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ABSTRACT 
 

During the past decades, a significant progress has been made in the development of concrete 

materials. With the development of high performance and self-compacting concrete, the 

design of concrete structures for hundred-year service life becomes possible. In recent years,   

concrete has been considered as a useful material for facilities with extremely long-term 

service life such as radioactive waste repositories. Therefore, the assessment of the long-term 

performance of such concrete structures is of utmost importance. Within its service 

environment, these structures undergo chemical degradation processes which are very slow 

but they significantly change the physical integrity (e.g. transport and mechanical properties) 

and the chemical condition (e.g. pH) of the structures in the long-term. Chemical degradation 

is typically the result of alteration of the cement matrix mineralogy caused by interaction with 

environmental conditions. The interaction disturbs the equilibrium between the pore solution 

of the cementitious materials and the solid phases of the cement matrix which results in 

dissolution and/or precipitation of minerals. The chemical degradation of cementitious 

materials is mostly followed by alteration of the microstructure and, thereby, transport 

properties. The transport properties such as permeability and diffusivity are the key 

parameters to evaluate whether the concrete still retains its function as a barrier against the 

transport of radionuclides and other hazardous products out of the disposal system. Although 

a lot of effort has been spent on studies concerning the use of cement-based materials in such 

structures, the evolution of the microstructure and transport properties under chemical 

degradation over long time periods (up to thousands of years) is still unclear due to the limited 

experimental timeframe available to capture these processes. This thesis presents a 

comprehensive study of the consequences of exposure of cementitious materials to 

carbonation and calcium leaching. 

Due to the extremely slow nature of these degradation processes, accelerated methods are 

needed to reach a certain degradation stage in order to study the behaviour of concrete 

representative for the long-term. In the present work, an ammonium nitrate solution was used 

to accelerate the Ca-leaching degradation kinetics, while pure CO2 at high pressure was 

applied to speed up the carbonation. The changes in permeability and diffusivity of the 

degraded materials were measured by novel methods. Microstructural and mineralogical 

alterations were qualitatively and quantitatively examined by a variety of complementary 

techniques including SEM/SEM-EDX, MIP, TGA, N2-adsorption, XRD/QXRD and ion 
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chromatography. The experiments were performed on cement pastes with different 

water/powder ratios and limestone filler replacement. In parallel, phenomenological models 

were also developed to better understand the transient state of degradation and to predict the 

evolution of the cementitious materials during the degrading processes, which is difficult to 

capture with experiments.  

By using the accelerated techniques, it was able to obtain degraded materials which are 

representative for long-term degradation states and as such it allowed for studying the 

microstructure and hence its relation to the transport properties. The novel methods to 

measure transport properties proposed in this study are promising in terms of the required 

experimental time, the control of parameters (pressure, flow, concentration) and reliability. 

More importantly, the techniques allowed for a convenient capturing of the changes in 

transport properties of the degraded materials, thanks to their high compatibility with the 

accelerated degradation techniques.  

Results showed that leaching and carbonation significantly changed the microstructure and 

transport properties of cementitious materials but in different manners. The leaching 

significantly altered the microstructure of the cement paste to a material with a higher specific 

surface area, increased total porosity and a shift to larger pore sizes resulting in a significant 

increase in transport properties depending on the degradation state. In contrast, carbonation 

led to a porosity reduction, shift of pore size distribution to smaller ranges and lower 

permeability and diffusivity. However, both leaching and carbonation processes induced a 

lower pH with possible loss of beneficial condition for waste package integrity (e.g. rebar 

corrosion).  

The phenomenological models developed enabled us to simulate and predict the evolution of 

the microstructure and related transport properties (permeability, diffusivity). In combination 

with accelerated experiments, it provides us the possibility to assess the long-term 

performance of cement-based materials used in disposal systems.        

 

Keywords: leaching; carbonation; acceleration; permeability; diffusivity; microstructure; 

mineralogy; cement paste; limestone filler; modelling 
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SAMENVATTING 
 

Tijdens de laatste decennia werd een enorme stap voorwaarts gezet betreffende beton als 

materiaal. Met de ontwikkeling van hogesterktebeton en zelfverdichtend beton wordt het 

ontwerp van betonconstructies met een gebruiksduur van honderd jaar steeds realistischer. 

Sinds enkele jaren wordt beton ook beschouwd als een nuttig materiaal voor installaties met 

een extreem hoge gebruiksduur, zoals constructies voor de opslag van radioactief afval. In het 

licht hiervan is de studie van het langeduurgedrag van dergelijke constructies van bijzonder 

belang. Binnen hun gebruiksomgeving ondergaan deze constructies chemische 

aantastingsprocessen die zeer traag verlopen doch die op lange termijn zeer significante 

wijzigingen veroorzaken aan de fysische integriteit (bv. transporteigenschappen) en aan de 

chemische condities (bv. pH). Chemische aantasting is typisch het resultaat van een wijziging 

aan de mineralogie van de cementmatrix, veroorzaakt door de interactie met de 

gebruiksomgeving. De omgeving verstoort het evenwicht tussen de poriënoplossing van het 

cementgebonden materiaal, en de vaste fases van de cementmatrix, resulterend in oplossing 

en/of afzetting van mineralen. De chemische aantasting van cementgebonden materiaal gaat 

meestal gepaard met een wijziging van de microstructuur, en dus van de 

transporteigenschappen. Transporteigenschappen zoals permeabiliteit en diffusiviteit zijn 

belangrijke parameters voor de evaluatie van de performantie van beton als barrière tegen het 

transport van radionucliden en andere gevaarlijke producten uit het radioactief afval. 

Alhoewel reeds vele onderzoeksinspanningen geleverd werden inzake het gebruik van 

cementgebonden materialen voor dergelijke constructies, blijft de evolutie van de 

microstructuur en van de transporteigenschappen door chemische aantasting op zeer lange 

termijn (tot duizenden jaren) onduidelijk. Een probleem hierbij is het beperkte experimentele 

tijdskader dat beschikbaar is om dergelijke processen te bevatten. Deze thesis presenteert een 

gedetailleerde studie van de gevolgen van de blootstelling van cementgebonden materialen 

aan carbonatatie en kalkuitloging. 

Door het bijzonder trage karakter van deze aantastingsprocessen zijn versnelde 

proefmethoden vereist om een zekere aantastingstoestand te bereiken, teneinde een 

representatieve studie te kunnen uitvoeren voor het gedrag op lange termijn. In voorliggend 

onderzoek werd een ammoniumnitraatoplossing aangewend om de kalkuitloging te 

versnellen. Zuiver CO2 op hoge druk werk toegepast voor de versnelling van het 

carbonatatieproces. De wijzigingen in permeabiliteit en diffusiviteit van de aangetaste 
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materialen werden opgemeten met innovatieve methoden. Microstructurele en mineralogische 

wijzigingen werden kwalitatief en kwantitatief bepaald door middel van een combinatie van 

complementaire technieken, met inbegrip van SEM/SEM-EDX, MIP, TGA, N2-adsorptie, 

XRD/QXRD en ionenchromatografie. De experimenten werden uitgevoerd op cementpasta 

met verschillende water/poeder-factor, en met variabele vervanging van cement door 

kalksteenmeel. Fenomenologische modellen werden ontwikkeld om een beter begrip te 

krijgen van de evoluerende degradatietoestand, en om een voorspelling te kunnen maken van 

de evolutie van de aantasting in de tijd, wat moeilijk waar te nemen is met experimenten. 

Door het gebruik van versnelde methoden konden aangetaste materialen bekomen worden die 

representatief zijn voor de lange termijn. Dit maakte het mogelijk om de microstructuur te 

bestuderen, en de relatie met de transporteigenschappen. De voorgestelde nieuwe methoden 

om transporteigenschappen te bepalen zijn veelbelovend met het oog op de benodigde 

beproevingstijd en de praktische controle van belangrijke parameters (druk, debiet, 

concentratie), en zijn tevens betrouwbaar. Daarenboven bieden deze proefmethoden een 

gepaste mogelijkheid om wijzigingen in transporteigenschappen te bestuderen dank zij de 

compatibiliteit met de versnelde aantastingstechnieken. 

De resultaten tonen aan dat kalkuitloging en carbonatatie de microstructuur en 

transporteigenschappen van cementgebonden materialen significant wijzigen, zij het op 

verschillende wijzen. Kalkuitloging verandert op significante wijze de microstructuur van de 

cementpasta, zodat een materiaal bekomen wordt met een hogere specifieke oppervlakte en 

een verhoogde totale porositeit. Hierbij worden grotere poriënafmetingen bekomen, wat 

resulteert in een verhoogd transport, afhankelijk van de aantastingsgraad. In tegenstelling 

hiermee leidt carbonatatie tot een vermindering van de porositeit, een verschuiving naar 

kleinere poriënafmetingen, en een verminderde permeabiliteit en porositeit. Nochtans leiden 

zowel kalkuitloging als carbonatatie tot een lagere pH, met een mogelijk verlies van de 

gunstige condities met het oog op de integriteit van de verpakking van het radioactief afval 

(bv. wapeningscorrosie). 

De fenomenologische modellen maakten het mogelijk de evolutie van de microstructuur en 

transporteigenschappen (permeabiliteit, diffusiviteit) te simuleren en te voorspellen. 

Gecombineerd met de versnelde proefmethoden biedt dit de mogelijkheid om het 

langeduurgedrag van cementgebonden materialen aangewend voor de opslag van radioactief 

afval te beoordelen.  
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Sleutelwoorden: uitloging; carbonatatie; versnelde proeven; permeabiliteit; diffusiviteit; 

microstructuur; mineralogie; cement pasta; kalksteenmeel; modellering 
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CHAPTER 1: INTRODUCTION 
 

1.1. Background 
Cementitious materials (concrete, mortar, cement paste, grout) are omnipresent in civil and 

infrastructure constructions, from small components to huge buildings. Despite the 

development of novel/advanced materials, cement-based materials are now by far the most 

widely used materials in construction over the world. Besides their classical use in 

construction, these materials are envisaged for use both as encapsulation of radioactive waste 

and as engineered barriers for disposal of radioactive waste, both in near-surface repositories 

for low/intermediate active waste and geological/deep repositories for high level long-lived 

radioactive waste (see Figure 1.1). The role of cement-based materials in these applications is 

not only focused on the retention of radionuclides (attributed to its low transport properties) 

but also in helping creating beneficial conditions for the waste package integrity (steel 

corrosion) because of its high-pH buffering capacity for a very long period.  

 

  

Figure 1.1. Concrete used for encapsulation, backfill and construction in low level waste 
facility (a) and disposal gallery lining, buffer within Supercontainer, end-plug of gallery 
and backfill in high level waste facility – Supercontainer concept (b) [adapted from 
NIRAS’ reports [1] and [2]] 

 

Under its service environment, these concrete structures undergo chemical degradation 

processes which are very slow but important for the long-term durability assessment. 

