C by TGA carried out on a 20 h-old paste, which could not be ascribed to a

crystallized phase, (2) rapid increase in the storage modulus during the first

minutes after mixing, as shown by dynamic mode rheometry. Additional

experiments are under way to characterize more accurately the stability domain

of amorphous calcium borates. The precipitation of small amounts of such a

compound would slow down the hydration, but to a lower extent than for C 10G

1M sample. Indeed, the heat flux during the induction period, was always

different from zero, which indicated the continuous dissolution of anhydrous

phases and the precipitation of an AFt phase, as shown by the area of the {001}

XRD reflection peak which increased with time (Fig. 18.2, top). It also explained
the constant increase in the storage modulus (Fig. 18.3, top), which mechanically

corresponded to a strength gain.

3.2 Mineralogical Evolution over 90 days

Mixing a CSA cement free from gypsum with pure water caused the precipitation

(after 7 days only) of four main hydrates: calcium monosulfoaluminate hydrate,

str€atlingite, aluminium hydroxide AH3 and small amounts of ettringite. Most of the

ettringite that precipitated in the first hours after mixing was converted to calcium

monosulfoaluminate hydrate, as the sulphate concentration was too low to stabilize

ettringite. The precipitation of str€atlingite resulted from the dissolution of C2S.

Adding 10 % gypsum to the cement produced a mineralogical assemblage

containing mostly ettringite, small amounts of calcium monosulfoaluminate

hydrate, aluminium hydroxide and str€atlingite. The higher concentration of

sulphates stabilized the AFt phase versus the AFm phase.
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Mineralogical assemblages obtained when mixing CSA cements with borate

solutions (1 mol/L at pH ¼ 11) were quite different (Fig. 18.4).

Hydration of C 0G 1M produced an AFt-type phase containing borate anions, the

transient hydrated calcium aluminate phase CAH10 and aluminium hydroxide AH3.

NoAFm-type phasewas observed over the 90 days of the study. Borate anions seem to

have the same effect as sulphate anions: since borate anions can easily form an AFt-

type phase, these anions stabilize the AFt phase as sulphate anions do with ettringite.

At 28 days, only traces of str€atlingite were detected. Its amount increased however at

90 days. The strong retarding effect of borates on the hydration of calcium silicate

phases is well documented. Besides, the delayed occurrence of this phase shows that

borate anions have a retarding effect not only on the early hydration, but also on the

long-term hydration of gypsum-free CSA cement. The mineralogical evolution of

this paste will have to be studied on a longer period of time to follow the possible

conversion of CAH10 and its possible consequences on the properties of the material.

Adding 10 % gypsum to the cement seemed to yield a more stable mineralogical

assembly. After 7 days, the CSA cement paste hydrated with a borate solution

(1 mol/L at pH ¼ 11) comprised aluminium hydroxide AH3 and two AFt phases.

Although borate and sulphate ions are supposed to form a complete solid solution

among AFt phase [8], two distinct AFt phases were observed, each of them

containing borate and sulphate ions in different ratios. Small amounts of str€atlingite
were already observed at this time. Increasing the hydration degree (28 and 90 days)
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increased the amounts of hydrates precipitated, without any change in the phase

assemblage. No AFm-type phase was observed during this period.

For both C 0G 1M and C 10G 1M compositions, large amounts of anhydrous

phases were still present 90 days after the beginning of hydration.

3.3 Evolution of the Macroscopic Properties

The compressive strength and length change of mortar bars cured in sealed bag or

under water at ambient temperature were characterized over 180 days (Figs. 18.5

and 18.6).

Gypsum free mortars. For M 0G 1M, mortars cured in sealed bags exhibited a

compressive strength of about 50 MPa at 7 days after mixing, slightly higher than

that of a reference prepared with pure water (40 MPa for M 0G). Increasing the

hydration degree caused a decrease in the mechanical strength of sample M 0G 1M

from 50MPa at 7 days to 40MPa at 180 days. This decrease may have resulted from
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mineralogical evolutions such as conversion of the transitory hydrate CAH10 and

precipitation of str€atlingite from C2S and AH3 (Fig. 18.4). The same trend was

observed for mortars cured under water. From a dimensional point of view, all the

borate-containing mortars cured in sealed bags exhibited shrinkage, even

the gypsum-free material (�200 mm/m for M 0G 1M at 180 days). For comparison,

reference M 0G slightly expanded under the same conditions (+200 mm/m for M

0G). The behaviour of sample M 0G 1M resembled that of M 10G, which may

be explained by the fact that borate anions acted as sulphate anions during the

hydration (the amount of gypsum inM 10G would release about 1 mol/L of sulphate

ions SO4
2� in the pore solution). Under water, the expansion of mortar M 0G 1M

was lower than that of reference M 0G (+800 mm/m for M 1M 0G at 180 days

compared to +1,200 mm/m for M 0G). Equilibrium was not reached at 180 days.

Gypsum-containing mortars (10 % and 20 %). Adding borates to a mortar prepared

with a binder containing 10 % gypsum weakened the mechanical strength, but this

parameter presented a monotonous evolution with time. The compressive strength

of mortar M 10G 1M cured in sealed bags went on increasing from 15MPa at 7 days

to 30 MPa at 180 days, compared to 35 MPa at 7 days and 40 MPa at 180 days for

reference M 10G. Curing M 10G 1M under water did not change the strength

evolution. At 180 days, the compressive strength of mortars M 10G 1M seemed to

be stabilized. From a dimensional point of view, the shrinkage of the borate-

containing mortars cured in sealed bags was comparable to that of the reference

(�600 mm/m for M 10G 1M at 180 days compared to �400 mm/m for M 10G).

Curing borate-containing mortars under water resulted in a smaller expansion than

for the reference (+800 mm/m for M 10G 1M at 180 days compared to +2,000 mm/m

for M 10G).

Borate-containing mortars prepared with a binder comprising 20 % exhibited poor

compressive strength whatever the curing conditions (10 MPa for M 20G 1M at

180 days compared to 35 MPa for M 20G). Nevertheless, shrinkage under sealed

bag (about 0 mm/m for M 20G 1M at 180 days compared to 0 mm/m for M 20G) and

expansion underwater (+200 mm/m forM20G 1Mat 180 days compared to +400mm/

m for M 20G) were very limited and equilibrium seemed to be reached at 180 days.

4 Conclusion

From a kinetics point of view, CSA cements with low gypsum contents should be

preferred to solidify aqueous solutions with high borate concentrations (1 mol/L).

Adding gypsum buffers the pore solution pH at �10 (instead of �12 for a gypsum-

free material) at early age, and thus favours the precipitation of amorphous calcium

borate C2B3H8. This compound significantly retards hydration by slowing down

ionic exchanges necessary for anhydrous phases dissolution and hydrated phases

precipitation.

Nonetheless, the presence of borates in a gypsum-free material slows down the

subsequent steps of hydration since str€atlingite is observed only after 28 days.
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Moreover, the precipitation of the transient hydrate CAH10 is promoted under these

conditions and large amounts of this phase are still present at 90 days. The

precipitation of str€atlingite and the possible conversion of CAH10 occurring lately

may induce a decrease in the mechanical strength which may be undesirable for

aged mortars. Adding high amounts of gypsum (typically 20 %) to the hydraulic

binder should be avoided since the induction period is largely increased and mortars

prepared with this cement develop poor mechanical strength.

Using a binder comprising 10 % of gypsum seems to be a good compromise

when the mixing solution contains borate anions (1 mol/L). Even if the induction

period is longer than for a gypsum-free binder, hydration remains more rapid than

for OPC, and the mineralogical assemblage is more stable since CAH10 is almost

absent 90 days after mixing. The mechanical strength continuously increases with

the hydration degree. Length changes under wet-curing and sealed bag remain

moderate and seem to be stabilized after 180 days.

Future studies will be focussed on the long-term evolution of these materials and

on their behaviour under leaching.

Acknowledgments L. Petit, from Electricité de France, is deeply acknowledged for his support

of the project.

References

1. Ramachandran VS, Lowery MS (1992) Conduction calorimetric investigation of the effect of

retarders on the hydration of Portland cement. Thermochim Acta 195:373–387

2. Benavides E (1997) Immobilization of evaporator concentrates with high boron content in

cement matrix. In: International symposium on nuclear energy & radioactive waste manage-

ment, Bucarest, vol 2, pp 470–471

3. Hernandez S, Guerrero A, Goni S (2000) Leaching of borate waste cement matrices: pore

solution and solid phase characterization. Adv Cement Res 12:1–8

4. Guerrero A, Goni S (2002) Efficiency of a blast furnace slag for immobilizing simulated borate

radioactive liquid waste. Waste Manage 22:281–288

5. Le Bescop P, Bouniol P, Jorda M (1990) Immobilization in cement of ion exchange resins. In:

Material Research Society symposium proceedings, vol 176, pp 183–189

6. Goni S, Guerrero A (2001) Stability of calcium aluminate cement matrices mixed with borate

solution. In: International conference on calcium aluminate cements proceedings, pp 425–435

7. Wenda R, Kuzel HJ (1983) Proceedings of the 8th international congress on the chemistry of

cement, Rio de Janeiro, vol 3, pp 31–38

8. Csetenyi J, Glasser FP (1993) Borate substituted ettringites. In: Material Research Society

symposium proceedings, vol 294, pp 273–278

9. Bothe JV, Brown PW (1997) Phase formation in the system CaO – Al2O3–B2O3–H2O at

23 +/� 1 �C. J Hazard Mater B63:199–210

10. Casabonne JM (1987) Immobilisation des Radioelements Provenant de Dechets Nucléaires

Sous forme de Composés Insolubles ou Par Réactions d’Echanges dans une Matrice de Beton.

