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Abstract

This work aims to study cement-based materials subjected to sulfate attacks in three

different conditions: External Sulfate Attack (ESA), Delayed Ettringite Formation

(DEF) and the Coupling effect of both, and to propose a common damage mecha-

nism for all of them. Based on the proposed mechanism, a poromechanical model

is established to simulate the expansion induced by expansive crystals during the

degradation. The study includes the following three parts.

In the first part, the degradation of cement paste specimens with two kinds of

cement type (CEM I and CEM III) and two dimensions (2 × 2 × 12 cm3 and 11 ×
11× 22 cm3) exposed to three sulfate attack conditions (ESA, DEF, and Coupling

effect) are studied and compared, including the length variation, mass variations,

and observations. The specimens exposed to the coupling effect show the fastest

kinetics and the most serious degree of degradation compared to the other cases.

Then, the pore structure of cement pastes before and after sulfate attacks is char-

acterized via different techniques: mercury intrusion porosimetry, dynamic vapor

sorption, water accessible tests and heat-based dissolution tests. By comparing

the variation of pore size distribution of cement pastes exposed to different condi-

tions, the generated crystals are found to be precipitated both in capillary and gel

pores. In addition to the evolution of pore size distribution during DEF, a damage

mechanism is proposed based on the experimental results: the generated crystals

(ettringite) precipitate in the big pores without inducing an obvious expansion, and

then penetrate into capillary and gel pores, which leads to a swelling. Finally, some

tests have been performed to investigate the pore volume occupied by DEF induced

products. A heat-based dissolution test procedure has been developed during this

project; it intends to “remove” ettringite crystals from the material to investigate

the modification of pore structure due to the reactions. This part of the program

further confirms the formation of expansive products in the pore range described

above.

Finally, based on the experimental conclusion that ettringite forms through the large

to small pores in all cases, a poromechanical model is proposed to simulate the ex-

pansion of cement-based materials submitted to sulfate attacks. The model is based

on the surface-controlled growth and physicochemical properties both for ESA and

DEF, despite the different source of sulfate ions. Two independent constants, ai

and ap, are proposed to represent the kinetics of crystal invasion and deformation.
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Moreover, the model could be coupled with any mechanical theories, e.g. elasticity,

plasticity, damage theory or any other. The model well illustrates the crystalliza-

tion process and well predicts the corresponding expansion both in ESA and DEF

through some limitations that are shown.

Keywords: Sulfate attack, ESA, DEF, Coupling effect of ESA and DEF, cement

pastes, pore size distribution, ettringite formation, poromechanical modeling

5



Résumé

Ce travail de recherche a pour but d’étudier des matériaux cimentaires soumis à des

attaques sulfatiques selon trois différentes conditions : attaques sulfatiques externes

(ASE), formation différée d’ettringite communément appelée réaction sulfatique in-

terne et l’effect couplé des deux réactions. L’objectif est également de proposer un

mécanisme commun pour les dégradations causées par ces réactions. En se basant

sur le mécanisme proposé, un modèle poro-mécanique est développé pour simuler

l’expansion induite par les produits expansifs néoformés pendant la dégradation.

Cette étude inclut trois parties : dans la première partie, les dégradations des

éprouvettes de pâte de ciment coulées à l’aide de deux types de liant (CEM I et

CEM III) et deux dimensions (2× 2× 12 cm3 et 11× 11× 22 cm3) exposées à trois

différents types d’attaques sulfatiques (ASE, ASI, et le couplage des deux réactions),

sont étudiées et comparés : variations de longueur, de masse, ainsi que des observa-

tions visuelles. Les éprouvettes exposées au couplage ASE-RSI montrent la cinétique

d’expansion la plus rapide et le degré de dégradation le plus important, comparé

aux autres cas.

Ensuite, la structure poreuse des pâtes de ciment avant et après les attaques sul-

fatiques est caractérisée en utilisant différentes techniques : porosimétrie à mercure

(MIP), sorption dynamique de vapeur (DVS), porosité accessible à l’eau ou technique

de dissolution d’ettringite par traitement thermique. En comparant les variations de

la distribution de la taille des pores des pâtes de ciment exposées à différentes condi-

tions, il a été mis en évidence que les cristaux néoformés précipitent à la fois dans

les pores capillaires et les pores des C-S-H. Sur la base de l’analyse expérimentale

de l’évolution de la distribution de la taille des pores pendant la RSI, un mécanisme

de dégradation est proposé : il est suggéré que les cristaux néoformés (l’ettringite)

précipitent dans les grands pores, sans provoquer une expansion manifeste, puis se

forment dans les pores capillaires et les pores des C-S-H, ce qui induit un gonflement.

Par ailleurs, le volume des pores occupé par les produits de la RSI sont analysés

après des essais de dissolution par traitement thermique : développée dans le cadre

de ce projet, cette technique a pour vocation à dissoudre les cristaux d’ettringite

issus des réactions pathologiques et permettre d’analyser l’évolution de la structure

poreuse sous l’effet des expansions. Ces investigations ont confirmé la formation de

produits d’expansion dans la gamme de pores discutée ci-dessus.

Enfin, en se basant sur les résultats expérimentaux montrant que l’ettringite se
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forme en allant des grands pores vers les plus petits, un modèle poro-mécanique est

proposé pour simuler l’expansion des matériaux cimentaires soumis à des attaques

sulfatiques. Le modèle est basé sur la croissance contrôlée en surface et les pro-

priétés physico-chimiques pour l’ASE et la RSI, malgré les différences entre ces deux

réactions. Deux constantes indépendantes, ai et ap, sont proposées pour représenter

la cinétique de l’invasion des cristaux et la déformation. De plus, le modèle peut être

couplé avec toutes les théories mécaniques, par exemple : l’élasticité, la plasticité,

la théorie de l’endommagement etc. Le modèle illustre bien le processus de cristal-

lisation et il prédit l’expansion correspondante à la fois à l’ASE et la RSI bien que

certaines limites de notre approche aient pu être mises en évidence.

Mots clés : attaque sulfatique externe (ASE), réaction sulfatique interne (RSI), effet

du couplage de l’ASE et la RSI, pâtes de ciment, distribution de la taille des pores,

ettringite, modélisation poromécanique.

7



Contents

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

1 Literature review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

1.2 Chemo-physical features of the reactions . . . . . . . . . . . . 33

1.2.1 Pore structure of cementitious materials . . . . . . . 33

1.2.2 External Sulfate Attack . . . . . . . . . . . . . . . . 33

1.2.2.1 Physical sulfate attacks . . . . . . . . . . . 35

1.2.2.2 Chemical sulfate attacks . . . . . . . . . . . 36

1.2.2.3 Damage modes . . . . . . . . . . . . . . . . 38

1.2.2.4 Factors affecting ESA . . . . . . . . . . . . 40

1.2.2.5 Ions transport . . . . . . . . . . . . . . . . . 47

1.2.2.6 The effect of the dissolution of CH and the

decalcification of C-S-H on pore size distri-

butions . . . . . . . . . . . . . . . . . . . . 48

1.2.3 Delayed Ettringite Formation . . . . . . . . . . . . . 49

1.2.3.1 Observations . . . . . . . . . . . . . . . . . 50

1.2.3.2 Ettringite formation . . . . . . . . . . . . . 52

8



1.2.3.3 The stability of sulphoaluminates . . . . . . 53

1.2.3.4 Sulfate sorption . . . . . . . . . . . . . . . . 55

1.2.3.5 Factors affecting DEF . . . . . . . . . . . . 57

1.2.4 Coupling of ESA and DEF . . . . . . . . . . . . . . 62

1.2.4.1 Mass concrete . . . . . . . . . . . . . . . . . 62

1.2.4.2 DEF in mass concrete . . . . . . . . . . . . 63

1.2.4.3 Potential for coupling of ESA and DEF . . . 64

1.3 Mechanisms of expansion . . . . . . . . . . . . . . . . . . . . . 65

1.3.1 General mechanisms due to ettringite formation . . . 65

1.3.2 Crystallization pressure theory . . . . . . . . . . . . 68

1.3.2.1 ESA specificities . . . . . . . . . . . . . . . 69

1.3.2.2 DEF specificities . . . . . . . . . . . . . . . 70

1.4 Modeling of sulfate attacks . . . . . . . . . . . . . . . . . . . . 70

1.4.1 ESA . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

1.4.1.1 Diffusive transport of ions . . . . . . . . . . 70

1.4.1.2 Modeling of diffusion depth . . . . . . . . . 71

1.4.1.3 Modeling for ESA-induced expansion . . . . 73

1.4.2 DEF . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

1.4.2.1 Modeling for thermodynamics . . . . . . . . 78

1.4.2.2 Modeling for evaluation of expansion mag-

nitude . . . . . . . . . . . . . . . . . . . . . 79

1.4.2.3 Modeling for mechanical calculations . . . . 81

9



1.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

2 Experimental programs . . . . . . . . . . . . . . . . . . . . . . . . . . 88

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

2.2 Specimens design . . . . . . . . . . . . . . . . . . . . . . . . . 92

2.3 Materials and casting . . . . . . . . . . . . . . . . . . . . . . . 93

2.4 Curing of the specimens . . . . . . . . . . . . . . . . . . . . . 95

2.5 Length and mass measurements . . . . . . . . . . . . . . . . . 98

2.5.1 Specimens storage . . . . . . . . . . . . . . . . . . . 98

2.5.2 Instrumentation of the specimens . . . . . . . . . . . 98

2.6 Sample preparation for pore size distribution characterization 100

2.7 Mercury Intrusion Porosimetry (MIP) . . . . . . . . . . . . . . 102

2.8 Dynamic Vapor Sorption (DVS) . . . . . . . . . . . . . . . . . 106

2.8.1 Pore size distribution deduced from water vapor sorp-

tion isotherms . . . . . . . . . . . . . . . . . . . . . . 108

2.8.1.1 Determinations of the BET Surface Area

(SBET) using Sorption Isotherms . . . . . . 108

2.8.1.2 Determinations of the t-Curve from the mea-

sured sorption response . . . . . . . . . . . 109

2.8.1.3 Determinations of the pore size distribution

via BJH method . . . . . . . . . . . . . . . 109

2.9 Water accessible porosity test . . . . . . . . . . . . . . . . . . 111

2.10 Evaluation of the techniques . . . . . . . . . . . . . . . . . . . 112

2.11 Heat-based dissolution test . . . . . . . . . . . . . . . . . . . . 113

10



2.11.1 Samples . . . . . . . . . . . . . . . . . . . . . . . . . 113

2.11.2 Determinations of the heating process . . . . . . . . 113

2.11.3 Validation of the heat-based dissolution tests . . . . 118

2.12 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

3 Experimental results and analyses . . . . . . . . . . . . . . . . . . . . 120

3.1 Cement I samples . . . . . . . . . . . . . . . . . . . . . . . . . 120

3.1.1 Observations . . . . . . . . . . . . . . . . . . . . . . 120

3.1.2 Mass and length variations . . . . . . . . . . . . . . 122

3.1.3 Pore size distribution of 2× 2× 12 cm3 specimens . . 127

3.1.3.1 Pore size distribution of 2×2×12 cm3 spec-

imens measured by MIP . . . . . . . . . . . 128

3.1.3.2 Pore size distribution deduced from WVSI . 133

3.1.3.3 Subconclusions . . . . . . . . . . . . . . . . 136

3.1.4 Pore size distribution of 11× 11× 22 cm3 specimens 136

3.1.4.1 Pore size distributions along the depths of

11× 11× 22 cm3 specimens . . . . . . . . . 136

3.1.4.2 Evolution of pore size distribution of 11 ×
11× 22 cm3 DEF specimens . . . . . . . . . 142

3.1.4.3 Subconclusions . . . . . . . . . . . . . . . . 147

3.1.5 Comparison of the pore volumes measured by MIP

and WAPT . . . . . . . . . . . . . . . . . . . . . . . 147

3.1.6 Analyses on heat-based dissolution test results . . . . 149

11



3.1.6.1 Effect of high temperature on the microstruc-

ture . . . . . . . . . . . . . . . . . . . . . . 149

3.1.6.2 Microstructure after the heat-based disso-

lution . . . . . . . . . . . . . . . . . . . . . 151

3.2 Cement III samples . . . . . . . . . . . . . . . . . . . . . . . . 155

3.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

4 Poromechanical model . . . . . . . . . . . . . . . . . . . . . . . . . . 162

4.1 Poromechanical approach . . . . . . . . . . . . . . . . . . . . 162

4.1.1 Effective stress . . . . . . . . . . . . . . . . . . . . . 162

4.1.2 Lagrangian partial porosities filled by crystals . . . . 163

4.1.3 Volumetric isodeformation of pores . . . . . . . . . . 164

4.1.4 Coupling with poroelasticity . . . . . . . . . . . . . . 165

4.1.5 Coupling with damage model . . . . . . . . . . . . . 165

4.2 Mechanism of crystallization-induced swelling kinetics . . . . . 166

4.2.1 Crystallization process . . . . . . . . . . . . . . . . . 167

4.2.1.1 Pore invasion process . . . . . . . . . . . . . 167

4.2.1.2 Pore deformation process . . . . . . . . . . 168

4.2.2 Kinetic of crystal growth . . . . . . . . . . . . . . . . 168

4.3 Modeling the ettringite formation in pores . . . . . . . . . . . 169

4.4 Coupling with cement chemistry . . . . . . . . . . . . . . . . . 171

4.4.1 Chemical assumptions for ettringite formation . . . . 171

4.4.2 Determination of the saturation index of ettringite . 173

12



4.5 Summary of the constitutive laws . . . . . . . . . . . . . . . . 175

4.6 Sensitivity analyses . . . . . . . . . . . . . . . . . . . . . . . . 175

4.6.1 Sensitivity of the evolution of SC (Eq. 71) and the

elastic strain (Eq. 63) with β and ai . . . . . . . . . 176

4.6.2 Sensitivity of the evolution of SC (Eq. 71) and dam-

age strain (Eq. 72) with constant β, ai and ap in the

case of ESA . . . . . . . . . . . . . . . . . . . . . . . 177

4.6.3 Sensitivity of the evolution of SC (Eq. 71) and dam-

age strain (Eq. 72) with ai, ap, and a decreased β in

the case of DEF . . . . . . . . . . . . . . . . . . . . 178

4.7 Simulation of experiments of this study . . . . . . . . . . . . . 182

4.7.1 Simulation of ESA in this study . . . . . . . . . . . . 182

4.7.2 Simulation of DEF in this study . . . . . . . . . . . 185

4.8 Simulations of experiments from the literature . . . . . . . . . 188

4.8.1 Simulation of ESA in restrained conditions . . . . . . 188

4.8.2 Simulation of DEF in confined conditions . . . . . . 191

4.8.3 Simulation of ESA in free swelling . . . . . . . . . . 193

4.8.4 Simulation of DEF in free swelling . . . . . . . . . . 198

4.9 Conclusions and discussions . . . . . . . . . . . . . . . . . . . 202

Conclusions and perspectives . . . . . . . . . . . . . . . . . . . . . . . . . 205

Appendices 235

A Deduction of pore size distribution from Water Vapor Sorption Isotherms

(WVSI) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236

13



B Expansive curves of specimens on different faces . . . . . . . . . . . . 238

C Pore size distribution at different layers of 11× 11× 22 cm3 specimens246

14



Glossary

C3A 3CaO · Al2O3, Tricalcium aluminate.

CH Ca(OH)2, Portlandite.

CSH CaO · SiO2 · H2O, Calcium silicate hydrate.

CS̄H2 CaSO4 · 2H2O, Gypsum.

Na2SO4 Thenardite.

Na2SO4 · 10H2O Mirabilite.

NaCl Halite.

C3S 3CaO · SiO2, Tricalcium silicate.

C2S 2CaO · SiO2, Dicalcium silicate.

C4AF 4CaO · Al2O3 · Fe2O3, Tetracalcium aluminoferrite.

C4AS̄H12 3CaO · Al2O3 · CaSO4 · 12H2O, AFm/Monosulfate alumi-

nate.

C6AS̄H32 3CaO · Al2O3 · 3CaSO4 · 32H2O, AFt/Sulfoaluminate.

C3AH6 3CaO · Al2O3 · 6H2O, Tricalcium aluminate hydrate.

K2Ca(SO4)2H2O Syngenite.

Mg(OH)2 Brucite.

C3A(CaCl2)H10 3CaO · Al2O3 · CaCl2 · 10H2O, Friedel’s salt.

C4A3S̄ 4CaO · 3Al2O3 · CaSO4, Anhydrous calcium sulfoaluminate.

PC Crystallization pressure.

PL Liquid pressure.

R Ideal gas constant.

T Temperature.

VC Molar volume of the crystal.

βp Saturation index of the crystal at the crystal-solid interface.

ε Expansion of a material.

σ
′

Effective stress of a material.

σ Stress of a material.

b Biot
′
s coefficient.
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SC Volume fraction of pore space saturated with crystals in the

pore invasion process.

E Bulk modulus.

ΦC Volume fraction of the crystal phase.

Φ0 The initial porosity in the material.

ϕC Porosity change due to deformation of the pores.

ni The crystal content formed in the pore invasion process.

np The crystal content formed in the pore deformation process.

εs Volumetric strain of solid part.

ϕ Deformation of pores.

E(d) Modulus with considering the damage.

ε0 The maximum elastic strain.

εf A damage parameter.

β Saturation index of the crystal in the solution.

γCL The surface energy of crystals.

req The mean radius of curvature of the crystal-liquid interface

at equilibrium.

βi Saturation index of the crystal at the crystal-liquid interface.

∆Gr The reaction Gibbs energy of the crystal dissolution reaction.

ai A kinetic constant for crystallization in the pore invasion pro-

cess.

ap A kinetic constant for crystallization in the pore deformation

process.

nSiO2 Initial mass content of SiO2 in the cement.

nCaO Initial mass content of CaO in the cement.

nAl2O3 Initial mass content of Al2O3 in the cement.

nSO3 Initial mass content of SO3 in the cement.

nCSH The content of CSH in the material.

nCH The content of CH in the material.

nC3A The content of C3A in the material.

nAFt The content of AFt in the material.

nAFm The content of AFm in the material.

nSO2−
4

The free sulfate ions in pore solution.

nadsSO4
The sulfate ions adsorbed on C-S-H.

cCa2+ Concentration of Ca2+ in the solution.

cAl3+ Concentration of Al3+ in the solution.

cSO2−
4

Concentration of sulfate ions in the solution.
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cOH− Concentration of OH− in the solution.

βAFt Saturation index of Aft in the solution.

βCH Saturation index of CH in the solution.

βC3AH6 Saturation index of C3AH6 in the solution.

βAFm Saturation index of AFm in the solution.
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Introduction

Concrete is the most widely used building material in the world. Many of the

destructive and corrosive processes affecting mortar and concrete involving chemical

reactions can be attributed to the aggressive action of sulfate in solution. Sulfate

attacks have been considered as potentially affecting the durability of cement-based

materials, which is a problem perplexing the researchers. It has been a concern to

concrete technologists since the early years of the 19th century, and thus the subject

of sulfate attacks has been studied extensively.

Sulfate ions, commonly present in sulfate-containing environments (marine environ-

ment or groundwater) or construction materials, are indispensable in the engineering

field. The different source of sulfate ions distinguishes sulfate attacks from External

Sulfate Attack (ESA) to Internal Sulfate Attack (ISA). Delayed Ettringite Formation

(DEF), as a form of ISA, is observed in cementitious materials which experienced

elevated temperatures during curing, either from a heating treatment or from an in-

ternal high temperature due to the heat released by hydration in massive concrete.

A great number of studies have been conducted on ESA and DEF separately, which

includes aspects of chemical reactions, ettringite formation, expansion mechanisms,

affecting factor analyses and modeling simulations.

However, there are quite a lot in common between ESA and DEF. For example,

cement-based specimens exposed either to ESA or DEF show expansions and crack-

ings, which are due to the formation of ettringite. Moreover, the hypotheses pro-

posed to explain the expansion induced by ettringite formation include volume

increase theory, colloidal dimension theory, topochemical reaction theory and the

crystallization pressure induced theory. Furthermore, the material mix has a similar

effect on expansion, e.g. the high content of C3A and C3S have a positive role on

ettringite formation, higher W/C ratio leads to a higher porosity and results in a

higher permeability and more space to accommodate expansive products, and so on.

In addition, few studies have been performed to study the coupling effect of ESA

and DEF, though it may happen when a massive structure is exposed to a sulfate

environment.

Therefore, in this work, experimental studies on cement pastes exposed to different

sulfate attack conditions (ESA, DEF, and the coupling effect of ESA and DEF) are

performed to figure out a uniform expansion mechanism. The main objectives of the
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experiments are to characterize the pore structure of cement-based materials before

and after sulfate attacks via experimental techniques: MIP and DVS. To figure

out the exact pore position where ettringite forms is the main goal. Based on the

experimental results, a poromechanical model based on the mechanism of ettringite

crystallization and other physicochemical properties will be proposed. The model

will take into account the chemical reactions involved, dissolution, the precipitation

of solid phases, the crystallization of ettringite and corresponding induced strain.

This dissertation includes four chapters. After this introduction, the first chapter

will be the Literature Review. A general review of the studies on ESA and DEF are

presented in this chapter, as well as the potential for the occurrence of the coupling

effect of ESA and DEF. The studies include the experimentations that have been

performed to find out the mode of deterioration, the reason for the expansion, the

mechanism for expansion, the affecting factors (concrete mix, curing conditions,

exposure environment) and so on. Meanwhile, studies on modeling to simulate the

expansion of cement-based materials are presented in this chapter as well.

Then, the second chapter introduces the Experimental Programs, in which the design

of the specimens, and the experimental procedures are presented. The experimen-

tations include the measurements of length and mass variations, Mercury Intrusion

Porosimetry (MIP), Dynamic Vapor Sorption (DVS) and Water Accessible Porosity

Technique (WAPT). Furthermore, a heat-based dissolution test is proposed to re-

lease the pore volume in the pore range occupied during sulfate attacks, which aims

to further confirm the formation of ettringite.

The experimental results are presented and analyzed in the third chapter: Experi-

mental Results. In this chapter, the degradation of the specimens is demonstrated

from observations, length and mass variations. Then, the pore structure of cement

pastes is illustrated by the pore size distribution, the variation of which provides a

clue to figure out the pore location where ettringite forms. By comparing the varia-

tions of pore size distribution of 2×2×12 cm3 specimens before and after the sulfate

attacks and investigating the evolution of pore size distribution of 11× 11× 22 cm3

specimens during DEF, an expansion mechanism is proposed.

Based on the expansion mechanism investigated in chapter 3, a model is proposed in

the fourth chapter: Poromechanical Modeling. The proposed model is established

on the surface-controlled growth and physicochemical properties for both ESA and

DEF, despite the differences between them. Then, the model is used to illustrate
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the crystallization process and to predict the expansion of cement-based materials

induced by sulfate attacks.

Finally, this dissertation ends with a summary of the conclusions and perspectives

for studies in the future.
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1 Literature review

1.1 Introduction

A sulfate attack is a degradation phenomenon that can occur in cement-based ma-

terials. It is defined as the “loss of strength or visible deterioration accompanied

by a high sulfate content in the material” [1]. It encompasses a series of chemical

and physical interactions that occur between hardened cement pastes and sulfates.

A sulfate attack mainly is the result of the chemical reactions between the trical-

cium aluminate (C3A) contained in Portland cement and sulfate ions supplied by

different sources, which separate sulfate attacks into external sulfate attacks (ESA)

and internal sulfate attacks (ISA). In ESA, the sulfate ions come from the exterior

environment, while for ISA, the sulfate ions come from sulfate-containing materials

present in the material by the time of casting. Three forms of ISA are mentioned

in [2]: the contamination of the aggregates by sulfates; over addition of sulfates in

cement and delayed ettringite formation (DEF). The last form is observed in ce-

mentitious materials that experienced elevated temperatures during curing, either

from heating treatment or from internal high temperature due to heat released by

hydration in massive concrete members. DEF is the form of ISA that is studied only

in this dissertation. Due to different sources of sulfate ions, ESA and DEF are gen-

erally studied separately. However, the physics are similar, such as the degradation

modes of the cement-based materials, the mechanism of expansion... The literature

will be examined in order to provide a comprehensive understanding of the current

research concerning sulfate attacks.

In the following sections, a literature review will be presented from ESA and DEF

studies, and a potential occurrence of the coupling of ESA and DEF will be de-

scribed. The mechanisms of these swelling phenomena as well as the different pa-

rameters influencing them will be discussed. In the conclusion part, the similarities

and differences between ESA and DEF will be summarized and analyzed. Finally,

a synthesis of the existing models will be presented for both phenomena, which will

be analyzed to justify the objectives of this thesis.
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1.2 Chemo-physical features of the reactions

1.2.1 Pore structure of cementitious materials

The pore structure of cement-based materials is an important characteristic which

affects their physical and mechanical properties. The typical dimensions of the voids

in hydrated cement paste are shown in Fig. 1.1. The interlayer spacing in C-S-H

sheets, which is simplified as gel pore, has a pore size between 1 nm to several nm.

Capillary pores are originally water filled spaces which are not filled by the solid

hydration products of cement. In well-hydrated, low w/c ratio pastes, the capillary

pores may range from 10 to 50 nm, while in high w/c ratio, the capillary voids may

be as large as 3–5 mm.

Figure 1.1 – Pore classification in hydrated cement paste [3].

1.2.2 External Sulfate Attack

It is well known that cements undergo deterioration in sulfate-rich environments.

Loss of strength of concrete structures in a wet sulfate-bearing environment, such

as ground water, rivers and seawater, has been widely reported. For example, Lei

et al. report the damage of tunnel structures suffering from sulfate attack [4].

As shown in Fig. 1.2, a surface spalling is observed on the side wall of a tunnel

when it is exposed to a sulfate-rich environment. Wang et al. [5] show that many

buildings, ground conduits, and bridges are exposed to sulfate-rich soils in western
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China, especially those lying in the upper-middle beaches of the Yellow River. ESA

typically occurs where water containing dissolved sulfates penetrates concrete, such

as groundwater, seawater [6], sulfuric acid formed from bacterial action in sewers [7]

and so on. The ESA damage is determined by the chemical interaction of a sulfate-

rich soil or water with the cement paste. These phenomena are the coupled effect

of calcium leaching including dissolution of the CH and sophisticated decalcification

of the CSH [8]. It results in changes in the microstructure, loss of strength, a

propagation of microcracking, softening, decohesion, expansion or even spalling [9].

The degradation is present both due to the expansion and the decalcification of C-

S-H, with the latter ensuring for the binding capacity of the cement [10]. The loss of

mechanical performance has been attributed to the formation of secondary sulfate-

bearing phases, the sulfate ions of which penetrate from outside solutions, such as

the sodium sulfate, potassium sulfate, magnesium sulfate and so on [6]. Expansion

is attributed to the formation of expansive compounds like ettringite in the case of

sodium sulfate solutions [11]. Some other theories are also proposed, they attribute

the damage to the formation of gypsum (CS̄H2) crystals [12]. Despite many research

efforts, this process is still poorly understood and explained.

Figure 1.2 – Surface concrete spalling exposed to sulfate-rich environment [4].

The microstructure changes occur when sulfate ions penetrate into cementitious

materials, which are caused by some chemical reactions. First the C3A is converted

to ettringite, which may modify the microstructure. In parallel leaching of calcium

and of other ions occurs close to the surface leading to a weakened decalcified zone

[13, 14, 15], which changes the pore size distribution of the material as well. A

representative system explaining the development of ESA and the progress of the

expansion in previous studies is not fully complete, and needs continuation.

Even though explanations and theories concerning sulfate attacks are still insuffi-

cient, many studies are able to show the precautions and the steps needed in order
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to reduce the effect of sulfate attacks. The most important and known of them is

the need to reduce the concentration of tricalcium aluminate (C3A) content in the

cement. Other theories propose the reduction of calcium hydroxide (CH) in con-

crete since it reacts with sulfates ions to produce gypsum, considered along with

ettringite to be one of the main components affecting the strength and performance

of concrete.

The following conditions are required in order for ESA to occur: a high permeabil-

ity of cement-based material, sulfate-rich environment, and the presence of water

[16]. Several factors affect the damage to cement-based materials due to ESA: the

transport of ions inward and outward through the pore system, chemical reactions

between sulfates and the solid hydration products of cement, the formation of expan-

sive products, the internal stress caused by the crystallization, and the mechanical

response of the bulk material resulting from the internal stress. In general, two

types of study methods have been conducted:

1. experimental studies to observe the deterioration of specimens, to measure the

length and mass variations, to analyze the impact of the different factors includ-

ing material compositions and exposure solutions, to analyze the distribution of the

crystals formed and so on;

2. modelings of the durability of specimens taking into account chemical reactions,

mass balance, crystal formation and the mechanical response of the specimens.

A general study of ESA in the literature will be presented from the definition of

sulfate attacks (physical and chemical), the damage modes of the cement-based

materials, the mechanisms of expansion, impact factors analysis and the different

approaches for modeling.

1.2.2.1 Physical sulfate attacks

Physical sulfate attacks are damages caused by physical actions without any chem-

ical reactions [17]. It may occur when dissolved salts diffuse through concrete and

precipitate in pores, causing damage [18, 19, 20, 21]. The idea of crystallization

pressure was put forward in [22]. Large pressure may occur if crystallization hap-

pens in the pores of the concrete. A form of physical sulfate attacks is the change of

thenardite (Na2SO4) into mirabilite (Na2SO4 · 10H2O) [23]. A solution of thenardite

is supersaturated with respect to mirabilite at temperatures below 32 ◦C and hu-

midity above 75%; the precipitation of mirabilite can then cause damage [24, 25, 26].
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Table 1.1 – Properties of sodium and magnesium sulfate salts [27]

Experimental studies of the crystallization of salts from sodium sulfate solutions in

porous materials were performed [21, 24, 27, 28]. It was observed that the stress

is high enough to overcome the tensile strength of normal porous material when

crystallization takes place within the pores. The salt pressure of sodium and mag-

nesium sulfate solutions are calculated in [27], which is shown in Table 1.1. The

crystallization pressures are presented at different saturation index C/CS, where C

and CS correspond to the solubility product of the considered salt at the actual

and equilibrium states of the solution. This saturation index signifies the satura-

tion state of crystal solution. C/CS >1 means the solution is supersaturated and

tends to crystallize. As shown in Table 1.1, when the mirabilite saturation index

(C/CS) equals 2 at temperature of 0 ◦C, the crystallization pressure is up to 7.2

MPa, which is bigger than the tensile stress for normal cement materials. Several

damage mechanisms due to salt crystallization have been proposed and have been

previously summarised [21].

Hime [29] proposed a damage mechanism of solid volume change during the transfor-

mation of anhydrous salt to its hydrous form. But this mechanism could not explain

the expansion when the salt has no hydrous form, such as halite (NaCl), where there

is no solid volume change. The salt hydration pressure hypothesis is also proposed

to explain the damage. The hydration process producing pressure is believed to

cause distress in the porous material [29]. However, the solid-state hydration of

thenardite to mirabilite does not occur in [30]. The most popular mechanism is the

crystallization pressure mechanism. The salt crystallization pressure is described as

the driving force for damage in literature [19, 27, 30], which will be explained in

detail later.

1.2.2.2 Chemical sulfate attacks
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Ettringite formation Hydration of concrete is an exothermic reaction of ce-

ment anhydrous elements (C3S, C2S, C3A, and C4AF) with water forming hy-

drates (CSH, CH, C4AS̄H12, and C6AS̄H32...). Ettringite (AFt), which is the prod-

uct responsible for the swelling due to sulfate attack, corresponds to the formula

(3CaO · Al2O3 · 3CaSO4 · 32H2O) [31]. This chemical process is well described in

Fig. 1.3. As the most common type of external sulfate attacks, sodium sulfate at-

tacks are caused by the reaction of gypsum with monosulfate and the other alumina-

bearing phases to form ettringite. With the sulfate ions penetrated from the outside

solution, the gypsum and ettringite form near the surface. The ettringite forma-

tion in ESA is governed by the transfer of sulfate ions into the cement matrix and

the consumption of portlandite, as well as the decalcification of C-S-H. Ragoug [32]

pointed out that the sulfate ions transfer with concentration gradient firstly, and

then tend to be stable when the sulfates can react with the cement hydrates.

Figure 1.3 – Chemical mechanism during sulfate attacks [33].

Portland cements with more than 5% of tricalcium aluminate (C3A) will contain

most of its alumina in the form of monosulfate hydrate C3A · CS̄ · H18 or C3A · CS̄ · H12

[34]. The hydrogarnet (C3AH6) will also appear in the hydration products. Alumina-

containing hydrates are converted to ettringite when the cement paste comes into

contact with sulfate ions, as shown in Eq. 1:

CH + NS̄ + 2H→ CS̄H2 + NH

C3A + 3CS̄H2 + 26H→ C6AS̄3H32

C4AS̄H12 + 2CS̄H2 + 16H→ C6AS̄3H32

C4AH13 + 3CS̄H2 + 14H→ C6AS̄3H32 + CH

(1)
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where N = Na2O,H = H2O.

Gypsum formation In addition to the precipitation of ettringite, the precipita-

tion of gypsum is also observed when the concentration of sulfates in the aggressive

solution is high [35, 36, 37] or the pH of the surrounding environment is low [32].

It is debated whether gypsum formation is the cause of the expansion. Metha sup-

ports that the gypsum formation is expansive based on his experimental study on

alite paste [10]. However, no obvious expansion was observed, especially for the

long-term results. Wang considered that gypsum formation plays a more important

role in the physical damage than ettringite formation via analyzing the results of

X-ray diffraction (XRD) examination of the solid phases present at different depths

in Portland cement paste exposed to sodium sulfate solution [8]. Yang et al [38]

studied the role of the interfacial zone during sulfate attacks, and concluded that

sulfate reacts with CH and AFm in the interfacial zone, which leads to expansion

and cracking. However, Santhanam pointed out that the most degraded zone of the

material, such as microcrack spaces and aggregate/paste interfaces, provide the most

suitable sites for the precipitation of gypsum [39]. It is believed that gypsum forms

after the cracks. Once the crack appears, the penetration of sulfate ions increases,

and the formation of gypsum is observed [11]. This clearly shows that gypsum forms

after the development of the microcracks, without contributing to the macroscopic

expansion [36, 40]. Mather [41] believes that gypsum formation during sulfate at-

tack on cement paste causes no expansion. He claims that gypsum forms from the

supersaturated solution by evaporation and subsequent precipitation, which leads to

no expansion. Therefore the extensive gypsum formation occurs only after cracking

and the main cause of expansion is ettringite formation according to this author.

1.2.2.3 Damage modes

Figure 1.4 – Damage modes of external sulfate attack: (a) acidic type; (b) expansive

type; (c) onion-peeling type [42].
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The ESA-related damage manifests itself in several forms including acidic type,

expansive type (cracking) and onion-peeling type [42], which are shown in Fig. 1.4.