Chemical degradation is typically the result of alteration of the cement matrix mineralogy 

caused by interaction with its environment. The interaction disturbs the equilibrium between 

the pore solution of the cementitious materials and the solid phases of the cement matrix 

which results in dissolution and/or precipitation of minerals. The chemical degradation of 
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cementitious materials is mostly followed by alteration of microstructure and, thereby, its 

transport properties. The most common chemical degradation processes include chloride 

ingress, sulphate attack, alkali-silica reactions, carbonation and Ca-leaching [3]. The latter 

two are extremely slow processes but highly relevant for radioactive waste facilities because 

the long-term durability of concrete (hundreds up to thousands of years) is a key requirement 

[4-7] for these applications. The service life of these structures is directly related to the time 

necessary for the waste’s radioactivity to reach its natural level, which typically exceeds 

hundreds or even thousands of years. It is therefore necessary to explain how concrete will 

degrade, and how the properties evolve in the long-term.   

1.2. Research motivation 
The possibility to assess the service life of structures made of cement-based materials for 

radioactive waste facilities is of great practical importance but raises new challenges. Unlike 

classical structures, the durability of waste disposal facilities needs to be predicted over 

hundreds up to thousands of years because of the long-lived activity of radioactive waste.  

Under service conditions, the disposal facility is attacked by aggressive water, which will 

induce chemical disequilibrium and dissolution of cementitious solid phases by processes 

such as Ca-leaching and carbonation (Figure 1.2). Moreover, the heat generated during the 

repository life may accelerate the chemical processes. The alteration of chemical properties 

will in turn induce changes in the cement microstructure and consequently changes in 

mechanical performance and transport properties (permeability, diffusion) of concrete 

structures. Therefore, a systematic approach is needed to establish the relationship between 

multiple processes at multiple scales, which would provide knowledge of long-term safety of 

radioactive waste disposal and suggestions on how safety functions of the repository 

components can be improved in terms of material and structure designs. Despite advances in 

this area, a significant amount of work is still needed due to limited experimental timeframe 

available to capture these long-term processes.         
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Figure 1.2. Illustration of Belgian repository concrete structure under coupled effects by 
chemical, physical and mechanical degradation processes [adapted from NIRAS’ report 
[8]]   

 

1.2.1. Research objectives 

The objective of this research is a phenomenological study of the relationship between 

chemical degradation and transport properties of cement-based materials from sub-micro to 

macro level. Transport properties are often considered as fundamental parameters for 

characterizing concrete durability because they govern the penetration of aggressive 

substances responsible for degradation and, thereby, have an important effect on the durability 

of cement-based materials as illustrated in Figure 1.3. As already stated, chemical degradation 

will alter the concrete mineralogy, and thus the microstructural properties such as total 

porosity, pore size distribution, connectivity and tortuosity, which are the most important 

factors influencing transport properties. This study focused on Ca-leaching and carbonation 

that are highly relevant in terms of influence on the long-term performance of concrete with 

respect to the service environment. Permeability and diffusion are chosen as the main 

transport properties in this study. 
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Figure 1.3. Transport properties have an important effect on the durability of cement-
based materials. Chemical degradation processes will in turn change the transport 
properties by microstructural and mineralogical alterations.  

 

A comprehensive research has been carried out focusing on the following four objectives: 

 Development of experimental techniques/methodologies to induce degradation and 

determine transport properties of cement paste. Note that due to the extremely slow 

nature of the degradation processes, accelerated methods are needed to reach a certain 

degradation stage to study the behaviour of concrete in the degraded state (relevant for 

the long-term). Methods to determine transport properties have to be relatively fast; and 

the setups should be compatible with the accelerated degradation setups to capture the 

changes in transport properties due to chemical degradation.   

 Propose a complementary methodology to examine the changes in mineralogy and 

microstructure due to carbonation and Ca-leaching.   

 Qualitatively and quantitatively study the relationship between the changes in 

mineralogy, microstructure and transport properties. 

 Develop phenomenological models to simulate the degradation of cement paste under the 

studied conditions and better understand the transient state of the degradation and predict 
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the evolution of cementitious materials as a function of degradation state, which is 

difficult to observe with experiments. 

1.2.2. Research significance 

Scientific community agrees that carbonation/leaching change the transport properties of 

cement-based materials, but to what extent is still a question. This study allows a better 

understanding of the alteration degree of transport properties due to the chemical degradation, 

because it attempts to carry out an in depth investigation concerning the modifications of 

mineralogy and microstructure and its link to the transport properties. The improved 

understanding would help to better assess the long-term durability of cement-based materials 

subjected to chemical degradation. Furthermore, accelerated carbonation and Ca-leaching 

experiments in combination with phenomenological modelling provides us insights into the 

evolution of the microstructure and related transport properties of cementitious materials in 

the long-term. 

Additionally, the durability with respect to Ca-leaching is of concern in some 

immediate/short-term applications such as water tanks, dams, water pipes, bridge foots and 

tunnels. Carbonation has attracted a great deal of research attention because it significantly 

reduces the lifespan of reinforced concrete structures as a result of increase in temperature due 

to global climate change [9] and the increase of global CO2  emissions. Although a great 

number of studies has been done on the carbonation and leaching of cementitious materials, 

the knowledge on how materials are degraded is still incomplete. This study will provide 

additional knowledge to fill uncertainties in quantifying the carbonation and leaching of 

cement-based materials with a systematic approach.   

1.3. Thesis outline 
The PhD thesis composes of 3 main parts: (i) development of test methods, (ii) integrated 

experimental program, and (iii) interpretation of test results as schematically presented in 

Figure 1.4. Apart from Chapter 1, which provides a general introduction of the PhD study, the 

thesis is divided into 8 chapters.   

Chapter 2 presents a literature review on permeability and diffusion of cement-based 

materials. The existing methods, influencing factors and prediction of transport properties are 

introduced. This review stresses the importance of transport properties with respect to 

durability of concrete and provides a fundamental basis for developing new testing methods 

suitable for the goals of this research. Chapter 3 reviews the existing knowledge on leaching 
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and carbonation of cementitious materials. The mechanism, influencing factors and available 

methods to study leaching and carbonation are discussed. Furthermore, the influence of 

carbonation and leaching on microstructure and transport properties are highlighted. Chapter 

4 describes in detail the materials, mix design and experimental methods. A novel method to 

determine water permeability using controlled constant flow is introduced. An adapted 

method to measure diffusivities of two dissolved gases in a single experiment is also 

presented. Methods to accelerate the leaching using ammonium nitrate solution and carbonate 

cement paste under controlled CO2 pressure gradient are shown. An integrated methodology 

to characterize degraded and sound cementitious materials is described in detail.  

In Chapter 5, the experimental results of the permeability and diffusivity for sound materials 

are shown. The effects of w/p ratio and limestone filler replacement on transport properties 

(mainly permeability) is investigated by a factorial experimental analysis. Chapter 6 and 

Chapter 7 present the changes in microstructure and transport properties due to carbonation 

and leaching, respectively. Chapter 8 focuses on the modelling aspects. Phenomenological 

models of carbonation and leaching under studied conditions are developed. The models 

enable to predict a wide range of parameters related to changes in the microstructure, 

mineralogy and transport properties of cement-based materials due to carbonation and 

leaching. Chapter 9 summarizes the most important findings. The key parameters governing 

changes in transport properties due to chemical degradation and relevance of accelerated 

degradation experiments to long-term durability assessments of cementitious materials are 

discussed. Suggestions for future research are given in this concluding chapter.     
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Figure 1.4. Overview of research methodology including development of test methods, 
experimental program and interpretation of test results   
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• Q.T. Phung, N. Maes, G. De Schutter, D. Jacques, G. Ye, A methodology to study 

carbonation of cement paste and its effect on permeability, in:  4th International 

Conference on Accelerated Carbonation for Environmental and Materials Engineering 

(ACEME-2013), 2013, pp. 459-463. 

• Q.T. Phung, N. Maes, G. De Schutter, D. Jacques, G. Ye, Determination of water 

permeability of cementitious materials using a controlled constant flow method, 

Construction & Building Materials, 47 (2013) 1488-1496. 
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CHAPTER 2: REVIEW OF TRANSPORT PROPERTIES OF CEMENTITIOUS 

MATERIALS 
 

2.1. General introduction 
Durability and performance of concrete are affected by a number of chemical degradation 

phenomena such as carbonation, calcium leaching, sulphate attack, chloride attack, and 

corrosion of the reinforcement bars [10, 11]. Diffusivity and permeability as macroscopic 

properties of concrete determine how fast aggressive substances penetrate into concrete, 

thereby influencing almost all mentioned degradation mechanisms. Therefore, these are 

fundamental parameters for characterizing long-term performance of concrete rather than the 

standard compressive/tensile strengths. In this chapter, a critical review on permeability and 

diffusion of cement-based materials is presented. The existing methods, influencing factors 

and prediction of transport properties are introduced. The advantages and disadvantages of 

different techniques are discussed and served as fundamental basics for developing new 

testing methods suitable for the goals of this research.  

2.2. Permeability 

2.2.1. Introduction 

The intrinsic permeability is the capacity of a porous material to transfer liquids through a 

fully saturated pore network under a pressure gradient, 𝛻𝛻𝛻𝛻 [Pa/m], and is determined by 

Darcy’s law [12]: 

𝐽𝐽 = −
𝑘𝑘
𝜂𝜂
𝛻𝛻𝛻𝛻  (2.1) 

Within the field of engineering, water permeability is normally expressed by the hydraulic 

conductivity, kw, which is related to the intrinsic permeability, k, as:   

𝑘𝑘𝑤𝑤 =
𝜌𝜌𝜌𝜌
𝜂𝜂
𝑘𝑘  (2.2) 

where ρ is the density of water [kg/m3]; η is the dynamic viscosity for water [kg/m.s]; and g is 

the gravitation constant [m/s2]. The unit of the hydraulic conductivity (also called as 

permeability coefficient) is [m/s], while the SI unit of intrinsic permeability is [m2].  

Permeability generally depends on the features of the pore network of cementitious materials 

which are quantified by variables as porosity, size distribution, tortuosity, connectivity, 
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specific surface and also micro cracks. These parameters are, amongst others, controlled by 

the water/cement (w/c) ratio, the particle size distribution, the age of hardened cementitious 

materials and the ingress of aggressive substances. Due to the importance of permeability, 

many methods to determine permeability have been proposed [13-20] but none of them seems 

fully accepted worldwide.  

2.2.2. Review of existing water permeability measurement techniques   

A variety of methods has been proposed to measure permeability of cementitious materials 

but a lot of arguments/problems/issues still remain. One of the main challenges is to cope with 

the continuous change in microstructure as a result of hydration of early age cementitious 

materials. Therefore, an appropriate method for measuring permeability requires a short 

measurement time. In general, permeability measurements can be classified in two categories: 

direct and indirect methods.  