PhD Thesis, Bourgogne University, France

11. Roux C (1989) Conditionnement par des Liants Hydrauliques de Concentrats Boratés

Radioactifs, PhD Thesis, Paris Sud-Orsay University, France

18 Conditioning Highly Concentrated Borate Solutions. . . 213



Chapter 19

The Effect of Supplementary Pulverised Fuel

Ash on Calcium Aluminate Phosphate Cement

for Intermediate-Level Waste Encapsulation

P. Swift, H. Kinoshita, and N.C. Collier

1 Introduction

In the UK, cement-based encapsulation has been established as the accepted

practice for the immobilisation of low- and intermediate-level radioactive waste

(LLW and ILW) [1, 2]. However, the high pH of the pore solution and availability

of ‘free-water’,1 in conventional ordinary Portland cement (OPC) systems causes

corrosion of reactive metals such as aluminium [3, 4]. The corrosion reactions result

in expansive reaction products and the generation of significant volumes of hydro-

gen gas, both of which are detrimental to the integrity of the solid wasteform. These

metals make up a significant proportion of the UK waste inventory [5], so it is

appropriate to develop alternative cementing systems which are compatible with

these problematic reactive metals.

One such potential system is a type of acid–base phosphate-bonded cement, in

which a cation-leachable powder acting as a base reacts with an acidic phosphate

solution [6]. The neutralisation reactions result in rapid setting and the formation

of reaction products, which act as cementitious binders. Sugama et al. [7, 8]

synthesised cementitious systems for geothermal well applications by mixing

calcium aluminate cement (CAC) with acidic phosphate-based solutions.

These systems exhibited lower pH than the conventional OPC-based systems, and

so have potential to reduce corrosion of problematic aluminium metal. Aluminium

metal is passive in the pH range 4–8.5 according to the Pourbaix diagram [9].
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Also, preliminary investigations by the authors have shown that corrosion of

aluminium significantly decreases when pH < 10.5.

In a previous study by the authors [10], Secar 51—a type of CAC—was mixed

with sodium polyphosphate-based solutions. The resulting cement pastes showed

potential for waste encapsulation, exhibiting rapid setting (<8 min) and high strength

development (>75MPa after 24 h). However, the rapid setting and the significant heat

output resulting from the setting reactions deemed the system unsuitable for industrial

application. Specific processing criteria are defined by industry [Hayes M, Personal

communication,NationalNuclear Laboratory, 18/11/2010;CollierNC, Personal com-

munication, National Nuclear Laboratory, 28/05/2010], whichmust be fulfilled before

any system can be considered for LLW or ILW encapsulation. These criteria, referred

from now on as ‘plant acceptance tests’, specify: the fluidity of the slurry, as measured

by the Colflow test, should be >200 mm after 150 min (t150) after mixing, the cement

should exhibit bleed of <2% by volume at 24 h after themixing period; the initial and

final setting time should be >4 h and <48 h, respectively. Industry also stipulates that

cementitious matrices for waste encapsulation should develop compressive strength

exceeding 7 MPa after 90 days curing.

The objective of the present study was to develop a cement formulation envelope

which fulfils the processing and property criteria which are defined by industry.

Pulverised fuel ash (PFA, otherwise known as fly ash) was considered to be an inert

filler which would extend the setting time and reduce the heat output of calcium

aluminate phosphate (CAP) cement [11]. Four systems were investigated, with

varying proportions of PFA, and assessed in terms of (1) plant acceptance tests

and pH of the wet cement slurries; (2) physio-mechanical properties, evaluated by

compressive strength testing and porosity measurements; (3) phase compositions

and microstructure of the various hardened cement formulations.

2 Experimental

A commercially available CAC (Secar 51, supplied by Kerneos UK) was used as

the basic-solid reactant. The X-ray diffraction analysis (XRD) of this powder

published previously [10] confirmed the major crystalline phase as monocalcium

aluminate (CA), with gehlenite (C2AS) and perovskite (CT) present in lesser

amounts.2 PFA (Cemex 450-S BS EN450-1, supplied by the National Nuclear

Laboratory (NNL)) was used as the supplementary material, and XRD confirmed

the presence of quartz and mullite as the primary crystalline phases in this powder.

Details of the formulations investigated are given in Table 19.1. Based on the

literature [12, 13], boric acid was used as a setting retarder. Sodium polyphosphate

((NaPO3)n, Acros Organics) and boric acid (H3BO3, 99.5+ %, Fisher Scientific)
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powders were firstly dissolved in distilled water and left for at least 2 h on a roller-

mixer to assure complete dissolution. The resultant solutionwas placed in themixing

bowl of a Kenwood bench-top planetary mixer set at speed 1 (ca. 150 rpm). Firstly

PFA, then CAC powders were added to the solution over a ca. 5 min period, and

mixed for a total of 10 min, followed by 10 min in a Silverson high shear mixer

at 6,000 rpm.

Setting times were measured using an automatic Vicat measuring apparatus,

based on BS EN 196-3:2005 + A1:2008 [14], with the end of the mixing period

taken as t ¼ 0 min (t0). The fluidity of the cement slurries was determined at t0 and
after 150 min (t150) using a standard slurry flow test, i.e. the Colflow test [Hayes M,

Personal communication, National Nuclear Laboratory, 18/11/2010] in which a pre-

set volume of cement slurry was released from a tundish into a channel, and the

distance the slurry advanced down the channel was measured as the flow. The flow

value was taken as the average of two Colflow tests. The pH of the wet cement

slurries was measured at t0, then every 30 min up to t150. The compressive strengths

were determined after a 7-day curing period as the mean of three 50 � 50 � 50 mm

specimens, initially cured for 48 h at 20 �C and 95 % relative humidity (RH), and

then demoulded and returned to the same curing conditions for the remainder of the

curing period. The compressive strengths were measured using a Controls

Automax5 automatic compressive strength testing machine. The specimens tested

for compressive strengthwere further analysed byXRD, thermogravimetric analysis

(TGA), scanning electron microscopy (SEM), and mercury intrusion porosimetry

(MIP). To prepare these samples, the hydration reactions were arrested by immers-

ing the crushed samples in acetone for 2 days and then drying in a vacuum desiccator

for 7 days. XRD was performed using a Siemens D500 diffractometer using Cu Ka

radiation over the range 5–65� 2y, with a step size of 0.02� and scanning speed of

2� 2y/min. TGA was performed with a Perkin Elmer Pyris 1 thermogravimetric

analyser, with a heating profile of 10 �C/min over the temperature range

25–1,000 �C, under a nitrogen atmosphere. SEM was performed on polished

surfaces of samples mounted in epoxy resin, using a Jeol JSM 6400 scanning

electron microscope.

Table 19.1 Details of the various formulations under investigationa

Formulation Weight (%)

f/s w/s p/c r/c CAC PFA (NaPO3)n H3BO3 Water Total

0.5 0.35 0.4 0.03 31.95 31.95 12.78 0.96 22.36 100

0.6 0.35 0.4 0.03 26.28 39.42 10.51 0.79 23.00 100

0.7 0.35 0.4 0.03 20.28 47.33 8.11 0.60 23.66 100

0.8 0.35 0.4 0.03 13.93 55.71 5.57 0.42 24.37 100
aNote: c ¼ cement (CAC), f ¼ filler (PFA), s ¼ solid ¼ c + f, p ¼ phosphate (sodium

polyphosphate), r ¼ retarder (boric acid), w ¼ water
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3 Results and Discussion

3.1 Plant Acceptance Tests and pH Measurements

Table 19.2 exhibits the results from the plant acceptance tests. Vicat results showed

that the setting time increased with increasing PFA-to-solid ratio (f/s), and all

formulations fulfilled the setting time requirements for both initial setting (>4 h)

and final setting (<48 h). Fluidity, measured by the Colflow test, also fulfilled the

minimum requirement of 200 mm at t150 and increased with increasing f/s ratio. It is
well established that the incorporation of supplementary PFA increases the

workability of OPC-based cementing systems [1, 15]. PFA consists of spherical

particles, which increase the fluidity of cement slurries by the so-called ball bearing

effect [16, 17]. Therefore, it is reasonable to assume that the same ball bearing

effect is the principal mechanism responsible for increasing fluidity in CAP

cementing systems with supplementary PFA. The four formulations studied

exhibited no bleed after 24-h curing.

pH measurements of the wet cement slurries (Fig. 19.1) indicated that the pH of

all systems lay between 9.1 and 10.0 at t0, then gradually increased up to t150, where
they exhibited pH 10.2–10.6. At all times, pH increased with increasing f/s ratio.
This reflected a decrease in the amount of phosphate and boric acid, which was

available to participate in the acid–base setting reactions. The pH of studied

systems was lower than that of an OPC-based system (pH 12.6–13.1), also shown

in Fig. 19.1, indicating a potential as an alternative cementing system for the

encapsulation of aluminium containing wastes.

3.2 Physio-mechanical Properties

The compressive strength tests demonstrated that the f/s ratio affected the mechanical

properties of the hardened cement (Fig. 19.2a). Specifically, increasing the f/s ratio
corresponded to an increase in porosity (Fig. 19.2b), and consequently a decrease in

compressive strength. It is proposed that this increase in porosity was a result of the

water-to-cement ratio (w/c) effectively increasing with f/s ratio. It is also suggested
that the decrease in strength was a consequence of a lower CAC and phosphate

Table 19.2 Plant acceptance

test results for PFA:

CAC + (NaPO3)n + H3BO3

mixed at w/s ¼ 0.35, p/
c ¼ 0.4, r/c 0.03 and varying

f/s ratio

f/s

Setting time (h) Colflow (mm)

Bleed (%)Initial Final t0 t150

0.5 4.5 <24 330 490 0

0.6 6.5 <24 510 720 0

0.7 7.0 <24 745 720 0

0.8 8.5 <24 850 870 0

218 P. Swift et al.



content, the reactions of which should form the binding matrix [10]. The f/s ¼ 0.8

system attained a compressive strength of ca. 6 MPa after the 7-day curing period,

which does not meet the 7 MPa minimum criterion required by industry. All other

systems achieved compressive strengths greater than the minimum required after 7

days of curing.
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3.3 Phase Characterisation and Microstructure

The XRD results (Fig. 19.3) illustrate that the crystalline phase compositions of the

various hardened cement pastes were very similar after 7 days curing. All systems

exhibited the presence of CAC-related phases (CA, C2AS, and CT), which was

indicative of residual CAC phases that remained unreacted within the hardened

cement paste. Reflections corresponding to quartz and mullite were also present

from the PFA. As expected, the relative intensity of the CAC-related reflections

appeared to decrease, and conversely those of the PFA appeared to increase, with

increasing f/s ratio. The relative intensities of CA-related reflections decreased

more significantly with increasing f/s ratio, compared to those of C2AS and CT.