The first one, the acidic type, may lead to a reduction in the cross-sectional area

of the structural component and a decrease in strength, which was believed to be

attributed mainly to the formation of gypsum [43]. However, whether the gypsum is

the reason for the expansion is in controversy, and has been discussed in the section

1.2.2.2. The second mode, the expansive type with cracking, is the most common

phenomenon occurring in sulfate attacks. It takes place when the reactive hydrated

aluminate phases are present in sulfate-rich conditions. The expansion is generally

attributed to ettringite formation, as ettringite forms from cement hydrates when

SO2−
4 is supplied. Observations from scanning electron microscope (SEM) studies

[39] clearly show three distinct zones in Fig. 1.5: a cracked and highly deteriorated

surface zone, a zone of deposition of attack products and a chemically unaltered

zone (corresponding respectively to zones number 1, 2 and 3 in Fig. 1.5). The last

mode is the onion-peeling type, which is characterized by a scaling or shelling of the

surface in successive layers in the form of delamination [44]. It is observed in plain

and fly ash-blended cement paste specimens exposed to mixed sulfate environments.

Figure 1.5 – Microstructural observations by SEM for Portland cement mortar spec-

imen stored in sodium sulfate solution for 12 weeks [39].

When exposed to a sodium sulfate solution, the attack process can be described in

six steps [45], see Fig. 1.6. As the sample is immersed in a sodium sulfate solution

with a pH of 7 in this study, gypsum and ettringite start to form when sulfate

ions penetrate into the material. The presence of crystals at this stage allows the

expansion of the surface zone. Then, the expansion is induced by the bulk of the
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mortar with creating tensile forces. The cracks start to appear when the tensile

forces reach the tensile strength of material. During this process, the degraded zone

goes further into the center of the material due to the accumulation of gypsum inside

pores and voids. This process leads to the creation of new ettringite and gypsum

inside the cracks. In the end, various layers in the concrete specimens are developed

which are “disintegrated surface, mineral deposition area and the new cracked but

chemically unaltered area further inside the specimen”. In addition, the expansion

of cement-based materials exposed to sodium sulfate solution, as shown in Fig. 1.7,

occurs in two stages [39]. In the first stage, the expansion increases slowly, which is

called the “induction period”. It was proposed that in the first stage, ettringite forms

in the large pores, leading to no expansion in the paste [11]. In the second stage,

the expansion increases at a fast and constant rate until the breaking of samples.

When the solution concentration reaches a critical level, the ettringite precipitates

in small pores. The force is exerted when the crystal touches the pore walls. And

when the force exceeds the tensile strength of the specimen, microcracks appear

inside. Afterwards, gypsum and ettringite deposit in the cracks and voids due to

the penetrated sulfate ions. This two-stage expansion for sodium sulfate attacks is

observed in various studies [12, 39, 46].

Figure 1.6 – Six steps of the sulfate attack process in a sodium sulfate solution [39].

1.2.2.4 Factors affecting ESA

Impact of the exposure solution The effect of existing cations in the solution

is very important and it affects the development of sulfate attacks. In fact, the
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Figure 1.7 – Expansion curve of cement-based materials exposed to sodium sulfate

solution [39].

more cations are present, the more various types of reactions will take place. Ex-

ternal sulfate attacks on cement-based materials is primarily attributed to sodium,

magnesium and calcium sulfate salts. However, in laboratory studies, the sulfate

attack is normally induced by the sodium sulfate or magnesium sulfate due to the

limited solubility of calcium sulfate in water at normal temperature (approximately

1400 mg/l) [47]. Sodium sulfate is the most widely used salt for assessing sulfate

attack, due to its high solubility. Little work is available on the use of potas-

sium sulfate. It is predicted that ettringite would precipitate when cement material

is immersed in potassium sulfate solutions, possibly accompanying with syngenite

(K2Ca(SO4)2H2O) [48].

Magnesium sulfate appears to be the most detrimental of all the sulfates [49], es-

pecially to Portland-cement concrete containing silica fume. The mechanism of the

magnesium sulfate attacks is different from the one of sodium sulfate attacks. The

magnesium sulfate attacks result in the formation of brucite (Mg(OH)2) and gyp-

sum layers, accompanied with the decalcification of the C-S-H gel, and the loss of

the cementitious structure. The chemical reactions happening in magnesium sulfate

attacks have been studied in [50]. Magnesium sulfate reacts with the hydrated ce-

ment paste to form gypsum, ettringite and brucite (Mg(OH)2). The corresponding

chemical reactions are shown in Eq. 2. The formation of ettringite leads to an ex-

pansion. But the brucite layer that forms on the surface has a function of protection

to the concrete due to its low solubility. The formation of brucite continues until

the Ca(OH)2 is depleted. The consumption of Ca(OH)2 leads to a gradual decrease

of pH, which renders the calcium silicate hydrate (C-S-H) gel unstable and liberate

more Ca2+ into the surrounding solution to increase the pH. This can once again go
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into reaction with the attacking solutions.

MS̄ + CH + 2H→ CS̄H2 + MH

C4AH13 + 3CS̄H2 + 14H→ C6AS̄3H32 + CH

C4AS̄H12−18 + 2CS̄H2 + (10− 16)H→ C6AS̄3H32

C3A + 3CS̄H2 + 26H→ C6AS̄3H32

(2)

where M = MgO.

ESA is slowed down for low solution concentrations. Indeed, this reaction is closely

related to the sulfate content in solution. As the sulfate concentration increases,

the kinetics of the attack increase also. It is noted that for high levels of sulfate,

the precipitation of gypsum is favored over the precipitation of AFt [11], which is

consistent with the stability domain of the sulfated phases with respect to the sulfate

concentration in solution.

Table 1.2 – Molar composition of the sulfate solutions tested [51]

The degradation of mortar prisms exposed to various sulfate solutions is studied

in [48, 51], including sodium sulfate (0.35 mol/l), magnesium sulfate (0.35 mol/l),

low magnesium sulfate (0.035 mol/l) and a mixture of sodium, magnesium, calcium,

and potassium (for detailed composition, see Table 1.2). The expansion curves

are presented in Fig. 1.8. The expansion of CEM I mortar prism exposed to the

sodium sulfate is the fastest and highest, followed by the exposure to magnesium

sulfate solution. The expansions of CEM I mortar prisms exposed to a mixed-cation

solution and a dilute magnesium sulfate solution are compared: the expansion of the

two samples are comparable, even when the overall sulfate content is much greater

in the mixed-cation solution.

The presence of chloride and sulfate ions leads respectively to the reinforcement

corrosion and sulfate attacks in a marine environment. It is reported that the C3A

tends to react with sulfate ions to form ettringite and monosulfate [52, 53, 54].
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Figure 1.8 – Length changes of CEM I mortar bars exposed to different sulfate

solutions [51].

An increase is also reported in the sulfate concentration in the pore solution of

specimens contaminated with sodium chloride plus sodium sulfate in comparison

with only sodium sulfate [55]. However, the expansion due to ESA in the seawater

is for example very low compared to an exposure only to sodium sulfate. It is due

to the reaction of C3A and Cl− forming Friedel’s salt (C3A(CaCl2)H10) which slows

down the penetration of sulfate ions inside the material [56].

The concentration of the sulfate solution is an important factor. The use of highly

concentrated solution [11, 36, 57, 58] usually accelerates the attack, because the

higher concentration gradient leads to a higher penetration. The expansion of mortar

specimens immersed in different sulfate solutions (3 g/L, 10 g/L and 30 g/L) is

studied in [11], see Fig. 1.9. It shows similar swelling at the initial 120 days,

but the expansion for concentration of 30g/L increases rapidly later. An increase

in the concentration of the solution leads to an increase of the rate of expansion

during the accelerated phase for the mortars stored in sodium sulfate solution [39].

Based on the crystallization pressure mechanism, it is concluded [11] that the sulfate

concentration in the solution has a large impact on the supersaturation with respect

to ettringite, and thus also on the expansive force which is generated. Since the

microstructure is changed by the presence of microcracks around and between the

aggregates [36, 39, 59], the microstructure is affected by the sulfate concentration

in the solution in an indirect way.

On the other hand, the pH of the solution plays a major role in sulfate attacks since it

controls the leaching effect and the solubility of the phases. In the practical field, the
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Figure 1.9 – Expansion of mortar specimens immersed in sodium sulfate solutions

with different concentrations: 3g/L, 10g/L and 30g/L [11].

concentration variation of the sulfate ions caused by ESA is small compared to the

volume of the sulfate ions in the field, indicating that the pH of the solution should be

controlled constantly. Monitoring the pH of the solution during the test is proposed

[32, 60, 61]. Comparison between the controlled and uncontrolled pH conditions

shows that the time to reach a certain level of expansion for the uncontrolled pH

condition was twice as much as for the controlled pH condition [62, 63]. The leaching

appears to be prevented when the solution is not renewed [33]. A reduction in

expansion is found [33, 64, 65, 66] when the pH is reduced. However, reducing the

pH contributes to a faster onset of the expansion [62]. A cycling pH rise from 7 to

12-13 is observed owing to the solution renewal frequency in [33]. Though a constant

pH is not obtained from renewal of the solution, an unlimited source of the sulfate

ions is simulated.

Figure 1.10 – Effect of pH on the durability of cement pastes [67].
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The study of Revertegat et al. [67] confirms the accelerated effect of ESA for pH

values below 11.5 for both Portland and slag cement pastes, see Fig. 1.10. This

degradation results in an increase of the surface porosity, a larger quantity of leached

calcium and, in the long term, surface cracks in the sample, which favors a deeper

sulfate penetration in the cement matrix.

Impact of the mix design The intensity and rate of the ESA depend on the mix

design of the materials. The type of cement significantly affects all types of sulfate

attacks on concrete. To be more specific, it is the content of C3A that affects the

degradation degree. Studies indicate [68] that the type of cement significantly affects

the resistance of concrete to sodium sulfate solutions. The standard composition

requirements for cement are different in ASTM C150 and EN-197. For example,

for cement I in ASTM C150, the maximum content of SO3% that could be added

is 3.0% when C3A % is less than 8 %, and is 3.5% when C3A % is more than 8%.

However, in EN-197, the maximum sulfate content SO3 % that could be added in

cement I depends on the strength class: 4.0% for 32.5N, 32.5R, 42.5N and 4.5% for

42.5R, 52.5N, and 52.5R.

ASTM C 150 type I cement with C3A = 8% shows a significant deterioration com-

pared to ASTM C 150 type V cement with C3A = 3.5% and blended cements. As

a reactant, the content of C3A plays an important role in the resistance to sodium

sulfate attacks. Al-Amoudi proposed that when the C3A content is less than 5%,

the cement will be sulfate-resistant [69], and it is possible to observe sodium sulfate

attacks if the C3A content ranges from 5% to 8%. It is also recommended in [7] that

the use of cement with C3A should not be greater than 7%. Moreover, according to

Neville [17], decreasing the amount of C3A in the cement mix will lead to a lower et-

tringite formation since there will only be a small amount left to react with calcium

sulfates. In addition to the C3A content, the C3S/C2S has a significant influence

on sulfate resistance as well [70]. The sulfate deterioration for a Type I Portland

cement (C3A = 11.9 %) with a C3S/C2S ratio of 7.88 was found to be 2.5 times the

deterioration for another Type I Portland cement (C3A = 9.3 %) with a C3S/C2S

ratio of 2.57 after 150 days of exposure to an accelerated sulfate test. However, the

C3A content has little effect on the magnesium sulfate attack due to the formation

of brucite as a layer on the surface of the specimens. It reduces the penetration of

sulfate ions and results in less chemical reactions of C3A and sulfate ions.

In order to obtain a good durability performance of cement pastes, a low water to
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cement ratio is recommended. The effect of different water to cement ratios (w/c

= 0.485 or 0.435) on the expansion of cement pastes is studied by Naik et al [71].

As shown in Fig. 1.11, the w/c = 0.435 shows four times less expansion compared

to w/c = 0.485. It is believed that the deterioration phenomena are related to the

permeability of concrete which is proportional to the water to cement ratio [72].

The reduction of the water to cement ratio contributes to small pore size and thus

to a decrease in the diffusion of sulfate ions into the matrix [42, 73]. However, a

small porosity provides a low capacity to accommodate the ettringite formed later,

which leads to a greater expansion.

Figure 1.11 – Influence of the w/c ratio on cement paste exposed to a sodium sulfate

solution [71].

Supplementary cementitious materials have been used to mitigate sulfate attacks,

reducing the ettringite and gypsum formation [74, 75, 76]. It is found [69] that the

use of blends leads to a reduction of the reaction of tricalcium aluminate and trical-

cium silicate with the sulfates. A finer pore structure is presented with the addition

of blends, which reduces the permeability [77], and thereby restrains the formation

of ettringite. A good resistance upon exposure to sodium sulfate solutions is shown

with a blend of up to 15% silica fume [78]. This is a result of denser microstructure

provided by the hydration of the finer silica fume particles [79]. Low expansion is

shown for silica fume blended cements in all sulfate solutions [64]. Similarly to fly

ash blended cements, silica fume blended cements show no accelerating expansion

even after 1 year of immersion in a variety of sulfate solutions. It is unaffected by

changes in pH of the sulfate solution.

On the other hand, some studies [11, 48] show that clinker substitution by slag
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improves the resistance of concretes in sulfate-rich media or that silica fume improves

the resistance of the mortar exposed to a sodium sulfate solution. This is explained

by the non-coexistence of gypsum and AFt in these types of binders.

1.2.2.5 Ions transport

The main factor that affects the concrete degradation resulting from external sulfate

attacks is the penetration of the ions. In a full immersion the concrete structure is

saturated. Ions may diffuse either outwards or inwards. The contact with pure or

deionized water creates concentration gradients between the pore solution and the

aggressive environment of the materials. The concentration gradients disturb the

initial thermodynamic equilibrium between the pore solution and the solid hydrates,

which leads to the ions transport. The pore solution of cementitious material con-

sists of K+,Na+, and is saturated with Ca(OH)2. Consequently, the K+,Na+ and

Ca2+ ions in the pore solution diffuse outwards into the exterior solution. Dur-

ing the Ca2+ leaching process, Ca2+ ions continue to dissolve in the pore solution,

mainly from Ca(OH)2 and/or C-S-H gel, and diffuse outwards into exterior solu-

tions. According to the investigations in the literature, the calcium leaching of the

cementitious material is accompanied with dissolution of different hydrates [80, 81].

Ragoug mentioned that two modes of transfer occur in ESA [32]. Sulfate ions trans-

fer to the cement matrix and a leaching of calcium ions to the outer solution occurs.

A coexistence of diffusion and physicochemical fixation of sulfate ions is observed

in the cement matrix. Firstly, a concentration gradient transfer occurs. Then, the

transfer of sulfate ions is rapidly stabilized and only a surface accumulation of sul-

fate ions is observed, suggesting that fixation occurs, causing self-deceleration of the

ingress as long as the sulfates can react with the cement hydrates.

Furthermore, the physical and mechanical properties of cementitious materials sub-

jected to leaching have been widely reported. The different zones at the cross section

of leached specimens induced by the dissolution and precipitation were found [81].

The inner front is associated with the dissolution of CH, and the outer fronts are

induced by the progressive decalcification of C-S-H gels as well as the dissolution or

precipitation of AFm, ettringite, etc. As described in Fig. 1.12, the identification of

the affected depth by ESA (combining leaching and the effect of external sulfate) and

the characterization of this area in sub-zones as a function of the modification of the

microstructure is a relevant method for identifying the different mechanisms of ESA.

In the leaching process (at the surface of the material), the porosity increases due
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to the dissolution of CH and the decalcification of C-S-H, and the microstructure is

modified, which contributes to an increase in permeability. Studies on the relation-

ship between leaching and porosity change were performed in [13, 14, 15]. Indeed,

leaching leads to a significant reduction in bulk density, compressive strength and

stiffness of the pastes and mortars, however, the ductility increases as a result of

pore structure variation [82, 83, 84].

Figure 1.12 – Characterization of the affected depth by ESA and leaching [35].

1.2.2.6 The effect of the dissolution of CH and the decalcification of

C-S-H on pore size distributions

Some studies [85, 86] have reported that C-S-H gel begins to dissolve only after

complete dissolution of CH. However, other authors [31, 87] supposed that CH does

not have to dissolve completely before the decalcification of C-S-H occurs, and that

it depends on the mass or volume ratio of the leachant to the solid. In [88], Jain

et al. separated the porosities created due to the dissolution of portlandite and

the decalcification of C-S-H. For instance, it was found that 60% of the CH was

leached out after 28 days of immersion in deionized water, and increased to 83%

after 90 days of immersion. Meanwhile, leaching happened in 20% of the C-S-H

after 28 days and increased to 28% after 90 days. This conclusion further confirms

that the pore release comes both from CH and C-S-H. In addition, the pH of the

pore solution of the cement paste is buffered by portlandite (pKa = 12.6). However,

due to the presence of high concentration of alkalis in the solution, the pH may

with (mostly) harmless effect exceed this known value. The pH of the renewed

sodium sulfate solution with a concentration of 15g/L (in the case of ESA) remains

around 8.0 (measured by Ragoug in [32]), which is below the pH of the equilibrium.

In addition, the concentration of calcium ions has not reached the values of the

stability domain of the CH (the solubility of the CH is about 1.1 g/L at 20 ◦C [32]).

Therefore, these conditions further promote the dissolution of CH, as well as the
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decalcification of C-S-H.

The effect of leaching on the pore structure has been studied in several researches.

The change of pore structure of cementitious materials due to leaching was studied

in [13]. Van Gerven showed that the effect of leaching on porosity is mainly on

capillary pores with the range between 0.1-10 µm for one sample and 0.04-0.2 µm

for another. Haga found that the pore volume became larger with a decrease in

the quantity of CH [14], which results from the dissolution of CH. After leaching,

pores of larger diameter than the ones of the initial samples were observed, and the

pores with a diameter of less than 100 nm increased. The increased volume with a

diameter of less than 100 nm is believed to be caused by the dissolution of C-S-H

gel and the pores larger than a few microns are due to the dissolution of CH. In

[89], it was determined that, in dissolution tests of alite hydrate, pores with a size

of around 1 µm increased along with the progress of dissolution of the portlandite.

Therefore, the author assumed that pores of 0.2 µm or smaller were attributable

mainly to the C-S-H gel, while those larger than 0.2 µm were attributable mainly

to the portlandite. The author questioned the reliability of this classification, but

he was sure that there was a good correlation between the dissolution of portlandite

and an increase in the volume of pores larger than 200 nm in leaching examinations

of alite hydrate. However, Saito [15] pointed out that the increase of pore volume in

the range of 50 to 500 nm in diameter can also be due to the dissolution of CH. To

sum up, a table illustrating the results is shown in Table 1.3, and a corresponding

figure with pore size range is shown in Fig. 1.13.

Table 1.3 – Literature studies on effect of leaching on pore size distribution

Studies Pore release range Explanations

Van Gerven [13] 0.1 - 10 µm or 0.04 - 0.2 µm Calcium leaching

Haga [14]
>a few µm dissolution of CH

<100 nm dissolution of C-S-H

Haga [89] <200 nm dissolution of CH

Saito [15] 50 - 500 nm dissolution of CH
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Figure 1.13 – Literature studies on effect of leaching on pore size distribution with

pore size range.

1.2.3 Delayed Ettringite Formation

Internal sulfate attacks (ISA) are defined as the deterioration of cement-based mate-

rials due to ettringite formation, the sulfate source of which comes from the material

itself. As one form of ISA, delayed ettringite formation (DEF) is an internal swelling

reaction that can affect concrete when the material has experienced high temper-

atures (typically above a possible threshold value of 65 ◦C [90]). A great amount

of studies have indicated that ettringite in hydrated Portland cement products can

be fully or partially destroyed when the materials are cured at a temperature above

about 65 ◦C [91, 92, 93]. This is why it is generally agreed that above this tem-

perature the ettringite formed upon hydration is thermodynamically unstable and

decomposes to hydrated calcium monosulphoaluminate, releasing sulfates in the pore

solution. In addition, part of the released sulfates are adsorbed on CSH and the

rest is available in the pore solution [94]. It is postulated that these available sul-

fate ions are trapped by physical adsorption on the surfaces of the calcium silicate

hydrates (C-S-H gel) [95, 96], whose hydration has been accelerated due to the heat

curing [97]. During the subsequent storage in cool water, ettringite forms over time.

That is because at the ambient temperature, the C-S-H will start slowly releasing

the trapped sulfates and making them available to the pore solution again. The re-

leased sulfate ions diffuse into the nearest microcrack and react with the Al-bearing

materials (C3A) and possibly C4AF in the pores to form ettringite, which leads to

the macroscopic local effects mainly consisting in material swelling, cracking and a

decrease of the mechanical properties. This may cause large structural disorders due

to unexpected deformations and additional stresses in concrete and reinforcement.
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1.2.3.1 Observations

One of the common observations made on damaged cement-based material due to

DEF is the occurrence of an expansion, accompanied by cracking. The normal

experimental method to study the DEF is to measure the expansion considered

as a degradation parameter for this phenomenon, and the corresponding results

are presented as swelling curves. In [98], different forms of the swelling curves are

summarized (Fig. 1.14). The first one is quick swelling, with a sigmoid form (curve

1). This kind of curve can be divided into three parts: latent period, accelerated

period and the plateau period. At the first stage, the expansion is not obvious and

normally smaller than 0.1%. It depends on the material composition and on the

thermal history, amongst other parameters. The second period presents a marked

acceleration at about 0.1% of expansion and stops at the inflection point. In the

last stage, the rate of expansion decreases and stabilizes to a constant value. The

second form of swelling curve corresponds to a slow swelling with a linear form

(curve 2). This kind of swelling requires a long monitoring, and may have the same

sigmoid shape as curve 1. The expansion increases with a constant rate during

the observation time. The last form is called negligible swelling meaning that the

specimens do not show any significant expansion. As the curve 3 in Fig. 1.14, the

expansion does not reach 0.04% at 700 days.

Figure 1.14 – Swelling curves of concrete specimens after DEF [98].

At a given temperature and moisture state, the rate and ultimate extent of the

expansion of the concrete are mainly influenced by three factors (amongst others):

cement chemistry, paste microstructure, and concrete or mortar microstructure [91].

The chemical properties of the component determine the amount of the expansion

product that can be formed. The microstructure in small scale (e.g. in the paste)

determines the stresses produced, while the microstructure in large scale (e.g. in the
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mortar and concrete) determines the response of the material. Based on previous

research, it can be summarized that the conditions necessary for the appearance

of DEF are: an excessive rise of temperature during the casting of the cement-

based materials; the presence of sulfates; the alkali content and a moist environment

[99]. The kinetics of the reactions and the damage depend on environmental factors

(species and concentration of sulfate, pH of the solution, humidity and temperature)

and material properties (chemical composition of the cement paste, pore distribution

and diffusive properties).

Not only an expansion, but also a weight gain is observed during DEF. The weight

increases proportionally to the expansion when mortar specimens are immersed in

water [100]. The observed weight gain is believed to be due to a combined effect of

ettringite formation with the involvement of sulfate ions and the trapping of external

water during the expansion process [101].

Several studies show that DEF leads to a degradation of mechanical properties.

For example, Z. Zhang et al found that DEF-induced expansions were accompa-

nied by significant and progressive reductions in dynamic elastic modulus, due to

the progressive crack developed [101]. What’s more, a degradation in flexural and

compressive strength was observed when thermal treatments were applied [99].

1.2.3.2 Ettringite formation

The primary ettringite formation in the initial stage of the hydration is seen as a

positive effect as the bulk is plastic during this period (within hours) and no stresses

are produced [16], while a damaging role is shown in hardened concrete. Damaged

concretes often show large amounts of ettringite even if they were not treated by

preheating [102, 103] (e.g. pavement concrete). After DEF, the conspicuous for-

mation of ettringite is observed in voids, cracks, and the contact zone between the

aggregate and the hardened cement paste (see Fig. 1.15). Different hypotheses are

proposed to explain the expansion observed. It is said that the formation mechanism

[104] plays an important role in the damage. The authors found a good correlation

between expansion and ettringite formation, even though no general relationship

between the amount of ettringite formed and the extent of expansion appears to

exist.

In a Portland cement, gypsum reacts with calcium aluminate to form ettringite.
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Figure 1.15 – BSE images showing the presence of ettringite at the paste/aggregate

interface (a, b), and in cracks extending into the cement paste (c) [105].

X-ray peaks associated with ettringite are detectable within a few hours and the

quantity increases during the first day. However, the ettringite peaks weaken in

the next few days depending on the chemistry of the cement and the environmental

conditions [106]. If all the gypsum is consumed through the ettringite reaction,

ettringite converts to monosulphoaluminate (shown in Eq. 3 and 4):

C3A + 3CS̄H2 + H26 → C6AS̄3H32 (3)

2C3A + C6AS̄3H32 + H4 → 3C4AS̄H12 (4)

Ettringite crystals are found in the pores and cracks of deteriorated concrete. How-

ever, it is not clearly proved that the cracks are connected with the crystallization

of ettringite. It is still controversial whether the formation of ettringite in cracks

is the cause of expansion or just a consequence after expansion. These crystals

might precipitate in the voids when the sulfate ions transfer through the pore struc-

ture. The microstructure, the distribution and the quantity of ettringite formed

in the Portland cement paste were studied in [94] by scanning electron microscope

(SEM), X-ray microanalysis and quantitative X-ray diffraction analysis. For Port-

land cement paste specimens preheated at 100 ◦C for 3 hours, ettringite was found

distributed in the prisms with large expansions, and more ettringite was distributed

near the surface than in the central region where few cracks were observed. In the

heat treated cement paste, lower total content of ettringite but greater areas of well
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crystallized ettringite were observed, compared with the case of room temperature

cured paste. It implied that the heated cement paste contained a smaller proportion

of S and Al, owing to sorption on C-S-H gel [107] during the period of heat cure.

1.2.3.3 The stability of sulphoaluminates

Monosulfate is reported to be a metastable phase in hardened cement paste. At

a temperature of 25 ◦C, the solubility product of ettringite (2.8 × 10−45) is much

lower than that for monosulfate (3.7 × 10−30) [108], indicating that under ambient

condition ettringite is more stable in a cement system than monosulfate. According

to [109], the increase of temperature does not lead to precipitation of ettringite,

which forms later until the system is cooled and results in internal crystallization

pressure and expansion. However, the monosulfate is more stable than ettringite at

high temperatures. It forms during steam curing at temperatures above 70 ◦C and

transforms to ettringite after cooling [110].

Tepponen et al. report that ettringite is detectable by X-ray analysis after a few

hours when curing at 25 ◦C [111]. Hekal points out that ettringite starts to form 15

minutes after the water and cement are mixed when curing at 60 ◦C, and the ettrin-

gite crystals formed at higher temperatures are larger than those developed at 25 ◦C

[112]. However, at temperatures above 65 ◦C, ettringite starts to decompose. It is

noted that the water content drops from 32 to 10 molecules at 70.5 ◦C [113]. Ettrin-

gite remains stable at the first-stage when it loses from 32 to 18 water molecules.

However, when water drops from 18 to less molecules in the following stage, the

crystal starts to disintegrate [114, 115]. The structure of ettringite is shown in Fig.

1.16. The octahedral alumina (Al(OH)3+
6 ) is bound to adjacent CaO8-polyhedra by

sharing the hydroxyl (OH−) ions, while the channels between the columns are oc-

cupied by tetrahedral sulfate (SO2−
4 ) ions with water molecules around [100]. These

loosely and disordered water molecules will be removed when ettringite is exposed

to an elevated temperature.

1.2.3.4 Sulfate sorption

It is reported in [116] that sulfate ions can be linked to the C-S-H surface. Sulfates

do not participate in the structure of C-S-H [117], since it is a specific physical

adsorption phenomenon [118]. Sulfate sorption on C-S-H increases with sulfate con-
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Figure 1.16 – The structure of ettringite (according to Dr. Neubauer/University

Erlangen/Germany)

centration in solution, and follows a Langmuir law [97]. A true Langmuir isotherm is

adopted to describe the SO2−
4 adsorption on C-S-H (Eq. 5) based on a well-defined

condition (the adsorption is limited to a single layer, without side interactions, and

the surface is homogeneous in terms of energy). A comparison of experimental

data and simulation results is shown in Fig. 1.17, which proves that the adsorption

isotherm of SO2−
4 ions on C-S-H samples is in fact governed by a Langmuir law:

1

Cb
=

1

kCbm

1

C
+

1

Cbm
(5)

where k is the affinity constant; C is the sulfate concentration at equilibrium in

solution; Cb is the quantity adsorbed per gram of CSH; and Cbm is the quantity

adsorbed when the surface is saturated.

Figure 1.17 – Langmuir isotherm of SO2−
4 ions on C-S-H in 0.5 mol/L NaOH at

T=25 ◦C [97]
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However, the influence of the pH is also studied in [97]. Divet and Randriambololona

find that the maximum quantity adsorbed and the affinity of the sulfates for the

surface increases as the pH increases, which could be explained by the electrostatic

contribution of the interaction between the sulfates and the surface.

The SO2−
4 ions are adsorbed on the C-S-H gel and balanced in terms of charge by

calcium and alkali ions [119]. The impact of temperature and the concentration of

Na+ on sorption capacity of C-S-H is studied in [97], see Fig. 1.18. The amount of

SO2−
4 increases with a higher alkali concentration in solution and higher tempera-

tures. An equation based on the interpolation of these results is proposed in [120],

and shown in Eq. 6:

SO2−
4 = 2.067× CSH × (T )0.2124 × [Na+]0.2004 × [SO2−

4 ] (6)

where CSH is the quantity of C-S-H formed in the concrete; T is the temperature;

Na+ and SO2−
4 are the concentration of Na+ and SO2−

4 in solution.

Figure 1.18 – Evolution of bound sulfates/C-S-H ratio relative to (a) temperatures

with Na(OH) concentration of 0.1 mol/L; (b) Na(OH) concentrations at 25 ◦C [120].

The fact that the sulfate sorption capacity by C-S-H increases with temperature is

confirmed by [121]. Barbarulo [117, 122] studied the sulfate sorption on C-S-H. He

confirmed that the C-S-H has a capacity to adsorb sulfates, the quantity of which

depends on the sulfate concentration in solution, on the Ca/Si ratio of the C-S-H

but little on the temperature. He points out that the effect of the temperature on

the sorption capacity comes from the Ca/Si ratio. For example, Fig. 1.19 shows the

sulfate sorption capacity on C-S-H at a temperature of 20 and 85 ◦C. The amount of

sulfate adsorbed in C-S-H increases with the ratio of Ca/Si for both temperatures.
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The reason why the sulfate sorption capacity on C-S-H depends on the ratio of Ca/Si

is that the surface of C-S-H is loaded negatively for low Ca/Si, vanishes when the

ratio is around 1, and becomes positive for higher Ca/Si ratios [118]. The main effect

of the temperature is a reduction in the total concentration of calcium in solution

[117], which affects the sulfate sorption capacity indirectly. Based on the physical

sorption of sulfate ions in C-S-H and the close dependence on the ratio of Ca/Si,

Barbarulo proposes a model to study the adsorbed sulfate, which corresponds to

the concentration of sulfate ions, calcium ions and the site of silicate tetrahedra

susceptible to sulfate.

Figure 1.19 – The sulfate adsorbed in C-S-H with different ratios of Ca/Si at a

temperature of 20 and 85 ◦C [117].

The presence of aluminates can modify the behavior of the system. Results from

X-ray analyses [94, 123, 124] have shown that the ratio of Al/Si in C-S-H of cement

pastes or mortars, which are moisturized at 20 ◦C or cured with steam, decreases

from 1.3 to about 0.1 [117]. However, it is not indicated whether it is the consequence

of the inclusion of aluminum in C-S-H or the result of a mixture of phases. This

doubt is confirmed by Stade [125] and Faucon [126]. Both show that the substitution

of silicon by aluminum occurred in octahedral sites.

1.2.3.5 Factors affecting DEF

Impact of the mix design High cement contents not only result in higher con-

crete temperatures during hydration, but also provide more source for ettringite

formation, which increases the damage potential with more ettringite formation
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(aluminates, sulfates, alkalis ...). The expansion increases together with the increas-

ing cement content and high cement levels resulting in a higher damage rate in the

presence of high content of C3A [7] and probably C4AF. Cement composition is also

an important parameter for the expansion of the matrix. It is believed that there

would be no expansion when the (SO3)2/Al2O3 is less than 2 [127]. Furthermore,

the expansion caused by a high ratio depends on the heating duration as well [128].

In the later research, a pessimum value of the (SO3)2/Al2O3 is proposed [129, 130]

between 0.8 and 1.4 [91]. Thus, the obtained experimental value of (SO3)2/Al2O3

varies with different test conditions and cement [91]. It is also reported that the

expansion does not depend on (SO3)2/Al2O3 but on the contents of C3A and SO3

[129]. This idea is supported in [131] thinking that the higher ratio of (SO3)2/Al2O3

does not definitely result in an expansion, it depends on the duration of the heat

treatment as well. Experimental studies [101] on mortars were performed with the

addition of gypsum containing 1% SO3 less than the optimum SO3 content, optimum

SO3 content, and 1% greater than the optimum SO3 content, see Fig. 1.20. The

optimum cement sulfate content was defined as the total % SO3 that produces the

highest 24-h compressive strength at 23 ◦C. The specimens were heated with maxi-

mum temperature of 55 ◦ C and 85 ◦C, followed by long-term exposure at 100% RH

over water. Both optimum and greater-than-optimum SO3 content mortars show a

clear expansion with a final value ranging from 0.2% to 1.7%. However, none of the

lower-than-optimum SO3 content mortars exhibited any expansion, and neither did

the mortars cured at room temperature (23 ◦C) and 55 ◦C.

Figure 1.20 – Expansion-time plots for all 85 ◦C cured mortars. B stands for the op-

timum sulfate content, and C stands for the sulfate content 1% more than optimum.

[101]

An index, see Eq. 7, based on sulfates, alkalis and aluminates amounts is proposed
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in the literature [132]. However, this empirical relationship is only valid for specific

experimental conditions: 85 ◦C (6h) and aging in 100% relative humidity:

DEF Index = (SO3/Al2O3)molar × [(SO3 + C3A)/10]× (%Na2Oequiv)
1/2 (7)

With a higher heating temperature, the cement composition plays a more important

role. At a temperature of 90 ◦C, factors such as the fineness of cement, its content

of alkali, C3A,C3S,MgO and SO3 become very important [96]. The effect of mineral

additions for controlling the expansion of mortars is studied as well. Class F fly ash

and ground granulated blast furnace slag were found to be the most effective mineral

additives for the elimination of the expansion of Portland cement mortars resulting

from DEF. The silica fume has also similar effect, but the addition of silica fume is

limited to 15% of cement by weight owing to its adverse effect on workability. The

Class C fly ash is less effective in reducing the expansion than the aforementioned

ones. Clinker with lower sulfate content can significantly reduce the risk of DEF-

induced damage and portland cement with high C3S and C3A have more risk of

DEF-related damage [133].