2.2.2.1. Direct methods 

Most direct methods for determining the permeability of porous materials rely on Darcy’s 

law. In its basic form, the water flux through a disk-shaped sample is measured under a 

pressure gradient by having a water head at one side of the sample, while maintaining the 

other side at atmospheric pressure [21]. Based on the geometry of the sample, the 

permeability is calculated directly from Darcy’s law. Although these methods are relatively 

simple, it can take a long time to reach steady state flow conditions (in the order of several 

weeks for kw of 10-11 m/s). Unfortunately, hydration during such long testing time can change 

the pore structure which could lead to changes in permeability (usually decreasing the 

permeability). To reduce the required measurement time, researchers propose to apply an 

additional pressure (e.g. 15 bar in [14]) rather than self-gravity of a water head [14, 16, 22]. 

Nevertheless, due to the higher applied pressure, the probability of leakage at the interface of 

the sample and the testing cell might be larger.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

El-Dieb and Hooton [23, 24] introduced a triaxial cell that can measure permeability as low as 

10-15 m/s which is a typical value for extremely low-permeable materials such as high 

performance concrete or high strength concrete. A confining pressure is applied to a 

cylindrical sample through a rubber sleeve to prevent leakage around the sides. The ratio of 

confining pressure to driving pressure is recommended to be approximately 4 in order to 

increase the stability of the measurement. The high-confining pressure condition raises the 

question whether it may modify the pore structure due to the compression of pores or due to 

creation of artificial micro cracks, thereby, leading to unrepresentative permeability values.   
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Instead of imposing longitudinal flow, a radial flow through the sample is created by applying  

a hydrostatic pressure to the outer surface of a hollow cylindrical sample resulting water to 

move from the outer to the inner surface of a sample [16, 22]. By measuring the out-flow rate 

with a linear variable differential transformer [22] or with an out-flow measurement device 

[16], the permeability is calculated by a modified form of Darcy’s law. There are several 

advantages by using the radial flow method. Firstly, because of a larger contact area of the 

fluid compared to a longitudinal flow setup, flow rates are higher and, thus, the accuracy of 

the measurements increases. Secondly, the area which needs to be sealed is minimized; as a 

result the potential of leakage is decreased. Finally, a hollow cylindrical sample may be easier 

to saturate than an equivalent solid sample. However, it is quite difficult to prepare a hollow 

sample, especially, in the case of in-situ concrete.  

Another promising method is the centrifuge technique which was first applied on soil 

materials by Nimmo et al. [25, 26]. This method was recently standardized in the ASTM 

standard D6527 which covers permeability measurements of any porous material [27]. A 

cylinder-shaped sample is put in a centrifuge with a centrifuge radius of r [m], and a rotation 

speed of ω [rad/s]. The centripetal force per unit volume, -𝜌𝜌𝜌𝜌𝜔𝜔2, is the main fluid driving 

force. The permeability can be calculated as follows (the Equation (1a) is probably wrongly 

written in reference [28] due to missing term ρg which leads to unit for permeability 

[m3.s/kg]): 

𝑘𝑘 = −  𝑞𝑞𝑞𝑞𝑞𝑞
d𝜓𝜓 d𝑟𝑟⁄ − 𝑞𝑞𝑟𝑟𝜔𝜔2      (2.3) 

where q is the flux [m/s] and d𝜓𝜓 d𝜌𝜌⁄  [kg/m2.s2] is the matric potential gradient which is 

negligible if rotation speed is above 400 rotations per minute [28]. An important advantage of 

the centrifuge technique is that the centrifugal force is a body force which acts, similar to 

gravity, independently of other driving forces over the entire porous material [28]. The 

magnitude of centrifugal force per unit volume can be increased by increasing the rotation 

speed such that it dominates any matric potential gradients. However, if the rotation speed is 

too large, the sample can be compacted under equivalent pressure exerted by centrifugal 

acceleration. Additionally, this method can be used to determine out-flow of unsaturated 

porous materials because it can fix the water content to achieve hydraulic steady state which 

cannot be done by pressure driven techniques [28]. The centrifuge technique is normally 

applied for materials of which permeability is not too low as stated in ASTM standard D6527 

(10-6 – 10-13 m/s) [27].  
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In general, direct methods are quite simple and easy to setup. No additional parameters are 

needed to interpret the results when using Darcy's law directly. On the other hand, it takes a 

long time to reach the steady state flow conditions needed to apply Darcy’s formula. 

Therefore, concrete samples are more susceptible to microstructural changes as a consequence 

of hydration, especially at early hydration stage. Potential for leaks around the sample is high 

if seal and/or confining pressure are not sufficient. Because of these limitations, the direct 

methods can only be applied to materials of which the permeability is not too low. 

2.2.2.2. Indirect methods 

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

application of poromechanical techniques.  

In 1968, Brace et al. [29] introduced a transient pressure method for determining the 

permeability of granite. The principle of this method is to measure the decay characteristics of 

pressure, which depend on permeability, after a sudden change of applied pressure. This 

method can measure permeability coefficient as low as 4×10-14 m/s. This method, already 

applied to cement-based materials [13, 30], needs only measured time series of pressure 

instead of the extremely low flow rate measurement in the direct methods.  

Alternatively, poromechanical techniques measure the strain-time history, which depends on 

the fluid movement in a pore network, of a sample under an applied pressure or heating. 

Especially the beam bending method, proposed by Scherer et al. [31], is of great interest since 

it is extremely fast (several minutes to hours compared to days of conventional methods for 

permeability of the same order of magnitude), and thus suitable for low-permeable materials, 

and provides also viscoelastic properties (i.e. shear modulus, Young's modulus). This method 

was originally developed for silica gels [32] and then extended for glass [33] and cementitious 

materials [15, 34]. However, it is difficult to apply the beam bending method for concrete 

because the sample must be long and slender enough to avoid micro cracking. For example, 

the concrete sample should be more than one meter long if it is 10 cm thick [19].         

Thermopermeametry and dynamic pressurization are other examples of applying 

poromechanics to measure permeability. Thermopermeametry was also first introduced for 

gels [35, 36] and afterwards applied for cementitious materials [37, 38]. The main principle of 

this method is based on the difference in expansion of liquid and solid phase when heated. 

This method requires a complete saturation of the sample because water will first fill the pores 

before flowing out when air is still entrapped. This leads to an underestimation of the 
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permeability. Therefore, this method may not work well for mortar or concrete for which full 

saturation state is not easy to obtain within a short time. Dynamic pressurization involves 

applying a sudden hydrostatic pressure on a cylindrical sample in a closed system. By 

measuring the history of the re-expansion, the permeability of the sample can be obtained in a 

relative short time. The sample can be a solid cylinder [17, 18] or a hollow cylinder [22]. The 

permeability measured by the hollow dynamic pressurization method seems to agree well 

with the one measured by the solid dynamic pressurization method [39]. However, the hollow 

dynamic pressurization method probably measures a wider range of concrete permeability 

because it can also be tested as a radial flow through method. 

In general, the indirect methods for measuring permeability are much faster than direct 

methods because they are based on measurements obtained during non-steady state flow 

conditions. Potential of leakage is actually eliminated. These techniques can determine very 

low permeability. However, a full saturation of the sample, which is extremely difficult to 

obtain for low-permeable materials such as high performance concrete, is absolutely required 

because the degree of saturation hugely affects test result. With direct methods, the sample 

saturates during the test until steady state is reached, which also can take a long experimental 

time. Application of heating or high pressure may also change the microstructure of the 

cementitious materials. Another disadvantage of these methods is that the experimental setup 

and the interpretation or analysis are quite complex.  

2.2.3. Factors influencing water permeability 

There are many factors influencing the permeability of cement-based materials. Several 

factors are classified as extrinsic related to experimental conditions such as applied pressure, 

size of sample [40] and confining pressure [16]. Variation of these factors can cause a change 

of several orders of magnitude in permeability. Another factor which can significantly affect 

the permeability is the fluid-cement matrix interactions during measurement. In the case of 

using water as a testing fluid, the time dependent reduction of permeability is mainly due to 

continuing hydration, autogenous healing and the self-sealing effects [14, 41, 42]. However, 

these phenomena likely occur in cracked [43, 44] and/or early aged cement-based materials 

rather than virgin and/or mature materials. Unreactive fluids such as ethanol [14], glycol [45] 

or 2-propanol [15] may be used instead of water to eliminate the fluid-cement matrix 

interactions. However, the replacement of water by unreactive fluid may require longer 

experimental time and especially the fluid exchange would create micro cracks which hugely 
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increase the permeability. In some cases, the permeability can increase 2 orders of magnitude 

[15].  

Intrinsic factors are related to material properties such as pore network characteristics of the 

cementitious material which include porosity, pore size distribution, tortuosity, specific 

surface and micro cracks. These parameters are basically controlled by the water to cement 

ratio, particle size distribution (cement + aggregate), age of sample and type of constituent 

materials. Concrete with larger pore size has higher permeability than concrete with smaller 

pore size despite the same total porosity. This effect is normally reflected through the critical 

pore size (which is the most frequently occurring pore size in interconnected pores). It is 

obvious that pore connectivity is one of the most critical factors influencing the permeability. 

Pores which are blocked cannot transport any fluid. The type of constituent materials mainly 

affects permeability through hydration degree, especially at early ages. As shown in many 

studies [15, 46-49], the permeability increases with increasing w/c ratio because of a higher 

porosity at higher w/c ratio. However, to the knowledge of the author, no direct connection 

between water to cement ratio and permeability has been proposed. A direct relation between 

porosity and permeability has been introduced by some researchers [50-54]. Nevertheless, 

porosity alone should not be a unique factor influencing the permeability, i.e. samples with 

same porosity may have different permeability.     

2.2.4. Prediction of water permeability 

In addition to permeability measurements, one can also predict permeability based on other 

properties of cement-based materials. Katz and Thompson proposed the following equation to 

predict permeability of saturated rocks [51]:  

𝑘𝑘 = 𝑐𝑐𝑑𝑑𝑜𝑜2
𝜎𝜎
𝜎𝜎𝑜𝑜

  (2.4) 

where c is a constant suggested to be equal to 1/226 [-], do is the critical pore diameter which 

can be estimated by mercury intrusion porosimetry [m], σ denotes the electrical conductivity 

of the sample [S/m] and σo denotes electrical conductivity of fluid used to saturate the sample, 

[S/m]. The ratio σo/σ is also known as the formation factor and is related to diffusion by the 

Nernst-Einstein relation [55, 56] as: σo/σ = Do/D where Do is the diffusivity of ions in the fluid 

[m2/s] and D is the diffusivity of ions in the saturated porous medium [m2/s]. The 

appropriateness of the Katz and Thompson equation for cementitious materials is not 

univocal: Garboczi [57] found good correspondence between prediction and measurements, 
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whereas El-Dieb and Hooton [58] concluded that the theory was not successful due to the 

hydration and chemical effects in cementitious materials.   