This suggests that a higher proportion of the CA was consumed in these systems,

which was thought to be attributed to the increasing w/c ratio.
The XRD results showed no indication of the crystalline CA-hydrate phases

(CAH10, C2AH8, and C3AH6), which form during the setting and strength develop-

ment ofCACunder normal hydration.As setting and strength development occurred,

despite the apparent lack of CA-hydrate phases, it is suggested that an alternative

reaction mechanism occurred, resulting in the formation of an amorphous binding
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phase. Similar results were obtained in the authors’ previous study [10], which

suggested that reactions between Secar 51 and polyphosphate-based solutions

resulted in the formation of an amorphous phase, which acted as a binding matrix

between the partially and un-reacted CAC particles, and was responsible for rapid

setting and high strength development.

Results from TGA (Fig. 19.4) demonstrated that the total weight loss increased

with decreasing f/s, suggesting an increase in the extent of reactivity with decreas-

ing f/s. The principal weight loss below 120 �C, apparent from the corresponding

differential thermogravimetric analysis (DTG) curves, may be due to the dehydra-

tion of the amorphous binding phases. Evaporation of residual acetone and free-

and loosely bound water may also account for some of this weight loss. The minor

weight losses, which occurred at ca. 200–220 �C and 550–700 �C, may be due to the

dehydration of str€atlingite, and the decomposition of calcite, respectively. Because

neither str€atlingite nor calcite were detected by XRD, if present they are only in

small amounts. Str€atlingite formation has been observed in CAC systems to which

silica-rich supplementary materials were added [12, 18, 19]. The metastable CA-

hydrate phases, which form during conventional hydration, react with silica to form

str€atlingite. It has also been proposed that after long curing periods, gehlenite may

hydrate to form str€atlingite [12, 20].
Figure 19.5 shows SEM micrographs using back scattered electron imaging

(BSE) of two of the formulations investigated. Both micrographs showed particles

of spherical PFA and unreacted CAC particles embedded within a matrix, which

appeared to act as a binder between the particles. EDX analysis (not shown) of the

apparent binding matrices exhibited a composition of calcium, aluminium, phos-

phorus, sodium, and oxygen. Sugama and Carciello [8] investigated sodium

phosphate modified CAC systems, and suggested that a similar binding matrix

consisted of sodium calcium orthophosphate (NaCaPO4 � H2O) salt and hydrated
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alumina gel (Al2O3.�H2O). It is proposed that the binding matrix in the present

study was a similar binary system consisting of NaCaPO4.�H2O and Al2O3.�
H2O. It was apparent that the microstructure of the sample with f/s ¼ 0.5 contained

a higher proportion of unreacted CAC particles, and conversely that with f/s ¼ 0.8

contained a higher proportion of PFA particles. This observation concurred with the

results from XRD, which suggested that the proportion of unreacted CAC phases

that remained in the hardened cement pastes decreased, and the proportion of PFA

phases increased with increasing f/s ratio. Figure 19.5a also shows some cracks, the

reason for which is not clear; they may have formed during samples preparation.

They may also be thermally induced cracks which formed as a result of exothermic

setting reactions. Systems at lower f/s ratio contained higher proportion of the

reactive components, CAC and phosphate and such systems would have a higher

exotherm due to the acid–base setting reactions.

4 Conclusions

All the systems investigated fulfilled the processing requirements defined by indus-

try. Varying the f/s ratio had significant effects on various aspects of the systems.

Both fluidity and setting time increased with f/s ratio. The porosity of the systems

also increased with increasing f/s ratio due to the increasing effective w/c ratio.

Consequently, compressive strength decreased with increasing f/s ratio. Apart from
the system with f/s ¼ 0.8, all systems developed compressive strength in excess of

the 7 MPa requirement, after 7 days curing.

The crystalline phase compositions of the studied systemswere very similar, with

reflections corresponding to CAC- and PFA-related phases apparent. It appears that

a higher proportion of CA was consumed as the f/s ratio increased, which was likely
due to the increasing w/c ratio. The crystalline CA-hydrate phases were not formed,

nor were any other new crystalline phases, suggesting that the reactions products

Fig. 19.5 SEM-BSE of polished surface samples of PFA:CAC + (NaPO3)n + H3BO3 mixed at

w/s ¼ 0.35, p/c ¼ 0.4, r/c ¼ 0.03 and (a) f/s ¼ 0.5 and (b) f/s ¼ 0.8, after 7 days curing at 20 �C
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were amorphous. Using SEM-BSE, the amorphous phases were observed to be

acting as a binding matrix between the partially and un-reacted CAC, and the

spherical PFA particles, and were responsible for setting and strength development.

It was proposed that this matrix was a binary system consisting of NaCaPO4.�H2O

and Al2O3.�H2O.

The present study identified a formulation envelope for calcium aluminate

phosphate cements, which fulfils the processing and property criteria defined by

industry for LLW and ILW encapsulation. Along with our previous study [10], the

work presented here indicated that calcium aluminate phosphate cement-based

systems have potential for encapsulating problematic LLW and ILW in the UK.
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Chapter 20

Rheological Behavior of Alkali-Activated

Metakaolin During Geopolymerization

A. Poulesquen, F. Frizon, and D. Lambertin

1 Introduction

Geopolymers are a class of largelyX-ray amorphous three-dimensional aluminosilicate

binder materials, synthesized by reaction of an aluminosilicate powder with a

concentrated alkali metal silicate or hydroxide solution [1]. Geopolymerization is a

complex process involving dissolution of solid reactants, hydrolysis of the dissolved

species, and condensation of the geopolymer itself [2] and can be described in two

steps. First, a dissolution step, during which reactive aluminate and silicate species

are brought into solution. The chemical driver of this step is the action of hydroxide

ion on aluminosilicate that lead to monomeric, and probably partially deprotonated,

silicates and aluminates [3]. The development of microstructure following the

hydrolysis/dissolution steps arises out of condensationmechanisms between isolated

monomerics units. The resulting formation of two- and three-dimensional linkages

via oxygen bridges eliminates water, while alkali is not regenerated. The types of

network formed are very dependent on the chemistry of the system [3, 4].

Although dynamic rheological experiments may provide viewpoint on

geopolymerization reactions, see Bénard et al. [5] for example on cement-based

materials, no such study has been carried out on geopolymers. The rheological

behavior of geopolymers was frequently determined using a viscometer, i.e., in

flowing mode, because it is of primary importance to commercial applications in the
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field of civil engineering [6], or wastes immobilizing materials [7–9]. Published

work has in particular addressed the determination of the yield stress and Newtonian

viscosity [10] by simulating the flow curves with a Bingham or Herschel-Bulkley

model [11]. Criado et al. [12] showed that adding a superplasticizer diminishes the

viscosity and the yield stress of a fly ash-based geopolymer.

In this study we propose to consider geopolymerization reactions by observation

of the viscoelastic properties of the geopolymer using dynamic rheology in the

linear viscoelastic domain. The linearity range was first determined and the main

viscoelastic parameters were evaluated. The effect of the activation solution com-

position, which is of primary importance on the geopolymerization reaction [3] was

investigated. Finally, as geopolymers are usually synthesized at or slightly above

room temperature, the temperature dependence of the reactions with different

materials was also assessed and the activation energies were determined.

2 Experimental

2.1 Material

In order to focus on a model system and avoid the precipitation of calcium silicate

hydrate phases mixed with geopolymeric materials [13], the choice was made to

synthesize metakaolin-based geopolymer paste. This product was purchased under

the brand name of Pieri Premix MK from Grace Construction Products. The

chemical composition of metakaolin determined by X-ray Fluorescence (XRF)

can be found in Table 20.1. X-ray Diffraction (XRD) analysis showed that the

metakaolin contained anatase, kaolinite, and quartz as impurities.

Waterglass activating solutions were prepared by simultaneously dissolving

alkali hydroxide (NaOH, KOH: Prolabo, Rectapur, 98 %) pellets and amorphous

silica provided by Rhodia (Tixosil 331) and Degussa (Aerosil 380) in Milli-Q water.

Solutions were then stirred for 15 h. Two types of silica were used in the synthesis of

the alkali silicate solution: fumed silica produced at high temperature (Aerosil) and

precipitated silica (Tixosil). The different synthesis processes form different particle

size fractions and different silanol and siloxane site densities, and thus possibly

different reactivity properties. The physical and chemical characteristics of the

solids used are listed in Table 20.2.

All the geopolymers were prepared with the same overall formulation, with an

Al:Si:M:H2O molar ratio of 1:1.8:1:12. The only differences among the samples

were therefore the alkali metal (M ¼ Na or K) and the silica (Aerosil or Tixosil)

used (Table 20.3).

Table 20.1 Chemical composition of metakaolin used in this study

SiO2 Al2O3 CaO Fe2O3 TiO2 K2O Na2O MgO L.o.Ia

Weight (%) 54.4 38.4 0.10 1.27 1.6 0.62 <0.2 <0.2 1.90
aLoss on ignition

226 A. Poulesquen et al.



2.2 Rheological Measurements

Dynamic rheological measurements were performed using a controlled stress

rheometer (AR1000, TA Instruments) operated in controlled strain mode.

Measurements were performed in unconventional geometry to facilitate mixing,

using a bowl and a helical 316 L steel ribbon impeller calibrated according to the

procedure described in the literature [14]. This set of geometry was designed in

order to avoid the evaporation (and consequently the geopolymer paste to dry), the

phase separation during the curing time, and so to limit the wall effects.

The geopolymer paste was prepared manually outside the rheometer and then

introduced into the rheometer bowl after mixing. Transferring the geopolymer to

the measurement cell generates residual stresses that must be relaxed prior to each

rheological measurement. This is done before each test by applying a strain of 0.05

and pulsation at a rate of 5 rad s�1 [5].