As one of the most important factors for ettringite formation, several studies have

been done on porosity, especially microstructures, to locate the sites where ettringite

can grow and produce damage. This microstructure depends on the w/c ratio. The

pore volume has an effect on the damage in terms of transport of moisture and ions.

The materials with a low porosity and a fine-pore microstructure are more sensitive

than the less dense concretes of higher porosity and high-pored microstructure. The

reason for this is that concretes with a fairly high porosity have a greater potential

space for the formation of new products without expansion [91, 134].

Impact of storage conditions The potential for expansion due to DEF is related

to the relative humidity. In general, the amount and rate of the swelling increase with

increasing surrounding humidity of materials [129, 135, 136]. Some experimental

results showed that the expansion occurred after a long period (600 days) when

the specimens were stored at 98% RH, while no expansion was observed below 98%

RH, which was explained by a combination of water availability and a leaching of

alkalis out of the concrete pore solution [137] (shown in Fig. 1.21). An experimental

study on the effect of different curing conditions [135] showed that: the expansion of
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mortars heat-cured at 90 ◦C then stored in water increased the fastest and the most,

followed by the ones stored in 100% relative humidity, KOH, KOH then in water.

The author explained this phenomenon by alkali leaching. What’s more, the Fig.

1.22 (b) shows that the expansion increases faster with less KOH concentration of

the storage solution. No expansion was detected in the most concentrated [2P]KOH

solutions, even after 540 days.

Figure 1.21 – Expansions of concrete specimens exposed to different relative humid-

ity conditions [137].

Figure 1.22 – (a) Effect of the storage conditions; and (b) Effect of the storage

solutions’ concentration on the expansion of mortars heated at 90 ◦C for 12h [135].

Impact of the thermal history The elevated-temperature heating treatment is

a necessary condition for the phenomenon of DEF. It is generally admitted that a
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curing temperature of above about 65 ◦C is essential to cause an expansion due to

DEF when the concrete is subsequently stored in water [96, 129, 138, 139, 140]. As

discussed previously, the thermodynamic stability of ettringite is reduced due to the

rising temperature.

In general, the increase of the initial curing temperature is supposed to contribute

to the increase of the DEF expansion [141, 142]. The maximum temperature influ-

ences expansion parameters, e.g, kinetics and magnitude [143, 144]. Specifically, the

higher temperature leads to a faster kinetics and higher magnitudes of expansion.

However, a pessimum effect of maximum temperature (combined with the duration

of exposure) exists.

The heating duration is a significant factor for the development of DEF. Experi-

mental studies [145, 146] were conducted to study the relationship between thermal

history and the swelling characteristics (magnitude and kinetics). Different tem-

peratures and heating durations (1 - 28 days) were adopted immediately after the

casting. It was found that the coupling effect between the temperature and the heat-

ing duration was the most essential factor on DEF-related expansion. However, a

pessimum effect has been highlighted. An experimental study trying to quantify the

expansion due to different thermal histories and to identify the possible existence

of a pessimum effect regarding the heating duration was conducted before [134].

Brunetaud [134] has shown that a heating at 85 ◦C for 2 days causes a significant

swelling of about 1.2 %, while a heating at the same temperature (85 ◦C) for a

period of 10 days produces significantly less swelling compared to treatment at the

same temperature (Fig. 1.23). This pessimum effect was observed in [145] as well,

see Fig. 1.24. The idea of “effective thermal energy” (ETE) was proposed [145]. It

was assumed that only the thermal energy supplied beyond a threshold tempera-

ture Tthresh (calibrated at 65 ◦C for the concretes studied in [145]), is responsible for

DEF expansions, see Eq. 8. In addition, there is a pessimum effect for the effective

thermal energy (ETE). It means that the final expansion increases with the ETE

provided up to a certain value, beyond which expansions decrease.

EU =


∫

(T (t)− Tthresh)dt if T (t) > Tthresh

0 else
(8)

where Tthresh is the threshold temperature, above which it contributes to the expan-

sion.
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Figure 1.23 – Expansion results of the concrete specimens (maximum heating tem-

perature - Alkali content % - Heat treatment duration) [134].

In addition, the heating has an effect on the C-S-H gel. Indeed, the heat treatment

leads to a coarser pore structure [147, 148, 149] and the rims of C-S-H formed

around the cement grains are brighter relative to pastes cured at lower temperatures

[150, 151, 152, 153]. A lighter C-S-H rim formed at the temperature of 90 ◦C is

observed, which is denser and contains much more sulfate than a darker C-S-H rim

developed during subsequent storage at 20 ◦C [123, 153]. The composition of the

inner C-S-H depends on the temperature and time at which the rims have developed.

Kjellsen [151] studied the effect of heat curing and post-heat curing conditions on

the microstructure and C-S-H composition of a high-performance concrete. The

heat cured specimen which was stored outdoors, later showed a high hollow shell

porosity and capillary porosity as revealed from backscattered electron images.
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Figure 1.24 – Final expansion % evolution with heating durations [145].

1.2.4 Coupling of ESA and DEF

1.2.4.1 Mass concrete

Delayed ettringite formation does not only occur in heat-treated concrete but also

in mass concrete structures. Mass concrete is defined by the ACI-116R (American

Concrete Institute) [154] as “Any volume of concrete with dimensions large enough

to require that measures be taken to cope with generation of heat from hydration of

the cement and attendant volume change to minimize cracking.” Mass concrete has

been historically associated with large structures such as dams, bridge piers, and

other large volume placements. In cast in-situ mass concrete elements, DEF can

happen [155, 156]. Studies have shown that the long-term durability of certain mass

concretes can be compromised if the maximum temperature after placement exceeds

65 ◦C. The maximum temperature is the sum of the placement temperature of

concrete and of the temperature rise due to heat of hydration. The latter is affected

by the mix design (cement content, type and source of cementitious materials), the

structure design (section thickness), the ambient temperature and so on.
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1.2.4.2 DEF in mass concrete

When cement is mixed with water, heat is liberated. This heat is called the heat of

hydration, which results from the exothermic chemical reaction between cement and

water. All concretes generate heat as the cementitious materials hydrate. The heat

dissipates almost as quickly as it is generated for thin items, while heat dissipates

more slowly if it is generated in mass concrete. Therefore, the heat generated by the

hydration of cement raises the temperature of concrete, yielding significant temper-

ature difference between the interior and the outside surface of the structures. The

temperature induced by hydration in mass concrete may reach above 70 ◦C [156],

which is high enough to induce DEF. In the field, for cast-in-place structures, DEF

corresponds to the appearance of degradations in the most massive parts while the

thinnest ones remain locally unaffected [157, 158].

DEF is encountered in concrete whose composition is particularly susceptible to it

and which is subjected to appropriate long-term environmental conditions. It oc-

curs in cast in-situ mass concrete elements. The first case that has been discovered

was in 1998. Five bridges were studied [156] to determine the origin of the damage

and identify the factors in all cases and that are necessary for the ettringite forma-

tion reaction to take place. Cements with higher contents of tricalcium silicate and

tricalcium aluminate, as well as a higher fineness, have higher rates of heat gener-

ation than other cements. Tricalcium silicate and tricalcium aluminate chemically

generate more heat, and at a faster rate, than dicalcium silicate or other cement

compounds. Sulfate content, in its relation to the controlling of the hydration of

calcium aluminate, contributes to the rate of heat liberation. In this case, DEF may

occur in mass concrete.

1.2.4.3 Potential for coupling of ESA and DEF

Groundwater is a natural sulfate source to which buried concrete can be exposed. It

typically has a low sulfate content. Sulfate ions can penetrate through the cement

matrix, leading to damage. It contains different types and quantities of sulfate ions,

depending on the flow of water. For example, it may contain calcium, magnesium,

sodium and potassium with sulfate. According to instruction of concrete structures

in Spain, a classification of potential damage related to the sulfate content in water

or soils is presented in Table 1.4. As described before in this chapter, in fully
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buried structures, the penetrated sulfates react with aluminate hydrates to produce

ettringite and gypsum, which lead to an expansion, cracking and spalling. If the

buried concrete is a mass concrete structure, the coupling of ESA and DEF may

occur. In this way, the sulfate ions are provided not only from the exterior solutions,

but also from internal sources, such as cement, aggregates and mixing components.

The two sources of sulfate ions could increase the rate of the ettringite formation

and result in a worst degradation.

Table 1.4 – Potential aggressiveness of water and soil relating to sulfate content

[159].

Sea water is another possible source of external sulfate. It has a complex chemistry

including magnesium, sulfate, sodium, chloride and dissolved CO2 species [160]. The

presence of chloride lowers the deterioration of the sulfate: precipitation of magne-

sium hydroxide (brucite) and calcium carbonate forms a semi-protective surface

layer, which decreases the aggressiveness to a certain degree; this aggressiveness can

be decreased also by Friedel’s salts formed after the reaction between chloride ions

and C3A.

Even though there is high probability for coupling of ESA and DEF to occur, lit-

tle research has been done in the literature. The coupling effect of ESA and DEF

happens when sulfate ions are provided through the exterior solution and the mate-

rial itself, meanwhile consuming the calcium- and aluminium-bearing products. A

combined characterization of ESA and DEF should be presented in this case. First,

the material mix should have a similar effect compared to ESA and DEF, such as

the content of C3A, C3S, W/C and so on. Second, after the heating treatment,

the material has a modified pore structure, which should be similar to the case of

DEF. Moreover, the pore structure affects the mechanical response of the material

to damage. Furthermore, the expansion plateau observed in DEF should not occur

in the coupling effect of ESA and DEF due to an unlimited provision of sulfate ions

from the exterior solution. In the end, a double source of sulfate ions contributes to

more ettringite formation compared to a single effect either ESA or DEF on the one

hand. On the other hand, it induces a higher crystallization pressure, which may

force ettringite to form in smaller pores.
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In this dissertation, a study aimed at the characterization of the pore size change in

cement-based materials which are subjected to the coupling of ESA and DEF, will

be performed. The experimental study on the coupling of ESA and DEF will be

presented in Chap. 2 and the corresponding results will be presented in Chap. 3.

1.3 Mechanisms of expansion

1.3.1 General mechanisms due to ettringite formation

Over the years, several theories have been proposed to explain why an expansion

occurs upon ettringite precipitation. The simplest hypothesis is that ettringite takes

up more space than the AFm phases from which it forms. To be more specific, the

molar volume of gypsum and ettringite formed in a hardened paste are higher than

the molar volumes of the initial phases [161]. However, this theory is refuted since

the cementitious materials have a large amount of porosity facilitating the formation

of ettringite without leading to an expansion. It is observed in experimental studies

that only about 1/20 of the ettringite formed causes expansion [162]. This implies

that ettringite can form and grow in cracks as well as in pores with (mostly) harmless

effect.

The second hypothesis is that expansion is the result of the swelling of ettringite

colloidal particles [96], especially in the presence of lime [34]. These gel-like ettringite

particles have a large specific surface area analogous to the C-S-H gel and adsorb

water, resulting in an overall expansion. This theory was first proposed by Metha

[163]. It was believed that the high surface area combined with the negative charge

results in the attraction of large quantities of water. The relation between water

gain and expansion of ettringite was studied. The amount of water adsorbed in

the material increases with the relative humidity, and the specimen adsorbed 9.6

% of water when the relative humidity reached up to 95 %. What’s more, the

volumetric expansion increases when more water is adsorbed, see Fig. 1.25. In

[164], the volume change of paste cylinders containing calcium sulfate or sodium

sulfate additions is measured and the quantity of ettringite is determined by X-ray

diffraction. A positive correlation exists between ettringite content and the volume

increase in percent, which is shown in Fig. 1.26. However, it is shown that the

expansion occurs only when ettringite content is greater than a certain value.
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Figure 1.25 – Relation between water gain and the expansion of ettringite [163].

Figure 1.26 – Relation between ettringite content and volume increase [164].

It is also stated that ettringite grows topochemically [165]. A topochemical reaction

is defined as a reaction between a solid particle and a surrounding solution in which

the hydration product is formed on the surface of the particle. C4A3S̄ is considered

to be the only reactant. During the topochemical reaction, the length of ettringite

crystals increase. The expansion starts when the length of these crystals becomes

larger than the solution film thickness, as shown in Fig. 1.27, so that the crystals

begin to exert pressure against the surrounding matrix. However, this theory is

proposed based on the same crystal structures of tricalcium aluminate, AFm and

ettringite.

The more recent and popular theory for the expansion mechanism is crystallization

pressure theory. The precipitation is generally accompanied with internal pressures

resulting from the interaction between the ettringite and the surrounding matrix of

cement paste [11, 166], which may lead to significant free expansions of the speci-
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Figure 1.27 – Topomechanical mechanism for crystals growth: expansion begins

when the crystals extend beyond the solution [165].

men and to damage. Although the origin of the pressure causing such macroscopic

expansions is still controversial, ettringite precipitation is usually recognized as the

major cause of the swelling observed [35].

1.3.2 Crystallization pressure theory

The crystallization process is well described by Scherer in [167]. As shown in Fig.

1.28, in a supersaturated solution, the crystal grows in a cylindrical pore with the

radius of the tip rm = − rp
cos(θ)

and the side radius of rp. θ is the contact angle between

the crystal and the pore wall. The chemical potential difference between the crystal

and the liquid [168] drives the crystal to grow. The crystal stops growing toward the

pore surface due to the interaction of large repulsive forces between the crystal and

the surface of the pore. Direct contacts will not be possible [167] due to the need for

large force to overcome the surface tension. At the interface of the crystal and the

pore wall, a thin film of solution remains [22], where the concentration is not the

same as the one in the rest of the pore. In this thin film, the concentration is not in

equilibrium with the radius of the pore but with the tip of the crystal, which is free

to grow into the area not in contact with the wall. Meanwhile, the tip of the crystal

will keep growing until its surface reaches a curvature which is in equilibrium with

the concentration of the solution. In this way, the chemical work is converted to the
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mechanical one, with the driving forces being the activities of the reactants in the

pore solution. At this point, the capillary pressure inside the crystal (Eq. 9) equals

the hydrostatic pressure, Ph, (Eq. 10) from the solution.

PC = PL + γclκcl (9)

Ph = PL +
RT

VC
ln(βcl) (10)

where PL is the pressure in the liquid; VC is the molar volume of the crystal; βcl is

the saturation index of the crystal at the crystal-liquid interface; γcl is the surface

tension of crystal; and κcl is the mean curvature of the crystal-liquid interfaces.

Figure 1.28 – Crystal in cylindrical pore with different curvatures [167]

The equilibrium state is described in Eq. 11. This equation shows that the solubility

of a big crystal is less than a small one, that is the reason why crystal precipitates

in big pores first, and then penetrates to smaller ones.

γclκcl =
RT

VC
ln(βcl) (11)

A simple way to estimate the crystallization pressure is proposed by Correns [22] for

monomolecular crystals. For more general cases, the original expression has been

extended to include the number of ions in the crystal and ionic activities instead of

the concentration in the form (Eq. 12 and 13) [45, 169, 170, 171, 172]:

PC =
RT

VC
ln(

Qreac

Kreac

) (12)

Qreac =
∏
i

avii (13)
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where VC is the molar volume (m3/mol) of the growing crystal, R is the gas con-

stant (8.314 J/(mol· K)), T is the temperature (K), ai and vi are the activity and

the stoichiometric coefficient of species i in solution, respectively, and Kreac is the

equilibrium constant of the chemical reaction. It is pointed out that the magnitude

of crystallization pressure generally depends on both the size and the shape of the

crystals [169], and on the kinetics of their formation [173].

1.3.2.1 ESA specificities

Once concrete is exposed to the ESA, the penetration of sulfate ions into the ce-

mentitious material generates a chemical reaction with the available monosulfate,

which increases the amount of sulfate ions (SO2−
4 ) inside pores. This will lead to

the supersaturation of the solution and remaining monosulfate reacts with C-S-H

which will lead to the formation of ettringite. Two conditions are required to get

the crystallization pressure: confinement of the crystals and supersaturation of the

solution [31].

1.3.2.2 DEF specificities

There are two main schools of thought concerning the crystallization pressure theory

for DEF. The first proposed that the expansion is the result of the localized crys-

tallization of ettringite. The ettringite is assumed to precipitate in the zones like

cracks and paste-aggregate interfaces [138, 174] in this theory. This hypothesis is

pretty reasonable, since these big voids provide more “comfortable” space for ettrin-

gite crystals. However, whether the precipitation of ettringite in these big voids is

the reason for expansion has been debated in the literature. In the second school of

thought, contrary to the local expansion hypothesis, a homogeneous crystallization

of ettringite is supposed to be the reason for the swelling. The ettringite is assumed

to form from the Al-bearing particles and in solution [91]. This idea is supported by

[175] and it supposes that the expansion is caused by the homogeneous formation

of ettringite in the C-S-H gel which leads to a swelling in the paste.
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1.4 Modeling of sulfate attacks

1.4.1 ESA

1.4.1.1 Diffusive transport of ions

The two traditional approaches to simulate the diffusive transport of the ith ions are

the empirical and the physical approaches. In the empirical way, the ions’ transport

is based on the Fick’s law (Eq. 14). For example, the numerical studies on ionic

transport are based on the simple Fick’s law of diffusion without considering the

chemical reaction [176, 177, 178]. This approach is reliable if the chemical reaction

does not change the pore structure drastically and therefore the diffusion coefficient

D is not affected. However, it is not the case for ESA where the sulfate ions diffuse

into the material and react with the cement hydrates directly. The resulting damage

will increase the parameter D.

ji = −D5 ci (14)

where j is the flux; D is the effective diffusion coefficient; and ci is the concentration

of the ith ion.

In the physical approach, the transport of the ions is treated considering the chemical

reactions, but in a separate way. In this way, the diffusion of any species can be

modeled with two material parameters: the capillary porosity and the formation

factor.

In the porous media, the cross section area available for diffusion is not the total cross

section of the medium, and thus the diffusion coefficient is smaller than the bulk

diffusion coefficient, which is proposed as effective diffusion coefficient. Carman has

shown that the fluid moves on the average at about 45 ◦ to the direction of flow [179],

as shown in Fig. 1.29. The real distance traveled by that fluid is actually
√

2 L, with

a net distance of L. The effective diffusion coefficient is based on the average cross-

sectional area open to diffusion and the distance traveled by the molecules in the

porous media, thus it is linked to the bulk diffusion coefficient by porosity. However,

the total porosity is not enough for assessing the diffusion parameter when dealing

with different materials. The diffusive coefficient is found to be one order greater for

cement paste with CEM I than with CEM V cement, though with the same water to
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cement ratio [180]. A model based on the microstructure is proposed to estimate the

diffusive properties of hardened cement pastes via a simplified multi-coated sphere

assemblage model [181], which can predict the evolution of the effective diffusion

coefficient due to calcium leaching or calcite formation.

Figure 1.29 – Diffusion path in porous media [179].

1.4.1.2 Modeling of diffusion depth

With the diffusion of sulfate ions from an aggressive solution, several layered deteri-

oration zones are created from the outside to the inside of the concrete [39, 45, 182].

The sulfate-induced damaged concrete section can thus be divided into three layers

from the exposure surface to the core. The total thickness of the degraded layers

is called the sulfate diffusion depth. The rate of diffusion reaction, depth of sulfate

diffusion, and expansion stress due to the generation of the expansive products are

the main important indexes that are used to quantitatively characterize the layered

deterioration zones, which are influenced by both the external sulfate environment

and concrete composition (e.g., concentration [183, 184], temperature [128, 185],

dry-wet cycle and soaking [186], content of C3A [7, 187]). According to the exper-

imental results, a regression analysis is made and an empirical model (Eq. 15) is

proposed for the prediction of diffusion depth [188]:

X =
4.2

5
· CC3A

8
·

(cMg2+ + cSO2−
4

)

0.19
· t (15)

where X is the diffusion depth (cm); CC3A is the content of C3A in cement (%);

cMg2+ or cSO2−
4

is the concentration of the aggressive solution (mol/l) and t is the

time (year).
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Atkinson’s model (Eq. 15) is modified [189] by introducing the diffusion coefficient

D as follows:

X = 1.86× 106CC3A(cMg2+ + cSO2−
4

)D · t (16)

where D represents the initial diffusion coefficient of the sulfates in the concrete.

However, the diffusion coefficient is considered to be a constant, 3.4×10−11 m2/s,

neglecting the fact that the pores of concrete would be gradually blocked by the

reaction products. Moreover, this model has not been experimentally verified and

needs further confirmation.

Afterwards, this deficiency of the constant diffusion coefficient is modified. A pre-

diction model of diffusion depth depending on experimental analysis of the concrete

with different C3A content (9-13%) in the cements in different sodium sulfate solu-

tions is proposed [6]:

X = [0.11 c0.45
SO2−

4
] · [0.143 t0.33] · [0.204 e0.145 CC3A ] (17)

where t is the time of immersion (days) and CC3A is the C3A content in the cement

(%). The linear relationships among the diffusion depth, time and concentration of

the external solution are modified. However, the effect of the diffusion coefficient on

the rate of diffusion is not revealed, and the relationships between diffusion depth

and diffusion reaction is not taken into account.

Based on Fick’s first law, the prediction of the diffusion depth by theoretical deriva-

tion is proposed [190] as follows:

X =

√
2D0cSO2−

4
t

a
(18)

where D0 is the initial diffusion coefficient of the sulfates in the concrete; cSO2−
4

is

the concentration of the sulfates on the concrete surface; t is the degradation time;

and a is the capacity of the concrete to adsorb sulfates. However, this model has

never been experimentally verified directly yet.

Considering the diffusion reaction, a similar model is derived [191] as follows:
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X =

√
2D0cSO2−

4
t

CC3A

(19)

A chemical-diffusion model for sulfate diffusion depth considering the chemical equi-

librium reaction, the distribution of the sulfate ions and the time-varying diffusion

coefficient is proposed [192] with a time-varying diffusion coefficient empirical equa-

tion:

X =

√
2De(cSO2−

4
− c0

SO2−
4

) · q

CC3A

·
√
t (20)

De = D0(
1

t
)m (21)

where cSO2−
4

is the concentration of the sulfates on the concrete surface; c0
SO2−

4

is

the initial concentration of the sulfates in the concrete; and m is the attenuation

coefficient of the diffusivity with time, related to the water/cement ratio of concrete.

1.4.1.3 Modeling for ESA-induced expansion

A volumetric expansion model is proposed [9] based on the concept of excluded

volume, and the amount of expansion is assumed to be proportional to the difference

between the net solid volume produced and the original capillary porosity. An

expansion factor V (Eq. 22) is proposed to describe the potential for expansion when

the volume of solid products is greater than that of the solid reactants (V > 0).

However this expansion depends on the capacity of the cement pore structure to

accommodate the ettringite and the ability of concrete to resist expansive stresses

as well.

V =
solid product volume− solid reactant volume

solid reactant volume
(22)

Following this model, a finite-element modeling approach is proposed to create a

predictive model [63]. The volumetric change is caused by the reaction of sulfate

ions and the various phases of the mortar, which induces stresses throughout the

specimen. The stress is also calculated in an elastic theory (Eq. 23). The swelling

theory induced by ettringite formation is adopted in this model.
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σi = Cij(εj − ε0j) (23)

where Cij is the elastic tensor; εj is the strain and ε0j is the assumed intrinsic strain,

which is not induced by the expansive products.

On the other hand, an empirical model of the expansion based on a long-term

experiment is developed [46]. 114 concrete cylinders cast from 51 different mixtures

are immersed in a 2.1% sodium sulfate solution at room temperature. A model to

predict the concrete expansion due to a sulfate attack as a function of the cement

(C3A content) and the characteristics of the mixture (w/c) is proposed. However,

only considering the content of C3A and w/c in the model is not comprehensive

enough.

Moreover, a simplified methodology is proposed to evaluate the external sulfate

attack in concrete structures [193]. Only the monosulfate is considered as the hy-

drated aluminates in this model. Sulfate and aluminate concentrations are computed

through a diffusion-reaction model based on Fick’s second law. It is assumed that

the expansions are caused by the volume increase, and the porosity percentage is

estimated referring to [194].

Furthermore, a series of chemo-transport-mechanical models are developed to pre-

dict the behavior of cementitious materials under external sulfate attacks with con-

trolled test conditions [194, 195, 196, 197, 198, 199, 200]. A full chemical-diffusive-

mechanical model for the expansion is proposed based on the molar volumes of the

different components of the cement paste and its microstructural parameters (de-

gree of hydration, capillary porosity) [194]. It is assumed that no expansion occurs

until the capillary pores are totally filled with ettringite. Hence, ettringite will fill

the capillary pores first, and then the additional ettringite leads to the expansion.

The model is developed with a continuum damage mechanics approach to evaluate

structural damage. The diffusivity is modified with increasing damage. Based on

the rule-mixtures, three components (C3A,C4AH13, and C4AS̄H12) are considered

in the modeling of damage in cement-based materials under external sulfate attack

[201]. A first-order reaction is established if only the sulfate ions are considered:

∂U

∂T
= D

∂2U

∂X2
−KU (24)

where U is the sulfate concentration; D is the diffusion constant; and K is the rate

of takeup of sulfates.
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In addition, a second-order rate reaction is built depending on the depletion of

calcium aluminates (C3A) (Eq. 25) and the takeup of sulfate ions. In Eq. 26, the

diffusion of calcium aluminate (C3A) is not taken into account due to its immobiliza-

tion. With the accumulated volumetric change and the assumption of the fraction

of porosity being filled, the volumetric bulk strain is obtained. The main chemical

reactions occurring between the C3A,C4AH13, and C4AS̄H12 and the sulfate ions

are well expressed in this model, and the diffusion of the ions is coupled. However,

the effect of the porosity change on the diffusion coefficient is not considered in this

approach.

CA+ qS̄ → C6AS̄3H32 (25)

∂U

∂T
= D

∂2U

∂X2
− kUC (26)

∂C

∂T
= −kUC

q
(27)

where CA represents C3A,C4AH13, and C4AS̄H12; q corresponds to CA; U is the

molar concentration of sulfate, and C is the molar concentration of calcium alumi-

nate.

In most of the models, the cement-based materials are treated as homogeneous,

which does not correspond to reality. Following the same idea in [202], the con-

crete is described as a two-phase material, with: the homogenized skeleton phase,

including cement paste and aggregates, and the expansive phase of the products of

the reaction. A fully coupled chemo-transfer-mechanical model is proposed [195].

The poroelasticity approach is adopted and used to describe concrete microcrack-

ing. The sulfate and calcium species are supposed to completely control the chemical

system. Based on coupled models proposed in [194, 203], the sulfate molar concen-

tration and the amount of formed ettringite and gypsum from a diffusive-reaction

equation is calculated. The crystallization pressure generated from the interaction

between growing AFm crystals and the surrounding C-S-H matrix is introduced in

the model, and is supposed to generate the observed macroscopic swelling. In addi-

tion, a damage variable d is introduced into the mechanical model at macroscopic

scale to simulate the cracking. The mechanical and diffusive properties are related

to the degradation by application of the Mori-Tanaka (MT) scheme. This model

well simulates the principal reactions occurring during the degradation processes

in a simplified method, and the crystallization pressure adopted well explains the

mechanism of the expansion. However, only considering the calcium and sulfate
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concentrations in the model remains a limitation.

Moreover, a numerical methodology is proposed to simulate the cementitious ma-

terials’ degradation under external sulfate attack, with considering the diffusion of

the ions in and out of the structure, the chemical reactions, and the mechanical

damage accumulation [198]. Some of the main hydration products are considered

in the model: calcium silicate hydrate (C-S-H), calcium hydroxide or Portlandite

(CH), ettringite (C6AS̄3H32), calcium monosulfoaluminate (C4AS̄H12), hydrogarnet

(C3AH6), and tetracalcium aluminate hydrate (C4AH13). These products may react

with the sulfate ions and cause a volume change. The volumetric strain is calculated

by the total volume change after the chemical reactions. The chemical reactions

are modeled using the chemical equilibrium relationship, and the damages brought

by the chemical reactions are also included in the model. The diffusion model is

governed by Fick’s second law [178] with a consideration of the chemical activity

gradient. Due to the needle-shape structure of ettringite, it is assumed that not all

the capillary pores are filled before the strain starts to develop. Thus, a parameter

b, representing the fraction of porosity that is filled by ettringite is introduced in

the model. Additionally, a tensile damage model is introduced in the model, consid-

ering the cracks. The advantage of this model is that the mechanical and diffusion

properties are modified with the accumulated damage.

A coupled chemo-transport-mechanical model is proposed by Bary et al. in [204].

Firstly, the degradation of the cement paste and mortars is simulated by considering

the decalcification of the hydrated phases, such as the leaching process, and the

migration of sulfate ions. Then, the poroelasticity theory is adopted to simulate

the macroscopic mechanical behavior of cement paste subjected to ESA, and the

crystallization pressure is supposed to be the driving force for ettringite formation.

The advantage of this model is that it focuses on the simulated microstructure

of cement paste and mortars used to estimate the effective elastic and diffusive

properties, as shown in Fig. 1.30. However, the elastic theory adopted in this model

should be modified as the specimen is no longer in the elastic range when the cracks

occur.

Finally, a comprehensive numerical model is proposed in [205] to evaluate the degra-

dation of the cement-based materials under calcium leaching and external sulfate

attack. Three main modules are adopted in the model: the ionic diffusion module,

the chemical reaction module, and the damage quantification module. The diffusion

of multiple ions is modeled based on the Poisson-Nernst-Planck model. The chemo-
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Figure 1.30 – 2D representation of the cement paste microstructure (a) and mortar

microstructure (b) used to estimate the effective elastic and diffusive properties [204].

transport of the main species involved and the relevant reaction products formed

are calculated and used to quantify the mechanical consequences of the degradation

processes.

1.4.2 DEF

1.4.2.1 Modeling for thermodynamics

Flatt et al. propose a thermodynamic approach to evaluate the supersaturation

which may result in ettringite formation and crystallization pressures [169]. The

crystallization pressure which stops the crystal growth in a supersaturated solution

can be estimated by Eq. 28 [22]:

σC =
RT

VC
ln(

Q

K
) (28)

where R is the gas constant, T is the absolute temperature, VC is the molar volume

of the crystal, Q
K

is the supersaturation, Q is the ion activity product and K is the

equilibrium constant.

The average hydrostatic tensile stress, σθ, is the one relevant to damage criterion,

as shown in Eq. 29:
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σθ = σCg(φC) (29)

where g(φC) is a parameter as a function of φC (volume fraction of crystals exerting

pressure in the sample) depending on pore shape. For a crystal in a cylindrical pore,

g(φC) is given by:

g(φC) =
2

3
(

φC
1− φC

) (30)

and for a crystal in a spherical pore, it is given by:

g(φC) =
φC

1− φC
(31)

Furthermore, the crystallization pressure is estimated considering that the ettringite

is at equilibrium with gypsum and monosulfate as follows:

σC =
RT

VC
ln(

KmonosulfateK
2
gypsum

Kettringite

a16
H2O) (32)

Figure 1.31 – Evolution of the estimated tensile stress as a function of temperature

[169]

The evolution of the estimated tensile stress as a function of the temperature for two

cases of ettringite content and pores shape is shown in Fig. 1.31. This approach well

estimated the tensile stress induced by crystallization pressure of the tested samples.
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However, the mechanical properties (such as sample strength) are not considered

and the evolution of the whole expansion of the specimen is not simulated by this

approach.

1.4.2.2 Modeling for evaluation of expansion magnitude

In [134], Brunetaud proposes a macroscopic model to estimate the DEF induced

expansion. In order to simulate the sigmoid form of the expansion curve, five pa-

rameters (ε∞, τc, τl, ϕ, δ) are adopted to fit the expansion curves, which are on the

conditions that: ϕ ≥ 0 and ϕ ≤ δ to avoid negative expansions.

εχ = ε∞
1− exp(− t

τc
)

1 + exp(− t
τc

+ τl
τc

)
(1− ϕ

δ + t
) (33)

where ε∞ is the potential of expansion; τc is the characteristic time; τl is the latency

time; ϕ and δ are correction coefficients taking into account a linear evolution of

the last phase of swelling. A particular case of this equation taking ϕ = mnτc and

δ = nτl, with m depending on water to cement ratio W/C equal to 0.0065 and n

damping coefficient equal to 3.

Further, a relationship between the magnitude of expansion to the early-age thermal

history was established, see Eq. 34 [92]. This model is based on the semi-empirical

relationship which assumes that ettringite is no longer observed above a threshold

temperature T0. The expansion is predicted to increase with the temperature and

heating duration. However, this model overestimates the expansion for the case with

high temperatures and short durations, and it does not take into account a possible

pessimum effect.

ε∞ = αi ·
∫ tm

0

0 if T (t) < T0

exp(−Ea

R
· 1
T (t)−T0 ) else

· dt (34)

where αi is a constant depending on the mix-design and chemical characteristics; Ea

is the activation energy; T0 is the temperature threshold above which it contributes

to DEF expansions; tm is the mature time of concrete.

Therefore, a modified model (Eq. 35) for the potential expansion ε∞ is proposed by

[144] to decrease the impact of the temperature with the exposure duration based
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on the Eq. 34. The time-dependent parameter α(t) is adopted to reduce the effect

of the temperature and heating durations, which corrects the overestimation that

occurred in the aforementioned model. It decreases with the exposure duration,

which is explained by the drop of ability of CSH to trap the sulfates. The predicted

expansion shows a good consistency with the experimental results, see Fig. 1.32.

This figure shows the expansion of concrete cylinders with size of 11 cm in diameter

and 22 cm in height preheated with different maximum temperatures (70, 80 and

85 ◦C) and different durations (1, 3 and 5 days).

ε∞ =

∫ tm

0

α(t) ·

0 if T (t) < T0

exp(−Ea

R
· 1
T (t)−T0 ) else

· dt (35)

with

α(t) = λ · β · texp(t)β−1; λ > 0; β ∈ [0, 1] (36)

texp(t) =

∫ t

0

0 if T (u) < T0

1 else
· du (37)

where λ, β are the material characteristic parameters, texp is the exposure time.

Figure 1.32 – Comparison between the predicted and the experimental results [144].