Another approach to estimate permeability is based on the pore structure [52, 59] using 

following relation: 

𝑘𝑘(𝜃𝜃) = 𝜙𝜙𝑟𝑟0.5𝑞𝑞𝑞𝑞
12𝜂𝜂𝜏𝜏2 (1+1 𝛼𝛼2� )

   (2.5) 

where θ is water content [-], ϕ is porosity [-], r0.5 is mean distribution radius [m], τ is 

tortuosity [-] defined as the ratio between the actual length of flow path to the straight length 

of a sample, and α is aspect ratio [-]. In the case of saturation, k(θ) is referred to water 

permeability. The strength of this relation is the link between pore structural parameters and 

the permeability. However, these parameters are not easy to determine, especially tortuosity 

and aspect ratio.    

A well-known relationship between permeability and porosity was proposed by Kozeny [54] 

and later modified by Carman [53] known as Kozeny-Carman (KC) equation. The KC 

equation is actually derived by comparing Poiseuille's law and Darcy's law.  

𝑘𝑘 = 𝐶𝐶 𝜙𝜙3

(1−𝜙𝜙)2
   (2.6) 

where C [m2] is KC coefficient and may be expressed in several forms [60-62], among them 

the following form relates C with critical pore diameter and tortuosity [60]: 

𝐶𝐶 = 𝑑𝑑𝑐𝑐𝑐𝑐2

𝑘𝑘𝑐𝑐𝜏𝜏2
   (2.7) 

where dcr
 is the critical pore diameter [m] and kc is a constant and taken to be 90 [-] for beds 

packed with spherical particles. The KC relation works well for relatively homogeneous 

porous media. For more complex materials, the relation has some drawbacks because of the 

complicated microstructure of hydrates and non-uniform size of the pores as stated elsewhere 

[63, 64]. Nevertheless, the KC equation is commonly used in concrete literature [20, 65, 66]. 

In recent years, computer simulations have been intensively used to predict the permeability 

(also diffusivity) of cement-based materials. The computer-based models enable to simulate 

the microstructure features using network or digital-analysis, which are served as fundamental 

information for the prediction of transport properties. Ye et al. [67] proposed a network model 

which takes into account the fluid channel and the critical link, to predict the permeability 

based on simulated microstructure of cement pastes. A 3D lattice Boltzmann model to 

calculate the gas and water permeability of cement pastes has been developed by Zalzale et al. 
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[68]. The model enables to predict the transport properties of cement pastes at different water 

saturation degree and takes into account the transport through C-S-H. The estimation of 

permeability using SEM image analysis was proposed by Wong et al. [49]. The pore structure 

obtained from 2D backscattered electron images is idealised as a network of tubes arranged in 

a simple cubic lattice and served as the starting point to predict the permeability. The method 

is successfully applied on both cement pastes and mortars with a wide range of permeability 

values.   

2.3. Gas permeability 
It is well-known that the intrinsic gas permeability is higher than the intrinsic water 

permeability of cement based-materials (around 2 orders of magnitude) despite the fact that 

permeability is an intrinsic property of the material [14]. In addition, lower viscosity of gas 

results in higher fluxes in gas permeability measurement than water permeability 

measurement. As such, measuring the gas permeability and converting it to the water 

permeability would be easier because gas permeability determination is less time consuming. 

Unfortunately, the intrinsic permeability cannot be derived directly from the measured gas 

permeability because of gas slippage or the so-called Klinkenberg effect [69] which increases 

the amount of gas passing through the capillaries of porous media compared to prediction 

from a physical law. Some studies established a statistical, thus empirical, log-log linear 

correlation between air and water permeability using a huge amount of experimental data [70, 

71].    

2.4. Diffusion 
2.4.1. Introduction 

Diffusion of chemical substances plays an important role in many degradation processes (e.g. 

corrosion of steel bars; chloride, sulphate attacks). Knowledge of diffusion coefficients helps 

to better design and evaluate concrete structures. Diffusion is a mass transport induced by the 

random Brownian motion of substance. The diffusion coefficient (diffusivity) is the capacity 

of a medium to transfer substances (gases, dissolved gases, ions) under a concentration 

gradient expressed by Fick’s first law (1D): 

CJ D
x

∂
= −

∂
  (2.8) 
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where J is the substance flux [kg/m2.s]; C
x

∂
∂

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

diffusion coefficient [m2/s]. In porous materials, diffusion is affected by the characteristics of 

pore network (porosity φ  [-], tortuosity τ [-], constrictivity δ [-]) which leads to the need to 

define different diffusion coefficients for practical application [72]. The pore diffusivity, Dp, 

is smaller than the diffusivity in free water or ideal solutions D0, which takes into account the 

effects of tortuosity and constrictivity (a dimensionless parameter depending on the ratio of 

the size of diffusion species and pore size) and is expressed as:   

0 2pD D δ
τ

=   (2.9) 

The effective diffusivity, De, takes into account the volume of porous media available for 

diffusion and is defined as:     

0 2e pD D D φδφ
τ

= =   (2.10) 

The apparent diffusivity, Da, takes into account the sorption/binding which retards the 

diffusion and is linked to the pore diffusivity through a retardation factor (≥1), Re as follows:     

0 2
p

a
e e

D
D D

R R
δ
τ

= =   (2.11) 

As permeability, diffusion generally depends on the pore network characteristics of the 

cementitious materials, mainly controlled by water/cement ratio, cement type, admixtures, 

and the age of hardened cementitious materials. Due to the importance of diffusion, many 

methods to determine diffusivity have been proposed. The diffusion coefficients can be 

obtained under steady state or transient state conditions.  The steady state method requires a 

long-time experiment compared to the transient method, but it might be accelerated by some 

means such as using an electrical gradient.  

2.4.2. Review of diffusion measurement techniques use for different species and its 

application on cement-based materials   

2.4.2.1. Gas/dissolved gas diffusion 

The diffusion of gases is normally determined by through-diffusion technique. The setup is 

quite simple: a thin sample is located in between two compartments. The setup usually allows 

measuring the diffusivity of only one gas [73] by injecting the testing gas to the upstream 

compartment and the sweep gas to the downstream compartment. The sweep gas is needed to 
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balance the pressure in two compartments which prevents the advective transport.  Gas 

concentrations are determined regularly (by gas chromatography) until steady state is reached. 

Figure 2.1 shows a typical concentration profile of a diffusing gas over time.  When steady 

state condition is reached, the concentration profile becomes a straight line which means the 

diffusive flux across the sample is constant. Therefore, Fick’s first law can be applied to 

calculate the cumulative quantity Q(t) [kg] of testing gas passed through a sample with a 

cross-sectional area A [m2]: 

0

0

( )
t

e e
c CQ t D A dt D A t
x L
∂ ′= − =
∂∫   (2.12) 

where L [m] is the length of sample; C0 [kg/m3] is the concentration of testing gas in the 

upstream compartment. Note that the concentration of testing gas is neglected compared to 

C0. The effective diffusivity is then easy to compute from the slope of Q(t) curve. In case of 

no sorption/binding (Re = 1), the accessible porosity of the sample can be determined from the 

time-lag tlag [s] which is the intercept of the straight line with the x axis in Figure 2.1.  

However, it is found that the porosity determined from time-lag is less precise [72]. 

2

6 e lagD t
L

φ =   (2.13) 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Cumulative quantity in the upstream compartment  
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Keeping the concentration gradient constant is difficult because of sampling which decreases 

the pressure (thereby concentration) of the testing gas. However, a small variation in the 

concentration gradient can be permitted [72]. If the pressure in the compartments is dropping 

too large, a numerical approach is needed to fit the effective diffusion coefficient.    

In general, there are three possible gas diffusion mechanisms in porous media: molecular 

diffusion, Knudsen diffusion, and surface diffusion. The latter, which is contributable for 

materials with very high surface area, is thought to be less common for cement-based 

materials. However, whether molecular or Knudsen diffusion is the dominant diffusion 

mechanism in concrete is still questionable. Generally, it depends on gas pressure and the 

pore diameters of concrete [73, 74]. Published data on the diffusion of gases in cementitious 

materials are scarce. Daimon et al. [75] used a through-diffusion method to measure the 

diffusion of hydrogen and nitrogen in dried OPC mortars with different curing time and w/c 

ratios. The diffusion coefficients obtained are decreasing with curing time and increasing with 

w/c ratio. After 28-day curing, the diffusion coefficients are 4.8×10-7 and 1.9×10-7 m2/s for 

w/c ratios of 0.65 and 0.5, respectively.  Sercombe et al. [73] studied the diffusion of 

hydrogen and xenon in cement paste at different relative humidity, w/c ratios and cement 

types. Results show that gas diffusion decreases with the increase of RH, especially when RH 

is higher than 55%. The hydrogen diffusion coefficient is found to decrease 4 orders of 

magnitude when RH is increased from 3% to 93%. The diffusivity also increases with w/c 

ratio. While with the same w/c ratio, CEM V paste results in a lower diffusivity compared to 

CEM I paste. The diffusion coefficient of xenon is found to be lower than hydrogen due to its 

higher molecular weight. The authors also concluded that gas transport at atmospheric 

pressure takes place in the transient regime between bulk diffusion and Knudsen diffusion. 

Chou Chen et al. [76] investigated the diffusion of methane in dry and water saturated 

concretes. The diffusion coefficients for dry material are reported in the range of 3.6×l0-8 to 

3.1×10-7 m2/s. The diffusion coefficients for wet concretes are also found to be lower 

compared to dry concretes like the study of Sercombe, but only about 20 times lower. 

Papadakis et al. [77] predicted the diffusion coefficients of CO2 and O2 by measuring the 

diffusivities of He and N2. The prediction is based on the assumption that Knudsen diffusion 

is the dominant diffusion mechanism in concrete; thus, the effective diffusivity of a gas can be 

used to calculate the effective diffusivity of certain gas by dividing it with square root of its 

molar weight ratio. Note that CO2 is a reactive gas for concrete (if water is available) and O2 

diffusivity is experimentally difficult to measure. The authors were able to establish a 
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relationship between the effective diffusivity, porosity and relative humidity. In general, 

diffusivity exponentially increases with the increase of porosity and it exponentially decreases 

with the increase of relative humidity. The CO2 diffusivities are in order of 10-8 m2/s for 

concretes with porosity of 0.23 – 0.44 and RH of 40 – 80%, while those of O2 are slightly 

higher due to its lower molar weight. In an attempt to evaluate the possibility to use hardened 

cement pastes as gas separation membranes, Gluth et al. [74] were able to measure the 

diffusivity of CO2 directly (in oven dried samples). The authors showed a relatively lower 

diffusivity of CO2 compared to H2 which allows obtaining a separation factor up to 3.43. The 

effective diffusivities of CO2, N2 and H2 are found to be increased with the increase of 

temperature up to 350oC. The authors also made the same conclusion about the contribution 

of Knudsen diffusion as stated by Sercombe. In the case of samples with the small threshold 

radii, Knudsen diffusion prevails. 