Since the purpose of this study is to determine the variation over time of the

viscoelastic parameters according to the geopolymer composition, it is important to

ensure the repeatability of the tests and to determine the linear viscoelasticity range

in order to prevent structural decomposition of the geopolymerized network.

Figure 20.1 shows the strain sweep for 2 frequencies (1 and 10 rad s�1) including

a repeatability test for the 10 rad s�1 pulsation, which was carried out by integrating

5 or 10 points per order of magnitude. Given the relatively fast geopolymerization

kinetics, the acquisition of 10 measurement points per order of magnitude doubles

the measurement time, which can be problematic for some systems. Nevertheless,

the repeatability was very satisfactory.

The linear viscoelasticity region is the region in which measurements are

nondestructive to the geopolymerized network when a critical strain gC is applied.

gC was generally taken as the strain value at the storage modulus equal to 90 % of

the plateau modulus (0.9 G0). For the geopolymers synthesized here, the limit of the

Table 20.3 Characteristics and formulation of geopolymers studied

Sample Aluminosilicate source Alkali activator(MOH) Silica

1 Metakaolin NaOH Aerosil 380

2 Metakaolin KOH Aerosil 380

3 Metakaolin NaOH Tixosil 38

4 Metakaolin KOH Tixosil 38

Table 20.2 Characteristics of solids used to synthesize the geopolymers

Solid

Specific surface area

measured by the BET

method (m2/g)

Median diameter

determined by laser

particle size analysis (d50)
(mm)

Number of surface Si-OH sites

measured by the Sears method

[25] (OH/nm2)

Metakaolin 19.9 � 0.8 9.7 � 0.7

Tixosil 331 172 � 2.5 3.5 � 0.3 3.3

Aérosil

380

378 � 4.3 0.7 � 0.2 1.6
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linear viscoelasticity range is about 1.5 � 10�3. This value is slightly higher than

what can be obtained in conventional Portland cement where the strain limit is

about 0.03 % [5, 15].

In Fig. 20.1, the yield stress (s0) value can also be obtained when G0 ¼ G00.
Indeed, when G0 is higher than G00 the material is considered as mostly a solid and

on the other side when G0 becomes lower than G00, the material flows.

s0 ¼ G� � gG0¼G00 ¼ ðG02 þ G002Þ0:5 � gG0¼G00

The yield stress obtained is ranged between 0.5 and 1 Pa whatever the material

studied in this chapter.

After the preconditioning step, all the experiments were therefore performed

with a strain of 2 � 10�4 and at a frequency of 1 rad s�1. The elastic modulus (G0)
and viscous modulus (G00) and the loss tangent defined by tand ¼ G00/G0 were
analyzed during geopolymerization.

3 Results and Discussion

3.1 Overall Evolution of Viscoelastic Parameters

Figure 20.2 shows the evolution of the rheological parameters (G0, G00, and tand)
during a geopolymerization test and until the reaction is complete (G0 is constant

Fig. 20.1 Reproducibility of strain sweep test at o ¼ 10 rad s�1 for Metakaolin activated by

NaOH and strain sweep test at o ¼ 1 rad s�1: (T ¼ 25 �C)
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and G00 and tand tend to zero). The elastic modulus (G0) quickly exceeds the viscous
modulus, indicating the existence of interactions between the constituents and the

predominance of the solid properties of the materials even before setting. Both

moduli exhibit several levels during geopolymerization followed by an increase of

G0 and G00. The geopolymerization reactions involve mainly a dissolution/polycon-

densation mechanism [16, 17]. During the first stage, the dissolution of the solid

aluminosilicate source by the alkaline solution results in the appearance in solution

of an aluminum–silicon monomer [18]. In the second stage, these dissolved species

react to form oligomers of different sizes, which undergo polycondensation

reactions to form a three-dimensional aluminosilicate network [19–21]. The numer-

ous steps observed on the G0 and G00 curves during geopolymerization could

therefore be related to the first stage, i.e., to a metakaolin dissolution mechanism,

whereas the successive increases could be attributed to the formation of oligomers.

The two mechanisms of dissolution and oligomer formation thus occur repeatedly

over time.

The loss tangent is the ratio between the energy dissipated in the form of heat

and the stored energy. SinceG0 varies more rapidly thanG00, the value of the tangent
diminishes and is always less than 1. At the end of the experiment, a tand peak

appears as G00 increases faster than G0. The effects of energy dissipation in the form
of heat then outweigh the stored energy associated with interactions between

constituents. Various dissipation processes, including the formation of large

oligomers or the beginning of polycondensation into a three-dimensional network,

may account for this phenomenon, although it is difficult at this time to clearly

identify the mechanism(s) responsible. Finally, the experiment was terminated

when G0 reached a constant value and when G00 and tand tended to zero, which

means from a rheological point of view that a solid is formed. In the following

figures of this chapter, the test was stopped just after the tand peak is reached to

Fig. 20.2 Viscoelastic parameters versus time at ambient temperature (T ¼ 19.6 �C) for

geopolymer made from sodium hydroxide and Tixosil 38 silica
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prevent deformation of the test geometry. Anyway, the maximum of the loss

tangent is thus a precursor criterion of the vitreous state transition. Moreover, as

discussed below, the evolution of tand depends on the nature of the alkali activator

(NaOH or KOH).

3.2 Effect of Silica

It has been reported in the literature that sodium hydroxide activation solutions

ensure better dissolution of the aluminosilicate source than solutions of potassium

hydroxide [22–24], which is nevertheless a stronger base. This paradox can be

explained by assuming silica is at chemical equilibrium in solution. Solution

enrichment in silicate species arises from two separate reactions.

First, alkali hydroxides diffuse to the surface of the silicate particles and interact

with them to ionize the surface silanol groups according to the following reaction:

� Si� OHþ OH�Mþ ! � Si� O�Mþ þ H2O (20.1)

During this process, the ionization rate depends on the basicity of the alkali ion,

i.e., K+ > Na+.

The second reaction consists in breaking siloxane bonds in the silicate source,

resulting in its dissolution:

� Si� O� Si � þ2ðOH�MþÞ ! 2ð� Si� O�MþÞ þ H2O (20.2)

During this process, the dissolution rate depends on the degree of hydration of

the cation, i.e., K+ < Na+. This reaction appears to become predominant at high

SiO2/M2O ratios.

Sodium hydroxide thus ensures better dissolution of the aluminosilicate source

than potassium hydroxide, although the latter is a stronger base. To evaluate the

impact of this reactivity difference on rheological behavior, geopolymers were syn-

thesized from two types of silica (Aerosil 380 and Tixosil 38) to assess the effect of

the number of silanol and siloxane sites on the initial reactivity of the materials.

Taken as a whole, the curves presented on Fig. 20.3a, b are similar to those

described on Fig. 20.2. Indeed, the different levels, on both moduli, during geopoly-

merization are present (even if it seems noisier because the curves are plotted with

dots) and at the end of the test a tand peak is observed.

For geopolymers made from potassium hydroxide (Fig. 20.3a), it appears that

the nature of the silica does not strongly affect the rheological behavior since the

curves are practically superimposed. However, a minor difference was measurable

at the end of the experiment when the rate appeared to accelerate for the activation

solution containing Tixosil 38 silica (Fig. 20.3a). In fact, the geopolymers formed

from Tixosil 38 stiffened faster than those produced from Aerosil. As potassium
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favors the ionization of silanol sites more than the breaking of siloxane bonds, silica

compounds with the greatest silanol surface density are the most reactive.

Conversely, when geopolymerization is activated by sodium hydroxide, the impact

of the nature of the silica is more obvious, especially with regard to the evolution of

Fig. 20.3 Effect of silica grade on viscoelastic moduli for (a) geopolymer made from KOH; (b)

geopolymer made from NaOH: (T ¼ 25 �C)
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tand (Fig. 20.3b). The silica with the largest number of siloxane sites and the smallest

particle size distribution (Aerosil 380) creates a constant difference betweenG0 andG00

(tand is constant) but also reaches the maximum tand more quickly. In the case of a

sodium hydroxide activation solution, geopolymers formed fromAerosil stiffen more

rapidly than the others: since sodium promotes silica dissolution by breaking siloxane

bonds rather than by ionizing silanols, the silica containing the most siloxane groups

proved to be the most reactive.

3.3 Effect of Alkali Activator

The alkali activator is known to play a major role in the kinetics of

geopolymerization. Sodium hydroxide thus ensures better dissolution of the alumi-

nosilicate source (MK) than potassium hydroxide, although the latter is a stronger

base. Lee and Van Deventer [24] confirmed that the dissolution rate of the alumi-

nosilicate source depends on the activation solution composition.

Figure 20.4 confirms that sodium hydroxide accelerates the geopolymer curing

kinetics compared with potassium hydroxide, and that the flat portions of the

viscoelastic moduli are shorter.

Due to their different charge densities, the small ions (Na+) strongly attract and

retain their hydration layer of water molecules, while larger alkali metal cations

(K+) do not have such a strong association with water: they may therefore associate

Fig. 20.4 Evolution of the elastic modulus (G0) and viscous modulus (G00) and tand according to

alkali activation solution composition: (T ¼ 25 �C)
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more easily with the negative charge of the silicate, neutralizing the charge and

stabilizing the suspension. Consequently, sodium ions are less likely than potas-

sium ions to disrupt the condensation reaction. Moreover, tand versus time shows

that the elastic component (G0) varies more rapidly than the viscous component

(G00) in the case of potassium hydroxide. This suggests that the geopolymer

structure is more rigid when activated by KOH, forming larger oligomers

or favoring the connectivity of the tetrahedral network. In other words, if the

alkaline activation solution is potassium hydroxide, the geopolymerization

kinetics are slower but with much stronger interactions between constituents

(tandKOH < tandNaOH). These results are consistent with those of Xu et al. [16],

which show that the compressive strength is 42 % higher when the geopolymer is

synthesized from KOH.