1.4.2.3 Modeling for mechanical calculations

A physicochemical model is proposed to link the characteristics of the concrete and

the environmental conditions (temperature, moisture and leaching opportunity) for

DEF [120]. The thermodynamic equilibrium of ettringite, monosulphoaluminate

and portlandite, the sorption of ions into C-S-H and the mass balance equations

82



are considered in the model. The equilibrium of ettringite is dependent on the

equilibrium conditions of monosulphoaluminate (AFm) and portlandite (CH), and

the binding of ions into C-S-H as well. The binding and releasing of SO2−
4 ,Na+ and

Al(OH)+
4 in the C-S-H are also considered in the model. The Ca2+ was calculated

by electroneutrality balance. The effect of the hydration temperature is reflected on

a coefficient Id, which is expressed as follows:

Id =

∫ t

0

(AT
R
− 1)+ δα

δt
dt (38)

with AT
R

the Arrhenius activation law:

AT
R

= exp(−EAR
R

(
1

T
− 1

T0

)) (39)

where EAR is the thermal activation energy for the hydration process [206].

This index, Id, well expresses the pessimum effect of temperature. For example,

if T = T0 during hydration, Id = 0. The higher the temperature during hydra-

tion, the higher the Id, and more available aluminium can be bound in C-S-H. The

swelling of the concrete is explained by the Oswald ripening phenomenon based on

thermodynamic concepts [169], which assesses the homogenous pressure occurring

in cement paste [119]. The amount of ettringite formed could be predicted by this

model, which is converted into the volume, in order to integrate the deformation

due to DEF. This model is validated on experimental results [93], as shown in Fig.

1.33.

Figure 1.33 – Comparison between the predicted and experimental results [207].
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A latest chemical-mechanical model is proposed in [208] to simulate the expansion

due to DEF. According to the mass balance, the initial content of primary AFt (E1),

primary AFm (M1), hydrogarnet, delayed AFt (E2), the sulfates and aluminates ad-

sorbed on C-S-H can be determined from the composition of cement materials. Three

main processes: dissolution of primary sulfoaluminates, fixation of aluminates in hy-

drogarnet or carboaluminates, and the formation of delayed ettringite are considered

in the model. The kinetics of these three processes are determined respectively by

three characterization time: τd, τf , τp, which depend on temperature, moisture and

chemical conditions. Then, the evolution of chemical species from studies in [93] is

predicted, see Fig. 1.34 (a). With the output of the content of delayed AFt, the

variation of the volume of ettringite φDEF could be predicted as (see Fig. 1.34 (b)):

δφDEF
δt

= VAFt
δE2

δt
− VAFm

δM1

δt
(40)

where VAFt and VAFm are the molar volume of AFt and AFm.

Figure 1.34 – Evolution of chemical species at the center of the specimen (a), and

corresponding effective volume of DEF at 100 days (b) [208].

Then, the stress and strain is predicted through a nonlinear mechanical model [209],

see Fig. 1.35. With considering the effect of temperature threshold and chemi-

cal conditions, this model provides a comprehensive evolution of chemical species,

volume of ettringite and corresponding strain-stress state.
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Figure 1.35 – Simulation of stress state during swelling [208].

1.5 Conclusions

Due to the different source of sulfate ions, the external sulfate attack (ESA) and the

delayed ettringite formation (DEF) have been studied separately in the literature.

The studies have been conducted on the aspects of chemical reactions, ettringite

formation, the expansion mechanisms, the analysis of the affecting factors, and

modeling simulation. However, a great amount of common between ESA and DEF

have been summarized from the separate studies. The comparisons of ESA and

DEF are summarized in Table 1.5.

Firstly, the most common degradation observations of cement-based materials sub-

jected to ESA and DEF are expansion and cracking. In both situations, the expan-

sion is attributed to the formation of ettringite, though the gypsum is considered

as the reason for the ESA expansion by some authors. However, this hypothesis

was invalidated by the observation of gypsum precipitation after the cracks occur

[36, 40]. Several hypotheses were proposed to explain the expansion resulting from

ettringite formation, including the volume increase theory, colloidal dimension the-

ory, topochemical reaction theory, and crystallization pressure theory. The last one,

crystallization pressure, is more recent and popular to explain the expansion. The

expansion is assumed to be due to crystallization pressure resulting from the in-

teraction between the ettringite and the surrounding matrix of the cement paste

[11, 166]. A confined space for crystal growth, and a solubility product ratio greater

than 1.0 are required for the production of crystallization pressure.

After summarizing the study on the impact of the material mix, it is concluded that
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the high content of C3A and C3S contributes to ettringite formation for both ESA

and DEF [7, 68], which provide more calcium and aluminium source for ettringite.

As a source of SO2−
4 ions, the SO3 content of the material affects the degradation

degree submitted to DEF. There would be no expansion if (SO3)2/Al2O3 were less

than 2, and this relationship depends on the different test conditions and cement

[91]. The water to cement ratio has the same effect on ESA and DEF. On the

one hand, a higher w/c ratio leads to a higher porosity and results in a higher

permeability, which leads to a faster SO2−
4 ions transport from the exterior solution

for ESA. On the other hand, the higher porosity provides more space for ettringite

accommodation, which is good for sulfate-resistance.

The temperature has a different effect on ESA and DEF. For ESA, the main ef-

fect of temperature is on the solubility of sulfate solutions, which affects the source

of SO2−
4 for ettringite formation. It was found [39] that an increased temperature

contributes to the decrease of the initial latent period for sulfate attacks, and has

little effect on the accelerated period, while the increase in temperature leads to

an increase of the rate of expansion of the mortars. For DEF, the temperature is

more important. It is believed that (pre)heating at a temperature above about 65
◦C causes the primary ettringite to become thermodynamically unstable and to de-

compose to hydrated calcium monosulphoaluminate, releasing sulfates to the pore

solution. A great amount of experimental studies have shown that the increasing

curing temperature leads to an increase of the DEF expansion, as well as the heating

durations. However, a pessimum effect exists: for a given heat treatment tempera-

ture and above a certain threshold duration, the magnitude of expansion decreases

with the heating durations.

Though both sulfate attacks result in the formation of ettringite, the source of

the sulfate ions, the time of their availability to reaction and the position where

ettringite forms are different. In the case of ESA, the sulfate ions must penetrate

into the concrete to initiate the reaction. Any expansion caused by the penetration

of these sulfates can cause cracking, which in turn accelerates the penetration of

more sulfate ions. The rate of the external sulfate attack, namely the kinetic of

ettringite formation, depends on the exposure solutions. On the other hand, in the

case of DEF, the sulfate ions exist inside the cement-based material from the time

of mixing. As the chemical reaction proceeds, the amount of sulfate ions decreases,

which contributes to a decreasing rate of internal attack with time. However, the

kinetic of the ettringite formation depends on the concentration of sulfate ions in

the pore solution.
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The ettringite formation when cementitious materials are exposed to sodium sulfate

solution is found [11, 39] to occur in the large pores, and then penetrate into small

pores. This process occurs in the capillary pores and is driven by the crystallization

pressure, which is determined by the supersaturation index of expansive product in

pore solution. For DEF, the high temperature decomposes the primary ettringite

to hydrated calcium monosulphoaluminate, releasing sulfates to the pore solution.

These available sulfate ions are trapped by physical adsorption on the surface of the

calcium silicate hydrates (C-S-H gel) [95, 96]. In the following storage in cool water,

the C-S-H releases the trapped sulfates, making them available to the pore solution

again. The results of the X-ray microanalysis by Lewis et al. [100, 210] suggest that

part of sulfate and aluminate ions may be desorbed by C-S-H after exposure to the

ambient temperature. The sulfate content in the C-S-H gel decreases together with

ettringite crystallization. Based on these observations, the ettringite is postulated

[100] to initially form in C-S-H gel and then in cracks and voids, and ettringite

crystallization in the C-S-H gel might be the reason for uniform expansion of the

paste. This idea is further confirmed by Yang [138]. The presence of ettringite is

detected by SEM X-ray microanalyses of the outer C-S-H gel [91] in a mortar directly

after curing at 90 ◦C and after subsequent wet storage. Therefore, it is postulated

that the ettringite forms in the gel pores. However, these conclusions are based

only on the energy X-ray analysis and have to be confirmed by other investigation

methods. In this study, the ettringite formation in gel pores in the case of DEF will

be further studied by analyzing the pore size distribution change.

For the modeling, a great amount of models including chemical equations, diffu-

sions, mass balance and mechanical properties are presented above. However, these

models do not take into account the porous properties of the material, which is an

important factor for crystallization. In addition, only the elastic theory is adopted

in the models mentioned above, which does not correspond to reality as cracks are

obviously observed in cementitious materials exposed to sulfate attacks. Therefore,

in this PhD thesis, a poromechanical model is proposed, which is suitable to couple

with elastic method, plastic method, damage theory and so on.

In this dissertation, a study of cement paste subjected to ESA, DEF and coupling

effect of the two reactions will be presented. This study intends to characterize the

pore size distribution via mercury intrusion porosimetry (MIP) and dynamic vapor

sorption (DVS). By comparing the change of pore size distribution, the position of

ettringite formation in capillary or gel pores will be confirmed, and a damage mech-

anism will be suggested. Then a uniform poromechanical model will be proposed
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for both ESA and DEF, disregarding the difference.
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2 Experimental programs

2.1 Introduction

As stated in the chapter 1, a great number of studies have focused on ESA or DEF

separately. However, there are common features between ESA and DEF, including

the macroscopic material effects (expansion and cracking), the mechanisms of ex-

pansion (volume increase theory, colloidal dimension theory, topochemical reaction

theory and the crystallization pressure theory), and the impact of the material mix

(content of C3A,C3S and W/C amongst others). According to the literature, the dif-

ferences correspond to the source of SO2−
4 and the size of the pores where ettringite

forms mainly (see section 1.5). For ESA, SO2−
4 ions penetrate from the aggressive

outer solution and ettringite forms in the capillary pores [11, 39]. Whether gyp-

sum formation is also a cause of the expansion has been a debated question. In

some experimental studies, gypsum is observed in the microcrack spaces and aggre-

gate/paste interfaces in the most degraded zones of the material, which provides

the most suitable sites for the precipitation [45]. However, it is pointed out that

gypsum forms after the cracks appear [11]. What’s more, the sulfate concentration

in seawater is actually low (0.2 - 30 mmol/L), which is hardly enough to stabilize

the gypsum. Therefore, ettringite is believed to be the only cause for the expansion.

For DEF, SO2−
4 ions are provided by the material mix, mainly from the cement. A

high temperature (generally experienced at an early age due to a precast process or

to the heat of hydration in a massive cast-in-place concrete part) decomposes the

primary ettringite into hydrated calcium monosulphoaluminate, releasing sulfates

to the pore solution [90]. Part of these available sulfate ions are trapped by physical

adsorption on the surface of the calcium silicate hydrate (C-S-H gel) [95, 96]. Lewis

et al. [100, 210] suggest that part of both sulfate and aluminate ions may be ad-

sorbed by C-S-H after exposing to the ambient temperature. The sulfate content in

the C-S-H gel decreases with ettringite crystallization progress, and thus the ettrin-

gite is postulated to initially occur in C-S-H gel pores and then in cracks and voids

[210]. In addition, it is also pointed out that ettringite crystallization in C-S-H gel

pores might be the reason explaining the uniform expansion of the paste.

In the present study, the ettringite formation in different cases will be further con-

firmed by analyzing the pore size distribution change during the degradation pro-

cesses. With this goal, experiments were designed to figure out the pore location

where ettringite forms via an analysis of the pore size distribution and the total
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porosity in different cases. Furthermore, a similar experimental study method for

ESA and DEF is performed to study the coupling effect of ESA and DEF. DEF

occurs in mass concrete. When mass concrete is fully buried in groundwater, which

contains different types and quantities of sulfate ions, the penetrating sulfates react

with aluminate hydrates to produce ettringite which results in expansion, cracking

and spalling. Even though the occurrence of coupling between ESA and DEF ap-

pears to be realistic, few studies have been conducted concerning this phenomenon.

The coupling effect of ESA and DEF will be denoted as “coupling effect” in the

following pages.

The pore structure of the cement-based material exerts a significant influence on

their physical and mechanical properties. Studying the pore structure is helpful to

understand and interpret the properties of the porous media. Some of the main pore

structure parameters are porosity, pore size distribution, etc. The total porosity is

a measure of the void volume fraction in a material, which can be expressed as a

percentage of the bulk volume of the material (Eq. 41). To understand the char-

acteristic of the microstructure, the pore size distribution has to be studied. There

is no unique method that can adequately cover all scales. In addition, the porosity

may be modified or changed by a variety of processes during the test including de-

formation, hydrothermal alteration and producing fracture porosity [211]. Finally,

the pore shape and connection structure (open and closed) have a significant effect

on the porosity, and this effect depends on the testing approach.

φ =
Vvoid

Vbulk

(41)

The methods to quantify porosity and pore size distribution can be classified into

two categories: direct methods and indirect methods. For the first type, a broad

range of imaging methods are available to describe the nature of the porosity. For

example, using backscattered electron (BSE) images allows to obtain information

about the surface topography of the sample and the composition of C-S-H with

different grey levels depending on their composition [119]. Similar techniques are

scanning electron microscope (SEM) and transmission electron microscopy (TEM),

which can exhibit the structure of the crystals. Energy dispersive X-ray (EDS) can

be adopted to analyze the elemental composition or chemical characterization of a

sample. Besides the chemical composition, X-ray powder diffraction (XRD) pro-

vides the spatial arrangements of atoms in crystalline phases as well. Meanwhile,

some methods can be employed to indirectly measure porosity, such as saturation
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or imbibition, gas adsorption (DVS belongs to this technique - see below), mercury

intrusion porosimetry (MIP) and so on. However, the different techniques are based

on different principles and have different capability of measurement. Aligizaki sum-

marized various methods used for characterization of pore structure in cement-based

materials and the range of pore sizes where each technique is applicable [212], see

Fig. 2.1. In order to capture the whole range of pore size distribution and to-

tal porosity, the combination of several techniques is indispensable. In the present

study, mercury intrusion porosimetry (MIP), dynamic vapor sorption (DVS) and

water accessible porosity test (WAPT) are combined. The possible pore ranges that

could be investigated by those three techniques are shown in Table. 2.1, based on

the devices used in this thesis. The MIP device provides a pore size range between

3.7 nm - 400 µm [213], and the deduced pore size range from DVS is between 0.2-20

nm. Therefore, the pore size distribution with a range of 0.2 nm to 400 µm could be

obtained by combining the MIP and DVS techniques. Meanwhile, the comparison

of pore volumes at the overlapped pore ranges, which were measured by different

techniques, are made to analyze the advantages and limitations of the techniques.

Figure 2.1 – Methods used to characterize pore structure in cement-based materials,

including the range of pore sizes where they are applicable [212]

Table 2.1 – Techniques with the possible investigated pore range

Techniques DVS MIP WAPT

Pore ranges in diameter 0.2-20 nm 3.7 nm - 400 µm [213] >0.1 µm [214]
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In this dissertation, the main objectives of the tests include:

1. The studies of deterioration phenomena of cement-based materials;

2. The determination of the pore position where ettringite forms during sulfate

attacks in the microstructure;

3. The proposal of a uniform expansion mechanism (crystallization process in porous

cement-based materials) despite the different exposure conditions: ESA, DEF, and

coupling of ESA and DEF.

These goals are accomplished with three different techniques:

1. The measurements of mass and length variations, and the study of the relationship

between these two parameters. In general, an increase of mass and an expansion

are observed when cement-based materials are submitted to sulfate attacks [93, 100,

101]. These variations will be compared and analyzed according to different exposure

conditions in the next chapter.

2. The characterization of the total porosity and pore size distribution. Three

techniques (MIP, DVS, and water accessible porosity tests (WAPT)) are performed

to capture the changes in pore size distribution and the total porosity before and

after the sulfate attacks. Through an analysis of the measured pore size distribution,

the position where ettringite forms could be detected. Meanwhile, the pore size

distribution gradients in the specimens are analyzed for different exposure conditions

as well.

3. Heat-based dissolution tests. During the degradation processes, some pores are

filled by reaction products such as ettringite. Thus, the creation of new pores or

the filling of existing ones might be hidden if reaction products are present in the

corresponding spaces. The idea that the pore size changes are caused by ettringite

formation after sulfate attacks will be confirmed by heat-based dissolution tests.

Due to the unstable characteristics of ettringite at high temperature (above 65 ◦C

[90]), the ettringite formed in degraded samples after the sulfate attacks will be

heated and “washed” out, which results in the reversion of pore size distribution to

the initial state in a certain pore range and further confirms the ettringite formation.

In the present chapter, the specimens design, the materials used, the experimental

techniques adopted (MIP, DVS, and WAPT) and the heat-based dissolution tests

will be presented in details. The experimental results and the corresponding discus-

sions will be presented in the next chapter.
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2.2 Specimens design

Six sets of small cement paste prisms (2 × 2 × 12 cm3) and one set of big cement

paste prisms (11 × 11 × 22 cm3) were fabricated with CEM I [215], with a water

cement ratio of 0.55, as shown in Table 2.2. Five sets of small cement paste prisms

(2 × 2 × 12 cm3) and one set of big cement paste prisms (11 × 11 × 22 cm3) were

fabricated with CEM III [215]. The small prisms were designed to accelerate the

process of sulfate attacks. They were subjected to three different sulfate attack

conditions (ESA, DEF and coupling effect of both reactions) and were tested at two

states, initial and final state, see Fig. 2.2. The initial state is defined as the moment

after the 28 days curing, right before exposing the specimens to their respective aging

conditions. The final state is the time when the specimens are seriously degraded

with an expansion of around 1% for ESA and the coupling effect of ESA and DEF,

at which moment the material could not resist any more expansion. The final state

for DEF is the plateau phase, which depends on the initial content of the chemical

components amongst others. The small samples are named by:

• type of exposure (ESA, DEF, and Coup for coupled sulfate attack)

• type of cement (I or III)

• state of the specimen (before or after sulfate attack, “Ini” or “Fin”

respectively).

Figure 2.2 – Experimental measurements at different swelling states

The big prism samples (11×11×22 cm3) were designed to be subjected only to DEF.

The specimens were fabricated to characterize the pore size distribution at different

states: the initial state (after the 28-day curing), the latent period, the accelerated

period and the final plateau period. These four states are pointed out in Fig. 2.2
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Table 2.2 – Samples design

and MIP tests were conducted to capture the evolution of pore size distribution

during DEF at different depths. However, the specimen, which was designed to be

measured at accelerated period, turned out to be at the plateau period. It means

that two final specimens: DEF-I-Fin1 and DEF-I-Fin2 were obtained in the end.

The specimens DEF-I-Fin1 and DEF-I-Fin2 were fabricated at Ifsttar 1-year before

the other two big specimens. These specimens were cast with the same cement

mix and curing conditions. In addition, specimen DEF-I-Fin1 was selected for the

heat-based dissolution test, the details of which are shown in the last part of this

chapter.

2.3 Materials and casting

A cement CEM I 52.5 R CE CP2 NF. and a cement CEM III/A-LH CE PM ES

CP1 NF. were used. The composition of the cement materials is shown in Table 2.3

and 2.4. The content of both cements used in the samples were calculated as:
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Vcement paste = Vcement + Vwater = C/dC +W/C ∗ C (42)

where C is the mass content of cement, W/C is the water to cement ratio (0.55 in

this study), and dC is the density of cement.

Table 2.3 – Composition of the cement materials (CEM I composition measured at

Ifsttar, CEM III provided by manufacturer)

Components% CEM I CEM III

CaO 62.79 49.46

SiO2 20.38 29.58

Al2O3 4.30 8.93

TiO2 0.24 0.60

Fe2O3 3.80 1.51

MgO 1.25 4.57

SO3 3.46 1.46

S Traces 0.58

K2O 0.73 0.62

Na2O 0.35 0.48

Cl 0.04 0.20

MnO 0.05 0.20

LOI (Loss on ignition) 2.04 1.12

Insoluble 0.54 0.60

Free lime 1.39 0

Table 2.4 – Composition of the cement I calculated by Bogue method based on

information in Table 2.3 [93]

Components Mass content from Bogue method %

C3S 41.45

C2S 27.15

C3A 4.97

C4AF 11.54

CSH2 7.44

The content of Na2Oeq was increased by adding KOH in the mixing water in addition

to the alkalis brought by the cements. The quantity of K2O needed in the mixing

water was calculated from Eq. 43. Based on an alkali cement content of 0.83%

96



weight in cement I (see Table 2.3), KOH was added in the mix to reach a Na2Oeq

content of about 1% (precise calculation with a 0.83% Na2Oeq content provides

1.065% weight cement with the KOH addition given in Table. 2.5). For cement

III, KOH was added to the mix to obtain a total content of Na2Oeq of about 1%,

based on the K2O content of 0.62% and Na2O content of 0.48% in mass according to

manufacturer data. The KOH was dissolved in mixing water one day before casting

to avoid the heating of the solution due to the exothermic dissolution. As previously

noted, the water to cement ratio w/c of 0.55 was adopted for all specimens, based

on preliminary tests conducted at Ifsttar prior to the beginning of this Ph.D. thesis.

Na2Oeq% = Na2O% + 0.658 K2O% (43)

Table 2.5 – Materials mixes

CEM I CEM III Unit

Cement 1.154 1.154 Kg/L

Water 0.635 0.635 L/L

KOH 4.912 2.79 g/L

Wooden formworks were used for small specimens, whereas stainless steel formworks

were used for the big ones. Each formwork corresponded to 3 prisms, the inner faces

of which were oiled before the casting to allow easy demolding operations. However,

this was proved not working when demolding the big prisms with CEM III in the

first fabrication, then the stainless steel plates of the formwork were wrapped in

plastic foils in a second cast.

2.4 Curing of the specimens

All the specimens were protected during their moist cure with a curing textile on the

top surfaces after casting to prevent excessive leaching. For the specimens dedicated

to the ESA tests, an ambient temperature (around 20 ◦C) curing in water (to keep

the same moist environment as DEF) was applied. Tanks were prepared with tap

water for the moist cure of specimens dedicated to ESA, with water to solid ratio

(volume of stored water / volume of specimens) of around 26. For the specimens

dedicated to the DEF and the coupled effect tests, a heat treatment (Fig. 2.3) was

applied in a tank containing water (see Fig. 2.4), with the temperature controlled by
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the heating device and following the same preheating procedure adopted in [93]. The

total duration of the heating process was 1 week. After casting, the formwork with

the specimens was set aside for 2h (pre-curing time), and then the heat treatment

started. The first step was to increase the temperature to 81 ◦C after 24 hours

with a maximum rate of about 10 ◦C/h. Then, a constant temperature of 81 ◦C

followed and was kept for 72 h. The heat treatment was completed by a cooling

phase. The cooling rate was fixed at -1 ◦C/h to avoid a cracking of the bulk induced

by a thermal effect. In the end, the heating was stopped at 25 ◦C. The objective

of this temperature profile was to be representative of the curing conditions in the

core of a massive structure.

Figure 2.3 – Heating treatment for the samples subjected to DEF and the coupling

effect

Figure 2.4 – The bath with a heating device used in the experiments [93]

All the prisms were demolded after 1 week and were equipped with stainless steel

pins. The details will be shown in section 2.5.2. Then, the large prisms were kept

under aluminium sealing until 28 days. It followed a usual procedure adopted at

IFSTTAR [93] to keep the moisture in the specimens and limit the effect of leaching.
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However, the small prisms were stored in tap water with water to solid ratio (volume

of stored water / volume of specimens) of around 26 until the end of the curing period

(28 days) due to a high probability of losing moisture in small-size specimens. Fig.

2.5 and 2.6 summarize the temperature and moisture history of all the specimens.

Figure 2.5 – Curing and storage conditions for DEF and Coup specimens

Figure 2.6 – Curing and storage conditions for ESA specimens
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2.5 Length and mass measurements

2.5.1 Specimens storage

After the curing, the samples dedicated to DEF were stored in tap water, while

the others were stored in a Na2SO4 solution with a sulfate concentration of 10 g/l.

According to previous studies (see Table 2.6), this content seems to be an optimum

concentration in triggering ESA.

Table 2.6 – Exposure conditions found in the study of ESA

References Na2SO4 g/L pH

[65] 3-10 and 30 7

[216] 6 and 34 7

[217] 30 7

The Na2SO4 solution was changed each week during the first month, and then every

two weeks after in order to ensure a high concentration of sulfates ions during the

ESA. The small specimens were immersed in a tank with two edges placed on the

blocks to guarantee the bottom surface accessible to water or solution, see Fig. 2.7.

Figure 2.7 – Specimens curing in a tank with solution around

2.5.2 Instrumentation of the specimens

All the specimens subjected to sulfate attacks were equipped with stainless steel

pins after demolding (1 week after casting) on faces to ensure the monitoring of

axial dimension after demolding. The pins are designed with a small hole on one

face, which matches with the needle on the reference length bar (Fig. 2.8 (a) on

the right). Only three faces were equipped with stainless steel pins, because the
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fourth face (non-formed face) was non-smooth due to the curing textile (shown in

Fig. 2.8 (b)). However, the big prisms had them on the four surfaces (their bigger

dimensions allowed a better surface preparation to glue the pins). The initial length

of two pins was set as 107 mm for the small samples and 100 mm for the big ones

(shown in Fig. 2.8(c) – two different measurement lengths due to the use of two

different extensometers) along the geometric center axis with the help of the length

reference bar.

Figure 2.8 – Instrumentation of the specimens: (a) Extensometer with its reference

bar; (b) 2× 2× 12 cm3 specimens; (c) 11× 11× 22 cm3 specimens.

For specimens exposed to sulfate attacks, the length and mass measurements were

conducted every two weeks. After demolding and instrumentation with pins, the

original mass of the sample with pins was recorded, which was named massori. Due

to the ingress of water from three exposure conditions and the penetration of sulfate

ions from aggressive solutions for ESA and the coupling effect, the mass increases.

The measurement at time t was recorded as “masst” and the variation was calculated

referring to Eq. 44.

relative mass variation =
masst −massori

massori

(44)

As explained before, the stainless pins were glued to the surfaces of the specimens.

The distance between the two pins increased as expansion occurred. The measure-

ment device used is shown in Fig. 2.8 (a). On the left of the picture, there is an

extensometer with its measurement needles and its sensor showing the value of the

measurement. On the right of the picture, there is a reference length bar with two
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holes on the edges where the needles can be inserted. On the other side, there are

two needles that are used to mark the reference length of pins on the specimens

during the instrumentation process. For each measurement, the needles of the ex-

tensometer are inserted into the small holes on the reference length bar, and the

length displayed on the screen is tared to 0 by pressing the initial setting button.

Then the needles of the extensometer are placed on the holes of the pins fixed on

the specimens. The length change was measured in this way after a 28-day curing,

and the first measured result was named as “length change0”. Each measurement

was performed three times and an average value was recorded. The measurement at

time t was recorded as “length changet”. The lengthori was 107 mm for small prisms

and 100 mm for large ones. Then strain was calculated according to Eq. 45.

strain =
length changet − length change0

lengthori

(45)

2.6 Sample preparation for pore size distribution character-

ization

Figure 2.9 – Samples slicing plan

When the specimens were ready for the characterization of the pore size distribution,

they were wet sawed, sliced, and prepared to be lyophilized. The small specimens

were sliced from the top surface to bottom, and only the two top layers were se-
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lected. With the aim of figuring out the pore size distribution along the depth of

the specimens affected by ettringite formation, the big samples were sliced with a

width of 0.55 cm (shown in Fig. 2.9) from surface to core, and samples were named

as layer 10 to layer 1, respectively. The cutting device used is shown in Fig. 2.10,

and the thickness of the blade used is 0.4 mm. It is a precise cutting and grinding

machine. The sample was fixed with the specimen holder. The position of the spec-

imen holder was adjustable and the coordinate was presented at the screen, which

provided a high precision.

Figure 2.10 – Cutting equipment – Accutom-50

After slicing, the samples were put in a container filled with liquid nitrogen inside

for approximately 5 minutes. At normal pressure, liquid nitrogen boils at -195.8 ◦C,

which freezes the liquid water inside the material without changing the microstruc-

ture of the material [218]. Then, the samples were put in a freeze-dryer (Fig. 2.11)

for 3 days. The lyophilization procedure was used to preserve a solid by withdraw-

ing the water through sublimation under vacuum, after having frozen the product.

By heating up water in a frozen state under very low air pressure conditions (0.07

mbar), the water is directly transformed into steam. The released steam is caught

up in a cooling coil at a temperature of -57 ◦C and removed. This technology allows

keeping the quality of the product unchanged. This is an efficient way of drying

without changing the microstructure of the cement-based material. In this way, all

the water within the material could be removed without having to heat the sample

excessively. When the specimens were totally dried, they were roughly ground and

stored in a desiccator with silica gel at a relative humidity of 3% to keep them dry.
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Figure 2.11 – Freeze-dryer used in the study

2.7 Mercury Intrusion Porosimetry (MIP)

MIP is a simple and fast technique to measure the microstructure of materials. It

is based on the premise that a non-wetting liquid (with contact angle greater than

90 ◦) will only intrude capillaries under pressure. MIP provides a wide range of

information, e.g. the pore size distribution, the total pore volume (or porosity), the

skeletal and apparent density, and the specific surface area of a sample. In this work,

MIP is used to obtain the total porosity and the pore size distribution. The volume

of mercury intruded at each pressure increment determines the pore size distribution

of the material, while the total intruded volume determines the total porosity. A

key assumption in MIP is the pore shape. All the pores are assumed as cylindrical

pore geometry and fully accessible for mercury penetration from the surface of the

specimen. However, in reality, the pores consist of large pores connected by smaller

throats.

P = γ(
1

r1

+
1

r2

) =
2γ cos θ

rp
(46)

The Eq. 46 relates the pressure difference across the curved mercury interface (r1

and r2 describe the curvature of that interface) to the corresponding pore size rp

using the surface tension of mercury γ and the contact angle θ between the solid

and mercury, see Fig. 2.12. For the contact angle θ, it is affected by the structure of
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the solid surface, the age of the specimen, the drying method used for pretreatment,

and the purity of the mercury [219]. In most practical situations, it is a fixed value

irrespective of the specific sample material. In this work, the adopted value is 141.3
◦ (angle adopted for cementitious materials) [220].

Figure 2.12 – Pressure applied on mercury for it to intrude inside a capillary pore

Initially, the sample is evacuated to remove air and residual moisture or other liq-

uids from the pore system. The sample is then filled with mercury as the entire

system is still under reduced pressure (0.1 MPa). Slowly increasing the overall pres-

sure then allows mercury to penetrate the largest pores in the sample or any empty

spaces between sample pieces. At the end of this “low pressure”, the weight of

the penetrometer, filled with mercury and the sample, is determined. The volume

of intruded mercury is measured continuously through changes in the capacitance

between the column of mercury in the capillary stem (capillary tube of known di-

ameter connected to the sample cell) and a coaxial metal sheet surrounding the

stem. Once transferred to the high-pressure system, the sample-cell is surrounded

by a hydraulic fluid and pressures of up to 414 MPa are applied in an isostatic way.

Intrusion pressure values are directly converted into the corresponding pore size by

using the Young-Laplace and Washburn equation (Eq. 46). This is a straightfor-

ward calculation. The porosity is defined as the ratio of the cumulative intruded

volume of mercury to the bulk volume of the samples. By measuring the volume

of mercury that intrudes into the sample material with each pressure change, the

volume of pores in the corresponding size class is known.

However, it also has limitations. For example, it measures the largest entrance to-

wards a pore, but not the actual inner size of a pore (see Fig. 2.13(a)). Obviously, it

can not be used to analyze closed pores as well, since the mercury has no way of en-

tering. Therefore, the results from MIP always show a smaller pore size compared to

other techniques, e.g. Scanning Electron Microscopy (SEM) or optical micrographs.

Furthermore, the hysteresis exists, which is called ink-bottle effect (see Fig. 2.13).

During mercury extrusion (similar to drying process), the partial pressure starts
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Figure 2.13 – The ink-bottle effect in MIP

from the maximum to minimum, which means that mercury is removed from the

narrowest to widest pores. Whereas during mercury intrusion (similar to wetting

process) which starts from lowest partial pressure, mercury enters from the widest

points in the pore cavity. As a result, the material at a given partial pressure retains

more mercury while drying than it does in the wetting. Although MIP has several

limitations, the pore structures determined by this technique have been related to

the factors that control the characterization of materials [221], such as total porosity,

and pore size distribution.

Figure 2.14 – Mercury intrusion porosimetry device

The instrument used in this study is a Micromeritics’ AutoPore IV 9500 series

Porosimeter (see Fig. 2.14), which is capable of exerting maximum pressure up to

414 MPa. The pore size range that could be investigated is between 3.7 nm to 400

µm. For each MIP test, about 1.0 g sample after lyophilization was selected. The

low-pressure intrusion was performed first, followed by a high-pressure intrusion. A
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typical pore size distribution obtained from this test is shown in Fig. 2.15, which

illustrates the dV/dlogD pore volume (mL/g) on y axis and pore size diameter (nm)

on x axis. This curve shows that the main porosity ranges between 3.7 nm to 100 nm

with a peak around 90 nm, which means that pores around 90 nm are the majority

of the total porosity. In this way, the characteristics of the pores in the materials

could be captured.

Figure 2.15 – Example of pore size distribution obtained from MIP

Figure 2.16 – Repeated MIP tests on cement pastes [222].

The MIP technique is precise and reproducible. It showed a relative variability of

porosity measurements at 2% on two sets of samples (each conducts three times) [32].

The maximum relative difference between the highest and lowest total porosity for

a given cement paste was 4% with an average standard error of 0.6% in [222], based

on the measurement of 30 sets of specimens. The measured pore size distribution

curves show a good consistency as well, see Fig. 2.16
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2.8 Dynamic Vapor Sorption (DVS)

The water sorption isotherms show the equilibrium amount of vapor sorbed as a

function of steady state relative humidity (RH) at a constant temperature. There

are various methods that can be used to assess the water vapor sorption isotherms,

such as the flow division method that mixes the dry and saturated air, the method

with altering temperature or pressure or both, the volumetric method in a vacuum

system with changing vapor pressure, and gravimetric methods [223].

DVS is a relatively new technique for water vapor sorption analysis in the field of

cementitious materials. The equipment is placed in an incubator (see Fig. 2.17),

allowing the temperature to be kept constant. The required RH is created by varying

the water vapor concentration surrounding the sample. Each flow is controlled by

thermal conductivity mass flow controllers. The relative humidity of the mixed gas

flow can vary between 0 and 98%. The other main component of the DVS system is

the microbalance, which continuously weighs the mass of the sample as a function

of time. The test is accomplished by exposing the samples to a series of incremental

changes in relative humidity (as shown in Fig. 2.18) and monitoring the mass change

as a function of time. Isotherms are divided into two components: desorption for

decreasing relative humidity steps and adsorption for increasing relative humidity

steps. The sample mass must be allowed to reach gravimetric equilibrium at each

step change in relative humidity before progressing to the next humidity level. The

generated partial pressure (P/P0) is within ± 1.5 % P/P0 of the set point.