The data on diffusion of dissolved gases in saturated cement-based materials are even scarcer 

in literature. The measurements are extremely time consuming as the diffusion of dissolved 

gas in saturated media is much slower than of gas (in gaseous phase) in unsaturated media. 

However, knowledge of the diffusion of specific dissolved gases is very important, especially 

for dissolved oxygen which is involved in the corrosion process of steel bars in reinforced 

concrete. The effective diffusion coefficients of dissolved oxygen are usually determined by 

an electrochemical method involving cathodic consumption of the diffused oxygen. This 

technique is much quicker to obtain steady state compared to through-diffusion. Tittarelli [78] 

studied oxygen diffusion through hydrophobic and normal cement-based materials which 

were fully immersed in water. It is reported that the effective diffusion coefficient of 

hydrophobic concrete with w/c of 0.8 is 5×10-8 m2/s which is almost 3 orders of magnitude 

faster than concrete without hydrophobic admixture (7×10-11 m2/s). The author attributed this 

difference to that dissolved oxygen directly diffuses as a gaseous phase through the empty 

pores of a hydrophobic cement matrix. In a comparative study of chloride and oxygen 

diffusion in saturated cement pastes, Yu et al. [79] reported that dissolved oxygen diffuses 

faster than chloride due to surface charge effect of chloride diffusion, even though the two 

species have very similar diffusivities in an infinitely dilute solution. The retardation increases 

with decrease of water/binder ratio, at water/binder ratio of 0.5 the diffusion coefficient of 

oxygen is about 1×10-11 m2/s which is 2 times faster than one of chloride. Castellote et al. [80] 

have drawn the same conclusion in a study on cement paste with w/c of 0.4. The effective 

diffusion coefficient of dissolved oxygen determined by electrochemical method is 9.5×10-12 
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m2/s which is also about 2.5 times faster than one of chloride determined by either 

electrochemical or migration tests.               

2.4.2.2. Ionic diffusion 

Diffusion of ionic species is probably the most significant transport process which affects the 

chemical degradation of cementitious materials because most degradation occurs in the 

presence of water in which ionic species can migrate through concrete driven by 

concentration gradients. The diffusion of ions is more complex than dissolved gases due to its 

possibility to interact with solid phases of the porous medium (charge repulsion/attraction) 

and effects of the presence of other ionic species. In general, the effective diffusion 

coefficients of ionic species can be measured by through-diffusion (as discussed above), in-

diffusion or electro-migration methods (often referred to as "migration" tests).  

Instead of waiting until steady state like through-diffusion, in-diffusion is a transient method 

which is less time consuming. The technique is based on the measurement of concentration 

profile of the testing ion by cutting the sample into small slices at a given time. Experiments 

are usually designed in such a way that the source concentration of testing ionic species is 

kept constant and the sample is long enough to be considered as a semi-infinite medium. The 

apparent diffusion coefficient is then obtained by fitting the concentration profile with 

solution of the Fick’s second law [81]: 

0 0( , ) ( )
2s

a

xC x t C C C erfc
D t

 
− = −   

 
  (2.14) 

where C(x,t) is concentration at depth x [m] and time t [s]; C0 and Cs are the initial and source 

concentrations, respectively [mol/m3];  and erfc is the complementary error function. 

Electro-migration tests have been developed to accelerate the ionic transport by applying an 

electrical field.  The setup is quite simple. A thin sample is located between two electrodes. A 

testing ionic species is added to the upstream compartment. A constant electrical potential 

difference is applied across the sample. In steady-state migration tests, the evolution of the 

concentration of a given ionic species in the downstream compartment is monitored until 

steady state is reached. In non-steady state migration tests, the concentration profile of ionic 

species within the sample is measured after a given period. The calculation of the diffusion 

coefficient is based on the Nernst–Planck equation [82].   
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( ) ( )C zFJ x D DC CV x
x RT x

∂ ∂Ψ
= − − +

∂ ∂
  (2.15) 

where C is the concentration [mol/m3]; D is the diffusion coefficient [m2/s]; z is the valence 

number [-]; F is the Faraday constant [coulomb/mol]; R is the ideal gas constant [J/mol.K]; T 

is the absolute temperature of the liquid [K]; Ψ  is the electrical potential [V], and V(x) is the 

bulk velocity of the fluid along x direction [m/s]. On the right side of Equation (2.15), the first 

term stands for diffusion, the second term stands for (electro)migration and the last term 

stands for convection. Note that chemical activity effects are neglected in this expression. 

Under steady state flow and with assumption that migration is the dominant transport process, 

it is possible to calculate the effective diffusion coefficient as follows: 

( )
e

s

J x RTLD
zFC

=
DΨ

  (2.16) 

where Cs is the source (boundary) concentration [mol/m3]; L is the length of sample [m]; and 

DΨ  is the potential difference [V]. The flux J(x) can be calculated from the concentration 

evolution in the downstream compartment. In non-steady state regime, the concentration of 

ion in the sample changes with time. Fick’s second law is applied to solve the problem:    

( )C C zFD DC CV x
t x x RT x

∂ ∂ ∂ ∂Ψ = − − − + ∂ ∂ ∂ ∂ 
  (2.17) 

If the convection term is negligible, for semi-infinite media an analytical solution of Equation 

(2.17) can be obtained by [83] 

2 2 2
axsC x aDt x aDtC e erfc erfc

Dt Dt
 + −   = +        

  (2.18) 

where zFa
RTL
DΨ

= . Note that D in Equation (2.18) is referred as apparent diffusion coefficient 

because in transient state the physical/chemical interactions have not been completed. The 

diffusion coefficient is obtained by fitting the calculated to the measured concentration 

profile.  

For concrete materials, the main concern with ionic diffusion is chloride ion migration, 

because of the extent of reinforcement corrosion damage due to de-icing and exposing to 

marine environment. A large number of methodologies have been proposed to determine 

chloride diffusion coefficients. Currently, chloride diffusion tests are classified into two 
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categories: long-term immersion tests and electro-migration tests. The long-term immersion 

tests are based on either through-diffusion [84, 85] or in-diffusion methods which have been 

standardized in ASTM Test Method for Determining the Apparent Chloride Diffusion 

Coefficient of Cementitious Mixtures by Bulk Diffusion (C1556-04) [86] and Nordtest NT 

Build 443 [87]. However, a long-term immersion test requires such a long time to determine 

the diffusion coefficient which may reduce due to the continuous hydration and the retarding 

effect resulting from chloride binding [88]. The electro-migration tests offer a possibility to 

significantly shorten the measurement time [83, 89-91]. The method was also standardized in 

ASTM C1202-97 [92] and Nordtest NT Build 492 [93].  Nevertheless, the migration test has 

also been criticized because the diffusion coefficients obtained by the migration tests are quite 

scattered and not the same as the actual values resulting from the difference in penetration 

mechanism simulated in the electrical migration test and the one occurring in real concrete. 

An excellent review on this issue was done by Andrade et al. [94].    

Most of the methods have been applied for saturated materials, few studies focused on 

partially saturated concretes [95, 96]. The measured chloride ion apparent diffusion 

coefficients are of the order of 10-11 m2/s for saturated materials while the apparent diffusion 

coefficients are significantly decreased with the decrease of saturation degree. At a saturation 

degree of 50%, the apparent diffusion coefficient drops about one order of magnitude 

compared to saturated material [96]. 

Besides chloride ions, sulphate ions can also be of relevance for ionic diffusion, as sulphate 

attack is one of the coherent durability problems in coastal concrete structures. The diffusion 

coefficient of sulphate ions is normally measured by in-diffusion method in which the sample 

is located between sodium sulphate solution (5%) at one side and pure water at the other side 

[97]. A similar migration test protocol for chloride can also be applied for the determination 

of sulphate diffusion coefficient [98, 99]. The measured chloride ion diffusion coefficients are 

of the order of 10-12 m2/s [98, 100].     

2.4.3. Factors influencing diffusion 

One may expect that the intrinsic factors (e.g. porosity, size distribution, tortuosity, specific 

surface area) would affect diffusion in the same way as for permeability. However, as 

permeability transport mainly occurs in meso and macro pore sizes, while diffusive transport 

could also occur in micro (gel) pore sizes (and dead-end pores), the impacts would be 

different at different ranges of pore sizes. In micropore level, Knudsen diffusion is the main 

mechanism, while molecular diffusion is the dominant process in larger pore size ranges.       
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Different methods might result in inconsistent effective diffusion coefficients. The difference 

is sometimes not only because of the setup itself but also because of the way to interpret 

experimental data. In order to obtain the diffusion coefficients, a number of assumptions (e.g. 

constant source concentration, dominant transport mechanisms, multi/single species transport)    

have to be made. If the experiments do not fulfil these assumptions, results will significantly 

differ. In case of ionic diffusion determined by the migration methods, a higher applied 

potential results in higher diffusion coefficients [101]. The source concentration significantly 

affects the interpretation of diffusion coefficients in non-steady state; but not in steady state 

[102]. The non-steady state migration method results in a higher chloride diffusivity 

compared to the diffusivity obtained from the steady state migration test [84, 103].         

2.4.4. Prediction of diffusion 

In addition to measurements, one can also predict diffusivity based on the pore structure of 

cement-based materials. Garboczi and Bentz [55] simulated diffusion in cement pastes by 

means of digital image-based microstructural modelling. The simulation considered diffusion 

in both capillary and gel pores (C-S-H). The following relationship was proposed: 

( ) ( )22
0 00.001 0.07 1.8 0.18 0.18e c c cD D Hφ φ φ = + + − −    (2.19) 

where eD  and 0D  are the effective diffusivity of porous medium and diffusivity in water, 

respectively [m2/s]; H() is the Heaviside function; and ϕc [-] is capillary porosity (excluded 

gel pores). 

Archie’s law [104] empirically relates the porosity and conductivity, thereby diffusivity. This 

expression was initially suggested for rocks but has been intensively applied for cement-based 

materials [105, 106].  

0
n

e AD D k φ=   (2.20) 

where φ  is open porosity [-]; n  and kA are constant factors.  Furthermore, some researchers 

[59, 107-109] proposed a correlation of the diffusion coefficient with the pore structure 

parameters of cement-based materials such as critical radius of pores, average radius of pores, 

tortuosity, and constrictivity which are difficult to determine experimentally. In additional, 

computer-based approaches have been used to predict the diffusivity of cementitious 

materials. The microstructure is either generated by numerical hydration models [110, 111] or 

image analysis [112].     
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2.5. Concluding remarks 
Since its importance and hard measurement, a variety of test methods have been developed to 

measure transport properties of cement-based materials and in this chapter available test 

methods for the determination of permeability and diffusion in the laboratory have been 

reviewed. It becomes clear that different methods do not always lead to consistent results. For 

permeability measurements, the variation of measured values is sometimes up to 2 orders of 

magnitude. For diffusion measurements, the values obtained by different methods are less 

scattered. Most of the test procedures are applicable for a specific purpose or to certain testing 

species. The straightforward comparison of observed experimental data may not give a true 

indication of the relative properties of different materials unless they are determined using the 

same or at least similar test methods.   