3.4 Effect of Temperature

The effect of temperature on the geopolymerization kinetics was investigated by

modifying the alkaline activation solution. Figures 20.5 and 6 show the evolution of

the viscoelastic properties versus time at four different temperatures for both types

of geopolymer. Regardless of the temperature and the material studied, the same

trends are observed:

• Elastic behavior always predominates.

• Plateaus are always observed, but appear to be less numerous at higher

temperatures. They are probably less likely to be detected because of the high

rate of geopolymerization compared with the acquisition time.

• A peak is also observed for tand regardless of the measurement temperature

(Figs. 20.5b and 20.6b).

The temperature dependence of the geopolymerization reactions may then be

estimated by plotting an Arrhenius diagram showing the time necessary to reach

the maximum tangent d for a sodium- or potassium-based system (indicated by

arrows in Figs. 20.5b and 20.6b) versus the temperature (Figs. 20.7 and 20.8,

respectively). The activation energies are indicated in Table 20.4. The activation

energy values are practically identical although the kinetics are very different for

geopolymers made from sodium hydroxide and potassium hydroxide. This suggests

that the geopolymerization mechanisms are similar for both types of alkali and that

the process consists of successive stages of dissolution followed by the formation of

oligomers whose size depends on the nature of the alkali activator, ultimately

leading to the creation of a three-dimensional aluminosilicate network.

It is also interesting to note that the loss tangent decreases more rapidly as

the temperature rises (this phenomenon is more pronounced with KOH Fig. 20.6b).

The formation of a three-dimensional “gel” architecture is thus favored and

accelerated at high temperature.
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Fig. 20.5 Effect of temperature on (a) elastic modulus (G0) and viscous modulus (G00) and (b) on

tand for NaOH + Aerosil 380 system
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Fig. 20.6 Effect of temperature on (a) elastic modulus (G0) and viscous modulus (G00) and (b) on

tand for KOH + Aerosil 380 system
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Fig. 20.8 Time to reach maximum tand versus temperature for KOH + Aerosil 380 system

Table 20.4 Activation

energies of

geopolymerization reactions

Geopolymer Activation energy (kJ/mol)

NaOH + Aerosil 380 74.5

KOH + Aerosil 380 64.8
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4 Conclusion

The evolution of the viscoelastic parameters of various geopolymers was evaluated

by dynamic rheology. In general, the elastic modulus quickly exceeds the viscous

modulus regardless of the geopolymer studied. During geopolymerization, several

steps appear on the curves of theG0 andG00 moduli, followed by a subsequent rise in

both curves. These two characteristics are related respectively to an aluminosilicate

matrix dissolution mechanism and to the formation of oligomers whose size

depends on the alkaline activation solution used (NaOH or KOH). The

geopolymerization kinetics is faster with sodium hydroxide, but with weaker

interactions between constituents and/or more limited formation of oligomers.

The loss tangent diminishes more rapidly in the case of KOH, which shows that it

favors the formation of a three-dimensional architecture, probably due to greater

oligomer connectivity: this type of geopolymer is therefore more rigid. The influ-

ence of the type of silica used is less obvious than that of the alkali activator, but it

appears that when sodium hydroxide is used to activate the geopolymer, the effects

are more pronounced, i.e., the smaller the particle size distribution, the faster the

curing kinetics.

The maximum loss tangent, tand, was also used as a criterion to determine the

temperature dependence of the geopolymers synthesized. This criterion is also a

precursor of the transition to the vitreous state. The activation energies determined

for the geopolymers synthesized with potassium hydroxide or sodium hydroxide are

relatively close, showing that the mechanisms involved are similar regardless of the

alkali activator.
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Chapter 21

Prediction of Long-Term Chemical Evolution

of a Low-pH Cement Designed for Underground

Radioactive Waste Repositories

T. Bach, I. Pochard, C. Cau-dit-Coumes, C. Mercier, and A. Nonat

1 Introduction

A solution to manage long-lived radioactive wastes over the very long time is their

disposal in deep geological structures. The disposal concepts are based on a

multibarrier design approach including the waste package (the waste and the

material used to stabilize it in a suitable overpack), the engineered barrier inserted

between the waste package and the rock and the geological barrier, i.e. the actual

rock. In most designs, bentonite is a key component of the engineered barrier

system. It is however unstable at high pHs (�12–13) [1], such as those encountered

in ordinary concrete leachates. Since it seems more and more difficult to exclude

concrete from any sensitive areas containing bentonite in a repository, some work

has been undertaken in order to develop low-pH cements which would show an

improved compatibility with clay. Low-pH cements, also referred as low-alkalinity

cements, are binders with a pore solution pH � 11. They can be designed by

replacing significant amounts of Portland cement (OPC) (�40 %) by silica fume,

which can be associated in some cases to low-CaO fly ash and/or ground granulated

blast furnace slag [2–4]. Such a blend has several positive effects: (1) consumption
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ICB, UMR 5209 CNRS Université de Bourgogne, 21078 Dijon, France

I. Pochard (*) • A. Nonat
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of portlandite, which is formed by the hydration of OPC and which buffers the pore

solution pH up to 12.5, to produce calcium hydrosilicates (C-S-H) by the pozzola-

nic reaction, (2) decrease in the CaO/SiO2 ratio of the C-S-H and partial substitution

of Al3+ for Si4+ in the silicate chains of the C-S-H, which could enhance their

sorption capacity of alkalis [5], and (3) dilution of OPC, which decreases the heat

output during hydration. The pore solution pH of the cement paste is then controlled

by the solubility of C-S-H: the smaller the CaO/SiO2 ratio of C-S-H, the lower the

pH [6, 7]. With the prospect of using these materials in a geological repository, it is

of main importance to estimate their long-term properties and the influence of

external and internal factors (chemical composition of the binder, storage tempera-

ture) on their characteristics at equilibrium. This chapter describes the mineralogi-

cal evolution of a low-pH binder comprising OPC, silica fume, and fly ash over one

year. Since hydration was still incomplete after this period, a three-way original

approach was adopted to assess the behaviour of this hydrated low-pH cement at

thermodynamic equilibrium, i.e. at the end of its evolution under fixed conditions in

the temperature range 20–80�C. Firstly, thermodynamic modelling was carried out

to predict the mineral assemblage and composition of the solution at equilibrium,

starting from the composition of the initial low-pH cement studied. Secondly,

hydration of blended cements was accelerated by milling cement slurries (water

to solid ratio of 9) with zirconia beads. Thirdly, the low-pH cement pastes were

mimicked with mixtures of appropriate highly reactive oxides (lime, silica, calcium

aluminate, and calcium sulphate) with a water to solid ratio of 50.

2 Materials and Methods

2.1 Raw Materials and Cement Pastes

The low-pH binder investigated in this work comprised 37.5 % Ordinary Portland

Cement, 32.5 % Silica Fume, and 30 % Fly Ash. Table 21.1 gives the chemical

composition and properties of the raw materials used in this formulation. Note that

the quite important proportion of “minors” in the fly ash is due to a significant loss

on ignition (near 5 %). The binder constituents were ground together in a planetary

ball mill (Retsch PM400 mixer-mill: 250 rpm, 150 g of material, and 50 g of 10 mm

diameter stainless steel balls in a 250 mL grinding jar). Reference cement pastes

were prepared at water to solid ratio of 0.55, stored in hermetically sealed 50 mL

polypropylene containers, and submitted to three types of curing (1) in a controlled-

environment chamber at 20�C and 95 % relative humidity, in an oven at (2) 50�C, or
(3) 80�C. To prevent drying, the samples were placed in water-filled boxes. Curing

was initiated 30 min after mixing. All the binders were characterized after 3, 6, and

12 months of hydration. A detailed procedure for the solid and pore solution

characterization is presented elsewhere [8].
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2.2 Acceleration of the Hydration by Milling

To accelerate the reaction, slurries of low-pH cement were submitted to milling

instead of simple curing. By means of the stirring, the zirconia beads ground away

the hydrates formed on the grain surfaces and thus re-exposed the anhydrous phases to

water. The mechanical energy input to the system is able to change the nature of the

hydrosilicate phase. For instance, the same procedure for the hydration of C3S with

aluminium balls leads to the formation of afwillite [9]. In the present study, this phase

was never observed. The tests were conducted at controlled temperature (20, 50, or

80�C) in the absence of carbon dioxide. Thewater/binder ratiowas set at 9mL/g by the

addition of 5 g of binder to 45 mL of deaerated deionized water. For curing at 20�C,
51 g of zirconia beads (diameter: 0.8 to 2.5 mm) were added to the slurry in hermeti-

cally sealed polypropylene containers continuously stirred in a turbula for 3 months.

The samples at 50 and 80�C were milled with 30 g of zirconia beads (diameter:

2–2.5 mm) in hermetically sealed Teflon containers under continuous magnetic

stirring in an oven for 2 months at the selected temperature. To prevent drying, the

samples were placed in water-filled boxes. After this equilibration time, the

suspensions were allowed to stand without stirring at the studied temperature for

1 month. The pH was determined at the sample curing temperature (20, 50, or 80�C).
The high alkalinitymeasurement electrodewas first calibrated at the same temperature

with buffer solutions: borate (pH 9.23 at 20�C, 9.01 at 50�C, and 8.88 at 80�C),
carbonate (pH 10.06 at 20�C, 9.83 at 50�C, and 9.73 at 80�C), and calcium hydroxide

(pH 12.63 at 20�C, 11.71 at 50�C, and 10.99 at 80�C). The suspensionwas then filtered
at the test temperature and the filtrate was acidified. Its composition was analysed by

ICP-AES (Vista Pro Varian, Ca, Si, Al, S, Na, K standardization with matrix reconsti-

tution). The solids were recovered by using successive water/ethanol and pure ethanol

Table 21.1 Characteristics of binder constituents

CEM I Silica fume Fly-ash

Chemical composition

(wt%)

CaO 66.90 0.50 5.10

SiO2 22.00 96.30 51.50

Al2O3 3.30 <0.20 25.20

Fe2O3 2.74 0.10 5.80

MgO 0.60 <0.20 1.80

Sulphates 2.40 0.24 0.66

Na2O + K2O <0.25 <0.54 1.73

Minors 1.81 1.92 8.21

Phases observed

by X-ray diffractiona
C3S

+++ C2S
+++

Brownmillerite +

C3A
+

Gypsum +

Anhydrite +

Calcite +

Cristobalite +++

Quartz ++

Maghemite ++

Silicon +

Silicon oxide +

Quartz +++ Mullite ++

CaO +

Maghemite +

aIntensity of main diffraction peak: +++ strong, ++ moderate, + weak
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washing/drying. The mineralogy of the cement pastes was characterized by X-ray

diffraction (Siemens D8, copper anode, lKa1 ¼ 1.54056 Å, 40 mA and 40 kV,

scanning from 2y ¼ 5� to 60� in 0.017� steps, 50 s measurement time per step).