Figure 2.17 – The DVS equipment

The samples were firstly ground to obtain particle diameters between 1 and 1.25

108



Figure 2.18 – The relative humidity changes method used in the DVS

mm. For each test, 80 to 100 mg materials were chosen. This amount is suffi-

cient to be representative of the material and to have a fast test time [213]. The

samples were kept over a saturated salt solution of K2SO4 in a desiccator laid in

a thermo-regulated bath at T=23 ◦C to reach the relative humidity of 97 % [224].

The sample were mass monitored until the mass variation was less than 0.5%, then

it was believed that the sample reached a relative humidity of 97 %. The sorption

experiments started from a desorption process from RH=95% and continued step-

wise to an RH=0. This order can avoid the pre-drying before the test, which might

damage the microstructure of the material as well. After the step-by-step desorp-

tion process, the materials were submitted to a subsequent step-by-step adsorption

process from 0% and stopped at RH=95%. Each point of the curve corresponded to

an equilibrium state between the pore gaseous phase and the environmental condi-

tions, including RHs and temperatures. In order to get a precise “equilibrium” mass

state, a low variable rate and a long duration should be adopted for each step, tak-

ing into account the very slow kinetics of moisture transport in gel pores. However,

a long-term exposure to a moist environment may lead to hydration of anhydrous

materials, which changes the microstructure and is inevitable to avoid. After several

trials conducted in this study, a rate of change of mass% with time of 0.0005 s−1

and a maximum duration of 2000 minutes were adopted to obtain the best balance.

It means the following relative humidity will be imposed when the mass is stable or

after 2000 minutes even if the mass of the sample has not reached the equilibrium.
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2.8.1 Pore size distribution deduced from water vapor sorption isotherms

The Water Vapor Sorption Isotherms (WVSI) obtained from DVS shows the equi-

librium mass at each relative humidity step. In order to obtain the pore size distri-

bution from the dynamic water vapor sorption, the Brunauer-Emmett-Teller (BET)

[225] surface area analysis theory and Barrett-Joyner-Halenda (BJH) [226] pore size

and volume analysis theory were adopted. BET analysis provides a precise specific

surface area evaluation of materials from the statistical thermodynamics of adsorp-

tion within the low RH range (11–35%). This technique determines the total specific

surface area in m2/g, namely the total surface area of a material per unit of mass.

Based on the total specific surface area from BET theory, the BJH analysis was

employed to determine the specific pore volume, that is to say, the total internal

void volume per unit mass. The main assumption of this method is the coexistence

of “capillary” and “adsorbed” (water) phases in cylindrical pores. The iterative

computation is based on the step-by-step analysis of the desorption curve.

2.8.1.1 Determinations of the BET Surface Area (SBET) using Sorption

Isotherms

The BET constant C (unitless) was determined from the measured adsorption

isotherms [227]. Data points in the low RH regime (RH=11-35%) were applied

to generate a plot which noted the quantity (1/m × ((1/RH) − 1)) on the y-axis,

and the RH (fraction) on the x-axis, where m was the amount of moisture adsorbed

(kgwater/kgsolid). The slope of the linear fit to the data revealed A (unitless), and

the y-intercept revealed I (unitless). Both parameters can be applied to determine

the BET constant and the monolayer capacity (vm, kgwater/kgsolid) of the material,

to quantify the BET solid surface area as shown in Eq. 47 [228].

vm =
1

A+ I

C = 1 +
A

I

SBET =
vm × NA × sm

V

(47)

where, SBET is the BET surface area (m2 · kg−1), NA is Avogadro’s number (6.022×
1023 mol−1), V is the molar volume of water (0.018 kg ·mol−1) and sm is the surface

coverage offered by a single water molecule (0.114× 10−18 m2).
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2.8.1.2 Determinations of the t-Curve from the measured sorption re-

sponse

The t-curve describes the statistical thickness (
◦
A) or the numbers of layers (unitless)

of vapor molecules adsorbed on the surface of an adsorbent as a function of the vapor

pressure, or in the case of water vapor, the RH. The t-curve of porous materials as

derived from Eq. 48 comprises both physically adsorbed water in multiple layers

and condensed water [229, 230].

tRH =
Vm
SBET

(48)

where tRH is the thickness of the water film (
◦
A), Vm (m3 · kg−1) is the volume of

water adsorbed per unit dry mass of the solid at a given RH.

2.8.1.3 Determinations of the pore size distribution via BJH method

A way to analyze the relationship between dynamic nitrogen vapor desorption

isotherms and the distribution of pore volume with respect to pore radius was

adopted in [226]. This method was followed and used in the water vapor desorption

isotherms in this study. It is assumed that the equilibrium between the gas phase

and the adsorbed phase during desorption is determined by two mechanisms: (1)

physical adsorption on the pore walls, and (2) capillary condensation, with a radius

of rk which is related to relative pressure by classical Kelvin equation (Eq. 49).

log(P/P0) =
−2σV

2.303×RT × rk
=
−4.03

rk
(49)

where P is the actual vapor pressure, P0 is the saturated vapor pressure, σ is the

surface tension of water (0.072 N/m) at 25 ◦C, V is the molar volume of water (18

cm3/mol), R is the gas constant and T is the temperature in K (T = 298.15 K in

this study).

This method starts from the desorption curve (see Fig. 2.19). The assumed des-

orption mechanism is presented in Fig. 2.20. The first step of the partial pressure

starts from (P/P0)1 to (P/P0)2, then goes further to (P/P0)3. At the first step

(P/P0)1, the largest pore has a radius of rp1 with an inner capillary pore radius of

rk1. When the partial pressure decreases to (P/P0)2, it results in the desorption of

111



Figure 2.19 – Water vapor sorption isotherm from DVS.

Figure 2.20 – Schematic representation of the assumed desorption mechanism [226]

adsorbed vapor with a volume ∆V1, which is the loss of the mass measured in the

water vapor sorption isotherms. The decrease in relative pressure results not only

in the emptying the largest pore of its capillary condensate, but also in a reduction

of the thickness of the physically adsorbed layer ∆t1. Then, the pore volume in this

reduction range, Vp1, can be expressed by:

Vp1 = R1∆V1 =
r2
p1

(rk1 + ∆t1)2
∆V1 (50)

When the partial pressure decreases from (P/P0)2 to (P/P0)3, the situation is more

complicated. At this step, the maximum pore radius is rp2, with an inner capillary

pore radius of rk2. The volume of the liquid desorbed, ∆V2, is not only from the
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second largest pore but also from a second thinning of the physically adsorbed layer

left behind after the first step, with a thickness reduction of ∆t2. The latter volume

reduction can be calculated from ∆t2×AC1, and AC1 is the average area from which

the vapor is adsorbed. The average area is simplified as πr̄p1
2, with r̄p1 being the

average radius between the radius corresponding to the upper and lower partial

pressure (P/P0)2. Therefore, the pore volume in this range, Vp2 is:

Vp2 =
r2
p2

(rk2 + ∆t2)2
(∆V2 −∆t2 · AC1) (51)

In this way, the pore volume at a certain pore range will be obtained by decreasing

the RH step by step. In the end, the accumulated pore volume calculated should be

comparable to the total volume of water vapor that was adsorbed in the material.

2.9 Water accessible porosity test

The water accessible porosity tests were carried out on big specimens (11 × 11 ×
22 cm3) to quantify the total porosity. The procedure followed here was proposed

in [146], which was inspired from the one proposed by the AFPC-AFREM group

[231]. The samples to be characterized in terms of porosity accessible to water were

evacuated under a pressure of 30 mbar for 4 hours in order to remove the air present

in the pores. Subsequently, the samples were immersed in water under a pressure of

30 mbar for 72 hours, in order to saturate all the porosity accessible to water. Under

vacuum, water can penetrate into pores with a diameter larger than 100 nm [214].

Finally, the samples were placed in an oven at 105 ◦C and weighed at intervals of 24

hours until the mass variation was less than 0.05% between two successive weighings.

The porosity accessible to water was obtained by comparing the saturated mass and

the dry mass of the samples referring to Eq. 52.

porosity% =
mair −mdry

mair −mwater

(52)

where mair is the saturated mass in the air; mwater is the saturated mass in water

and mdry is the mass after drying at 105 ◦C.
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2.10 Evaluation of the techniques

As explained at the beginning of this chapter, the combination of three different

techniques (MIP, DVS, and WAPT) provides a way to study the microstructure of

cement pastes in a wider pore range. However, each technique has its own limi-

tations. For example, MIP has a limited ability to characterize pore structures in

small ranges (the available pore range is between 3.7 nm - 400 µm in this study), and

the high intrusion pressure may distort, compress and damage the pore structures

[232]. Therefore, DVS was chosen to fill the blind-spot in the small pore range. The

pore range that could be measured by DVS in this study is between 0.2-20 nm. The

ranges of the two techniques present an overlap. However, the way to deduce the

pore size distribution from DVS depends on several assumptions, such as the mono-

layer distribution of the water molecules, the cylinder shaped pores, etc. Then, the

deduced pore size distribution may not be consistent with the real one. However,

DVS is useful in the comparative studies. Therefore, it is meaningless to quanti-

tatively compare the MIP and DVS results at the overlapped range. A qualitative

comparison is however worth.

WAPT nevertheless also has its own limitations. On the one hand, it may over-

estimate the porosity in samples if they contain a significant amount of water sol-

uble minerals. The dissolution of these minerals during saturation may increase

the measured porosity. On the other hand, a porosity higher than the actual one

may be induced by the creation of microcracks during the saturation process due

to formation of needle-like crystals. However, this technique is popularly used in

the industrial engineering, which provides an efficient and economic way to study

concrete macroscopically. Therefore, WAPT is chosen in this study to provide an

optional possibility to study the total porosity.

Even with its limitations, MIP may be closer to the actual values than the other

techniques even if mercury pressures can collapse the small pores or break through

to the isolated pores [233]. MIP is useful in comparative studies of similar materials

[234], for example, this technique is found to illustrate the same shift in pore sizes

as compared to image analyses [235]. The characterization and the comparison of

the pore size distribution is one of the main objectives of the present study, which

means MIP is an appropriate technique.

Based on the aforementioned evaluations of three techniques, MIP and DVS results

will be used to study the pore size distribution of the samples separately, and WAPT
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is employed as an optional choice to study the total porosity in a scientific way, with

a comparison to results measured by MIP.

2.11 Heat-based dissolution test

The objective of the dissolution tests presented in this section is to “wash out” the

crystal products formed in the pores due to DEF: the objective is to empty all the

voids from crystalline products formed during the degradation processes to evaluate

the new pores created by DEF, which results in the reversion of the pore size distri-

bution. This goal will be accomplished by characterizing the porous structure before

and after the heat-based dissolution test, and the details are shown in the following

section: Validation of the heat-based dissolution tests. However, the “washed out”

crystals may be not only the reason for expansion but also the consequence after the

expansion. The expansive crystals could not be distinguished from the others in this

test. Additionally, the results will further confirm that the decreased pore volume in

a specific range during DEF is attributed to ettringite formation, including the ones

that correspond to expansion and the ones may precipitate after the occurrence of

cracks.

2.11.1 Samples

The specimen DEF-I-Fin1 (11× 11× 22 cm3) was selected for the heat-based disso-

lution tests qualification. The specimen had been kept in water up to 1 year after

the treatment and reached an expansion degree of 1.49%. Another big specimen,

DEF-I-Ini, was selected as a reference. In order to limit the full effect of leaching

during the dissolution test, sample at the core layer (with depth between 5-5.5 cm

) was selected and submitted to a heat-based dissolution test.

2.11.2 Determinations of the heating process

Cement paste consists of different kinds of hydrate products, which may decompose

and change phases at a certain range of high temperatures. A summary of temper-

atures at which cement hydrates may decompose or change phase was proposed by

Collier in [236], see Table 2.7. This table helps to identify the change of phases due

to high temperatures. At temperatures between 50-100 ◦C, ettringite and C-S-H
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start to decompose or transform into other phases, which change the porous struc-

ture of the material. However, C-S-H porosity lies within the gel pores domain (less

than 10 nm), while ettringite forms mainly in the capillary pores (this conclusion

will be presented in the next chapter). This difference helps to distinguish C-S-H

from ettringite at temperatures between 50 and 100 ◦C.
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Table 2.7 – Summary of the main decomposition and phase change temperatures

between 0 and 800 ◦C [236]

Formula Nomenclature Temperature (◦C) Reference

CaSO4 · 2H2O CS̄H2

70-200 [31]

128 [237]

120 [238]

140 [239]

140 and 170 [240]

CaSO4 · 1/2H2O CS̄H0.5

150 [239]

173 [241]

200-220 [242]

>200 [31]

CaSOa
4 CS̄a 380 [243]

CaSOb
4 CS̄b

<1000 [244]

1462c [245]

- C-S-H

50− 600d [31]

100− 125e [31]

111 [241]

115-125 [246]

130-140 [247]

<200 [248]

Ca3Al2O6 · 3CaSO4 · 32H2O C3A · 3CS̄ · H32

50− 800d [31]

90− 120e,f [31]

125 [249]

125-132 [241]

130 [240]

135-140 [246]

Ca3Al2O6 · CaSO4 · 12H2O C3A · CS̄ · H12

75− 800d [31]

185-200 [246]

200&290f , 440&480g [31]
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- C-A-H
90-120 [250]

100-120 [251]

CaAl2O4 · 10H2O CAH10

100-160 [250]

130− 150f , 290g [31]

140 [251]

Ca2Al2O5 · 8H2O C2AH8

140-200 [250]

170-180 [251]

Ca4Al2O7 · 13H2O C4AH13

180-200 [250]

195-200 [245]

Ca2Al2SiO7 · 8H2O C2ASH8

192 [250]

200 [252]

200-230 [253]

Ca3Al2O6 · 6H2O C2AH6

200-250 [31]

250− 310f , 450− 550g [254]

315-330 [247]

320 [251]

330 [250]

Al(OH)3
h -

230 [250]

220− 230g,i, 310− 325f,j, 495− 525g,k [255, 256]

320 [256]

Mg(OH)2 MH

350 [237]

400 [257]

415-430 [247]

Ca(OH)2 CH

400− 600d [31]

450 [257]

470b, 450m [258]

480e [31]

492-528 [241]

<500 [240]

500-600 [259]
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CaCO3 CC̄

500− 600n [31]

500− 700n [260]

>800n [259]

<800n [240]

CaCO3 CC̄
650− 660n [257]

720− 740n [258]

MgCO3 MC 617 [257]

Mg6Al2O9 · CO3 · 12H2O M6AC̄H12

50-230 [261]

260-370 [261]

375-650 [261]

Notes: a-Soluble to insoluble anhydrite; b-in air; c-melting temperature; d-Total

loss; e-highest rate of loss; f-major loss; g-minor loss; h-gibbsite; i-gibbsite to

boehmite transition; j-gibbsite to alumina transition; k-boehmite to alumina tran-

sition; l-bayerite; m-in argon; n-calcite; o-vaterite; p-aragonite.

Table 2.8 – Temperatures and durations used in the heat-based dissolution tests
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Generally, it is admitted that a curing temperature above 65◦C is essential to de-

compose the ettringite formed in the cementitious material during the early-age

hydration [91, 96, 109, 129, 138, 139, 140], which means that ettringite is unstable

at a temperature above 65◦C and that it provides a way to remove formed ettringite.

Furthermore, a higher curing temperature (below the pessimum effect temperature)

tends to decompose ettringite more and faster [135]. Therefore, a temperature range

between 65–95 ◦C was chosen with a temperature step of 10 ◦C. However, the ac-

tual temperatures measured in the oven were 68, 78, 88 and 98 ◦C. Furthermore,

the heating duration is a significant factor for the development of DEF, which has

a positive role to decompose ettringite if it is below the pessimum effect [145, 146].

Therefore, different temperatures and durations were designed to perform the et-

tringite dissolution test: 4 temperature values (68, 78, 88, and 98 ◦C) and 5 heating

durations (1, 3, 5, 7 and 11 days). The details are shown in Table 2.8. The samples

were kept in the oven and immersed in the storage water of 11× 11× 22 cm3 DEF

specimens (DEF-I-Fin1 and DEF-I-Fin2). After 1-year storage of 11× 11× 22 cm3

DEF specimens, the solution contains calcium ions, which can limit the leaching

during the heat-based dissolution tests.

2.11.3 Validation of the heat-based dissolution tests

Figure 2.21 – Evolution of heating treatment with time

After the heat-based dissolution, the samples were lyophilized and prepared for

MIP tests to obtain the pore size distribution. Firstly, the specimen DEF-I-Ini was

heated at 68 ◦C for 1 day as a reference to study the effect of high temperature on
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pore size distribution. Secondly, the DEF-I-Fin1 samples were heated with different

temperatures and durations. The heating history of specimens are shown in Fig.

2.21. Then, the pore size distribution will be compared in the pore range where

ettringite forms during DEF. As the later results will be analyzed in Chap. 3, the

validation of this heat-based dissolution test will be presented in next chapter as

well.

2.12 Conclusions

In this chapter, the material used, the specimens designed, and the experimental

techniques adopted in this study have been presented. Two kinds of cement paste

specimens (CEM I and CEM III) with two sizes (2×2×12 cm3 and 11×11×22 cm3)

were subjected to different sulfate attack conditions: ESA, DEF and coupling effect

of ESA and DEF. The experimental studies included measurements (length and

mass variation) and three techniques (MIP, DVS, and WAPT) to characterize the

microstructure of cement paste. These techniques were adopted to capture the

pore characterization before and after sulfate attacks. With a high reproducibility,

MIP was used as a reliable technique to comparatively study the pore structure.

Meanwhile, DVS was adopted as well to study the pore size distribution in nano pore

range and WVPT was used to study the total porosity of the material. Then, heat-

based dissolution tests have been conducted. Its final objective is to characterize

how DEF alters the pore structure of the material.

All the experimental results and the corresponding analyses will be presented in the

next chapter. The change of pore size distribution before and after sulfate attacks

will provide the pore position where ettringite forms under different conditions.

Based on these results, a uniform expansion mechanism will be suggested.
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3 Experimental results and analyses

In this chapter, the experimental results of the studies on sulfate attacks conducted

during this PhD project will be presented and summarized. For samples cast with

CEM I, the experimental results include the measurements of mass and length vari-

ations, porosity, and pore size distributions deduced from MIP and DVS, porosity

measured from water accessible tests, and the pore release after heat-based dis-

solution tests. All these techniques have been explained, qualified and compared

in Chapter 2. The specimens submitted to different exposure conditions will be

compared according to observations, mass and length variations, and pore size dis-

tributions. Furthermore, the evolution of microstructure will be investigated. Based

on the proposed mechanism, a model will be established in Chap. 4 (Poromechanical

modeling). As specimens fabricated with CEM III did not show obvious degrada-

tion as compared to CEM I specimens, length and mass monitoring, and pore size

distribution will be presented only at the initial state.

3.1 Cement I samples

3.1.1 Observations

The specimens were monitored during the sulfate attacks. Fig. 3.1 illustrates a

visual monitoring conducted on the specimens.

Firstly, in the case of ESA, a slight crack appeared at the bottom surface after only

two months of contact with the sodium sulfate solution, which extended to the side

faces later. After around 7 months of testing, the specimens were so damaged that

they even could break when measuring the length variations. At that moment, it

was supposed that the cement pastes had lost all cohesion and the damage was total.

Furthermore, the bending of the specimen started with the appearance of cracks.

This suggested that significant tensile stress was the cause for this degradation.

During the monitoring of the DEF specimens, firstly, a rancid odor similar to the

smell of sulfur was detected when the specimens were removed from the bath. Sec-

ondly, the cracks were observed, but their appearance were much delayed in time,

with a lower degree of deterioration compared to ESA. After immersion in water for

up to 2 years, the monitoring of the DEF specimen was stopped due to the limited
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Figure 3.1 – Observations of a selection of specimens under different sulfate attack

conditions (for each attack, the same specimen is observed from different surfaces).

time of the experiment. The DEF specimens had an expansion around 0.5%, with

slight cracks on the top and side surfaces. Finally, some whitish powdery material

was observed coated on the surfaces of the specimens (not shown in the figure). The

occurrence of the powder may be induced by leaching of lime compounds, which

leads to the formation of calcium carbonate or calcium sulfate on the surface of the

specimens. It may also be caused by sulfate efflorescence. A similar observation

was found in the case of ESA with thaumasite formation [262], and the component

of the powder was analyzed as either calcium and potassium sulfates or thenardite

(Na2SO4).
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For specimens exposed to the coupling effect of ESA and DEF, the degradation

duration was short and the kinetic was fast compared to cases where ESA and

DEF act separately. The first cracking appeared after approximately 1 month on

the top surface. After immersion in sulfate solution for 2.5 months, the cement

paste was totally damaged and the top surface of the specimen was separated into

several sections because of the cracks. At the end of the monitoring, the crystals

could be clearly seen in the material, especially in the cracks, see Fig. 3.2. Except

for ettringite, this crystal formed in the cracks may also be gypsum [11]. From

observations, specimens subjected to the coupling effect of ESA and DEF show a

more aggressive degradation.

Figure 3.2 – Crystals observation in the cracks of Coupling specimens.

The degradation appeared in all cases, with different degrees of degradation at

different ages. In this study, the greatest degree of cracking has been found in

coupling specimens, while the DEF specimens showed the smallest degree for the

duration of these experiments. The ESA specimens showed an intermediate level of

degradation. The degree of cracking is linked to the degree of swelling, which will

be presented in the next section. It is easy to understand that the coupling effect of

ESA and DEF leads to the worst attacks and the fastest kinetic due to the multiple

sources of sulfate ions. The presence of more sulfate ions results in a much larger

swelling than in the other cases.

3.1.2 Mass and length variations

First of all, some information should be recalled here: pins were glued on three faces

of 2× 2× 12 cm3 specimens as shown in Fig. 3.3, for the reason that the fourth face

is not smooth. Fig. 3.4 shows the expansion of CEM I 2 × 2 × 12 cm3 specimens

on each face, which illustrates that the strain on face 2 is very different compared

to the other two faces, especially in the case of ESA. This is the consequence of the
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Figure 3.3 – Pins glued on 2× 2× 12 cm3 specimen.

bending of specimens observed above. Therefore, the expansion value on face 2 is

not considered when calculating the average expansion of specimens; indeed, since

the strain measurement on the fourth face is not available, there is no “balance” of

the singular measurement of face 2 (e.g. in the ESA case in Fig. 3.4, strain of face

4 should show a high expansion that would balance the contraction of face 2). The

reason for this difference will be discussed in the following section 3.1.3.1 and the

expansion of each specimen on each face are shown in Appendix B.

Figure 3.4 – Strain of CEM I 2× 2× 12 cm3 specimens on three faces due to ESA,

DEF, and Coupling effect.

Fig. 3.5 shows the average strain of the 2×2×12 cm3 specimens under different cases

of sulfate attacks. They represent the average values (measurements of faces 1 and 3

represented in Fig. 3.3) of the three specimens belonging to the same set. The error

bars correspond to plus/minus the standard deviation. The Coup specimens show
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a large standard deviation compared to the other ones, especially at high expansion

level, which results from the variable response of materials to damage. The DEF

specimens show an average final expansion of 0.5% after two years, which means

that the specimens are in the accelerated stage. The coupling specimens show the

highest expansion of around 2.7% after 2.5 months, and the DEF specimens show

the smallest expansion of 0.5%. This order is consistent with the degree of crackings

observed. These differences in kinetics and amplitudes can originate from a greater

source of SO2−
4 for the coupling effect. In addition, the swelling kinetics of the ESA

and Coup specimens tend to increase with time, due to a higher penetration speed

of sulfate ions when cracks grow, see Fig. 3.6.

Figure 3.5 – Strain of the 2×2×12 cm3 specimens (left: general view; right: zoom).

Figure 3.6 – Strain variation rate of the 2×2×12 cm3 specimens (left: general view;

right: zoom).

As shown in Fig. 3.7, the mass increases with time, and this could be explained
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by the penetration of SO2−
4 , forming ettringite for ESA and coupling specimens,

in addition to water ingress happening for all attack cases considered in this work.

The water appears in the pore solution on the one hand, and it interacts chemically

to form new products on the other (e.g. a molecule of ettringite contains 32 water

molecules).

Figure 3.7 – Mass variations of the 2× 2× 12 cm3 specimens.

Figure 3.8 – Evolution of the strain as a function of the weight gain of the 2× 2×
12 cm3 specimens (left: general view; right: zoom).

The evolution of the strain as a function of the weight increase is presented in Fig.

3.8. It shows that the two variables are linked by a positive correlation. Within a

strain threshold of 0.08%, the correlation showed a similar linear relationship with

a slope of around 0.06 for the three cases, when materials were in the elastic stage

(see Table 3.1). However, in the following period, this relationship was affected by

the type of sulfate attacks. DEF and ESA specimens followed the same route, and
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Coup specimen increased with a higher rate. As specimens are in the damaged range

when the material is sensitive to the tensile stress, the content of the sulfate ions

has a significant effect on the damage behavior of specimens.

Table 3.1 – Regression equations and R2 coefficients of relationship between strain

and mass variation of 2× 2× 12 cm3 within strain of 0.08%.

Specimens Regression equations R2 coefficients

ESA-I-Fin y = 0.0574x+ 1× 10−4 0.9589

DEF-I-Fin y = 0.0526x+ 8× 10−5 0.9499

Coup-I-Fin y = 0.0627x− 4× 10−5 0.9556

The strain of the 11 × 11 × 22 cm3 DEF specimens is presented in Fig. 3.9. After

200-day immersion in water, specimen DEF-I-Lat shows an expansion of 0.03 %.

Specimen DEF-I-Fin1 presents an expansion of 1.49% after 660 days, and DEF-I-

Fin2 approaches to a swelling plateau of approximately 1.22% after 950 days. Some

information should be recalled here about the 11×11×22 cm3 DEF specimens: the

DEF-I-Fin1 and DEF-I-Fin2 were fabricated 1 year before the other two specimens

(namely DEF-I-Ini and DEF-I-Lat), see section 2.2. These specimens showed a

different swelling kinetic as compared to the newly fabricated DEF-I-Lat even though

the materials and w/c were exactly the same. It may be caused by the slightly

different fabrication procedures, which possibly led to different microstructures of

the materials and resulted in a different response to the swelling. Indeed, DEF-

I-Fin1 and DEF-I-Fin2 were cast with a 30-liters concrete mixer while DEF-I-Ini

and DEF-I-Lat were cast with a specific mortar mixer; moreover, for each set of

specimens, a different mixing procedure was used. This emphasizes the importance

to have detailed and strict experimental procedures to ensure results as reproducible

as possible.

The comparison of the strain between 2 × 2 × 12 cm3 and 11 × 11 × 22 cm3 DEF

specimens is presented in Fig. 3.10. It is shown that the new fabricated 11 ×
11 × 22 cm3 specimen (DEF-I-Lat) follows a similar swelling curve (at least at the

beginning) as the 2 × 2 × 12 cm3 specimen. It further confirms that the different

kinetics between the DEF 11× 11× 22 cm3 specimens could be induced by different

fabrication procedures and not by the shape of the specimens. This excludes any

explanation of the different swelling behavior based on different alkali and/or calcium

leaching regimes.
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Figure 3.9 – Strain of the 11× 11× 22 cm3 DEF specimens.

Figure 3.10 – Comparison of the strain between 2×2×12 cm3 and 11×11×22 cm3

DEF specimens (left: general view; right: zom).

3.1.3 Pore size distribution of 2× 2× 12 cm3 specimens

In portland cement, the main hydrate phases are portlandite and C-S-H which

occupy different pore sizes. The pores in hardened cement paste are divided into gel

and capillary pores, and the classification of the pores has been discussed in section

1.2.1. The dissolution of CH and the decalcification of C-S-H during the leaching

leads to pore release, while pore ranges derived from CH or C-S-H are not identified

by scholars, see 1.3. However, the change in pore size distribution caused by the

dissolution of portlandite can be distinguished from the one in C-S-H. Therefore,

it is assumed that the increase of pore volume with respect to pores between 10

nm and 1 µm is due to the dissolution of CH, and that the increase of pores with

diameters less than 10 nm is related to the decalcification of C-S-H [13, 14, 15, 89].
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During sulfate attacks, the generated crystals may be ettringite or gypsum, which

could not be differentiated in this study. However, the formation of ettringite is

believed to be the reason for expansion, which has been discussed in sections 1.2.2.2

and 1.2.3.2.

The evolution of the pore size distribution involves several processes, such as ettrin-

gite formation, dissolution of CH, decalcification of C-S-H, and growth of cracks.

The resulting pore volume variation is determined by the kinetics/balance of these

processes. For example, if the increased pore volume (δV1) induced by cracks is

higher than the absolutely decreased one (δV2) due to ettringite formation, the ac-

cumulated pore volume (δV1 − δV2) shows an increase, which means that the total

pore volume in this range increases. Conversely, the pore volume in a given range

decreases if (δV2) is higher than (δV1). This is an important point that should be

taken into account when analyzing the variation of pore size distribution in the

following sections.

3.1.3.1 Pore size distribution of 2 × 2 × 12 cm3 specimens measured by

MIP

First, the slicing scheme of 2× 2× 12 cm3 specimens is recalled here, see Fig. 3.11.

The pore size distribution of the 2 × 2 × 12 cm3 specimens measured from MIP

tests are presented in Fig. 3.12. It comprises a pore range between 3.7 nm to 400

µm. In this figure, the pore size distribution of the samples at different exposure

conditions (ESA, DEF and coupling effect), different states (initial and final state),

and different layers (surface and core layer) are presented.

Figure 3.11 – Slicing scheme for 2× 2× 12 cm3 specimens.

Fig. 3.12(a) presents the pore size distribution of the 2 × 2 × 12 cm3 specimens

exposed to ESA. First of all, the initial sample shows similar pore characteristics at

different layers, which indicates a homogeneous material after the curing. Then, this

figure shows that the pore volume with diameters between 3.7 and 50 nm decreases

after the ESA. The ettringite which leads to expansion was found to form in the
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Figure 3.12 – Pore size distribution of (a) ESA-I samples; (b) DEF-I samples; and

(c) Coup-I samples measured from MIP.
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pores less than 0.1 µm in the literature [11]. This results in a decrease of pore

volume which is consistent with the results illustrated in figure 3.12. Therefore, it is

supposed that the main generated crystal is ettringite [36, 40, 41], which forms in the

gel and capillary pores after the ESA. The decrease of pore volume with diameters

between 3.7 and 50 nm is observed in the surface layer, and a smaller decrease with

respect to pores in the range of 3.7-13 nm and 27-51 nm at the core layer. It is due

to the fact that more sulfate ions penetrated from the exterior solution and results

in formation of more ettringite in the surface layer. Yu found that almost all the

AFm was transformed into ettringite at the surface layer, while the core layer was

not sulfate attacked (specimen size 40 × 40 × 160 mm3) [11]. Furthermore, in the

present work, an increase of pore volume at pores approximately 100 nm is observed.

This can be explained by the dissolution of CH (see section 1.3), and the formation

of microcracks due to expansion. The dissolution of CH provides a high source of

calcium during the ESA [263]. Normally, microcracks focus in a pore range of a few

microns, while the smallest size of a microcrack opening that could be detected is

around 0.1 - 0.25 µm in [264].

Fig. 3.12(b) presents the pore size distribution of the 2 × 2 × 12 cm3 specimens

exposed to DEF. First of all, the comparison of the initial pore size distribution at

different layers shows that the curves are similar but the core layer shows a higher

pore volume at the range of 40-100 nm. The pore volume in this range corresponds to

the spaces where hydration products (mainly CH) exist [265]. Thereby, the higher

pore volume at the core layer may be attributed to a lower degree of hydration.

Further, a decrease of pore volume in the pore range of 9.7-100 nm is shown in the

figure. It means that the pore volume filled by the generated crystals is larger than

the one that may be created by the dissolution of CH. This indicates the formation

of crystals in the pores between 9.7-100 nm. The crystals may form in smaller

pores as well, while the corresponding decreased pore volume is balanced by the

increased pore volume due to decalcification of C-S-H for example. As ettringite is

believed to be the reason for expansion, then the precipitated crystal is supposed to

be ettringite. However, the ettringite was postulated to initially occur in C-S-H gel

corresponding to a pore size of 10 nm and then in cracks and voids [91, 100, 210],

which is not consistent with the results obtained in this study. The results presented

in Fig. 3.12(b) come from a 2×2×12 cm3 DEF specimen which has an expansion of

0.5%. Consequently, a question remains: will AFt continue to form in smaller pores

when the expansion gets higher? This question will be answered in the next section

while analyzing the experimental results of 11 × 11 × 22 cm3 DEF specimens. An
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increase of pore volume between 3.7 and 9.7 nm is observed in this figure as well.

This should be attributed to the decalcification of C-S-H. In addition, the surface

layer shows an increase of pore volume between 100 nm and 1 µm, which is due to

the dissolution of CH and to microcracks, as explained in the case of ESA.

Fig. 3.12(c) presents the pore size distribution of 2× 2× 12 cm3 specimens exposed

to coupling effect of ESA and DEF. The initial state of the material at different

layers show a similar pore size distribution except for a pore range between 40

and 100 nm. The core layer shows a larger pore volume around 100 nm, which

should be attributed to a smaller degree of hydration. From the comparison of

pore size distribution before and after degradation, it can be concluded that pore

volume between 5.3 and 80 nm decreases. A huge space is released in pores with

diameter larger than 80 nm. It is due to the dissolution of CH and the occurrence

of microcracks, which is also seen in the pores of less than 5.3 nm induced by the

decalcification of C-S-H. Compared to the other two cases, a much higher pore

space is freed in the pores larger than 1 µm. This is related to the occurrence of

cracks which results from a worst degradation. After the degradation, the coupling

samples show a more homogeneous pore size distribution at different layers, which

is attributed to the high diffusion [221] after a high degree of deteriorations.

The comparison of pore size distribution of samples among different exposure con-

ditions is presented in Fig. 3.13. Firstly, in Fig. 3.13(a), the initial pore size

distribution of DEF and Coup specimens show a larger pore volume between 5-19

nm at the surface layer and between 5-22 nm at the core layer compared to ESA

specimens [151]. One reason is that the decomposition of primary ettringite during

the preheating treatment [91, 92, 93] results in an increase of pore volume. Another

reason is that the high temperature helps mineral ions (e.g. Al and Fe) to migrate

from the reaction sites of anhydrous phases into the inner product in the C-S-H

[151] chemically or physically, which further enhances the porosity in this range.

In addition, the porosity of initial 2 × 2 × 12 cm3 specimens (after curing) at the

surface and core layers are summarized in Table 3.2. A porosity difference is found

along the depths, even though in different trend when specimens were preheated or

not. After the heating treatment, a lower porosity is observed at the surface layer,

which was in contact with the bottom of the moulds during the heating treatment.