Traditional experimental methods require steady state conditions to be reached, which is very 

time consuming but normally results in reliable results due to its simple interpretation and 

fewer (or no) assumptions to be made. However, to reduce the measurement time, many 

methods have been proposed to accelerate the transport by applying a high 

pressure/concentration gradient or applying an electrical field. These accelerated methods are 

usually accompanied by many practical problems (e.g. cracking, heating). Furthermore, many 

assumptions are made to simplify the problem allowing the application of conventional 

physical/chemical laws to interpret the experimental data.    

Prediction of transport properties is of great interest since it saves time and is needed for most 

degradation models. A variety of models have been proposed from simple to complex models. 

The complex models require the knowledge of the pore structure of which some parameters 

are difficult (or impossible) to determine experimentally, such as tortuosity and constrictivity. 

The extreme complexity of the pore structure complicates the modelling of transport 

properties for cement-based materials. Most models originate from soil science and direct 

application for cement-based materials is not straightforward. The combination of analytical 

and numerical microstructural modelling coupled with image analysis may improve the 

predictive potential of models.  

To conclude, the measurement methods for the determination of transport properties are, to 

some extent, not accepted worldwide, which leads to a difficulty in comparison of the values 

obtained from different methods. There is still a need to develop methods which meet some 

key requirements such as high repeatability, short measurement time, high accuracy, easy 

application and fewer assumptions made.    
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CHAPTER 3: REVIEW OF CARBONATION AND CALCIUM LEACHING OF 

CEMENTITIOUS MATERIALS 
 

3.1. General introduction 
Many environments to which concrete is exposed are highly aggressive due to various 

chemical components. In such environments, concrete is subjected to processes of chemical 

degradation. Chemical degradation is typically the result of alteration of the cement matrix 

mineralogy caused by interacting with severe environment. The interaction disturbs the 

equilibrium between the pore solution and the solid phases of the cement matrix which results 

in dissolution and/or precipitation of minerals. The chemical degradation of cementitious 

materials is mostly followed by a weakening of the material and the alteration of the 

microstructure. Changes in the microstructure thereby affect the transport properties. In this 

chapter, the consequences of exposure of cementitious materials to carbon dioxide and 

calcium leaching are reviewed.   

3.2. Carbonation 
3.2.1. Introduction 

The carbonation process in cement-based materials is a deterioration phenomenon. 

Carbonation results in a pH decrease. The development of lower alkaline environment 

accelerates the corrosion of reinforcing bars in concrete because of dissolution of the thin 

oxide passive layer protecting the steel bars from corrosion [10].  Another effect of 

carbonation is shrinkage which is less serious and not commonly considered in practice. The 

mechanism of carbonation shrinkage is not yet fully understood. It is probably caused by 

reorganization of the microstructure due to carbonation, or by polymerization and dehydration 

of the hydrous silica product from the carbonation of C-S-H. Further explanations of 

carbonation shrinkage can be found elsewhere [113, 114]. On the other hand, carbonation also 

results in beneficial effects. It is generally believed that carbonation decreases transport 

properties and refines pore structure of Portland cement-based materials. Furthermore, in 

recent years, there is considerable interest in applying carbonation of cement-based materials 

for solidification and stabilization of radioactive waste. The technique often used to carbonate 

radioactive waste-forms is supercritical carbonation by applying a high CO2 pressure in a 

reactor to accelerate the carbonation [115].   
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3.2.2. Mechanism of carbonation 

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

ions. However, the carbonation process is a complex physicochemical phenomenon. In most 

cases, it is believed that the driving force behind the carbonation is diffusion of CO2 [116-

118]. When concrete is exposed to environmental conditions containing carbon dioxide, CO2 

penetrates into the concrete pore network system and dissolve in the pore water.      

CO2(g) → CO2(aq)  (3.1) 

CO2(aq) + H2O → H2CO3  (3.2) 

H2CO3  → HCO3 
- + H+  (3.3) 

HCO3
- → CO3

2- + H+  (3.4) 

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

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

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

Ca2+ + CO3
2- → CaCO3  (3.5) 

Portlandite (solid state) formed during hydration of C3S and C2S will start dissolving because of 

the decrease of the Ca2+ concentration in the pore water resulted from the CaCO3 precipitation, 

sustaining the reaction of portlandite dissolution and calcite precipitation (Equation (3.5)). A 

schematic representation of the process is presented in Figure 3.1.  

Ca(OH)2(s) → Ca2++ 2OH-  (3.6) 

   

 

Figure 3.1. Summary of carbonation process in cement-based materials 

 

As long as portlandite is present, the pH is buffered. After depletion of portlandite, the pH drops 

by approximately 3 units  [119] when not buffered by  other cement minerals. Thus, other solid 

hydration products (Calcium-silicate-hydrate (C-S-H), Monosulphate (AFm), Ettringite (AFt)) 
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become unstable. C-S-H starts dissolving at pH of 12.5, AFm at pH of 11.6, while AFt 

decomposes at pH of below 10.6 [120, 121]. Carbonation will reduce the Ca/Si ratio of C-S-H. 

The carbonation reactions of C-S-H, AFm and AFt are summarized in Equations (3.7) to (3.10), 

respectively [122, 123].  

C-S-H1 + CO2 → C-S-H2 + CaCO3  +H2O        (3.7) 

where Ca/Si in C-S-H1  is higher than in C-S-H2. If CO2 still remains, the carbonation reaction 

continues until the C–S–H1 is completely decalcified and finally forms calcium carbonate.  

3CaO.2SiO2.3H2O + 3CO2 → 3CaCO3 + 2SiO2 + 3H2O  (3.8) 

4CaO.Al2O3.SO3.12H2O + 3CO2 → 

3CaCO3 + CaO.SO3.2H2O + Al2O3.3H2O + 7H2O 
 (3.9) 

6CaO·Al2O3·3SO3·32H2O + 3CO2 →  

3CaCO3 + 3CaO·SO3·2H2O + Al2O3·3H2O + 23H2O 
 (3.10) 

Carbonation also occurs with unhydrated products (e.g. C3S, C2S) of hardened cementitious 

materials as shown in reactions (3.11) to (3.14). Actually, C3S and C2S may slowly hydrate to 

release Ca(OH)2, and carbonate ions will react with calcium ions to form calcium carbonate 

afterwards. These processes can occur in the carbonated zone.  

2(3CaO.SiO2) + 6H2O → 3CaO.2SiO2.3H2O + 3Ca(OH)2  (3.11) 

2(2CaO.SiO2) + 4H2O → 3CaO.2SiO2.3H2O + Ca(OH)2  (3.12) 

3CaO.SiO2 + 3CO2 + xH2O → 3CaCO3 + SiO2.xH2O  (3.13) 

2CaO.SiO2 + 2CO2 + xH2O → 2CaCO3 + SiO2.xH2O  (3.14) 

Calcium carbonate exists in three crystallographic forms: the stable form of calcite and two 

metastable forms of aragonite and vaterite [124]. 

In general, it is thought that the carbonation mechanism is determined by the inward diffusion 

of CO2 [116-118] in normal conditions. However, it depends on the conditions of carbonation: 

whether the concrete is fully or partially saturated; the CO2 concentration, the relative 

humidity; and the CO2 pressure gradient.  In the case of carbonation of unsaturated materials, 

CO2 gas will diffuse in the concrete through the connected pore network. The CO2 gas then 

dissolves into the aqueous phase and precipitates with Ca2+ ions. Because the rates of 

dissolution and reaction are much faster than the rate of diffusion, the diffusion of CO2 gas 

becomes the rate-limiting process of carbonation.  Nevertheless, in the case of concrete used 
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for underground waste disposal purposes, concrete is almost fully saturated and subjected to a 

high hydrostatic pressure and the surrounding environment may contain a high bicarbonate 

concentration, for example clay rock in Callovo-Oxfordian formation [125] or Boom clay in 

Mol site [126]. Therefore, a combination of diffusion and advection should be taken into 

account when one considers the carbonation mechanism. This is also the case in accelerated 

carbonation by applying a high gradient pressure in which advection has a significant 

contribution to the carbonation process. However, so far as the author is aware, none of 

published studies considers the contribution of advection to carbonation of cementitious 

materials.      

3.2.3. Factors influencing carbonation 

There are many factors influencing carbonation: chemistry of hydration products, free water 

content, internal relative humidity (RH), pore structure, CO2 partial pressure and external 

conditions where carbonation occurs (e.g. ambient relative humidity, temperature, CO2 

concentration and applied pressure).  

In general, the higher the CO2 concentration, the quicker the carbonation proceeds. However, 

up to a certain concentration, the carbonation may not increase because the retention process 

resulting from porosity reduction and releasing water overwhelms the effect of higher 

concentration. Increasing temperature will speed up the carbonation process because the 

reaction and penetration of CO2 occurs faster. The core reaction in carbonation is the reaction 

between CO2 and portlandite. Therefore, the more portlandite present in the hydration 

products, the higher the degree of carbonation [127]. Note that a higher carbonation degree is 

not necessarily synonymous with larger carbonation depth. As an example, the depth of 

carbonation in concrete produced by cement with a certain replacement of other pozzolanic 

materials (fly ash, silicafume) may be greater than one produced by ordinary Portland cement 

(OPC) [120]. However, the carbonation degree may be lower because the amount of 

portlandite in pozzolanic materials is less than those in OPC due to pozzolanic reaction 

consuming Ca(OH)2. CO2 still remains after carbonation at outer layer and it can penetrate 

more deeply to inner layer of concrete. Also, CO2 can diffuse more easily through less dense 

carbonated layer in this case.        

Water plays an important role in the carbonation process. Carbonation does not occur without 

water. It is a catalyst in carbonation reaction even though this reaction releases water. 

However, water can fill the pores and prevent CO2 gas to penetrate into the concrete pore 

network. In fact, carbonation reaches the highest efficiency at an internal relative humidity 
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between 50-70% [120]. It is worth noting the difference between relative humidity and degree 

of saturation when carbonation is considered. The degree of saturation is the fraction of the 

pore volume filled with water while internal RH is the fraction of the ambient vapour pressure 

to the saturation vapour pressure in pore system. The effect of the former on carbonation is 

more significant than the latter.  