2.3 Reactive Oxides in Suspension

The tests were conducted at controlled temperature in the absence of carbon dioxide

on dilute suspensions (water/solid ratio ¼ 250 mL/5 g). The hydrated binders were

precipitated from mixtures of 1.05 g of CaO (CaCO3 Prolabo decarbonated at

1,000�C for 3 h), 2.75 g of SiO2 (Aerosil 200), 0.69 g of calcium aluminate

(CaAl2O4) and 0.13 g of calcium sulphate (CaSO4, 2H2O), and 250 g of 7 mmol/L

alkaline aqueous solution. These quantities are so that the Ca, Si, Al, SO4, and alkali

proportions are the same as in the low-pH binder (Ca/Si ¼ 0.52; Al/Si ¼ 0.19).

These reagents were chosen for their high reactivity in water. Compared to the actual

composition of the ternary binder, the composition of the model systems was

simplified. Indeed, the minor elements (Fe, Mg, Mn, Ti, P) were not taken into

account. The suspensions were stored in hermetically sealed 250 mL polypropylene

containers under continuous stirring for 2 months at 20�C, 3 weeks at 50�C, and
1 week at 80�C. The solid and aqueous fractions were characterized in the same way

as the accelerated hydration samples.

2.4 Thermodynamic Calculations

Thermodynamic modelling was carried out to predict the mineral assemblage and

composition of the solution at equilibrium, starting from the composition of the

initial low-pH cement studied. Simulations were performed with PHREEQC soft-

ware provided by US Geological Survey [http://www.USGS.gov] and using the

database developed by Damidot et al. for cement-based systems [10–14].

Simulations were ruled by the solubility products which governed the actual

system. The goal of these calculations was twofold. It could point out the possible

presence of amorphous phases not observable by XRD. Besides, comparing the

calculated results with phase assemblages obtained by the two experimental

methods could help predicting the final state of equilibrium of the fully hydrated

low-pH cement paste. The minor elements were not taken into account, and the

crystalline phases from fly ash were treated as the amorphous reactive part. This

means that it is the total amounts of Ca (8.69 mol/kg), Si (16.67 mol/kg), and Al

(3.16 mol/kg) present in the low-pH cement formulation, including all phases from

fly ash that were the input data in mol per kg of water. Taking into account the

solubility of such phases was not necessary in a first approach because their amount

was negligible compared to the large proportion of amorphous silica and alumina

present in silica fume and fly ash. The supersaturated phases were let to precipitate
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and the ionic solution was charge balanced with pH. Sulphates and alkalis

adsorptions on C-S-H were taken into account to calculate their concentrations at

equilibrium [15, 16]. The substitution of Al3+ for Si4+ in the C-S-H was not taken

into account. For a more accurate description, it should not be neglected. This will

be the subject of future work.

3 Results and Discussion

3.1 Low-pH Cement Pastes over 6 months

The mineralogy of the reference cement pastes was investigated at 20, 50, and

80�C. Figure 21.1 illustrates the XRD results recorded on a 6-month-old sample.

The pastes mainly consisted of calcium silicate hydrate, probably containing

aluminium (C-A-S-H). No portlandite was detected, as expected for low-pH

cements. The disappearance of ettringite was observed above 50�C. It is well

known that the stability range of ettringite decreases in favour of calcium

monosulfoaluminate hydrate when temperature increases [17]. The absence of

ettringite for samples cured above 50�C ensures that the procedure used to recover

the solids after curing is suitable and does not lead to mineralogy change during

filtration and drying. Obviously, the crystalline phases of the fly ash (mullite,

quartz, hematite), which are unreactive, were still detected. Although C3S was

not observed, the presence of C2S showed that hydration was not complete after
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Fig. 21.1 XRD patterns of the low-pH cement pastes cured 6 months at 20, 50, and 80 �C.
E ettringite, M mullite, Q quartz, H hematite, asterisk C2S
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this time. Indeed, hydration was very slow after 3 months and remained incomplete

even after 1 year.

The EDS(SEM) mapping was used in addition to XRD to determine the miner-

alogy of the pastes as this technique enables the detection of amorphous

compounds. Figure 21.2 shows that there were still amorphous silica fume and fly

ash in the low-pH cement paste at 20�C after 6 months of hydration. This was not

surprising as these two constituents were present in large proportions in the

formulation.

Finally, the description of the pore solution after 6 months and for the three

temperatures is given in Table 21.2.

The pH reduction mainly resulted from the temperature-dependent variation of

the activity coefficients [18]. Raising the curing temperature resulted in an increase

in the sulphate concentration in solution. This was due to the disappearance of

ettringite from the samples stored at 50�C and 80�C, without any significant

Fig. 21.2 Elemental analysis mapping of the low-pH cement paste after 6 months of curing at

20 �C. SF residual silica fume, FA residual fly ash

Table 21.2 Composition (in mmol/L) and pH of the liquid fraction of the cement pastes after

6 months curing

T(�C) Ca Si S Al Alkali pH

20 3.2 2.1 3.2 <d.l. 3.0 11.0

50 6.0 2.0 6.6 0.01 3.6 10.0

80 6.5 3.0 7.4 <d.l. 4.2 9.1

<d.l. means below the detection limit
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precipitation of other sulphate phases. The concentrations of the other species

tended to increase more slowly with the temperature, which could mainly result

from the variation of the activity coefficients [18].

3.2 Determination of the Final State
by Thermodynamic Calculation

Even if the simulated system was simplified compared to the actual low-pH cement

paste, several conclusions could be drawn. The results at 20�C are listed in

Table 21.3. Compared to the cement paste at 20�C, there was no C2S remaining,

but silica and Al(OH)3 were still present besides C-S-H at the final stage. In the

cement paste, residual silica was also noticed as amorphous silica and quartz from

silica fume, and as amorphous and crystalline phases from fly ash. At equilibrium,

no free Al was available, which was already the case in the cement paste cured for

6 months. Actually, aluminium was precipitated in Al(OH)3 and/or unreacted fly

ash. The Ca and Si concentrations fitted the C-S-H solubility curve for a Ca/Si ratio

equal to 0.66. On the contrary, the Ca concentration in the pore solution of the 6-

month-old cement paste was higher (3.2 mM at 20�C), which was characteristic of a
higher Ca/Si ratio. The pozzolonic reaction could thus continue after 6 months of

curing. This was corroborated by the calculated pH value, almost one unit smaller

than that measured on the cement paste.

The final state of the low-pH formulation at 20�C was thus composed of C-S-H

of Ca/Si ¼ 0.66 with excess of silica and Al(OH)3 coming from the excess of silica

fume and fly ash. The C-S-H may include aluminium by Si/Al substitution but this

feature could not be taken into account by the simulation. However, the Al content

in the C-S-H should be low given the very low Al concentration in the pore solution

[19]. The pH of the pore solution was thus governed by the C-S-H solubility.

Ettringite, which precipitated at early age when hydration occurred at 20�C, was
shown to be unstable at thermodynamic equilibrium. Moreover, apart from the

destabilization of ettringite and the variation of the activity coefficients [18], this

Table 21.3 Thermodynamic simulation results of the low-pH cement paste fully hydrated at

20 �C
Initial quantitya

(mol/kg water)

Calculated

concentrationb (mM) pH Solid phasesc

Ca 8.69 1.79 10.20 C-S-H, silica, Al(OH)3
Si 16.67 5.06

Al 3.16 0.05

SO4 0.22 1.00

Alkalis 0.36 2.31
aBased on the composition of the low-pH binder
bConcentrations in the solution in equilibrium with
cPrecipitated solid phases
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equilibrium state should not strikingly change with temperature. The pozzolonic

reaction was indeed already complete at 20�C (there was no more calcium hydrox-

ide reservoir and the C-S-H got its lower Ca/Si ratio). Besides, the well-known

increase in silicate chain polymerization of the C-S-H with temperature [20] should

not occur as the C-S-H already gets the lowest Ca/Si ratio at 20�C.

3.3 Hydration by Milling and Reactive Oxides in Suspension

The goal of these approaches was to estimate if it was possible to reach equilibrium

experimentally by accelerating the reactions. The crystalline phases present in the

solid fractions and the ionic composition of the aqueous fractions of the samples

obtained by milling and by mixing oxides in dilute suspensions are listed in

Table 21.4 at the three temperatures.

All the samples contained C-A-S-H, but were free from portlandite and C2S.

Traces of ettringite were sometimes observed in model samples at 20�C. Using the

milling technique, the unreactive phases of fly ash (mullite, quartz) remained

present. The samples were not systematically analysed by EDS. However, the few

analyses done showed the presence of non-reacted amorphous silica and Al(OH)3 in

both systems (milling and oxides in suspension). It corroborates the fact that the

silica fume and fly ash were present in excess compared to OPC in the low-pH

formulation. Themineral assemblages were thus similar in the three cases: hydration

by milling, oxides in dilute suspensions, and thermodynamic simulation. Neverthe-

less, the phase proportions may vary from one case to another depending on the

pozzolanic reaction progress. As a matter of fact, the Ca/Si of the C-A-S-H would

decrease as well. In the cement pastes, the only supplementary phase was C2S.