A porosity gradient from the upper-water face to the lower was reported in [146],

which was explained to be due to the higher effective W/C ratio at the upper-water

surface and the vertical vibration process. Conversely, ESA-I-Ini shows a higher
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Figure 3.13 – Comparison of pore size distribution of samples from MIP.

porosity at the surface layer. A low porosity has a positive effect to resist sulfate

attack from the aspects of low diffusion of aggressive ions from exterior solution

and strong mechanical properties, and meanwhile a negative effect due to low space

to accommodate expansive products. In this study, the low porosity presents a

negative effect consistently in the case of Coupling effect and ESA. This explains

the observed bending of specimens (see section 3.1.1), and the different gradients of

porosity in ESA and Coup lead to the downward and upward bending, respectively.

However, the bending did not happen in the case of DEF, which is probably due to

a limited expansion of 0.5%.

Table 3.2 – Porosity of initial 2× 2× 12 cm3 at surface and core layers

ESA-I-Ini DEF-I-Ini Coup-I-Ini

Surface layer 25.87% 28.23% 25.52%

Core layer 23.39% 29.58% 26.42%

Secondly, the final pore size distributions of specimens are affected by exposure

conditions. In the pore range of 3.7-50 nm at the surface layer and between 3.7-20 nm

at the core layer, ESA samples show more reduced pore volume than the other two
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cases, and the coupling samples show a similar pore size distribution as DEF samples

in this range. Although provided with more sulfate ions from the aggressive solution

in the case of coupling effect, ettringite preferentially precipitates in the cracks that

appeared soon after the immersion, which leads to a further degradation, as observed

in Fig. 3.2. A similar situation was found in the case of ESA, Nielsen found that the

ettringite existed in cracks after stored in the sodium sulfate solution. It appeared

to have been deposited after the crack had been formed [266]. In addition, this

crystal formed in the cracks may also be gypsum [11].

The variations of the pore volume in different pore ranges at the core layer are

summarized in Fig. 3.14. The pores are categorized according to the variation of

pore volume after the attacks. First, the figure illustrates the pore range where

the pore volume is decreased. For example, the decreased pore volume distributes

between 3.7-50 nm for ESA-I-Core, and 9.7-100 nm in the case of DEF-I-Core.

For Coup-I-Core, the occupied pores are between 5.3-80 nm. These pore ranges

are consistently within the capillary and gel pores. Then, the figure illustrates

increased pore volumes mainly above 80 nm, which results from the dissolution of

portlandite and the occurrence of microcracks. Therefore, a first conclusion can be

drawn according to the results of 2 × 2 × 12 cm3 specimens that: Ettringite is

found to be formed in capillary and gel pores both in the case of ESA

and Coup, while mainly in capillary pores for DEF which has limited

expansion of 0.5%.

Figure 3.14 – Variation of the pore volume in different pore ranges.
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3.1.3.2 Pore size distribution deduced from WVSI

First of all, the initial pore size distributions of ESA-I-Ini-Core and DEF-I-Ini-Core

samples deduced from WVSI in the range of 0.3-10 nm in radius are shown in

Fig. 3.15. The ESA-I-Ini-Core sample shows a higher pore volume with respect

to pores between 2 and 4 nm than DEF-I-Ini-Core sample, which means that the

high temperature leads to a lower porosity in this range. Kjellsen reported that

the C-S-H inner product of the pastes cured at 50 ◦C are much denser than the

corresponding phase in paste cured at 5 ◦C possibly due to the closer mixing of CH

with the C-S-H [151]. In addition, the adsorption of ions on C-S-H contributes to a

decrease of pore volume in C-S-H gels.

Figure 3.15 – Pore size distribution of the initial ESA and DEF samples deduced

from DVS.

Fig. 3.16 illustrates the pore size distribution of cement pastes exposed to different

exposure conditions between 0.3 and 10 nm in radius deduced from WVSI. It is

shown that pores between 2 and 6 nm in radius show a higher volume after the

attacks, which happens in all three cases but to a different extent. As explained at

the beginning of this section, the decalcification of C-S-H contributes to an increase

of pore volume. In the case of ESA and Coup, the unlimited provision of sulfate ions

to form ettringite which consumes the calcium ions will facilitate the dissolution of

C-S-H [81] and result in more release of pore volume. However, it is not consistent

with the results in this study. Although exposed to the sodium sulfate solution,

Coup-I shows a smaller increase of pore volume, see Fig. 3.16(c). It means that

some product is formed accompanying the dissolution of C-S-H. The occurrence

of ettringite during sulfate attacks has been explained a lot in section 1.2.2.2 and

1.2.3.2. Therefore, it is concluded that ettringite forms in these pores, even though

the final pore volume increases. A similar case happens for ESA-I. A quantitative
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Figure 3.16 – Pore size distribution of the samples deduced from DVS.

comparison of total pore volume increase in this range is shown in Table 3.3. It

presents the change of pore volume per gram after the degradation in the three

attacks considered in this work. A much smaller increase of pore volume is found in

the case of ESA-I and Coup-I, compared to DEF-I, which confirms that ettringite

forms in the gel pore range when exposed to sulfate solutions. Coup-I shows a smaller

increase rate of 21% compared to ESA-I with 33%, which means that less ettringite

is formed in the case of Coup-I. This finding is consistent with the results in Fig.

3.13 that even with more sulfate ions provided by the aggressive solution, ettringite
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Table 3.3 – Pore volume ranging between 0.3 and 10 nm per gram measured by DVS

Samples
Initial pore volume per Final pore volume per

Increase ratio
gram (mL/g) gram (mL/g)

ESA-I 163 217 ↑ 33%

DEF-I 138 208 ↑ 50.7%

Coup-I 138 167 ↑ 21%

preferentially precipitates in the cracks that appeared soon after the immersion and

results in a further degradation. As for DEF-I, it is difficult to conclude whether

ettringite precipitates in the gel pores from these results.

3.1.3.3 Subconclusions

By analyzing the pore size distribution change of 2 × 2 × 12 cm3 specimens sub-

jected to ESA and Coupling effect, it is concluded that ettringite forms both in the

capillary and gel pores. For the 2× 2× 12 cm3 DEF specimens, the presence of et-

tringite is confirmed mainly in the capillary pores with a limited expansion of 0.5%.

Meanwhile, the ettringite tends to precipitate in the new generated large voids, for

example, microcracks. It further confirms that the ettringite formed in the cracks

is not the reason for expansion [39], but that it could nonetheless lead to a greater

level of degradation where it already happened.

3.1.4 Pore size distribution of 11× 11× 22 cm3 specimens

3.1.4.1 Pore size distributions along the depths of 11× 11× 22 cm3 spec-

imens

According to the analyses of the 2×2×12 cm3 DEF specimens with an expansion of

0.5% after two years, it was concluded that ettringite mainly formed in the capillary

pores. Then, two questions were proposed. The first one was whether the AFt would

precipitate in smaller gel pores when the expansion continued. Another question

was how did the pore size distribution evolve during the process of DEF for higher

expansions. These two questions will be analyzed in this section.

The initiation of ESA is affected by the transport of sulfate ions to the cement
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matrix and leaching of calcium ions. The transport of sulfate ions in the case

of ESA has been well studied in the literature, including the measurement of the

quantity of sulfate consumed from the bath solution [33, 267] and the measurement

of the amount of sulfate in the cement matrix based on the profile method [32,

33, 36, 267, 268]. The results show a positive correlation between the quantity of

penetrating sulfate ions and the distance from the surface. However, few studies

were performed about DEF. In this section, the pore size distributions along the

depths of 11× 11× 22 cm3 specimens subjected to DEF are presented.

For a better understanding of the results, the slicing plan for 11 × 11 × 22 cm3

specimens is recalled in Fig. 3.17. One must remind here that the DEF-I-Ini and

DEF-I-Lat specimens were not cast in the same batch as DEF-I-Fin1 and DEF-I-

Fin2 which may induce a difference of microstructure as presented in the previous

section. This could have an impact on the analyses presented hereafter though this

aspect was bared in mind; moreover, the microstructure change between the two

castings of specimens was believed to be limited enough to allow comparison of the

results of the corresponding parameters.

Figure 3.17 – The slicing plan for 11 × 11 × 22 cm3 specimen (layer 1 will also be

denoted as core layer).

Fig. 3.18 shows the pore size distribution along the depths at the initial state. It is

shown that the pore size distribution at different layers are of a similar shape with

small differences. Two main peaks are shown in each pore size distribution curve

where the major pore volumes are, the first one is close to 10 nm, and another one

is located approximately at 100 nm. The first peak moves from 5 nm to 14 nm

along the core to the surface, while the second peak stays at the same pore size with

a lower amplitude once again from the core to the surface. The higher amplitude

could be explained by a lower degree of hydration at the core. Fig. 3.19 (obtained

by integrating the results of fig. 3.18 over the pore size range) illustrates a similar

total pore volume and the pore volume in three pore ranges along the depths at the
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Figure 3.18 – Pore size distribution of the samples along the depths at the initial

state from MIP.

initial state. In addition to the similar pore size distribution along the depths, it is

concluded that the DEF 11× 11× 22 cm3 specimen was fabricated homogeneously.

Figure 3.19 – Pore volume in different pore ranges of the 11 × 11 × 22 cm3 DEF

specimen along the depths at the initial state from MIP.

Fig. 3.20 and 3.21 present the pore size distribution and pore volume along the

depths of the specimen at the latent period with an expansion of 0.03%. The pore

volume in the range 100 nm - 400 µm gradually increases from the core to the surface,
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Figure 3.20 – Pore size distribution of the 11 × 11 × 22 cm3 DEF specimen along

the depths at the latent state from MIP.

Figure 3.21 – Pore volume in different pore ranges of the 11 × 11 × 22 cm3 DEF

specimen along the depths at the latent state from MIP.

which includes the pore range corresponding to the dissolution of CH. It suggests

that the surface layer is largely affected by the leaching process compared to the

core layer. Therefore, studying the generation of crystals at the core layer is a better

choice, which can limit the influence of calcium leaching in the interpretations.

Fig. 3.22, Fig. 3.23, Fig. 3.24, and 3.25 show the pore size distribution and pore

volume along the depths at final state (specimen DEF-I-Fin1 with an expansion of

1.49% and DEF-I-Fin2 with an expansion of 1.22%). It is shown that at the final

state, the first two peaks move to smaller pore size with lower valleys in the curve
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along the depth from surface to core layer due to the formation of crystals, and a

third peak (around 1000 nm) occurs with a high amplitude on the surface layer.

This is because at the surface layer, the leaching phenomenon and microcrackings

are the most serious and results in the most increase of pore volume.

Figure 3.22 – Pore size distribution of the 11 × 11 × 22 cm3 DEF-I-Fin1 specimen

along the depths at the final state from MIP.

Figure 3.23 – Pore volume in different pore ranges of the 11×11×22 cm3 DEF-I-Fin1

specimen along the depths at the final state from MIP.
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Figure 3.24 – Pore size distribution of the 11 × 11 × 22 cm3 DEF-I-Fin2 specimen

along the depths at the final state from MIP.

Figure 3.25 – Pore volume in different pore ranges of the 11×11×22 cm3 DEF-I-Fin2

specimen along the depths at the final state from MIP.
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3.1.4.2 Evolution of pore size distribution of 11× 11× 22 cm3 DEF spec-

imens

Analysis of the expansive mechanism in the core layer The evolution of the

pore size distribution of the DEF samples in the core layer is presented in Fig. 3.26.

This layer has been selected because of the limited effect of calcium leaching in the

core of the 11 × 11 × 22 cm3 specimens. The comparison of the DEF-I-Ini-Layer1

and DEF-I-Lat-Layer1 (expansion of 0.03%) shows that pores between 100 nm and

1 µm are filled (thus, even if voids have been created in this range, the volume of

ettringite formed was higher), while pores between 10 and 100 nm are released after

a 200-day immersion in water (thus, even if crystals are precipitating in this range,

the volume of pores formed was higher). When the specimen DEF-I-Fin1 reaches

an expansion degree of 1.49%, pores between 4 and 80 nm are occupied compared to

the specimen in latent state, and pores larger than 80 nm are released. In parallel,

when the specimen DEF-I-Fin2 reaches an expansion degree of 1.22%, pore volume

between 3.7-20 nm and 45-75 nm is decreased after the latent state, and increased

with pores larger than 75 nm. If specimen DEF-I-Fin2 is compared to DEF-I-Ini,

the conclusion would be that after DEF, the pore volume of pores between 4-20 nm

and 100 nm - 1 µm is decreased, while pore volume between 20-100 nm is increased.

During the DEF, the pore volume in pores between 4-20 nm tends to decrease while

pore volume evolution with respect to pores larger than 20 nm is variable. The

latter phenomenon depends on complicated processes, including the dissolution of

CH, ettringite formation and occurrence of cracks.

Figure 3.26 – Evolution of the pore size distribution of 11 × 11 × 22 cm3 DEF

specimen from MIP at the core layer.
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Figure 3.27 – Evolution of the pore volume in different pore ranges of 11×11×22 cm3

DEF specimen from MIP at the core layer and the recall of expansion curves.

To easily and better understand the evolution of pore structure of 11× 11× 22 cm3

DEF specimens, the pores are categorized into: 3.7-20 nm, 20-100 nm, and 100

nm - 400 µm based on the variations of pore size distribution which have been

discussed above. Fig. 3.27 illustrates the evolution of pore volume in each category

at the core layer during DEF. Firstly, compared to DEF-I-Ini-Layer1, DEF-I-Lat-

Layer1 shows an obvious decrease of pore volume in the range of 100 nm - 400 µm

and an increase of pore volume in the range of 20-100 nm, with the total porosity

decreasing from 31.86% to 27.96%. It could be explained by the fact that calcium

released from the dissolution of CH and the decalcification of C-S-H in the range

of 3.7-100 nm reacts with available aluminium and sulfate ions to form ettringite,

which forms in the range of 100 nm - 400 µm. However, the generated crystals in

these voids do not lead to a major expansion based on the macroscopic expansion

measurements. Then, in the sample DEF-I-Fin1-Layer1, a decrease of pore volume

in the pores 3.7-20 nm and an increase of pore volume in the range of 100 nm -

400 µm are observed, as well as a constant pore volume in the range of 20-100

nm. The constant pore volume in red part does not mean that no crystals are

generated, but a balanced process occurs between the dissolution of CH and the
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precipitation of the generated crystals. In addition to a decrease of pore volume

in blue part, it is concluded that the generated crystal is penetrating through the

pores between 100 nm - 400 µm into smaller pores compared to DEF-I-Lat-Layer1,

which corresponds to expansion. A similar phenomenon of decrease in blue part

can be observed as well on sepecimen DEF-I-Fin2-Layer1, while in the red part,

the pore volume released by the dissolution of CH is higher than the one occupied

by generated crystals. Among these generated crystals, some may form without

generating any expansion. Even though it is difficult to separate the expansive

crystals from the harmless ones, it is sure that at least part of the generated crystals

are the reason for expansion. Moreover, the increased pore volume with respect to

pores between 100 nm - 400 µm should be attributed to the dissolution of CH and

the occurrence of microcracks. In addition, the generated crystals may precipitate

in newly generated cracks as well, but with a weak ability to stop the pore volume

increasing. The difference on expansion degree of two final specimens may come

from the different total porosity (35.16% for DEF-I-Fin1 and 29.62% for DEF-I-

Fin2), if the initial porosity is assumed to be the same. To be more specific, a

relatively lower occupation of generated crystals in the pores between 20-100 nm

leads to less expansion in DEF-I-Fin2-Layer1, which shows a lower pore volume in

the pore range of 100 nm - 400 µm. This further confirms that crystal precipitation

in the capillary and gel pores is the reason for expansion, and results in cracks in

the pores between 100 nm - 400 µm.

A damage mechanism can be suggested from the above analyses. The generated

crystals form in the biggest pores without generating obvious expansion

during the latent period, and then penetrate into smaller capillary and

gel pores from which the expansion starts to increase rapidly. The crystal-

lization through macro to nano pores can be explained by the fact that large crystals

are more energetically favored than the small ones. As discussed at the beginning of

this section, it could not be determined neither the generated crystals are ettringite

or all the generated crystals lead to expansion. Nevertheless, based on the studies

in the literature, it can be qualitatively concluded that the generated crystals have

a high possibility to be ettringite, then the formation of ettringite in the capillary

and gel pores is the reason for expansion.

Evolution of the expansive mechanism while approaching the outer so-

lution - effect of leaching Fig. 3.28 illustrates the evolution of pore size dis-

tribution at the 5th layer, which corresponds to a depth between 2.75 and 3.3 cm.
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Figure 3.28 – Evolution of the pore size distribution and pore volume of DEF 11×
11× 22 cm3 samples from MIP at the 5th layer.

After a 200-day immersion in water, the sample (DEF-I-Lat-Layer5) keeps a similar

pore structure as the initial one (DEF-I-Ini-Layer5). Then, at the final states, pore

volume of pores in the range of 8-30 nm decreases compared to samples in former

two states, and pore volume in the pores larger than 110 nm increases. However,

compared to DEF-I-Fin2-Layer5, DEF-I-Fin1-Layer5 shows a lower pore volume

with pore diameter between 30-110 nm, and a higher pore volume with pore di-

ameter larger than 110 nm. These observations are consistent with the observed

phenomenon in the core layer showing that more crystals are formed in the capillary

and gel pores of the specimen which has a higher expansion. The evolution of pore

volume in three pore ranges is presented in Fig. 3.28. Similar conclusions can be

drawn here. The (at least part of the) generated crystals tend to precip-

itate in the pores between 100 nm - 400 µm without inducing obvious

expansion, and then penetrate into smaller pores leading to expansion.

The evolution of the pore size distribution from Layer1 to Layer7 keeps the same

trend (see Appendix C).
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Figure 3.29 – Evolution of the pore size distribution and pore volume of 11× 11×
22 cm3 DEF specimen from MIP at the surface layer.

Evolution of the expansive mechanism while approaching the outer so-

lution - surface effect The evolution of the pore size distribution at the 8th

(at a depth between 1.1 and 1.65 cm), 9th (at a depth between 0.55 and 1.1 cm)

and surface layer are quite different, see Fig. 3.29. First, the pore volume tends

to decrease in the pore range of less than 150 nm. Then, pore positions where

the pore volume starts to be released increase. For example, pore volume is in-

creased for pores of dimensions higher than the radius corresponding to point A

in Fig. 3.29 if comparing specimens DEF-I-Ini-Layer10 with DEF-I-Lat-Layer10;

this critical point moves to B (around 300 nm) by comparing DEF-I-Lat-Layer10

and DEF-I-Fin1-Layer10/DEF-I-Fin2-Layer10. It means that as exposure time in-

creases, the balance between pores filled by new crystals and the creation of empty

pores leads to the generation of new bigger pores while smaller pores are occupied.

The evolution of pore volume in three ranges at the surface layer shows differences

compared to Layer1 to Layer7. Pore volume with respect to pores between 100 nm

- 400 µm tend to increase and pore volume of medium pores (20-100 nm) decreases,

while pore space of the smallest pores (3.7-20 nm) decrease first and then increase.
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The leaching is particularly obvious at this layer, that is why it is difficult to analyze

the variations of pore structure during DEF. Haga found that a remaining content

of Ca at the surface layer could be decreased to 30% after 91-day exposure to deion-

ized water, while remained almost intact at the depth of 10 cm [14]. The depth of

the CH dissolved front extends to further depth as the leaching period increases.

However, the surface layers are the most degraded. This explains the different trend

of the evolution of the pore structure at the surface and other layers. Furthermore,

the pore volume between 10 and 150 nm filled by ettringite tends to decrease, but

in a lower extent compared to the core layer.

3.1.4.3 Subconclusions

The evolution of pore size distribution of the big DEF specimens can solve the

questions proposed above: 1. Will AFt precipitate in smaller gel pores when the

expansion continues to a higher degree? 2. How does the pore size distribution

evolve during the process of DEF?

• It is concluded that ettringite forms only in the capillary pores, but

also in smaller gel pores when the expansion increases from 0.5% to more

than 1.0%.

• A modification of the pore size distribution during the attack is ob-

served. The generated crystals tend to precipitate in the big voids with-

out inducing obvious expansion, and then penetrate into capillary and

gel pores which leads to swelling.

3.1.5 Comparison of the pore volumes measured by MIP and WAPT

There is no unique method that can be used to characterize pores having a wide range

of sizes. The different techniques, each based on different inherent assumptions, have

their own capabilities and advantages. A combination of several methods is most

likely to provide a good understanding of the size and pore structure. To better

understand the characteristics of the techniques, the pore volume measured by MIP

and WAPT are compared. A comparison of the total porosity of 11× 11× 22 cm3

DEF specimens measured by WAPT and MIP (in different layers) are presented in

Table 3.4.
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On the one hand, the table illustrates that the total porosity obtained by WAPT

increases gradually during the degradation. This increasing trend is more clearly

shown in Fig. 3.30. However, the average of total porosity measured by MIP has a

different trend. It tends to decrease due to a higher decreased pore volume induced

by ettringite formation, comparing to other possible processes which can increase the

pore volume. Then, the average total porosity increases which may be induced by

the dissolution of CH and/or the occurrence of microcracks. On the other hand, the

porosity measured by WAPT is consistently higher than the average values measured

by MIP. The relative difference in average porosity measured by these techniques

ranges from a minimum of 27% at the initial state to a maximum of 36% at the

final state. A noticeable difference was also reported in the work of Ragoug [32].

The water accessible technique overestimates the porosity in samples that contains

a significant amount of water soluble minerals. The dissolution of these minerals

during saturation may increase the measured porosity. The creation of microcracks

during process is another possibility which would result in a higher porosity than the

actual one. Therefore, WAPT is not recommended to be the indicator to analyze the

characterization of the pore microstructure. Even though WAPT has limitations to

study the durability of cement paste in a microscopic scale, it remains an easily and

rapidly performed technique. It would provide more reliable results while working

on the durability of mortars and concrete, which are more concerned by engineers.

Figure 3.30 – The evolution of the total porosity measured by MIP and WAPT.
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Table 3.4 – Comparisons of the pore volumes measured by MIP and WAPT.

3.1.6 Analyses on heat-based dissolution test results

3.1.6.1 Effect of high temperature on the microstructure

Fig. 3.31(b) presents the pore size distribution of the initial DEF sample (DEF-I-

Ini) before and after a 1-day heating at 68 ◦C. The sample was described in detail in

section 2.11.1. After the high temperature, the pore volume in pores larger than 130
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Figure 3.31 – Pore size distribution of (a) DEF-I-Fin1 & DEF-I-Ini; (b) DEF-I-Ini

& DEF-I-Ini-Dissolution-68-1; (c)DEF-I-Fin1 & DEF-I-Fin1-Dissolution-68-1; and

(d) all.
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nm increases and pore volume with respect to diameters less than 130 nm decreases.

When the cement-based material is exposed to high temperatures, the most impor-

tant processes happening include chemical reactions, phase transformations and heat

deformations occurring at a microscopic scale [269]. The total porosity of gel and

capillary pores was found to be stable when heated up to 300◦C in [270] due to the

shrinkage of cement paste on the one hand [269] and on the other hand to additional

hydration of unhydrated cement grains and the recrystallization of Ca(OH)2. The

solubility of portlandite decreases as the temperature increases. For instance, the

dissolved Ca from portlandite decreases from 13.6 mmol at 100 ◦C to 0.506 mmol

at 350 ◦C [271]. As specimens in this study have been kept in water for up to 1

year, the shrinkage of the cement paste and the hydration process should have been

finished. Therefore, the pore size change of the cement paste in this heat-based

dissolution test should be caused by the microcracks due to heating in the pores

larger than 100 nm [264] and the recrystallization of Ca(OH)2 [270] in the pores less

than 100 nm, and maybe the dissolution of AFt.

3.1.6.2 Microstructure after the heat-based dissolution

Firstly, the pore size distribution change of the 11×11×22 cm3 DEF specimens DEF-

I-Ini and DEF-I-Fin1 is recalled in Fig. 3.31(a). It has been shown that during the

DEF, pores between 4 and 30 nm are filled by ettringite, and pore volume increases

between 100 nm and 10 µm, which is caused by microcracks and the dissolution of

portlandite. The detailed explanations have been presented previously in section

3.1.4. Then, the pore size distribution of DEF-I-Fin1 and DEF-I-Fin1-Dissolution-

68-1 (sample DEF-I-Fin1 heated at 68 ◦C for 1 day) are shown in Fig. 3.31(c).

The recrystallization of CH in the capillary pores and formation of microcracks are

observed after the heat-based dissolution test. Meanwhile, pore space between 4

and 30 nm is released, which was occupied by ettringite before, as shown in (a). A

general comparison of all the samples above is presented in Fig. 3.31(d). It is clearly

shown that the pore size distribution between 4 and 30 nm is completely reversed

to the initial state after the heat-based dissolution test.

More results of pore size distribution after heat-based dissolution exposed to different

temperatures and durations are shown in Fig. 3.32 – 3.36. Based on the analyses

above, we will focus only on the pore range between 4 and 30 nm and forget the

rest due to portlandite formation and microcracking. The pores filled by ettringite

during DEF are released after the heat-based dissolution except for 68-3, 78-3 and
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88-3, and the reasons for the exception could not be explained. The differences

between the curves, which are reversed to the initial state in the range of 4 and 30

nm, are not significant knowing the dispersion of the test results (see Chapter 2)

and could be ignored. However, higher temperatures induce more microcracks in

the material. Therefore, it is concluded that the heat-based dissolution at 68 ◦C for

1 day is enough and efficient to “wash” out the ettringite formed during the process

of delayed ettringite formation, which in turn proves that the crystals formed in the

range between 4 and 30 nm during DEF are ettringite crystals.

Figure 3.32 – Pore size distribution measured from MIP after the heat-based dis-

soluion test at 68 ◦C (I)
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Figure 3.33 – Pore size distribution measured from MIP after the heat-based dis-

soluion test at 68 ◦C (II)

Figure 3.34 – Pore size distribution measured from MIP after the heat-based dis-

soluion test at 78 ◦C
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Figure 3.35 – Pore size distribution measured from MIP after the heat-based dis-

soluion test at 88 ◦C

Figure 3.36 – Pore size distribution measured from MIP after the heat-based dis-

soluion test at 98 ◦C
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3.2 Cement III samples

As compared to the CEM I specimens, none of the specimens fabricated with CEM

III showed a major increase of expansion and mass after a 7-month exposure to

sulfate attack conditions (ESA, DEF and Coupling effect), see Fig. 3.37 – 3.39.

After 220-day exposure to DEF, DEF-III-Fin (expansion of 0.008%) showed an

expansion 60 times less than DEF-I-Fin (expansion of 0.5%). Meanwhile, ESA-

III-Fin specimen showed an expansion almost 40 times less than ESA-I-Fin. This

difference is much more obvious in the case of coupling effect. However, these

expansions cannot be considered as negligible as regards the expansion threshold

defined in “classical” concrete performance approaches dedicated to DEF [272, 273].

The low expansion of CEM III specimens is not only due to the low content of

CaO but also to the limited content of Al2O3 available for formation of ettringite.

Although CEM III has a higher Al2O3 content (8.93 %) than CEM I (4.30 %), a

significant part of Al2O3 remains in unreacted slag particles [274]. In addition, the

adsorption of aluminum on C-S-H results in a lower content available for ettringite

formation [275]. However, CEM III is confirmed to have a good resistance to sulfate

attacks.

Figure 3.37 – Strain of the CEM III 2× 2× 12 cm3 specimens (ESA-III-Fin, DEF-

III-Fin, and Coup-III-Fin) and 11× 11× 22 cm3 DEF specimen (DEF-III-Lat).

Some information should be recalled here. Due to the same heating treatment and

curing conditions for DEF and Coup specimens, Coup-III-Ini was not fabricated.

The pore size distribution of the small CEM III samples at the initial state is shown
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Figure 3.38 – Mass variations of the CEM III 2× 2× 12 cm3 specimens.

Figure 3.39 – Mass variations of the CEM III 11× 11× 22 cm3 specimen (DEF-III-

Lat)

in Fig. 3.40. The samples show a similar pore size distribution in different layers

except for the 9th and surface layer, which show a difference in the pores between

30-80 nm (see Fig. 3.43). DEF-III-Ini shows a higher pore volume between 3.7-10

nm and a lower value between 10 nm and 1 µm compared to ESA ones, especially in

the core layer. The preheating on DEF specimens changes the porous structure of

C-S-H, and the pore size of these pores in C-S-H (gel pores) is around 10 nm. The

158



Figure 3.40 – Pore size distribution of CEM III 2× 2× 12 cm3 specimens.

effect of heating treatment on pore size distribution has been discussed for CEM I

specimens in section 3.1.3.1.

A comparison of the pore size distribution of 2 × 2 × 12 cm3 specimens fabricated

with CEM I and CEM III is presented in Fig. 3.41 and 3.42. The CEM III specimen

shows a higher pore volume in the range of around less than 27 nm in the case of

DEF and less than 35 nm in the case of ESA compared to the CEM I specimens.

According to the analyses on small CEM I specimens in section 3.1.3.1, the for-

mation of ettringite in the pores smaller than 50 nm for ESA and between 9.7-100

nm for DEF corresponds to expansion. The high pore volume in the range of less

than around 30 nm provides a higher capacity to accommodate the expansive prod-

ucts, which is one more other explanation why less expansion is observed in CEM

III specimens. Furthermore, the pore size distribution of 11 × 11 × 22 cm3 DEF

specimen (DEF-III-Ini) at different layers are presented in Fig. 3.43. It illustrates

that the microstructure along the depth are pretty similar, except for the 9th and

surface layers which are affected significantly by the leaching of calcium ions and

microcracks.
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Figure 3.41 – Comparison of pore size distribution of 2 × 2 × 12 cm3 specimens

between CEM I and CEM III at the core layer

Figure 3.42 – Comparison of pore size distribution of 2 × 2 × 12 cm3 specimens

between CEM I and CEM III at the surface layer

3.3 Conclusions

Small specimens (2×2×12 cm3) fabricated with CEM I and III, which were exposed

to ESA, DEF and the coupling effect of both, were monitored during the degradation

process. Small specimens fabricated with CEM III showed very slow increase of

length and mass variation due to limited content of CaO and Al2O3 available for
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Figure 3.43 – Pore size distribution along the depths of 11 × 11 × 22 cm3 DEF

specimen, DEF-III-Ini

ettringite formation. A high pore volume with respect to pores of less than around 30

nm was another reason for delay of expansion. On the contrary, CEM I specimens

had high expansions. The ESA-I-Fin and Coup-I-Fin specimens showed obvious

cracking in the material, while only slight cracks were seen for DEF-I-Fin specimens

on the top and side surfaces with an expansion of 0.5% after two years of monitoring.

In this study, the degree of swelling took an order as: DEF < ESA < Coupling

effect, while the increase of length showed a unique linear relationship with the

increase of mass in three exposure conditions at the beginning stage (elastic stage).

The measured variations of pore size distribution presented above indeed include

a combination of several phenomena, for instance, the dissolution of CH, the de-

calcification of C-S-H, formation of ettringite (and gypsum) and the occurrence of

cracks. Hence, the measured pore volume in a pore range cannot be used to quantita-

tively distinguish the different phenomena. However, this method provides a way to

qualitatively understand the microstructure characteristics during the sulfate attack

process.

The changes of the microstructure of the 2×2×12 cm3 specimens ESA-I and Coup-

I measured by MIP and deduced from DVS during the sulfate attacks confirm the

ettringite formation both in capillary and gel pores. However, ettringite was found to

be present mainly in the capillary pores for the 2×2×12 cm3 specimen DEF-I which

had an expansion of 0.5%. The continuation of the ettringite formation to gel pores
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was proved on the big DEF specimens (11×11×22 cm3): DEF-I-Fin1 (expansion of

1.49%) and DEF-I-Fin2 (expansion of 1.22%). Therefore, it was concluded that the

ettringite precipitates both inside capillary and gel pores regardless of the exposure

conditions. According to the evolution of pore size distribution of 11× 11× 22 cm3

DEF specimens, a damage mechanism is proposed: ettringite precipitates in the big

voids firstly without inducing obvious expansion, and then penetrates into capillary

and gel pores which leads to expansion. Meanwhile, crystals form in the generated

voids with possibility to increase the damage.

With additional sulfate ions coming from the aggressive solution, the Coup speci-

mens showed a similar pore size distribution in the pores less than 100 nm as the

DEF specimens, but a much higher pore volume in the pore ranges corresponding

to the microcracks. It indicates that ettringite tends to preferentially form in the

new created big voids, e.g. microcracks, rather than to continue to penetrate into

smaller gel pores. However, the ettringite formed in big voids is not the reason for

the expansion, but it nonetheless leads to a worse degradation in the area where

cracks already happened. This idea was further confirmed in the evolution of pore

size distribution on DEF 11 × 11 × 22 cm3 specimens at the core layer. The pore

volume between 100 nm and 1 µm was observed to be decreased after a 200 days

immersion in water when the specimen showed a swelling of 0.03%. A high pore

space in this range (100 nm - 1 µm) was released when the expansion increased up

to 1.22%, which was higher when the specimen reached a swelling degree of 1.49%.

The pore volume measured by MIP and WAPT have been compared. The water

accessible porosity technique shows an overestimated porosity, because of a great

amount of water soluble minerals contained in the samples that could be dissolved

during the saturation. The creation of microcracks during the process is another

possible reason for the overestimation of porosity. Therefore, the total porosity

measurement, water accessible porosity technique is not recommended as a unique

indicator of durability for the specimens exposed to sulfate attacks in the microscopic

scale. Even though MIP has limitations as well, it can provide potential information,

e.g. the change of the microstructure which can confirm some explanations of the

sulfate attack mechanisms discussed in the literature.

Heat-based dissolution tests were performed to “wash out” the ettringite formed

during DEF. Even accompanied with microcracks and the recrystallization of CH,

the ettringite formed during the DEF was proved to have been removed in the pore

range of 4-30 nm after the heat-based dissolution tests. The initial pore size dis-
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tribution was recovered in this range, which further confirmed that the products

formed were ettringite. Moreover, this reversion was observed at different tempera-

tures and heating durations, except for the cases of 68-3, 78-3 and 88-3. However,

samples treated by the higher temperatures and longer durations showed more pore

volume induced by microcracks.

Based on the damage mechanism proposed in this chapter, a poromechanical model

will be established to simulate the crystallization process of ettringite and predict

the corresponding expansion of specimens. In addition, the pore size distribution of

specimen ESA-I-Ini (before the sulfate attack) will be used in the model to represent

the pore structure of cement paste. In return, the predicted crystallization process

will be compared with the MIP results of specimens after the attack.
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4 Poromechanical model

In the previous chapter, it was concluded that ettringite precipitated firstly in the

big voids without inducing expansion, and then penetrated into capillary and gel

pores which leads to expansion. Moreover, ettringite was found to be formed both

in capillary and gel pores after the degradation, regardless of the type of sulfate

attacks. A poromechanical model of the cement-based material subjected to both

ESA and DEF is proposed, based on surface-controlled crystal growth and other

physicochemical properties. This model well explains how crystal precipitates in a

porous material, and the crystal growth is believed to be controlled by the interface

instead of the diffusion control. Scherer explained that if growth was under diffusion

control, the crystal-liquid interface would be at the solubility limit, so no pressure

could be tolerated [276]. The crystallization pressure is believed to be the driving

force for the expansion, which links the crystal formation in the microstructure to

the stress-strain response of the material.