3.2.4. Methods to carbonate cement-based materials and examine its carbonation 

products  

To some extent, the main goal of a carbonation study is to predict the rate of carbonation 

depth propagation and the service lifetime of reinforced concrete structures. However, 

carbonation of concrete under atmospheric conditions (low CO2 concentration) is extremely 

slow because it is a diffusion-controlled process. The reaction conditions (temperature, RH) 

may vary due to climate change during carbonation process. Due to the long duration, it is 

very difficult to study the carbonation and a comparative study is almost impossible to 

perform due to the inconsistency in carbonation conditions. Therefore, in order to study 

carbonation a number of accelerated carbonation methods have been proposed.  

A standard way is to put concrete samples in a controlled chamber with a specific CO2 

concentration and optimized relative humidity to speed up carbonation [127-129]. This 

method takes weeks or months to get a carbonation front of several millimetres depending on 

the CO2 concentration. A common range of partial pressure of carbon dioxide is from 1% to 

10% [130-132]. However, a higher CO2 concentration [133-135] has been extensively applied 

to accelerate the carbonation despite the criticism that phenomena would be different from 

natural carbonation [136, 137] in terms of the chemical composition and the microstructure of 

carbonated cement-based materials. In order to conclude whether carbonation at different CO2 

concentrations results in different changes in microstructure and mineralogy, one should 

perform the carbonation experiments until a stable endpoint at which the carbonation process 

is completely finished. This condition is difficult to reach for natural carbonation in a limited 

experimental timeframe or even with low CO2 concentration. Therefore it still needs more 

quantitative experiments to answer the question about difference in natural and accelerated 

carbonation with high CO2 concentration. Nevertheless, it is widely accepted that the moisture 

evolution during carbonation plays a key role. In accelerated conditions, a large amount of 

released water due to the fast reaction may not have sufficient time to leave the sample which 

reduces the carbonation rate. In contrast, less water is released and it has enough time to 
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diffuse and leave the sample in natural carbonation. For this reason, accelerated carbonation 

with high CO2 concentration might not be suggested for kinetic studies.          

An alternative method is based on applying a high pressure gradient (tens to hundreds of bar). 

Concrete samples can reach full carbonation in few hours or even in few minutes. However, 

the samples can be damaged by micro cracks (elevated pressure) and heat generation 

(exothermic reaction). The method is mostly applied for CO2 sequestration or heavy metal 

immobilization [138-142]. Additionally, accelerated carbonation during curing is found to 

have great benefits in terms of increasing the mechanical properties and reducing transport 

properties [143, 144].  

In order to characterize the carbonation products, a number of experimental techniques can be 

used, including methods of mass gain, Thermo-gravimetric analysis (TGA), X-ray diffraction 

(XRD), chemical analysis, and infrared spectroscopy. Mass gain is a simple method by 

determining the percentage of mass change of specimen due to carbonation [118, 145]. 

However, the most common method consists of determining the carbonation depth by 

phenolphthalein indicator. By observing the colour change of phenolphthalein (pink changes 

to colourless in carbonated zone because of change in pH), one can quantitatively determine 

the carbonation depth. Nevertheless, it is not always easy to define clearly where the border is 

in the case of a non-sharp front. This method cannot detect carbonated area with pH values of 

higher than 9 [146, 147]. To overcome this problem TGA, gammadensimetry [148], XRD and 

infrared spectroscopy [147] are more suitable methods. However, these methods are quite 

complex and time consuming, and require specialized equipment. The principle of TGA is to 

determine changes in weight of a sample according to temperature changes while 

gammadensimetry is based on measuring density variations due to the evolution of the water 

content gradient over time. With the assumption that no water moves out by drying during the 

carbonation process, the CO2 profile can be drawn based on the density increase. This method 

also provides  water content profiles, which is important input data for modelling [149]. XRD 

is a destructive technique to identify crystalline phases. This method can detect portlandite 

and amorphous hydrated products [150]. Infrared (IR) spectrometry is used to identify the 

different forms of calcium carbonate (calcite, aragonite, vaterite) [151] by its characteristic 

infrared absorption wavelengths. Optical microscopy or/and scanning electron microscopy 

(SEM) are other useful approaches to study how the microstructure changes after carbonation.  
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3.2.5. Influence of carbonation on microstructure and transport properties  

It is generally believed that carbonation decreases transport properties (permeability, 

diffusivity) [152-154], and refines pore structure (porosity, pore size) [132, 152] of Portland 

cement-based materials. However the extent of modification in transport properties and 

microstructure significantly depends on carbonation conditions (RH, CO2 concentration, etc.) 

and cement types. The reduction of permeability and diffusivity is the result from the 

precipitation of carbonation products (mainly calcite) in the pore structure. This leads to a 

significant reduction of the total porosity (molar volume of portlandite is smaller than molar 

volume of calcite), and thereby transport properties.   

In blended cement systems (containing ground granulated blast-furnace slag – BFS or fly ash 

– PFA), the carbonation depth propagation can be faster than in OPC system due to lower 

portlandite content. The modifications in microstructure are also expected to occur in different 

ways.  Kinoshita et al. [133] investigated the carbonation of blended cement systems with a 

very high replacement level of OPC with BFS or PFA in accelerated conditions (15% CO2, 

50–60% RH). It is observed that in the BFS:OPC = 9:1 system, the space of  C–S–H gel is 

occupied by grain-like products after carbonation, leaving a distinctive pore structure of up to 

several micrometres, while not observed in the microstructure of the OPC and PFA:OPC = 

3:1 systems. The porosity increase in BFS/OPC paste was also reported by Borges et al. [155] 

despite accelerated or natural carbonation, and was attributed to the carbonation of C-S-H gel. 

However, Borges also observed a porosity increase in PFA/OPC pastes but with higher 

replacement (40-75%). 

In lower puzzolanic additive replacement systems (30% PFA, 65% BFS), Ngala et al. [156] 

found that there is not only a reduction in the total porosity in both OPC and blended pastes 

with carbonation, but also a redistribution of the pore sizes. The proportion of large pores 

(diameter> 30 nm) is increased slightly for OPC pastes but much more significantly for the 

BFS and PFA pastes. This is in line with the findings of Pihlajavaara [157] who stated that the 

carbonation seems to affect more the larger pores (20 – 100 nm) than the smaller ones. 

Liwu Mo et al. [158] studied the effects of accelerated carbonation on the microstructure of 

Portland cement pastes containing reactive MgO in accelerated condition with mostly pure 

CO2 (99.9% ) and high RH (98%). It has been found that the degree of porosity reduction is 

larger with the increase of reactive MgO content.  

Most published studies report a decrease in specific surface area after carbonation [159-162]. 

The decrease is due to both a decrease in total porosity and a shift in a pore size distribution 
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towards smaller pore sizes. Houst [160] showed that specific surface area is significantly 

reduced after carbonation. For cement paste with w/c ratio of 0.3, that specific surface area of 

carbonated material is 70% of the non-carbonated material. The decrease is higher with an 

increase in w/c ratio, down to 43% for sample with w/c ratio of 0.8.  Pihlajavaara [157] 

observed the same phenomenon in which cement paste with w/c ratio of 0.3 exhibits a smaller 

specific surface area decrease (44%) compared to one with w/c ratio of 0.45 (50%). Chen et 

al. [161] also found a decrease in specific surface area of low heat carbonated Portland 

cement paste, but only for samples with pre-curing in water. The specific surface area sharply 

decreases by about 50% after 21 day carbonation. For those without pre-curing, the specific 

surface areas vary in narrow range regardless the carbonation time (up to 70 days). 

Johannesson et al. [162] reported that the specific surface area of OPC paste is slightly 

decreased after carbonation. The specific surface area of well-carbonated paste is 29.4 m2/g 

compared to 31.8 m2/ of non-carbonated paste. 

Specific surface area of carbonated cementitious materials is sometimes increased as shown 

by You et al. [163].  The specific surface area of carbonated waste cement (from a recycling 

process to recover coarse aggregate from waste concrete) increases linearly with the increase 

of the carbonation degree. The observation is explained due to the formation of highly 

polymerized silica gel. 

Carbonation in OPC systems normally results in a decrease in the transport properties, but 

carbonation under supercritical conditions (high pressure) or in blended cement systems with 

high additive replacements could sometimes increase the transport properties. Borges et al. 

[132] showed that permeability increases for composite cement pastes containing high 

amounts of BFS (BFS:OPC = 3:1 and 9:1) subjected to accelerated carbonation, due to 

carbonation shrinkage and cracking during testing. Although carbonation has resulted in an 

overall density increase and overall porosity decrease, OPC pastes, however, do not show a 

significant change in permeability after carbonation.  

For the Nirex reference vault backfill (NRVB) cement pastes (containing 6% Portland 

cement, 28.6% limestone powder, 9.8% lime, and 35.6% water) which have high porosity, 

Rochelle et al. [164] showed that the carbonation under high pressure (4 and 8 MPa) 

decreases 3 orders of magnitude for water permeability and 2 orders of magnitude for gas 

permeability. Even higher permeability decrease has been observed for cement grout as 

reported by Dewaele et al. [165].  The carbonation of cement grouts (w/c ratios of 0.4 and 

0.47) under high pressure decreases the permeability in carbonated layer from two to six 
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orders of magnitude. Carbonated samples exhibit a smaller average pore size and an increased 

specific surface area compared to non-carbonated samples.  

Liteanu et al. [153] measured the permeability changes in wet mature Class A wellbore 

cement exposed to supercritical CO2 (30 MPa confining pressure, 10 MPa CO2 pressure, 

80°C). Water permeability measurements of unfractured cement show a continuous and 

significant decrease during exposure to static CO2 rich-fluids. The intrinsic permeability is 

decreased from 1.8×10−16 m2 down to 5.2×10−17, 3.8×10−17 and 8.3×10−18 m2 after one, two 

and three months of exposure, respectively. For fractured samples, permeability decrease is 

not strong despite the fact that the fractured samples showed heavy carbonation in the fracture 

plane. The permeability is decreased from 3.9×10−14 m2 to 1×10−14 m2 after one month 

reaction and remained constant afterwards. In case of accelerated carbonation under 

atmospheric pressure, the degree of permeability reduction is much lower than carbonation 

under high pressure.  Under accelerated carbonation (65% RH, 5% CO2, 25oC), Song et al. 

[166] showed that the permeability of carbonated concretes are 3.2 and 2.7 times lower 

compared to reference concretes after 4 month  carbonation for w/c ratios of 0.65 and 0.55, 

respectively. In the same carbonation conditions, Claisse et al. [154] showed there is only a 

small increase in the impermeability index. After 140 days of exposure to CO2, carbonation 

leads to an approximately 37 percent and 4 percent increase in the impermeability index 

(defined as log10(1/k)) for concretes with w/c ratios of 0.6 and 0.45, respectively. 