Table 21.4 Crystalline phases in the solids, composition (in mmol/L) and pH of the liquid

fraction of the cement suspensions obtained by milling, and of the mixed oxides suspensions at

20, 50, 80�C
20�C 50�C 80�C

Hydration by

milling

Model

systems

Hydration

by milling

Model

systems

Hydration

by milling

Model

systems

Crystalline

phasesa
C-S-H +++

Mullite ++

Quartz ++

Calcite +

C-S-H +++

Ettringite +
C-S-H +++

Mullite ++

Quartz ++

Calcite +

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

Mullite ++

Quartz ++

Calcite +

C-S-H

Ca 5.5 1.2 10.0 2.2 8.8 2.8

Si 1.9 3.7 2.2 3.3 1.8 2.6

Al <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

SO4 8.2 1.0 13.5 2.4 12.3 3.1

Alkali 9.4 2.3 9.3 2.4 8.8 2.1

pH 10.7 10.4 9.7 9.5 9.0 9.2

<d.l. means below the detection limit
aIntensity of main diffraction peak: +++ strong, ++ moderate, + weak
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At 20�C, the pH decreased within the series cement paste/milling/oxides in

suspension/thermodynamic simulation (see Fig. 21.3). This pH decrease was

correlated with a Ca concentration decrease and Si concentration increase, except

for the milling experiment (in this case, the sulphate concentration was surprisingly

high, involving a high Ca concentration as well). These variations may thus be

related to a greater progress of the pozzolanic reaction. The same pH decrease was

observed at 50�C and 80�C between the three experimental methods, but the

deviations were less and less significant when the temperature rose. At 80�C,
the pH values were similar considering the experimental errors. It tends to show

that the increase in temperature accelerated the pozzolanic reaction and at 80�C, the
reaction progress was similar in the three experiments.

In conclusion, the two experimental approaches made it possible to consume all

the reactive anhydrous phases from the low-pH binder. The small differences

observed at 20�C and 50�C compared to thermodynamic simulation could be

explained by a slightly less advanced pozzolanic reaction.

4 Conclusion

With the prospect of using low-pH binders in a geological repository, the goal of

this work was to estimate the long-term chemical evolution of such materials. For

this purpose, a three-way original approach was adopted, which consisted in the

comparison of the final state achieved by thermodynamic simulations with experi-

mental data. These data were obtained by milling the cement paste or by mixing
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Fig. 21.3 Comparison of the pH values obtained with the different methods at the three studied

temperatures
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reactive oxides in suspension. Comparing the different results showed that this

three-way approach is suitable to understand and predict the long-term chemical

evolution of cements since the final states obtained in all cases were equivalent.

The mineral assemblages were similar in the three cases. At 20�C and 50�C, the
phase proportions could slightly vary from one case to another, depending on the

progress of the pozzolanic reaction. Raising the temperature from 20�C to 80�C
accelerated the pozzolanic reaction and, at 80�C, similar results were obtained

whatever the experimental method. In conclusion, the three-way approach under

investigation was suitable to assess the chemical properties of fully hydrated

cementitious materials with complex chemistry.

References

1. Huertas FJ (2005) Effect of cement on clay barrier performance - phase II, European

Commission, EUR21921 report. ECOCLAY II – FIKW – CT – 2000 – 00018

2. Cau-dit-Coumes C, Courtois S, Nectoux D, Leclercq S, Bourbon X (2006) Formulating a low

alkalinity, high resistance and low heat concrete for radioactive waste repositories. Cement

Concr Res 36:2152–2163

3. Codina M, Cau-dit-Coumes C, Le Bescop P, Verdier J, Ollivier JP (2008) Design and

characterization of low-heat and low-alkalinity cements. Cement Concr Res 38:437–444

4. Garcia Calvo JL, Hidalgo A, Alonso C, Fernandez-Luco L (2010) Development of low-pH

cementitious materials for HLRW repositories. Cement Concr Res 40:1290–1297

5. Hong S, Glasser FP (2002) Alkali sorption by C-S-H and C-A-S-H gels: Part II. Role of

alumina. Cement Concr Res 32:1101–1111

6. Flints EP, Wells LS (1934) Study of the system CaO-SiO2-H2O at 30�C and of the reaction

of water on the anhydrous calcium silicates. Bur Stand J Res 12:751–783

7. Roller PS, Erwin G (1940) The system calcium oxyde silica water at 30�C - The association

of silicate ion in dilute alkalin solution. J Am Chem Soc 62:461–471

8. Bach TTH, Cau-dit-Coumes C, Pochard I, Mercier C, Nonat A, Influence of temperature on the

hydration products of low pH cements. Submitted to CCR

9. Kantro DL, Brunauer S, Weise CH (1959) The ball-mill hydration of tricalcium silicate at

room temperature. J Colloid Int Sci 14:363–376

10. Damidot D, Glasser FP (1993) Thermodynamic investigation of the CaO-Al2O3-CaSO4-K2O-

H2O at 25�C. Cement Concr Res 23:1195–1204

11. Damidot D, Birmin-Yauri U, Glasser FP (1994) Thermodynamic investigation of the CaO-

Al2O3-CaCl2-H2O system at 25�C and the influence of Na2O. Cemento 91(4):243–254

12. Damidot D, Stronach S, Kindness A, Atkins M, Glasser FP (1994) Thermodynamic investiga-

tion of the CaO-Al2O3-CaCO3-H2O closed system at 25�C and the influence of Na2O. Cement

Concr Res 24(3):563–572

13. Damidot D, Nonat A, Barret P, Bertrandie D, Zanni H, Rassem R (1995) C3S hydration in

diluted and stirred suspensions: (III) NMR study of C-S-H precipitated during the two kinetic

steps. Adv Cement Res 7(25):1–8

14. Damidot D, Glasser FP (1995) Investigation of the CaO-Al2O3-SiO2-H2O system at 25�C by

thermodynamic calculations. Cement Concr Res 25(1):22–28

15. Barbarulo R, Peycelon H, Leclercq S (2007) Chemical equilibria between C-S-H and

ettringite, at 20 and 85�C. Cement Concr Res 37:1176–1181

16. Bach TTH (2010) Evolution physico-chimique des liants bas pH hydratés : influence de la
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Chapter 22

Round Robin Test for Defining an Accurate

Protocol to Measure the Pore Fluid pH

of Low-pH Cementitious Materials

M.C. Alonso, J.L. Garcı́a Calvo, S. Pettersson, I. Puigdomenech,

M.A. Cuñado, M. Vuorio, H. Weber, H. Ueda, M. Naito, C. Walker,

Y. Takeshi, and C. Cau-dit-Coumes

1 Introduction

The production of low pH blends cements to fit with the engineering barrier concept

requirements to be used in High Radioactive Waste Repositories (HLWR) must be

based on the physicochemical requirements of the cementitious material developed
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(fluid properties, mechanical generation properties, permeability properties, pH

requirement, etc.). Hence, an accurate measurement of the pore fluid pH is needed

in order to qualify mix designs and to select low-pH cements for repository use.

The methods more often used in the literature for pore solution characterization

(including pH) of cementitious materials are Pore Fluid Expression (PFE) and

Extraction Leaching methods (ESL), including both in situ and ex situ techniques.

The basic concept of the Pore Fluid Expression (PFE) method is to extract the

pore fluid of hardened cementitious materials under high pressure[1–3] and then

analyze its chemical composition. The main limitations of the PFE method are the

requirement of a specialized and relatively expensive press and of quite a large

amount of sample, as well as being quite time consuming to perform. Ex situ

Leaching (ESL) methods rely on a sample of “pore fluid” obtained by mixing a

known amount of crushed or powdered cementitious material with a known amount

of deionized water [4–13].

However, in spite of the published experiences or the different method types

used, as PFE or ESL, there are no agreed protocols or standards to use for pore fluid

pH characterization of cementitious materials. In the present chapter, eight

laboratories were involved in Round Robin tests in order to evaluate the repeatabil-

ity and reproducibility of the PFE and ELS methods developed in four different

types of low-pH cementitious (LopHC) materials.

2 Experimental

Four LopHC materials were prepared in different laboratories and Table 22.1

presents their compositions. The composition of CM 1 and CM 2 are given in kg/

m3 while CM 3 and CM 4 are expressed in g per 100 g of binder. Samples of each

LopHC material were distributed amongst the eight laboratories involved in the

Round Robin test. The pore fluid pH of every LopHC material was measured by

each laboratory following identical protocols.

Table 22.1 Composition of the four LopHC materials for pH characterization

Material CM 1 (kg/m3) CM 2 (kg/m3)

CM 3 (g per

100 g binder)

CM 4 (g per 100 g

binder)

OPC 120 165 50 60

Silica fume 80 110 50 –

Fly Ash – – – 40

Water 165 230 125 35

Limestone filler 369 70 – –

Sand 0–8 mm 1 037 1066 – –

Gravel 8–16 mm 558 593 – –

Superplasticizer 6.38 5.1 5.5 –

Water/cement 1.375 1.39 2.5 0.58

Water/binder 0.825 0.84 1.25 0.35

Water/powder 0.29 – – –
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Each LopHC material was cured in a 100 % Relative Humidity (RH) chamber at

21 � 2 �C before being shipped to the eight different laboratories in sealed plastic

bags to prevent CO2 contamination and drying of the samples during transport. The

samples received in each laboratory were stored in a 100 % RH chamber at

21 � 2 �C until testing after a total of 90 days curing �5 days.

The tests used were:

1. PFE performed in two laboratories and applied to samples CM 3 and CM 4. The

pH values of CM 1 and CM 2 concrete samples were not measured using PFE

due to the difficulty and risk of damage of the pore solution expression equip-

ment generated by the coarse aggregates.

2. ESL in the 4 LopHC, with (a) filtering the suspension and (b) no-filtering, both

used in the eight laboratories.

Considering all the pH measurements made, 12 analyses were done using the

PFE method and 54 using each variant of the ESL method.