4.1 Poromechanical approach

4.1.1 Effective stress

The expansion of a porous body, exposed to a supersaturated solution of a given

crystal, is assumed to originate from the crystallization pressure exerted at the

crystal-solid interface after crystal grows into contact with the wall of pores. The

crystallization pressure, PC , is the pressure needed to arrest the growth in a super-

saturated solution and is given by the Correns’ equation [22] under the form:

PC − PL =
RT

VC
ln(βp) (53)

where PL is the liquid pressure, R is the ideal gas constant, T is the temperature,

VC is the molar volume of the crystal, and βp is the saturation index of the crystal

at the crystal-solid interface.

The poromechanical approach is used to model the expansion ε of a porous solid.

As the sample is fully saturated in a solution, namely, no air is occupied in the pore

space, the material is considered to be saturated by crystals and the liquid. Then,

the effective stress can be expressed as:
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σ
′
= σ + b (SCPC + SLPL) (54)

In this equation, σ
′

and σ are respectively the effective stress and stress responsible

for the solid strain ε, b is the Biot’s coefficient, SC is the fraction of pore space

saturated with crystals and SL is the liquid saturation which equals to (1 - SC).

The liquid pressure, PL, is assumed to be equal to the atmospheric pressure and will

be neglected from now on. Then, in a stress-free condition, the effective stress, σ
′
,

can be simplified as:

σ
′
= bSCPC (55)

Through the effective stress σ
′
, the proposed poromechanical model could be used to

simulate the swelling of the material by coupling with any mechanical constitutive

theories, such as elasticity (σ
′

= Eε), plasticity (σ
′

= E (ε − εp)), damage theory

(σ
′
= E(d)ε) and so on.

4.1.2 Lagrangian partial porosities filled by crystals

The volume fraction filled by crystals are split into two parts: invasion and defor-

mation processes [277]:

ΦC = SCΦ0 + ϕC (56)

where ΦC is the volume fraction of the crystal phase, Φ0 is the initial porosity in

the material prior to any deformation, SC is the Lagrangian degree of saturation for

crystals and ϕC is the porosity change due to deformation of the pores.

As shown in Eq. 56, the volume fraction of the crystal depends on the volume change

caused by crystal invasion Φ0SC and the pore deformation ϕC . The former one is

related to the crystal content ni formed in the pore invasion process by accretion of

new crystals at the liquid-crystal interface:

SCΦ0 = VCni (57)
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and the latter is related to the crystal content np formed during the deformation

process by accretion of new crystals at the solid-crystal interface:

ϕC = VCnp (58)

where VC is the molar volume of the crystals.

4.1.3 Volumetric isodeformation of pores

The deformation of the pores is assumed to be isotropic in the material. The change

of the partial porosity, during the pore deformation process, is assumed to be related

to the degree of crystal saturation SC and the deformation of pores ϕ, under the

form:

ϕC = SCϕ (59)

The overall volumetric strain ε of a porous solid results from both the volumetric

strain εs of its solid part, and from the change of the Lagrangian porosity, ϕ [202].

ε = (1− φ0) εs + ϕ (60)

The solid matrix is considered as incompressible grains so that εs = 0, and Eq. 60

is simplified as:

ε = ϕ (61)

Combining Eqs. 59 and 61, the change of the partial porosity due to the deformation,

ϕC , is:

ϕC = SCε (62)

Eqs. 56, 57, 58 and 62 are the main assumptions for the change of porosity induced

by crystals formation.
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4.1.4 Coupling with poroelasticity

The poroelasticity theory can be used to model the linear expansion in the elastic

range ε of a sample caused by the crystallization pressure (Eq. 53) as following:

ε =
b

E
SCPC (63)

where E is the bulk modulus of the porous body, b is the Biot’s coefficient and SC

is the fraction of pore space saturated with the crystal.

The poroelasticity is suitable to simulate the elastic expansion of the specimens, for

example, when the specimens are in a constrained condition. However, when the

stress exerted on the material is beyond its elastic range, the poroelasticity is not

suitable anymore. Therefore, an extension of the poroelasticity to a damage theory

or plasticity is necessary.

4.1.5 Coupling with damage model

A typical uniaxial tensile damage theory is coupled with this poromechanical model

(see Fig. 4.1). It comprises two periods: elastic (0–1) and damage (1–2) ranges.

A tensile damage model [278] is adopted in the second period, and a combined

constitutive relation of the tensile stress and strain is shown as follows:

σ0−1 = Eε

σ1−2 = E(d) ε = Eε0 exp(−ε− ε0
εf

)
(64)

where E(d) = E εo
ε

exp(− ε−ε0
εf

), ε0 is the maximum elastic strain, εf is a damage

parameter affecting the ductility of the response and related to the fracture energy

(εf ≈ 3.9× 10−3 in this study).

Then, the non-linear expansion coupled with a damage model can be expressed as:

ε0−1 =
b

E
SCPC

ε1−2 =
b

E(d)
SCPC

(65)

167



Figure 4.1 – Typical stress-strain behavior of cement-based materials.

4.2 Mechanism of crystallization-induced swelling kinetics

The mechanism of the expansion kinetics is now envisioned as follows. Consider a

porous material whose pores are filled by supersaturated solution, with a saturation

index of β. If a crystal nucleates on the pore wall, it will grow along radial and axial

directions, by consuming the excess of the solute. It begins to exert stress on the

solid matrix after it grows into contact with the opposite wall of the pore. At the

crystal-solid interface, the crystal will rapidly stop growing and reach equilibrium

(βp = β) by exerting a stress on the wall (according to Eq. 53). However, when

the material could not resist the stress, the crack occurs and a pore deformation

process starts. Meanwhile, the crystal-liquid interface is out of the equilibrium and

undergoes a pore invasion process. This anisotropic stress state of the crystal is

shown in Fig. 4.2.

Figure 4.2 – Anisotropic stress state of crystal in a single pore
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4.2.1 Crystallization process

4.2.1.1 Pore invasion process

The crystal-liquid interface will grow at a rate governed by an interface controlled

growth mechanism [279] and penetrate into smaller pores with a radius of curvature

predicted by the Ostwald-Freundlich equation (Eq. 66), until the crystal eventually

sustains an isotropic stress state. This is called the pore invasion process. At the

equilibrium state, there should be:

RT

VC
ln(β) =

2γCL
req

(66)

where γCL is the surface energy of the crystal and req is the mean radius of curvature

of the crystal-liquid interface at equilibrium (βi = β) i.e. after the crystal growth in

the invasion process is completed. The Ostwald-Freundlich equation tells us that the

solubility of the crystal increases with the inverse of its size so that a small crystal is

less stable than a bigger one. The consequence is that precipitation will first occur

in the biggest pores and then penetrate into ever smaller pores. During its growth,

the radius of curvature of the crystal-liquid interface, r(t), will then decrease and

stop after reaching the limit req given by Eq. 66.

βi(t), related to the radius of curvature, r(t), is the saturation index of crystal at the

crystal-liquid interface exhibited at the present time through the Ostwald-Freundlich

equation under the form:

RT

VC
ln(βi(t)) =

2γCL
r(t)

(67)

The saturation index, βi(t), is thus the saturation index of a theoretical solution

that would be in equilibrium with the crystal-liquid interface at time t, having a

radius of curvature r(t). In the process of the crystal growth, this saturation index

will increase from a value associated with the biggest pore and stop after having

reached β. Here, for sake of simplicity and without loss of generality, the effect of

contact angle (θ, see Fig. 4.2) has been neglected and so the pore radius and the

interface radius of curvature have been merged.
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4.2.1.2 Pore deformation process

As explained above, the crystal at the crystal-solid interface reaches equilibrium

rapidly due to a high stress on the pore wall. However, this equilibrium will be

broken when the cracks occur, and a pore deformation process comes. Without the

constraint of the pore wall, the saturation index of the crystal at the crystal-solid

interface drops quickly according to Eq. 53.

There are two possible subsequent situations:

• If the source of the reactant ions is unlimited (e.g. in the case of

ESA), namely, the saturation index of crystal in pore solution is kept

high and constant. Then the interface of crystal-solid will be always out

of equilibrium, and results in an unlimited crystal growth;

• Another situation is when the source of the reactant ions is limited (e.g.

in the case of DEF), which means that the saturation index of the crystal

in pore solution will be decreased during the crystallization. Due to the

decrease of the β, the equilibrium at the crystal-solid interface may be

obtained again, when crystals stop growing and the swelling reaches a

plateau.

During this process, the strain increases fast, the kinetics of which is assumed to be

governed by an interface controlled mechanism.

4.2.2 Kinetic of crystal growth

It is assumed that the growth rate is governed by an interface controlled mechanism

[279] given by:

d

dt
(n) = av (1− exp(−∆Gr

RT
)) (68)

where n is the crystal content, av is a parameter and ∆Gr is the reaction Gibbs

energy of the crystal dissolution reaction, i.e ∆Gr =
∑

i νiµi − µC where µi is the

chemical potential of ions in solution, νi is the stoichiometric coefficients and µC

is the chemical potential of the solid crystal at the curved crystal-liquid interface,

which can be related to that of a flat interface through the Gibbs-Thomson equation,

µC = µ∞C +2γCLVC/r. It turns out that ∆Gr can be expressed as ∆Gr = RT ln(β/βi)
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at the crystal-liquid interface, so that a kinetic law for crystallization can be written

as:

d

dt
(ni) = am (1− βi

β
) (69)

where ni is the crystal content formed during pore invasion process and am is a kinetic

constant, which is proportional to the surface area at the crystal-liquid interface.

A similar kinetic law is employed in the pore deformation process:

d

dt
(np) = an(1− βp

β
) (70)

where np is the crystal content formed during pore deformation process and an is

the corresponding kinetic constant, which is proportional to the surface area at the

crystal-solid interface that has been saturated by crystals.

Combining the Eq. 57 and 69, the kinetic equation of SC could be expressed as:

d

dt
(SC) =

VC

Φo

d

dt
(ni) = ai (1− βi

β
) (71)

with ai = VC

Φo
am. When the crystal-liquid interface reaches an equilibrium (βi = β),

the increase rate of SC will be 0. Then SC will be always kept constant.

By combining the Eq. 58, 59 and 70, the kinetic of strain increase could be expressed

as:

d

dt
(ε) = ap (1− βp

β
) (72)

with ap = VC

SC
an.

Eqs. 53, 55, 71 and 72 are the basic equations governing the mechanism for the

crystallization-induced swelling kinetics.

4.3 Modeling the ettringite formation in pores

The crystal formed in this study is ettringite. The crystal saturation should be

related to the pore size distribution of the porous material, which was analyzed and
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presented in Chap. 3. This crystal saturation can be characterized by a function

S(r) representing the volume fraction occupied by pores having a pore entry radius

lower than r.

According to the experimental results presented in the Chap. 3, it was concluded

that ettringite induced by both ESA and DEF crystallizes preferentially in the

biggest capillary pores (if there are no cracks) and then penetrates into smaller

pores later. Therefore, crystals in capillary pores will saturate the fraction of the

capillary pores larger than the radius of curvature of the crystal-liquid interface r:

SC = 1− S(r) (73)

S(r) is calibrated from Van Genuchten model [280] and Eq. PC = 2γCL

r
, with an

expression as:

S(r) = (1 + (
a

r
)

1
1−m )−m (74)

where a and m are parameters determined from the pore size distribution.

As an example of the volume fraction curve, SC , which results from the pore size

distribution of specimen ESA-I-Ini measured by MIP (see section 3.1.3 and Fig.

3.12(a)), is shown in Fig. 4.3.

In addition, S(r) depends on the type of the materials (concrete, mortar, and cement

pastes) and the mix compositions. Three examples are shown in Table 4.1, which are

calibrated from saturated fraction of crystals SC . For example, the parameters for

cement paste are calibrated from Fig. 4.3, and parameters for mortars and concrete

come from unpublished results from IFSTTAR. These calibrated results are used in

the following simulations.

Table 4.1 – The parameters a and m calibrated from pore size distributions of

concrete, mortar and cement pastes.

Materials Concrete Mortar Cement paste

a (nm) 127.86 155.82 15.979

m 0.379 0.2516 0.4388

172



Figure 4.3 – Evolution of the pore volume fraction with the pore radius

4.4 Coupling with cement chemistry

4.4.1 Chemical assumptions for ettringite formation

It is assumed that ettringite forms from the reaction of sulfate and calcium ions with

C3A-rich hydration products and/or AFm [194, 201]. Examples of such reactions

are:

C3AH6 + 3Ca2+ + 3SO2−
4 + 26H2O → C3A(CS̄)3H32

C3A(CS̄)H12 + 2Ca2+ + 2SO2−
4 + 20H2O → C3A(CS̄)3H32

(75)

All the calcium ions are provided by portlandite and C-S-H. It is assumed that the

aluminium ions in the solution are provided by buffering agents as either hydrogarnet

(C3AH6 is the most stable) or monosulfoaluminate (AFm) which is decomposed from

the primary ettringite. Therefore, the main hydration products in cement-based

materials include: CH, C-S-H (with C/Si=1.7), C3A, and the primary ettringite.

The content of these products can be predicted based on the mass balance of the

mineral elements in cement, e.g. Ca, Si, Al and S. In addition, it is assumed that all

the sulfur in the cement contributes to the primary AFt. Thus, the mass balance
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equations in the case of ESA are expressed as:

nSiO2 = nCSH

nCaO = nCH + 1.7 nCSH + 3 nC3A + 6 nAFt

nAl2O3 = nC3A + nAFt

nSO3 = 3 nAFt

(76)

where nSiO2 , nCaO, nAl2O3 , and nSO3 are the initial mass contents in the cement.

Then, the contents of the hydration products (nCSH, nCH, nC3A, and nAFt) are:

nCSH = nSiO2

nCH = nCaO − 1.7 nSiO2 − 3 nAl2O3 − nSO3

nC3A = nAl2O3 −
1

3
nSO3

nAFt =
1

3
nSO3

(77)

For DEF, it is assumed that all the primary AFt is decomposed to AFm and free

sulfate ions in the solution during the heating treatment. In addition, a part of the

free sulfate ions in the pore solution is adsorbed on C-S-H. In this way, the initial

sulfur just after the heat treatment is distributed into three parts: AFm (nAFm), the

free sulfate ions in pore solution (nSO2−
4

), and the sulfate ions adsorbed on C-S-H

(nadsSO4
).

The mass balance equations are:

nSiO2 = nCSH

nCaO = nCH + 1.7 nCSH + 3 nC3A + 4 nAFm

nAl2O3 = nC3A + nAFm

nSO3 = nAFm + nSO2−
4

+ nadsSO4

(78)

Then the solved contents of C-S-H, CH, C3A, and AFm are:

nCSH = nSiO2

nCH = nCaO − 1.7 nSiO2 − 3 nAl2O3 −
1

3
nSO3

nC3A = nAl2O3 −
1

3
nSO3

nAFm =
1

3
nSO3

nSO2−
4

=
2

3
nSO3 − nadsSO4

(79)
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In the model, the calcium ions are assumed to be buffered by CH, and aluminium

ions are provided by C3A (for ESA) and AFm (for DEF). Therefore, when either

nCH or nC3A/nAFm is depleted, the formation of ettringite will be stopped.

4.4.2 Determination of the saturation index of ettringite

According to the chemical composition of ettringite, the saturation index of ettrin-

gite (β) in the pore solution is determined from the concentration of the ions: Ca2+,

Al3+, SO2−
4 and OH−. CH, C3AH6 and AFm are playing as buffering agents in

the solution. First of all, the saturation index of AFt, CH, C3AH6 and AFm are

presented as:

log(βAFt) = 6 log(cCa2+) + 2 log(cAl3+) + 3 log(cSO2−
4

) + 12 log(cOH−)− log(KAFt);

log(βCH) = log(cCa2+) + 2 log(cOH−)− log(KCH);

log(βC3AH6) = 2 log(cAl3+) + 3 log(cCa2+) + 12 log(cOH−)− log(KC3AH6);

log(βAFm) = 2 log(cAl3+) + 4 log(cCa2+) + log(cSO2−
4

) + 12 log(cOH−)− log(KAFm);

(80)

where KAFt = 10−112, KCH = 10−5.14, KC3AH6 = 10−20.49, and KAFm = 10−29.43 at 25
◦C [281].

In addition, the aqueous solution is controlled by electroneutrality equation as:

2 cCa2+ + cNa+/K+ + 3 cAl3+ = cOH− + 2 cSO2−
4

(81)

where cNa+/K+ is the concentration of alkalis in the solution, which is assumed to be

determined by the exterior solution in the case of ESA and by cement material for

DEF.

Then, there are 5 equations with 8 unknowns: 4 concentrations (cCa2+ , cAl3+ , cSO2−
4

and cOH−) and 4 saturation indexes (βAFt, βCH, βC3AH6 and βAFm). In addition, it

is assumed that the portlandite is at the solubility limit, namely βCH = 1 as long

as portlandite is not depleted. So it ends up with 5 equations and 7 unknowns: 4

concentrations (cCa2+ , cAl3+ , cSO2−
4

, and cOH−) and 3 saturation indexes (βAFt, βC3AH6

and βAFm). Then, 2 more equations are needed.

175



For ESA, it is assumed that βC3AH6 = 1, and cSO2−
4

is an input determined by the

exterior solution used in the experiments.

In the case of DEF, the saturation index of AFm is assumed to be 1 and the content

of sulfate ions is given. The alkalis provided by cement material are assumed to be

dissolved all in the solution, then the concentration of alkalis can be predicted. The

initial content of free sulfate ions in the pore solution is determined as (see section

4.4.1):

nSO2−
4

=
2

3
nSO3 − nadsSO4

(82)

where the first part on the right is the total amount of the free sulfate ions decom-

posed from the primary ettringite, and nadsSO4
is the amount of sulfate ions adsorbed

on C-S-H.

In the literature, plotting the quantity of sulfate ions adsorbed on C-S-H vs. the

sulfate concentration at equilibrium in the solution is the most common way to

represent the results of adsorption studies. The Langmuir isotherm model was found

to well represent this relationship [97] as:

1/Cb = 1/(kCbm) 1/C + 1/Cbm (83)

where k is the affinity constant, C is the concentration at equilibrium, Cb is the

quantity adsorbed per gram of the C-S-H, and Cbm is the quantity adsorbed when

the surface is saturated. Then, the content of sulfate ions that adsorbed on C-S-H

can be predicted as:

nadsSO4
= Cb × nCSH ×MCSH (84)

where nCSH is the content of C-S-H, which equals to nSiO2 , MCSH is the molar mass

of C-S-H. In the experiments of [97], 3.4 g C-S-H was added into a 250 mL mixed

solution of NaOH and Na2SO4. Then the quantity of adsorbed sulfate ions was

measured, and a relationship between the quantity of adsorbed sulfate ions and the

equilibrium concentration was found. In order to simulate a pH value of around

13, the experimental results of the mixed solution with a concentration of NaOH

around 0.1 mol/L are chosen. Then the calibrated results are: k = 1.149 L/mol,

and Cbm = 13.6 mmol per gram of the C-S-H. This model is used to simulate the

amount of sulfate ions adsorbed on C-S-H in this study.
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During DEF, the formation of ettringite consumes sulfate ions. Thus the content

of sulfate ions in the solution is decreased. Then, at a given time, t, the content of

sulfate ions in the solution can be determined with an expression as:

nSO2−
4

(t) =
2

3
nSO3 − nadsSO4

(t)− 2 nAFt(t) (85)

where nadsSO4
(t) is the content of sulfate ions adsorbed on C-S-H at time t, which

depends on the concentration of sulfate ions in pore solution. nAFt(t) is the content

of ettringite formed at time t, which increases with time. When all the free sulfate

ions in the solution are completed, the formation of ettringite will be stopped, as

well as the expansion.

4.5 Summary of the constitutive laws

The swelling strain as predicted by Eq. 63 and 65 depends on several factors:

(1) the mechanical properties: Young’s modulus E and Biot’s coefficient b. These

two parameters are determined by the specimens. In this study, E is assumed to be

20 GPa, and b=1.

(2) the property of the microstructure presented through the volume fraction occu-

pied by ettringite: SC .

(3) two kinetic constants: ai and ap for the crystal growth in the pore invasion and

deformation processes, which should be calibrated respectively.

(4) the saturation index of ettringite: β, which results from the ion compositions of

the pore solution.

4.6 Sensitivity analyses

A process of the crystallization in a porous material has been explained above, and

the input β, two kinetic constants ai and ap have been introduced in the model.

Then, the effect of these variables on the SC , elastic and damage strain will be

analyzed in this part.
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4.6.1 Sensitivity of the evolution of SC (Eq. 71) and the elastic strain

(Eq. 63) with β and ai

The Eq. 71 ( d
dt

(SC) = ai (1 − βi
β

)) is solved by varying β and kinetic constant

ai. According to Fig. 4.4(a), the saturation index of crystal in pore solution, β,

contributes essentially to the final crystal saturation and has a restricted effect on

the kinetics at the last moment before reaching the equilibrium. The kinetic constant

ai (see Fig. 4.4(b)) has an effect on the rate only. The crystal saturation with a

higher kinetic constant ai reaches the final state faster.
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Figure 4.5 – Sensitivity analyses of β and ai on elastic strain

The effects of β and ai on the elastic strain are analyzed in this part, see Fig. 4.5.
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Eq. 63 (ε = b
E
SCPC) tells us that the effect of β on the strain not only comes from

the SC which has been explained above but also from PC (see Eq. 53). The higher

saturation index forces ettringite to form in smaller pores, which in turn increases

the crystal saturation and the time required to reach equilibrium. In this way, the

final expansion increases with the ettringite saturation index. However, ai has only

effect on the kinetics.

4.6.2 Sensitivity of the evolution of SC (Eq. 71) and damage strain (Eq.

72) with constant β, ai and ap in the case of ESA

Eq. 71 is solved by varying the input β and two kinetic constants ai and ap. The

effects of β and ai on SC have been analyzed in the previous section. Moreover, the

kinetic constant ap has no effect on the crystal saturation.

The sensitivity of input β and two kinetic constants ai and ap on expansion are

studied by solving Eq. 72. It is shown in Fig. 4.6 (a) and (b) that the input β and

kinetic constant ai have effect only on the elastic phase (strain less than 0.02% in this

analyses) and the kinetics of damage strain is only determined by the parameter ap.

Fig. 4.6 (a) illustrates that the higher β leads to shorter elastic duration. The elastic

strain (ε = bSCPC/E) is determined by SC and PC . With a higher PC resulting from

the higher β (see Eq. 53), less SC is required to reach the elastic peak (ε0 = 2×10−4

in this part). The effect of ai on the elastic range is obvious: less ai takes more

time to get to yield point, which leads to a longer elastic duration. Fig. 4.6 (c)

illustrates that higher value for parameter ap contributes to faster kinetics of the

damage strain.

Summarizing the analyses above, it is concluded that in the case of ESA, the elastic

behavior is determined by β and ai, and the kinetics of the damage range is only

controlled by the kinetic constant ap. These observations enable us to calibrate the

kinetic constants ai and ap from elastic and damage responses of ESA specimens

during the experiments.
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Figure 4.6 – Sensitivity analyses of β, ai, and ap on damage strain, with K = 20

GPa, b=1, ε0 = 2× 10−4

4.6.3 Sensitivity of the evolution of SC (Eq. 71) and damage strain (Eq.

72) with ai, ap, and a decreased β in the case of DEF

In the case of DEF, the initial content of sulfur, nSO3 , is an input to determine

the initial value for β and the amount of free sulfate ions in the pore solution,

cSO2−
4

. As crystals precipitate, sulfate ions are consumed. When all the SO2−
4 in the

pore solution are completed, the crystals will stop growing. It means that the initial

content of sulfur determines the total AFt formed in the material after the specimen

reaches the plateau. Fig. 4.7(a) and 4.8(a) show that the βini has a positive effect on

the final SC and the final damage strain. It is easy to understand that with a higher
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content of sulfate ions provided in the pore solution, more ettringite forms in both

the pore invasion and deformation processes. Moreover, a higher βini contributes

to a faster increase rate of damage strain. This could be explained by Eq. 72

( d
dt

(ε) = ap(1− βp
β

)). The product of ap(1− βp
β

) is increased with a higher βini, which

leads to a faster kinetics of strain.

A complex effect of ai and ap on SC and damage strain is found. According to

Eq. 56 and 59, the final content of AFt formed after the expansion stops can be

expressed as:

nAFt = (SCΦ0 + SCε)/VAFt (86)

Provided that all the SO2−
4 is consumed at the end of the attack, there is a distri-

bution of the formed AFt in the pore invasion and pore deformation process, which

correspond to final SC and strain, respectively. If less AFt formed in the pore in-

vasion process, more crystal will be distributed in the pore deformation after the

swelling stops. For example, in Fig. 4.7(b), less SC is occupied when ai = 1× 10−8

compared to the other two cases, but much more damage strain is presented in

Fig. 4.8(b). It can be concluded that a small quantity of ettringite formed in SC

contributes to a larger distribution of ettringite in the deformation process.

Based on the observations above, it is concluded that the initial content of sulfur

fixes the total amount of ettringite formed in the material, and two kinetic constants

determines the distribution of the ettringite in pore invasion and deformation pro-

cesses. It means these two processes are in a “competition” state to gain ettringite.

Therefore, the plateau value of swelling should be determined by three inputs: nSO3 ,

ai and ap, as well as the kinetics.
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Figure 4.7 – Sensitivity analyses of initial β, ai, and ap on SC
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Figure 4.8 – Sensitivity analyses of initial β, ai and ap on damage strain
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4.7 Simulation of experiments of this study

In this part, the experimental studies on cement paste performed in this study are

simulated and analyzed via the proposed model. First, the expansion of the spec-

imens are simulated, which meanwhile predicts the consumption of the hydration

products and the precipitation of ettringite. Further, the crystallization process is

illustrated by the model, including the pore invasion and pore deformation process.

In addition, the pore range where ettringite forms in the material is predicted in the

model, which can be compared with the experimental results measured by MIP in

section 3.1.3.1.

4.7.1 Simulation of ESA in this study
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Figure 4.9 – Simulation of 2× 2× 12 cm3 specimen exposed to ESA in this study.

In this simulation, the initial content of products are: nCH = 1.53 mol/L, nCSH =

1.393 mol/L, nC3A = 0.114 mol/L, and nAFt = 0.059 mol/L. The simulated expan-

sion curve is shown in Fig. 4.9 with parameters: ai = 9×10−9 and ap = 2×10−9. As

the sodium sulfate solution was renewed during attack with cNa2SO4 = 0.12 mol/L,

the concentration of sulfate and sodium ions are kept constant in the simulation as:

cSO2−
4

= 0.12 mol/L and cNa+ = 0.24 mol/L. With the consumption of CH, C3AH6

and sulfate ions, AFt precipitates, see Fig. 4.10. However, when any of the reactants

is depleted, the formation of ettringite will be stopped.
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Figure 4.10 – The consumption of CH, C3AH6 and the precipitation of AFt in the

simulation

The crystallization in the material is simulated in the model as well. As the con-

centration of Ca2+, Al3+, OH−, and SO2−
4 are assumed to be constant in the pore

solution, which provides a constant saturation index of ettringite in the pore solu-

tion (β), see Fig. 4.11. As ettringite forms from the largest pores and penetrates

into smaller ones (see Fig. 4.12), the saturation index of ettringite at the crystal-

liquid interface (βi) increases, which results in an increase in SC (see Fig. 4.13). βi

continues to grow until it reaches the value of β when the crystal-liquid interface is

at equilibrium. Meanwhile, the saturation index of ettringite at the crystal-solid in-

terface (βp) increases drastically to β at the beginning of the crystallization process

due to the occurrence of crystallization pressure at this interface. Then, with an

increase of SC , the effective tensile stress (σ
′
= bSCPC) grows. When material could

not resist the increasing effective tensile stress, cracks occur and material comes into

damage range. Without the constraint of pore wall, βp drops rapidly and approaches

to 1. The big difference between β and βp indicates a continuous non-equilibrium

at the crystal-solid interface, which means that ettringite will grow until one of the

reactants is depleted.
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Figure 4.11 – The evolution of saturation index of ettringite in the pore solution, at

the crystal-liquid and the crystal-solid interface.
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Figure 4.13 – The evolution of saturated fraction of crystals.

186



4.7.2 Simulation of DEF in this study

In this simulation, the initial content of products are: nCH = 1.65 mol/L, nCSH =

1.393 mol/L, nC3A = 0.114 mol/L, and nAFm = 0.059 mol/L. The simulated expan-

sion curve is shown in Fig. 4.14 with calibrated parameters: ai = 6.8 × 10−9 and

ap = 5.2 × 10−10. The consumption of AFm, sulfate ions, and the precipitation of

AFt are shown in Fig. 4.15. For each one mole of ettringite formed, one mole of

AFm is consumed, as well as two moles of sulfate ions which come from both the

pore solution and the one adsorbed on C-S-H, see Fig. 4.16. When either AFm

or sulfate ions are depleted, the formation of ettringite will be stopped and the

expansion will reach a plateau.
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Figure 4.14 – Simulation of 11×11×22 cm3 specimen exposed to DEF in this study.

As concluded from Chap. 3, ettringite forms in the big voids firstly and then pene-

trates into smaller pores; it leads to a decrease of pore entry radius (see Fig. 4.17).

Consequently, an increase of βi is observed, see Fig. 4.18. Since sulfate ions in the

pore solution is limited and consumed, the saturation index of ettringite in solution

decreases, as shown in Fig. 4.18. An equilibrium state at the crystal-liquid interface

is reached when the increasing βi meets the decreased β, from which moment SC

reaches a plateau (see Fig. 4.19). In the following period, the equilibrium state at

the crystal-liquid interface is assumed to be maintained, which means that the pore

entry radius stops decreasing and SC is kept at the plateau. In the pore deformation

process, the crystal-solid interface reaches an equilibrium rapidly at the beginning
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Figure 4.16 – The consumption of sulfate ions and the precipitation of AFt.

of crystallization process until cracks occur. Then βp drops drastically to 1. At a

certain moment, the equilibrium at the crystal-solid interface is regained when β is

reduced to 1, which is induced by the consumption of sulfate ions. Consequently,

the formation of ettringite is stopped and the expansion reaches a plateau.
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As presented above, a continuous decrease of pore entry radius is predicted in the

model, which stops at around 20 nm both for ESA and DEF. According to the

analyses in Chap. 3, the minimum pore size where pore volume reduces is 3.7 nm for

ESA-I-small specimen and 4 nm for DEF-I-big specimen. The discrepancy between

experimental and modeling results should come, amongst other possibilities, from

the assumption of the saturation index of ettringite in the pore solution, which has a

significant effect on the crystallization process. For example, the saturation index of

CH, and C3AH6/AFm are assumed to be 1, which provide an assumed concentration

of Ca2+ and Al3+, and may lead to the difference with the experimental results.

4.8 Simulations of experiments from the literature

4.8.1 Simulation of ESA in restrained conditions

Figure 4.20 – PVC mould and three types of restraints [282].

Ma et al. experimentally studied hollow cement paste cylinders exposed to external

sulfate attack in a restraint condition. Three types of longitudinal restraints were

applied on the hollow cement paste cylinders (CEM I 42.5 N) by means of a spring

and steel bars (middle diameter 3 mm for low-restraint and 7 mm for high-restraint)

through the specimens in order to facilitate non-, low- and high-restraint conditions.

PVC moulds with stainless steel rods in the center are made to obtain the thin-

walled hollow cement paste cylinders, as shown in Fig. 4.20. The thin-walled hollow

cylinders were immersed in saturated limewater at 20 ◦C for 90 days firstly, then

together with three types of restraints immersed in sodium sulfate solutions with

the concentrations of 1.5 g/L and 30 g/L, respectively. Strain gauges were glued to

the middle part of the stainless steel bars to measure the local restrained expansion.

Then the total strain of the specimens in the axial direction, εz, was calculated in

their study (see Fig. 4.21).

The specimen was in a stress-strain state as:
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Figure 4.21 – Expansion under low-restraint

Axial stress: σ
′
z = σz + bSCPC ; Axial strain: εz (see Fig. 4.21);

Radial stress: σ
′
r = bSCPC ; Radial strain: εr;

Hoop stress: σ
′

θ = bSCPC ; Hoop strain: εθ.

In the axial direction, the stress-strain equation can be expressed as:

σ
′

z − ν(σ
′

r + σ
′

θ) = Eεz (87)

where ν is the Poisson’s ratio (ν = 0.2 in this study).

Then, it gives:

σz = Eεz − (1− 2ν)bSCPC (88)

In the model, the bulk modulus of the cement paste specimens is adopted as 20 GPa,

and the Biot’s coefficient b is 1. For SC , the parameters which represent the pore

structure of cement paste used in the model are: a = 15.979 nm and m = 0.4388,

see Table 4.1. The initial content of the products used in the simulation (based on

Table 2.3) are: nCH = 1.53 mol/L, nCSH = 1.393 mol/L, nC3AH6 = 0.114 mol/L, and

nAFt = 0.06 mol/L. The generated stress under low-restraint and the corresponding

simulated results based on Eq. 88 are presented in Fig. 4.22. In this figure, the

compressive axial stress is presented in positive. A kinetic constant ai = 2.0× 10−8

is calibrated from the generated stress of specimen 3mm-30g/L, in which case the

diffusion process is faster and assumed completed. Then this constant is used to
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predict another specimen in the case of 3mm-1.5g/L. It shows that the absolute

value of predicted axial stress for 3mm-1.5g/L is quite close but lower than the

actual one, which means that the predicted bSCPC is underestimated. However,

the predicted PC may be underestimated and the parameter ai calibrated from the

higher concentration may overestimate the SC . The product of these two variables

may lead to an underestimated value.
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4.8.2 Simulation of DEF in confined conditions

Burgher et al. studied the level of confining stress necessary to stop DEF [283] by

Hoek cell, which was first designed by Franklin E. Hoek [284]. The typical Hoek

Cell is shown in Fig. 4.23. A continual supply of water was set to allow for water

to circulate to and from the ends of the concrete cylinders.