In all cases, the pH was determined by direct measurement using a pH meter

with ability of temperature compensation and a combination pH electrode specific

to measuring in the pH range 7–14. Besides, in the expressed solutions (using PFE

method) and in the filtered one (using ESL method), the pH was determined by OH-

titration and further calculation of the pH. A noncellulose filter should be used for

filtering the suspension.

2.1 Pore Fluid Expression Protocol

Approximately 125 g of cementitious (LopHC) material was divided into pieces of

f < 0.5 cm. As soon as possible, the mixture was placed in the cylinder of the pore

pressing device. Pressure was increased in steps of approximately 50 MPa/min,

until a maximum load pressure of 483 MPa (70 Psi) was achieved, and then

maintained for 5 min to express a sample of the pore solution, Fig. 22.1a. The

pore solution sample was collected in a syringe inserted into the hole of the bottom

plate of the press (Fig. 22.1b), transferred to a controlled N2 atmosphere (bubbling

N2 gas), passed through a 0.45 mm filter (preferable no cellulose based) and stored

in a sealed plastic container until analysis, Fig. 22.1c and 22.1d. Direct pH

measurements, under a controlled N2 atmosphere, must be done as soon as possible

after the pore fluid expression. Three different samples were used to determine the

pH of the pore fluid from each laboratory and material.

2.2 Ex Situ Leaching Protocol

A sample of each material was finely ground to a powder particle size (around

80 mm). Three powdered portions of 10 g were each mixed in a beaker with 10mL of

CO2-free deionized water (solid/liquid ¼ 1.0) and the suspension continuously and
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vigorously stirred for 5 min, Fig. 22.2, left. After stirring, two procedures were

followed: (1) to measure the pH of the suspension directly with a pH electrode under

a N2 atmosphere, stirring continuously during the measurement, Fig. 22.2, centre;

(2) to pass the suspension through a 0.45 mm filter and measure the pH of the filtrate

(a noncellulose-based filter is preferable to avoid possible influences in the solution),

Fig. 22.2, right. The stirring and bothmeasurement procedures were done under a N2

atmosphere (by passing N2 gas across the top of the suspension or the solution

surface). The procedure was repeated nine times with each of the 4 LopHC samples,

so that nine identical measurements were taken in each laboratory for each material.

Fig. 22.2 Procedure for pH ESL without filtering (left) and filtering (right)

Fig. 22.1 Equipment and procedure for PFE method
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3 Results and Discussion

Table 22.2 presents the mean pH values obtained for each cementitious material.

Except when the pH is measured by OH� titration using the ESL method, similar

results are obtained by the different methods used for each cementitious material

after 90 � 5 days of curing. Note that, in general, the Standard Deviation (SD) is

close to or within the�0.1 error that can be assigned to the pH electrode. Moreover,

the methods used allow a rapid test and classification/definition of a candidate

LopHC material (pH �11). The high pH value of the CM 4 LopHC paste is related

to the use of FA as an additive, which is well known to have a very slow pozzolanic

reaction on the order of years.

3.1 Statistical Analysis of the Repeatability
and the Reproducibility of Both ESL Methods

The number of measurements performed using the ESL protocols has allowed to

carry out statistical analysis and to determine the Repeatability r and Reproducibil-
ity R of the ESL methods, with and without filtering. The analysis was performed

following the suggestions of the method proposed in the ISO 5725 standard [14].

The procedure was similar to that described in [15]. Table 22.3 shows the statistical

parameters obtained.

The main equations used, according to ISO 5725, in the statistical study of the

repeatability and the reproducibility of the ELS methods are given by:

For the estimation of the repeatability variance (Sr
2):

S2r ¼
SSr

N � p
(22.1)

where

SSr ¼ residual or intra-laboratory sum of squares,

p ¼ number of laboratories,

N ¼ total number of data.

Table 22.2 Summary of mean pH values and � SD obtained from the PFE and ESL methods of

the 4 LopHC materials

ESL

Cementitious PFE Non-filtering Filtering

material pH electrode OH– titration pH electrode pH electrode OH– titration

CM 1 – – 11.25 � 0.14 11.14 � 0.15 11.27 � 0.26

CM 2 – – 10.95 � 0.11 10.81 � 0.09 11.09 � 0.26

CM 3 10.71 � 0.13 10.74 � 0.15 11.13 � 0.10 10.80 � 0.30 11.16 � 0.46

CM 4 13.01 � 0.01 13.02 � 0.21 12.77 � 0.05 12.73 � 0.06 12.43 � 0.44
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For value of repeatability:

r ¼ 2:83Sr (22.2)

For percentage of variation or repeatability variability (Vr):

Vr ¼ 100 Sr=m (22.3)

where m ¼ gross average value.

For estimation of inter-laboratory variance (SL
2):

S2L ¼
ðp� 1Þ SSL

p�1

� �
� S2r

N0 (22.4)

where

SSL ¼ factorial or inter-laboratory sum of squares,

N0 ¼ corrected total number of data.

For estimation of reproducibility variance (SR
2)

S2R ¼ S2L þ S2r (22.5)

For value of reproducibility

R ¼ 2:83SR (22.6)

For percentage of variation or reproducibility variability (VR):

VR ¼ 100 SR=m (22.7)

where m ¼ gross average value.

By analyzing the statistical parameters, several conclusions can be drawn: (1)

Both measurement procedures show similar repeatability (r) and reproducibility (R)
values, so they can be considered as reliable. (2) The repeatability of both ESL

methods is very good, as the so calculated r values are quite close or even lower

than the�0.1 error that can be assigned to the pH electrode. The calculated r values
imply that, in the worst case, with a probability of 95 %, the difference between two

Table 22.3 Statistical

parameters for the ESL

methods without/with

filtering the suspension

LopHC materials

CM 1 CM 2 CM 3 CM 4

Sr 0.04 0.05 0.042 0.05 0.04 0.02 0.03 0.01

r 0.11 0.14 0.12 0.15 0.12 0.07 0.09 0.04

Vr/% 0.36 0.46 0.38 0.51 0.37 0.23 0.26 0.11

SR 0.14 0.14 0.12 0.09 0.08 0.11 0.06 0.06

R 0.40 0.41 0.35 0.27 0.23 0.32 0.16 0.18

VR/% 1.25 1.30 1.13 0.87 0.72 1.02 0.45 0.50
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different individual results obtained under the same conditions will be below 0.15

pH units, which indicates that the developed protocols are quite accurate. A pH unit

difference of 0.15 also represents less than 0.5 % of the pH values measured.

Calculated values of r are significantly better (i.e., lower) for the LopHC pastes

(CM 3 and CM 4) than for the LopHC concretes (CM 1 and CM 2) in using the ESL

method with filtering. This can be attributed to a paste being more homogeneous

than concrete.

In summary, this statistical study demonstrates that the developed routine (ESL)

methods show satisfactory repeatability and reproducibility values when they are

used for different LopHC materials, even with high alkaline pH values (CM 4).

3.2 Comparison of the ESL Methods to the PFE Method:
Statistical Analysis

A critical evaluation of the accuracy of the ESL methods with respect to the

measured pH values using the PFE technique can only be made for the two

LopHC paste materials (CM 3 and CM 4) according to the ISO 5725 standard

[14], performing the trueness comparison in the same way as that described in [15].

The calculation of the w ratio has been made considering both Routine ESL

Methods for each LopHC paste material (CM 3 and CM 4) individually; the results

are shown in Table 22.4, for which the outliers have been excluded.

According to the ISO 5725 standard, the trueness comparison is performed by

computing the ratio w in the following way:

w ¼ x
M
� x

A

�� ��

d
(22.8)

where

x
M
¼ gross average of the Reference PFE Method,

x
A
¼ gross average of the Routine ESL Methods,

and d is given by:

d ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2LA þ s2rA

pA

s

(22.9)

where pA ¼ the number of laboratories involved.

Table 22.4 w ratios

corresponding to the ESL

methods Method

Samples

CM 3 (w) CM 4 (w)

ESL non-filtering 1.78 1.71

ESL filtering 0.53 1.93
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Analyzing the w ratios, several conclusions can be drawn: (1) In the CM 3

LopHC material, the pH measurements using the ESL method with filtering are in

better agreement (w � 1) with respect to the pH measurements using the PFE

method. This high trueness indicates that the routine ESL method with filtering is

as accurate as the reference PFE method. (2) In “LopHC” materials with higher pH

values (CM 4), the w ratios obtained are similar in both ESL methods. Although the

w ratios calculated are not less than unity, they are still acceptable. However, it is

evident that the ESL methods developed, mainly with filtering, are more accurate

when they are used in materials that can be demonstrated as being LopHC

(pH < =11)after the 90 þ/� 5 day-curing period. This higher reliability of ESL

methods in LopHC materials should be related with the different solid phases

formed in these materials; for example, low-pH cementitious materials do not

contain portlandite, but are mainly formed of C-S-H hydrates with a composition

different from that observed in conventional cements [11–13]. Although the ESL

methods give acceptable results in cementitious materials with more alkaline pore

fluid pH values, some corrections considering the Ca content of the solution are

possibly needed because the procedure followed in ESL method increases the Ca

content in the solution, as suggested in [7, 10] due to the leaching effect of

precipitated portlandite. A dilution effect of alkalies may also be involved. At

last, by considering the higher pH value measured using the ESL method without

filtering the suspension, the safety case scenario is guaranteed.

4 Conclusions

The main conclusions drawn from the results are:

1. The tests carried out have allowed validating the developed protocols in different

low-pH cementitious materials.

2. The repeatability of the three pH measurement protocols evaluated, PFE, ESL

without filtering and ESLwith filtering, is very good since the resulting pH values

are close or even lower to the error that can be assigned to the pH electrode.

3. The PFE technique is good enough to enable the acquisition of accurate pH

values of solutions derived from low-pH cementitious materials and cementi-

tious materials with high alkaline pore fluid pH values.

4. Although the PFE was not used in all the cementitious materials, the trueness

obtained in both ESL procedures is good when compared with the pH measured

from the PFE method (the reference method) in low-pH cementitious materials,

and it is acceptable in cementitious materials with higher pore fluid pH values

but some corrections considering the Ca content of the solution are possibly

needed.
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