Figure 4.23 – (a)Typical Hoek Tri-Axial Cell; (b) Cross-section View of Hoek Cell

with concrete test cylinders and load platens shown [283]

The cylinders (8.57 cm in diameter by 17.78 cm in length) were fabricated and

exposed to DEF with maximum temperature of 96 ◦C for 12h, at the end, cured in

limewater for long-term storage at 23 ◦C. The experimental results of two cylinders

(MC1 and MC2) are simulated in this study. These two cylinders were fabricated

and cured in the same way and were removed from the limewater at approximately

110 days with expansions: 0.61% for C1 and 0.51% for C2. The cylinders were

placed inside the Hoek cell, and pressures were exerted when specimens started to

expand. The confining pressure of the hydraulic oil increased until it reached a

level of confining pressure at which the internal stress was balanced by the external

pressure (see Fig. 4.24). However, a lower degree of confining stress was exerted on

specimen MC1, which was explained to be due to a suspected hydraulic oil leak by

the authors.

The specimens were situated in a restrained condition with axial stress σz, radial

stress σr, and hoop stress σθ (σr = σθ = confining stress, see Fig. 4.24). The axial

strain, εz, was small and could be neglected. Then, in the axial direction:

σz + bSCPC − ν(σr + σθ + 2bSCPC) = Eεz = 0 (89)

which gives:

σz = 2νσr − (1− 2ν)bSCPC (90)
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Figure 4.24 – The measured confining stresses for MC1 and MC2 according to [283].

where ν = 0.2, b=1, and E=20 GPa are assumed in the simulation. The parameters

used to represent the pore structure of concrete specimens are: a = 127.86 nm and

m = 0.379, see Table 4.1. The initial content of products used in the simulations

((based on Table 2.3)) are: nCH = 1.65 mol/L, nCSH = 1.393 mol/L, nC3A = 0.114

mol/L, nAFm = 0.06 mol/L, nSO2−
4

= 0.063 mol/L, and nadsSO4
= 0.05 mol/L.
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Figure 4.25 – Simulated axial stress of cylinders [283]
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First, a kinetic constant ai = 1.8× 10−8 is calibrated from axial stress of specimen

MC1 according to Eq. 90. Then, a same value of ai is used to predict the axial stress

for MC2, see Fig. 4.25. The compressive axial stress is presented in positive. The

predicted axial stress for MC2 shows a quite close value with experimental data.

This proves that the proposed poromechanical model works well when it is coupled

with elasticity theory.

4.8.3 Simulation of ESA in free swelling

Due to the unlimited provision of sulfate ions from exterior solution, a constant β

based on the experimental conditions is predicted, see section 4.4.2. It is clearly

observed from the experimental swelling that the curve includes two parts: slowly

increased and accelerated parts, the kinetics of which are mainly governed by two

independent constants: ai and ap. The connection point of these two parts cor-

responds to the yield point in the constitutive strain-stress curve. Therefore, the

yield strain point should be fixed from the swelling curves first. Then, two kinetic

constants could be calibrated from the increase rate of the expansion. In addition,

the bulk modulus of the porous body is adopted as 20 GPa and the Biot’s coefficient

b is 1.

Ferraris et al. studied the external sulfate attack by exposing mortar specimens

to sodium sulfate solutions with different pH conditions and different geometries

[63]. The parameters, which represent the pore structure of mortar specimens (see

Tab. 4.1), are used as: a = 155.82 nm and m = 0.2516. The initial content of

the products used in the simulation (based on Table 2.3) are: nCH = 1.53 mol/L,

nCSH = 1.393 mol/L, nC3AH6 = 0.114 mol/L, and nAFt = 0.06 mol/L. Some of the

experimental results are selected and presented in this study. The mortar prisms

(25 × 25 × 276 mm3) were stored in pH uncontrolled and pH = 7 conditions with

an initial concentration of sodium sulfate solution of 5% by weight. The initial

concentration of sulfate ions and alkalis can be calculated as:

cSO2−
4

=
5%

MNa2SO4

/ρliquid (91)

cNa+ = 2 cSO2−
4

(92)

where MNa2SO4 is the molar mass of Na2SO4, and ρliquid is the density of the liquid,

which is assumed to be 1 g/mL. In this way, the calculated concentration of sulfate
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ions is 0.38 mol/L, and the concentration of Na+ is 0.76 mol/L. The solution, which

was not pH controlled, was renewed each time an expansion measurement was made.

The pH controlled condition was maintained by adding sulfuric acid. This method

was proved to be able to fix the hydroxyl ion concentration as well as the sulfate ion

concentration in solution [62]. Therefore, cSO2−
4

and cNa+ are kept constant in the

simulation for both conditions.

First, two kinetic constants ai and ap are calibrated from the expansion curve of

the specimen in pH uncontrolled condition. The results are: ai = 9 × 10−9 and

ap = 1.1×10−9. The pH condition simulated is shown in Fig. 4.26, which stables at

around 12. The evolution of content of CH, CS̄H2, C3AH6 and ettringite are shown

in Fig. 4.27. Then, these two parameters are used to predict the swelling curve of

the specimen which is in a pH controlled condition at 7 (see Fig. 4.28). However,

no expansion is observed. A condition of pH=7 contributes to a rapid dissolution

of portlandite and the precipitation of gypsum, see Fig. 4.29. The calcium in the

gypsum comes mainly from the dissolution of portlandite and the decalcification of

C-S-H. However, no ettringite is formed, which is not stable at pH=7. In this model,

the formation of ettringite is supposed to be the only reason for expansion. That is

why the predicted curve “Simulation pH=7” does not show any expansion.
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Figure 4.27 – Content of CH, CSH2, C3AH6 and AFt when pH is not controlled
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Figure 4.28 – Calibration of parameters for ESA [63]

197



 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4

 4.5

 0  0.02 0.04 0.06 0.08  0.1  0.12 0.14 0.16 0.18

C
o
n
te

n
t 
o
f 
c
o
m

p
o
n
e
n
ts

 (
m

o
l/
L
)

Time (day)

nCH

nCSH2

nC3AH6

nAFt

Figure 4.29 – Content of CH, gypsum, hydrogarnet and ettringite
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Fig. 4.30 shows the expansion of mortar cylinders with three different diameters:

25 mm, 50 mm, and 75 mm. Small specimens start to expand earlier and faster due

to the weak ability to overcome the expansive forces compared to large specimens,

because specimens in different dimensions start to expand macroscopically when a

similar fraction of the specimens are affected by the penetrated sulfate ions [11]. The

transport of the sulfate ions depends on the diffusion process, which is indispensable

when studying the effect of dimensions. Therefore, ai = 2.6 × 10−8 and ap =

3.1× 10−9 are calibrated from the smallest specimen with cSO2−
4

= 0.38 mol/L and

cNa+ = 0.76 mol/L. Then these two parameters are kept constant to predict the

swelling of other two larger specimens with considering the diffusion of ions. As

the material is assumed to be homogeneous, the content of the penetrated sulfate

ions is simplified as the same along the depths but increases with time. Then the

concentration of sulfate and alkali ions are simplified as to impose the cSO2−
4

= 0.38

mol/L and cNa+ = 0.76 mol/L with a single increase rate to simulate the diffusion.

Fig. 4.31 shows the evolution of cSO2−
4

in the different cases. It can be seen that even

when specimens have reached an expansion above 0.5%, the concentration of sulfate

ions has not yet reached the value of exterior solution. However, this simplified

method confirms that the elastic behavior highly depends on the diffusion process

of ions.
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Figure 4.31 – Concentration of sulfate ions with consideration of diffusion

Theoretically, the distance that ions can diffuse through time t is: L =
√
Def t, and

the corresponding area is: A = 2πR L. Then, the average concentration of sulfate
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ions of the area πR2 at a given time t, cSO2−
4

(t), can be predicted as:

cSO2−
4

(t) =
2 R

R2

√
Def t cSO2−

4
(93)

whereDef is the effective diffusion coefficient of sulfate ions, which equals to 1.065×10−9 m2/s

[285], and R is the radius of cylinder specimen. The corresponding results are plot-

ted in Fig. 4.31. Even though the predicted evolution of sulfate ions in theory has

a differently increase trend as the one simplified above, it helps to confirm that the

diffusion of sulfate ions has significant effect on elastic behavior of specimens.

4.8.4 Simulation of DEF in free swelling

The sigmoid expansion curve is the most typical kind in DEF, which is studied and

simulated only in this part. It includes a latent period, an accelerated increasing

phase and a plateau part (or a non-linear slowly increasing part) due to the limited

source of ions. The material transforms from the elastic to damage range at the

connection point of the latent and accelerated period, and this elastic limit point

is determined by the physical and mechanical properties of the material. Then the

strain will increase rapidly and reach a plateau when at least one of the reactants

is completed. To simulate the plateau is a challenge in this work. The initial

content of the sulfate ions in the pore solution (nSO2−
4

) and the ones adsorbed on

C-S-H (nadsSO4
), which is predicted from the amount of sulfur in cement (see section

4.4.1), determine the total amount of ettringite formed in the end. However, the

distribution of the ettringite between the pore invasion and deformation processes

are variable depending on the kinetic constants ai and ap. Therefore, the initial

content of sulfur nSO3 and ai determine the kinetics of the elastic range, which

together with ap affects the kinetics of damage range and the value of plateau. In

the following simulations, the yield point should be fixed from the swelling curve

first. Then, two kinetic constants can be adjusted and calibrated from the increase

rate of expansion based on an initial input of nSO2−
4

and nadsSO4
.

Experimental investigations were performed to study the effect of thermal history on

DEF of concrete prismatic specimens (11× 11× 22 cm3) in [145]. The parameters,

which represent the pore structure of concrete specimens (see Table 4.1), are used

as: a = 127.86 nm and m = 0.379. The bulk modulus is assumed to be 20 GPa,

and Biot’s coefficient is 1. According to the information of cement material in this

literature, which is the same as shown in Table 2.3, the initial content of products
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are: nCH = 1.65 mol/L, nCSH = 1.393 mol/L, nC3A = 0.114 mol/L, nAFm = 0.06

mol/L, nSO2−
4

= 0.063 mol/L, and nadsSO4
= 0.05 mol/L. Different maximum heating

temperatures (61, 71 and 81 ◦C) with different heating durations were adopted

in their study. However, concrete specimens preheated with 61 ◦C did not show

expansions while the others did. Thus a temperature above 65 ◦C was considered

to be the threshold temperature that DEF occurred. Moreover, a pessimum effect

was found in the effective energy, which is the product of temperature above 65
◦C and the heating duration. It means that as heating duration increases with a

temperature above 65 ◦C, the expansion may decrease after the effective energy is

beyond a threshold value. The expansion of specimens preheated with a maximum

temperature of 71 ◦C and different heating durations are simulated in this section.

The specimen which was heated at 71 ◦C for 12 days showed a maximum expansion,

which is assumed that all the primary ettringite was decomposed. The specimen

preheated with a short duration, 71-7days for example, showed a smaller expansion

due to a lack of sufficient energy to decompose all the primary ettringite. The

specimen preheated for 28 days showed a smaller expansion as well, which may

be related to the definitive aluminum substitution of silica in C-S-H and resulted

in a decrease in the quantity of ettringite precipitated [207]. For these cases, the

total ettringite formed in the materials at the plateau phase are less than specimen

71-12days. Therefore, for a simplicity, the initial concentration of SO2−
4 in the

pore solution are decreased to reduce the final amount of ettringite that could be

precipitated. First, ai and ap are calibrated from specimen 71-12days. Then, these

two parameters are kept constant to calibrate the initial concentration of sulfate

ions from the plateau value of expansion.

The calibrated results from specimen 71-12days are: ai = 1.7 × 10−8 and ap =

2.8 × 10−9. Fig. 4.32 shows that AFm transforms to AFt with consuming sulfate

ions. This reaction stops when all the available sulfate ions are depleted, at which

moment the expansion reaches a plateau.

Fig. 4.33 illustrates the predicted swelling curves for other specimens with ai =

1.7× 10−8 and ap = 2.8× 10−9. For specimen 71-7days, an initial concentration of

sulfate ions of 0.316 mol/L is calibrated and the simulation shows a shorter elastic

duration compared to the actual one. For specimens 71-14days and 71-28days, a

slower kinetic of elastic range is predicted. This may be explained by the fact

that during the long-term (14 or 28 days) preheating, the microstructure of the

material is modified which leads to a lower capacity to accommodate the ettringite

and results in a shorter elastic range. This factor could not be illustrated in this
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Figure 4.32 – Evolution of content of AFm and AFt, and SO2−
4 .

model. However, the kinetic of damage range is well predicted.
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Figure 4.33 – Calibration of parameters for DEF [145]:

The simulation of specimen 71-2days is unsatisfactory, see Fig. 4.34. As the initial

concentration of SO2−
4 decreases from 0.2901 mol/L in simulation I to 0.2900 mol/L

in simulation II, a big difference in expansion is observed. In these two simulations,

the consumed amount of sulfate ions, AFm, and the precipitated content of AFt

are quite similar (see Fig. 4.35). However, the distribution of AFt is different, as

shown in Fig. 4.36. The figure shows a higher value of SC in the simulation II. It

means that the formed AFt is distributed only in the pore invasion process, and the
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expansive stress is not sufficient to activate the damage process.
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The simulation results shown above suggest that the proposed model can well explain

the crystallization of ettringite and the expansion due to DEF, including during

the latent, accelerated and the plateau period. In addition, the evolution of the
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components can be captured. However, it has limitations, for example, the effect

of heating processes on the microstructure are neglected and the initial content of

sulfate ions could only be predicted.

4.9 Conclusions and discussions

A poromechanical model based on the homogeneous paste expansion and surface-

controlled ettringite growth mechanism is proposed in this chapter for cement-based

materials submitted to sulfate attacks. This mechanism well explains the swelling

of cementitious specimens induced by sulfate attacks. Based on the supersaturation

pressure theory, it describes the ettringite crystallization in a porous material: the

pore invasion and pore deformation process. The kinetics of these two processes are

assumed to be governed by two independent constants: ai and ap.

In summary, the inputs required for the simulations are:

(1) the mechanical properties: bulk modulus E and Biot coefficient b;

(2) the microstructure properties through the volume fraction S(r);

(3) two kinetic constants for the crystal growth: ai and ap, which should be calibrated

from the swelling curves;

(4) the saturation index β, which is predicted from the ionic composition of the pore
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solutions.

Some assumptions were used when determining the saturation index of ettringite in

the pore solution. The portlandite, hydrogarnet, and monosulfate were assumed to

be at equilibrium in the pore solution to determine the concentrations of Ca2+ and

Al3+. In addition, the concentration of OH− is determined according to the principle

of electroneutrality. For ESA, the concentration of sulfate ions is determined by the

exterior solution, while for DEF, it is determined by the initial content of sulfur in

the cement.

The advantage of this proposed poromechanics-model is that it matches with any

mechanical theory, including poroelasticity, poroplasticity, damage model, etc. By

analyzing the sensitivity of β, ai and ap in the case of ESA, it is concluded that the

elastic behavior (kinetic and duration) is controlled by β and ai, while the damage

behavior is governed by ap. However, in the case of DEF, with a decreased β, a

“competition” phenomenon is observed between the pore invasion and deformation

processes. The initial content of sulfur and ai determines the kinetics of the elastic

range, which, together with ap affects the kinetics of damage range and the plateau

phase. With these observations, the expansion of the specimens was simulated.

Firstly, poroelasticity theory was coupled to describe the swelling due to sulfate

attacks in a restrained condition. The kinetic parameters ai was calibrated from the

axial stress of the specimens, and was then used to predict the axial stress of other

specimens. The simulated results both in ESA and DEF showed a quite close value

compared to the experimental results.

Secondly, a damage model was coupled with the proposed poromechanical model to

simulate the expansion of specimens in a free swelling condition. In the case of ESA,

ai and ap were calibrated from the expansion of the specimen, which was not pH

controlled. Then, the calibrated parameters were used to predict the expansion of a

specimen at pH=7. No expansion was observed due to the precipitation of gypsum

instead of AFt. However, the formation of ettringite is considered as the only reason

for expansion in the model, that is why no expansion was predicted. A simplified

method was used to simulate the diffusion of ions, which imposed the boundary

condition of sulfate and alkali ions with a single increase rate when predicting the

expansion curves for specimens of different dimensions. The predicted expansion

curves showed a good consistency with the experimental results. For DEF, ai and

ap were calibrated from the specimen with maximum expansion, for which it was
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assumed that all the primary ettringite was decomposed to AFm and free sulfate

ions after the heating treatment. Then, the calibrated parameters were used to

calibrate the available content of sulfate ions at the beginning from the final plateau

of expansion. In the end, these parameters were adopted to predict the expansion

curves. The damage behavior was well predicted, while the elastic one was not quite

satisfying. This is because the effect of heating process on the microstructure was

neglected, and it is difficult to determine the precise content of sulfate ions which

are decomposed from the primary ettringite.

The proposed model suggests a method to explain the crystallization of ettringite

and the expansion due to sulfate attacks. The minimum pores where ettringite ap-

proaches during attacks, showed a good consistency with the experimental results

measured by MIP. This further proved the reliability of the proposed model. How-

ever, some of the experimental conditions were not taken into account in the model,

such as the composition of concrete mix, preheating histories, curing conditions, and

so on. These factors should be considered when determining the saturation index of

ettringite. Furthermore, the diffusion and leaching of the ions were not considered

in the simulation as well. These ideas should be modified in the model in the further

studies.
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Conclusions and perspectives

As emphasized in the literature review, sulfate attacks have been considered as one

of the most concerned problems affecting the durability of cement-based materi-

als. ESA and DEF have been studied separately due to different sources of sulfate

ions. However, they share a lot in common, which motivated this study. Therefore,

this work aimed to study the damage behavior of cement-based materials due to

different types of sulfate attacks, and investigate the common phenomenon in the

crystallization process.

Cement pastes fabricated with two types of cement (CEM I and CEM III) and

two dimensions (2 × 2 × 12 cm3 and 11 × 11 × 22 cm3) were exposed to three

types of sulfate attack conditions (ESA, DEF, and the coupling effect of the both)

in this study. CEM III specimens showed a strain of less than 0.04% after a 7-

month exposure to sulfate attacks due to a low content of CaO and a limited Al2O3

available to form ettringite in the materials. However, CEM I specimens showed

different degrees of expansion depending on the type of sulfate attacks. The multi-

source of sulfate ions (Coupling effect) generated for the 2×2×12 cm3 specimen the

fastest kinetics, which reached an expansion of up to 2.7% after 2.5 months. DEF

2 × 2 × 12 cm3 specimen displayed the slowest kinetics with an expansion of 0.5%

after 2 years though not yet stabilized.

The comparison of the pore size distribution of cement pastes exposed to different

sulfate attack conditions provided valuable insights into the pore position where

expansive product forms. First, 2 × 2 × 12 cm3 specimens showed a decrease in

pore volume in the pore range of 3.7-50 nm for ESA-I (expansion of 1.7%), between

9.7-100 nm for DEF-I (expansion of 0.5%), and 5.3-80 nm for Coup-I (expansion of

2.7%). These pore ranges correspond to capillary and gel pores. Then, 11 × 11 ×
22 cm3 specimen DEF-I-Fin2 (expansion of 1.22%) showed a pore range occupied

by generated crystals of approximately 4-20 nm, which suggested that expansive

product precipitates into smaller pores leading to an increase of the expansion.

To sum up, generated crystal forms both in capillary and gel pores when cement

pastes are exposed to sulfate attacks, including ESA, DEF, and the coupling effect.

The evolution of the pore size distribution was studied on DEF 11 × 11 × 22 cm3

specimens, which showed that: the pore volume between 100 nm - 400 µm was

decreased during the latent period, which extended to capillary and gel pore ranges

with the expansion increasing rapidly. The expansive crystals are assumed to be
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ettringite according to the literature. Therefore, a uniform damage mechanism is

proposed for cement-based materials exposed to sulfate attacks: ettringite forms in

the biggest voids first without inducing any obvious expansion, then penetrates into

capillary pores forwarding gel pores which leads to an accelerated swelling.

The evolution of pore size distribution of 11×11×22 cm3 DEF specimens illustrated

a variable pore structure during the degradation, which was affected by the dissolu-

tion of CH, the decalcification of C-S-H, ettringite formation and the occurrence of

microcracks. The pore structure is indeed governed by competing mechanisms. For

example, if the increased pore volume δV1 induced by microcracks is higher than

the decreased one δV2 due to ettringite formation, the accumulated pore volume

δV1− δV2 shows an increase, which means an increase in pore volume in total. This

observation suggested that characterizing the pore structure provided a qualitative

method to study ettringite formation instead of a quantitative one. Therefore, to

confirm these processes quantitatively, it seems necessary in the future to carry out

additional tests on chemical analyses, which can provide more information about

the content of each species.

A poromechanical model was proposed based on the surface-controlled mechanism

and ettringite crystallization. The model well explained the process of ettringite

crystallization in the pores, which was divided into two processes: pore invasion

and pore deformation. The precipitation of ettringite in the pore invasion process

is governed by the interface of the crystal-liquid. Ettringite stops growing in this

direction when the interface reaches an equilibrium, which accumulates a volume

fraction occupied by crystals of SC . A constant, ai, is proposed to represent the

kinetic of SC . The deformation process is governed by the interface of crystal-solid

where ettringite keeps growing until the interface reaches an equilibrium, with a

kinetic constant ap. ai and ap are two parameters needed to be calibrated from

the swelling curves. During the degradation of ESA, the kinetics of the swelling

is governed by ai when the material is within the elastic range, while the damage

expansion is governed by ap. In the simulation of DEF, all the sulfur in the cement

is assumed to contribute to the primary ettringite, which is totally decomposed

to AFm and free sulfate ions during the heating treatment. The limited amount of

sulfur in cement contributes to a certain content of AFt that could be formed during

DEF. This means that a “competition” would happen between the pore invasion and

deformation processes, which affects the expansion degree. Therefore, in the case

of DEF, the kinetics of elastic and damage range depend on ai, ap, and the initial

content of sulfur as well.
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Except for these two parameters ai an ap, the other important input is the saturation

index of ettringite in the pore solution, β. It is determined by the component ions

in the pore solution, including ions of Ca2+,Al3+,OH− and SO2−
4 . The difference

between ESA and DEF is reflected by β in this model. For ESA, the exterior solution

provides unlimited sulfate ions into the pore solution, which keeps β constant and

high. However, in the case of DEF, the sulfate ions in the pore solution is consumed

as ettringite precipitates. Therefore, the expansion reaches a plateau when one of the

reactants is completed. In this study, the initial content of hydration products were

predicted according to the mass balance from cement materials, and the saturation

index of CH, C3AH6 (for ESA), AFm (for DEF) in the pore solution were assumed to

be 1. However, this would be more precise if the experimental factors are considered,

such as the concrete mix, the curing conditions, the exposure conditions and so on.

The proposed poromechanical model well explained the crystallization process and

predicted the expansion. First, the minimum pore entry radius of experiments in

this study that predicted by the model (20 nm both for ESA-I-Fin and DEF-I-Fin) is

quite close to the experimental results from MIP (3.7 nm for ESA-I-Fin and 9.7 nm

for DEF-I-Fin). Secondly, the calibrated kinetic constants are of a similar magnitude

around 10−8 and 10−9, respectively. Furthermore, for the same specimen materials,

the damage behavior is well predicted, while the elastic behavior could be improved

by considering the diffusion, the effect of the heating history on the decomposition

of the primary ettringite, the modification of microstructure and so on.

The final goal of this study is dedicated to optimize the performance of cement-based

materials against sulfate attacks, and predict the service-life of concrete strucures.

In order to be better applied in the engineering field, the current model could be

modified and improved. In the following, some perspectives are proposed.

Perspectives

In order to complete and improve this study on sulfate attacks, some aspects could

be taken into considerations in further studies:

• The microstructure of cement-based materials due to sulfate attacks

was studied qualitatively through an analysis of the pore size distribu-

tion. It would be interesting to extend this study with chemical analyses,

in particular to distinguish the effect of calcium leaching and crystals
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precipitation on the variation of pore volume. This would provide an

analysis quantitatively, which would allow a better understanding of the

consequences of each process. Additionally, performing the heat based

dissolution test developed in this work at various stages of the reactions

would confirm some of the assumptions put forward in this work regard-

ing the evolution of the pore size distribution.

• During the degradation, the microstructure of the material is modified,

which affects the crystallization procedure, for example, the volume frac-

tion of the crystals. In the modeling, with considering the evolution of

microstructure, the harmless crystals which form in the newly generated

voids could be distinguished from the expansive ones. This modification

will simulate the damage more precisely.

• The precipitation of gypsum during sulfate attacks has been discussed

a lot in literature. Even though it is generally accepted that the for-

mation of gypsum occurs after the expansion, it may be the reason for

the expansion, for example, when the materials are exposed to an acid

environment. For this reason, it would be interesting to consider the

gypsum as an expansive product in the model.

• Furthermore, the diffusion and leaching of the ions could be considered

in the model in the further studies, as these have a significant effect on

the elastic range. The transportation of ions may determine the latent

duration of the expansion. Therefore, it would be useful to take these

factors into account for the simulation.

• Finally, extending the current 1-dimension model to 2-dimensions or

even 3-dimensions will be interesting and useful, which could be applied

on structural elements. In this way, the model could be used by engi-

neers to predict the stress and strain of the structures.
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[94] R. Yang, C.D. Lawrence, and J.H. Sharp. Delayed ettringite formation in

4-year old cement pastes. Cement and Concrete Research, 26(11):1649–1659,

1996.

[95] I. Odler. Interaction between gypsum and the csh phase formed in C3S hydra-

tion. In 7th International Congress on the Chemistry of Cement, volume 4,

pages 493–495. The Congress Paris, France, 1980.

[96] Y. Fu. Delayed ettringite formation in Portland cement products. University

of Ottawa (Canada), 1996.

[97] L. Divet and R. Randriambololona. Delayed ettringite formation: the effect of

temperature and basicity on the interaction of sulphate and csh phase. Cement

and Concrete Research, 28(3):357–363, 1998.

[98] X. Brunetaud, R. Linder, L. Divet, D. Duragrin, and D. Damidot. Effect

of curing conditions and concrete mix design on the expansion generated by

delayed ettringite formation. Materials and Structures, 40(6):567–578, 2007.

219



[99] G. Escadeillas, J.E. Aubert, M. Segerer, and W. Prince. Some factors affecting

delayed ettringite formation in heat-cured mortars. Cement and Concrete

Research, 37(10):1445–1452, 2007.

[100] M.C. Lewis. Heat curing and delayed ettringite formation in concretes. PhD

thesis, Imperial College London (University of London), 1996.

[101] Z. Zhang, J. Olek, and S. Diamond. Studies on delayed ettringite formation

in early-age, heat-cured mortars: I. expansion measurements, changes in dy-

namic modulus of elasticity, and weight gains. Cement and Concrete Research,

32(11):1729–1736, 2002.

[102] D.W. Hobbs. Expansion and cracking in concrete attributed to delayed ettrin-

gite formation. Program on “Ettringite-The Sometimes Host of Destruction”,

SP-177:151–181, 1999.

[103] K. Quillin. Delayed ettringite formation: in-situ concrete. CRC Press, 2001.

[104] I. Odler and M. Gasser. Mechanism of sulfate expansion in hydrated portland

cement. Journal of the American Ceramic Society, 71(11):1015–1020, 1988.

[105] N. Leklou, J.E. Aubert, and G. Escadeillas. Microscopic observations of sam-

ples affected by delayed ettringite formation (def). Materials and Structures,

42(10):1369, 2009.

[106] R.L. Day. The effect of secondary ettringite formation on the durability of

concrete: a literature analysis. Number RD108T. 1992.

[107] I. Galan, A. Elhoweris, T. Hanein, M.N. Bannerman, and F.P. Glasser. Ad-

vances in clinkering technology of calcium sulfoaluminate cement. Advances

in Cement Research, 29(1):1–1, 2017.

[108] D. Damidot and F.P. Glasser. Thermodynamic investigation of the

CaO− Al2O3 − CaSO4 − H2O system at 25 ◦C and the influence of Na2O. Ce-

ment and Concrete Research, 23(1):221–238, 1993.

[109] D. Damidot and F.P. Glasser. Thermodynamic investigation of the

CaO− Al2O3 − CaSO4 − H2O system at 50 ◦C and 85 ◦C. Cement and Con-

crete Research, 22(6):1179–1191, 1992.

[110] P.W. Brown and J.V. Bothe Jr. The stability of ettringite. Advances in

Cement Research, 5(18):47–63, 1993.

220



[111] P. Tepponen. Damages in concrete railway sleepers in finland. Nordic Concrete

Research, (6):199–209, 1987.

[112] E.E. Hekal and S.A. Abo-El-Enein. Effect of compression on microstructure

and thermal stability of ettringite. In Proc int conf on cement microscopy, 8th

Int cement microscopy assoc. Duncanville, TX, 1986.

[113] G.M. Darr, M. Punzet, and U. Ludwig. On the chemical and thermal stability

of ettringite. In UInU: Seminar Proceedings, Reaction of Aluminates during

the setting of cements, 1997.

[114] N.N. Skoblinskaya and K.G. Krasilnikov. Changes in crystal structure of et-

tringite on dehydration. 1. Cement and Concrete Research, 5(4):381–393,

1975.

[115] N.N. Skoblinskaya, K.G. Krasilnikov, L.V. Nikitina, and V.P. Varlamov.

Changes in crystal structure of ettringite on dehydration. 2. Cement and

Concrete Research, 5(5):419–431, 1975.

[116] N.D.M. Evans. Binding mechanisms of radionuclides to cement. Cement and

Concrete Research, 38(4):543–553, 2008.

[117] R. Barbarulo. Comportement des matériaux cimentaires: actions des sulfates

et de la température. LMT-ENS de Cachan, France, Thèse de Doctorat, 2002.
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[199] F. Schmidt-Döhl and F.S. Rostásy. A model for the calculation of combined

chemical reactions and transport processes and its application to the corrosion

of mineral-building materials part ii. experimental verification. Cement and

Concrete Research, 29(7):1047–1053, 1999.

228



[200] M.A. Shazali, M.H. Baluch, and A.H. Al-Gadhib. Predicting residual strength

in unsaturated concrete exposed to sulfate attack. Journal of Materials in Civil

Engineering, 18(3):343–354, 2006.

[201] R. Tixier and B. Mobasher. Modeling of damage in cement-based materials

subjected to external sulfate attack. ii: Comparison with experiments. Journal

of Materials in Civil Engineering, 15(4):314–322, 2003.

[202] O. Coussy. Poromechanics. 2004.
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Paris Est, Marne-la-Vallée, France, 2007.
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[249] V. Šatava and O. VepŘek. Thermal decomposition of ettringite under hy-

drothermal conditions. Journal of the American Ceramic Society, 58(7-8):357–

359, 1975.

[250] S.M. Bushnell-Watson and J.H. Sharp. The application of thermal analy-

sis to the hydration and conversion reactions of calcium aluminate cements.

Materiales de Construcción, 42(228):13–32, 1992.

[251] C.M. George. Industrial aluminous cements. Structure and Performance of

Cements, pages 415–470, 1983.

[252] S. Kwan, J. LaRosa, and M.W. Grutzeck. 29Si and 27Al MASNMR study of

stratlingite. Journal of the American Ceramic Society, 78(7):1921–1926, 1995.

[253] J. Bensted. Calcium aluminate cements. Leás Chemistry of Cement and

Concrete, 1998.

[254] E.L.I.O. Passaglia and R. Rinaldi. Katoite, a new member of the

Ca3Al2(SiO4)3 − Ca3Al2(OH)12 series and a new nomenclature for the hy-

drogrossular group of minerals. Bull. Mineral, 107:605–618, 1984.

[255] R.S. Alwitt. Aluminium-water systems. Oxides and Oxide Films, 4:169–250,

1976.

[256] R.C. Mackenzie. The oxides of iron, aluminium and manganese. The Differ-

ential Thermal Investigation of Clays, pages 229–238, 1957.
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A Deduction of pore size distribution from Water

Vapor Sorption Isotherms (WVSI)

An example, which presents the methods to deduce pore size distribution from Water

Vapor Sorption Isotherms of sample ESA-I-Ini-Int, is illustrated here. First, WVSI

is shown in Fig. A.1. The desorption curve is used to deduce pore size distribution,

while the surface area is determined from adsorption curve in the range of 11-35

% according to Eq. 47. A linear relationship between RH and (1/m * 1/(1/RH -

1)) is deduced in Fig. A.2, which helps to predict the surface area in the material

(SBET = 1.31× 105 m2/kg in this example). With the predicted surface area SBET ,

the thickness of the water film at each RH can be calculated. The details of the

equations are presented in section 2.8. The BJH method is shown in Table A.1.

Figure A.1 – WVSI of specimen ESA-I-Ini-Int measured by DVS

Figure A.2 – BET method to determine the surface area
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B Expansive curves of specimens on different faces

Figure B.1 – Strain of ESA-I-Fin 2× 2× 12 cm3 specimens on different faces
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Figure B.2 – Strain of DEF-I-Fin 2× 2× 12 cm3 specimens on different faces
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Figure B.3 – Strain of Coup-I-Fin 2× 2× 12 cm3 specimens on different faces
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Figure B.4 – Strain of ESA-III-Fin 2× 2× 12 cm3 specimens on different faces
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Figure B.5 – Strain of DEF-III-Fin 2× 2× 12 cm3 specimens on different faces
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Figure B.6 – Strain of Coup-III-Fin 2× 2× 12 cm3 specimens on different faces
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Figure B.7 – Strain of DEF-I-Lat 11× 11× 22 cm3 specimens on different faces

Figure B.8 – Strain of DEF-I-Fin1 11× 11× 22 cm3 specimens on different faces
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Figure B.9 – Strain of DEF-I-Fin2 11× 11× 22 cm3 specimens on different faces

Figure B.10 – Strain of DEF-III-Lat 11× 11× 22 cm3 specimens on different faces
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C Pore size distribution at different layers of 11×
11× 22 cm3 specimens

Figure C.1 – Evolution of pore size distribution of 11× 11× 22 cm3 DEF specimen

at the core layer
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Figure C.2 – Evolution of pore size distribution of 11× 11× 22 cm3 DEF specimen

at the 2nd layer
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Figure C.3 – Evolution of pore size distribution of 11× 11× 22 cm3 DEF specimen

at the 3rd layer
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Figure C.4 – Evolution of pore size distribution of 11× 11× 22 cm3 DEF specimen

at the 4th layer
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Figure C.5 – Evolution of pore size distribution of 11× 11× 22 cm3 DEF specimen

at the 5th layer
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Figure C.6 – Evolution of pore size distribution of 11× 11× 22 cm3 DEF specimen

at the 6th layer
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Figure C.7 – Evolution of pore size distribution of 11× 11× 22 cm3 DEF specimen

at the 7th layer
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Figure C.8 – Evolution of pore size distribution of 11× 11× 22 cm3 DEF specimen

at the 8th layer
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Figure C.9 – Evolution of pore size distribution of 11× 11× 22 cm3 DEF specimen

at the 9th layer
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Figure C.10 – Evolution of pore size distribution of 11× 11× 22 cm3 DEF specimen

at the surface layer
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