On the other hand, Lesti et al. [167] reported a permeability increase of cement-based 

materials exposed to supercritical CO2. Most of the samples exhibit gas permeability increases 

of 2 to 4 orders of magnitude after 6 month exposure, except for the fly ash containing 

cementing system which shows no increase after one month exposure and only a slight 

increase in permeability after six month exposure. The authors attributed the increase in 

permeability to crack formation as a consequence of expansion during CaCO3 crystallization. 

This statement is in line with the findings of Fabbri et al. [168] who showed that micro crack 

formation during supercritical CO2 induces not only an increase of its permeability but also a 

degradation of the mechanical properties of cement-based materials. 

Studies on changes in diffusivity due to carbonation are rare, perhaps due to long 

experimental time needed to measure the diffusion coefficient of carbonated materials. Ngala 

et al. [156] concluded that carbonation of cement pastes has a large effect on diffusion. The 

effects are more significant for the blended pastes than for plain OPC pastes. It is surprising 

that the effective chloride diffusion coefficient in blended pastes increases by two orders of 
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magnitude while oxygen diffusion coefficient increases by one order of magnitude. The 

reasons could be attributed to larger capillary porosity observed in carbonated sample despite 

smaller total porosity. The coarsening of the pore structure is attributed to the formation of 

additional silica gel due to the decomposition of the C-S-H gel.  

Portlandite is the main phase to carbonate in most cases, however, under accelerated 

conditions other phases may be carbonated, especially C-S-H. When C-S-H is carbonated, a 

decalcification occurs, leading to a C-S-H with a smaller molar volume and a smaller Ca/Si 

ratio compared to non-carbonated C-S-H as shown by Morandeau et al. [130]. If the pore 

volume created by C-S-H carbonation is not compensated by formed calcium carbonation, the 

carbonation of C-S-H will result in a porosity increase.    

3.3. Calcium leaching 
3.3.1. Introduction 

Leaching is a process of ion extraction from solid compounds by dissolution. In cement 

based-materials, leaching of calcium, also called decalcification, is of utmost importance 

because of the high calcium (Ca) content in cement compared to other potentially leachable 

ions (Fe2+, Al3+, Mg2+, etc.) and the high solubility of the aqueous Ca-controlling phase 

portlandite. Ca-leaching is one of the most serious degradation processes in concrete and 

reinforced concrete structures for the very long-term (nuclear waste disposal system) or in 

hydro structures (dam, bridge, water tank) but it has only been studied since the 1980s despite 

the long history of concrete. The reason is that leaching of concrete is an extremely slow 

process under normal conditions (few mm leaching front in a hundred years [169]). However, 

the lifetime of civil concrete structures is normally under one hundred years and that is too 

short to see the effects of leaching degradation. Leaching of cement-based materials changes 

its properties such as a reduction in pH, an increase in porosity and transport properties and 

detrimental effects on properties related to long-term durability.   

3.3.2. Chemical and physical leaching process 

Ca-leaching is a dissolution-diffusion process of dissolved Ca ions in the pore solution. This 

happens when the cement matrix is in contact with a low pH or low alkaline solution. The 

typical pH value of the pore solution of concrete is about 12.5-13, therefore, any solution with 

pH below this range (e.g. water) is considered as an aggressive environment to concrete. 

During leaching, dissolution is much faster than diffusion; hence the solid-liquid equilibrium 

curve of calcium has been commonly used for understanding different stages of leaching. 
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Berner [170] is the first researcher who proposed the solid-liquid equilibrium curve by 

compiling experimental solubility data available in literature. The curve is composed out of 

three almost linear parts characteristic for the different leaching stages.  

In the first stage, where the Ca concentration in the aqueous phase is higher than 20 mol/m3, 

portlandite is quickly dissolved. Portlandite has the highest solubility amongst all calcium 

containing solid phases in cement matrix. Portlandite is entirely dissolved and does not re-

precipitate like C-S-H. In the second stage, where the Ca concentration in aqueous phase is 

higher than 2 mol/m3 and lower than 20 mol/m3, C-S-H is partially dissolved. Sulfoaluminates 

are also dissolved in this stage [171]. The dissolution of C-S-H is incongruent, in which C-S-

H with higher Ca/Si ratio completely dissolves and re-precipitates at a lower Ca/Si ratio C-S-

H [172]. In the third stage, where the Ca concentration in the aqueous phase is lower than 2 

mol/m3, the partially leached C-S-H continues dissolving at a faster rate to form silica gel 

which is the end product of leaching.   

When dissolved in pore solution, calcium ions will leach out by advection or diffusion. 

Advective removal of Ca is governed by the water flow and is the quickest leaching 

degradation of a concrete structure. However, it is not common in reality except in some 

special structures like dams or water tanks. Diffusive removal of Ca is much slower but more 

common and is controlled by the Ca concentration gradient. Both diffusion and advection are 

governed by the microstructure of concrete which is changed during leaching.   

3.3.3. Factors influencing leaching 

There are many factors influencing the leaching of cementitious materials. Among them, the 

main factors are listed below:  

• Diffusivity and permeability (in case of flowing water) are the most important factors. 

These factors determine how easy Ca ions are transported out of the cement matrix. 

• Surrounding solution: the lower the pH of the solution, the higher the leaching rate. 

Leaching in flowing solution is faster than in static solution. Solutions with the ability 

to increase the solubility of calcium containing solid phases (e.g. ammonium nitrate) 

can significantly accelerate the leaching process. Leaching in deionized water occurs 

quicker than in hard water.  

• An electrical field could accelerate the leaching process because of the increasing Ca 

ion movement in the pore solution towards electrode of opposite charge [173].  
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• Saturation degree: partially saturated concrete can undergo leaching, but with much 

slower rate compared to saturated concrete. 

• Initial amount of Ca in solid phases: the higher the total amount of Ca in concrete 

(especially the amount of portlandite), the higher the potential of leaching.        

3.3.4. Experimental methods to study leaching  

Considering the slow degradation process but the need to study long-term durability of 

concrete, accelerated testing is a relevant approach to better understand the effect of leaching 

on the alteration of microstructure and transport properties. A variety of accelerated methods 

have been proposed such as applying an electrical field [173], using deionized water [174, 

175], using low pH solutions [176, 177]; applying flow-through conditions [178] or using 

high concentration ammonium nitrate (NH4NO3) solutions [179, 180]. Among them, using an 

ammonium nitrate solution to accelerate the leaching kinetics is one of the most popular 

methods because it results in faster degradation compared to other methods under diffusive-

transport conditions while it results in the same end-products. The mechanism of acceleration 

is not only due to the lower pH of NH4NO3 solution but primarily because of the increase in 

the solubility of the leachable phases in cementitious matrix induced by NH4NO3. 

Many studies quantify the propagation of degraded depth of leached materials and 

characterize its mechanical behaviour [181, 182]. However, there are only a few studies that 

discuss the modification of the microstructure after leaching [183, 184] and the effects of 

leaching on transport properties [185, 186]. The post-analysis techniques used for 

characterizing carbonated materials (Section 3.2.4) are also applied to study leached 

materials. However, care must be taken while preparing samples of leached cement-based 

materials. Due to significant loss in mechanical properties, the samples must be handled in a 

proper way to preserve the integrity of leached materials.    

3.3.5. Influence on microstructure and transport properties  

One might intuitively presume that leaching alters the cementitious materials to a material 

with coarser microstructure and higher transport properties. And this presumption is 

confirmed by literature. However, to what extent the microstructure and transport properties 

are modified, is still questionable.    

With regard to accelerated leaching in ammonium nitrate solution, most studies report an 

increase in porosity and coarser pore size distribution. Nevertheless, the level of modifications 

strongly depends on the compositions of the native materials. In general, cementitious 
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materials with less portlandite content exhibit a better leaching resistance, and the same trend 

is observed for materials having pozzolanic activity.       

Berra et al. [187] showed that adding 3.8% nanosilica could slightly reduce the porosity 

increase due to accelerated leaching of cement paste CEM I, however, the decrease of 

compressive strength of the leached specimens is significantly retarded. Porosity even 

decreases for mortars with cement CEM III (blast-furnace slag) and CEM IV (fly ash 

+limestone filler) due to precipitation, as reported by Segura et al. [188]. However, porosity 

still increases for long time (more than 2-week leaching). A maximum porosity increase of 

about 30% has been observed for CEM I mortars after 32-day leaching regardless the w/c 

ratio. The pore surface area significantly increases, but critical pore diameter and threshold 

pore diameter (the largest pore size at which pore volume is significantly increased) are 

almost unchanged for CEM III and CEM IV mortars. However, the critical and threshold pore 

diameters increases for CEM II and CEM I mortars, respectively. The effect of slag admixture 

to cement mortar in the reduction of porosity increase was also found by Cheng et al. [189]. 

The porosity increase is a function of degraded depth as pointed out by Poyet et al. [184]. A 

huge porosity increase from 26% to 80% has been reported at the surface directly in contact 

with ammonium nitrate solution for cement paste with w/c of 0.5 and 18.5% fly ash 

replacement.   

In an attempt to assess the influence of cement type on transport  properties and Ca-leaching, 

Perlot [185] performed accelerated leaching in ammonium nitrate solution on two mortars 

made from CEM I and CEM V/A (22% fly ash and 22% blast furnace slag). The fly ash and 

blast furnace slag addition not only improves the microstructure of sound mortar, but also 

increases the resistance against leaching. Even while having a similar porosity, the chloride 

diffusivity is 5 times lower for sound CEM V/A mortar. After leaching, the porosity and 

specific surface area are doubled and tripled, respectively, in both leached mortars. The 

alterations of transport properties are similar for both mortars regardless its difference in 

initial transport properties (and microstructure): gas permeability increases more than one 

order of magnitude while chloride diffusivity increases less than one order of magnitude. 

Agostini et al. [190] confirmed that the degree of gas permeability is the same for CEM II/B-

M mortars despite its difference in w/c ratios (0.5 and 0.8). The permeability in the leached 

zone in which portlandite is completely dissolved and C-S-H is partially leached increases 

more than two orders of magnitude under ammonium nitrate leaching. However for both 
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mortars tested, major variations in permeability (and microstructure) are thought to be linked 

to portlandite leaching, minor alteration is attributed to C-S-H decalcification.   

Sometimes, as in the study of Yurtdas et al. [191], a reduction in permeability for leached 

material is observed.  The water permeability of the degraded material is lower than that of 

sound material during triaxial compression tests, although ammonium nitrate leaching leads to 

significant increase of porosity of cement paste (approximately 50%). This is due to the 

plastic deformation of the leached material which allows a compaction without cracking. 

However, under measuring conditions without confining pressure, the permeability of the 

degraded material is about 2.4 times higher than that of the sound material. 

Gallé  at el. [186] investigated the leaching behaviour of a CEM I cement paste and of a 

concrete prepared with almost similar w/c ratios (0.45 and 0.43, respectively). Until the 

complete dissolution of portlandite, water porosity is doubled for both cement paste and 

concrete, respectively from 33% to 61% and 10% to 19%. The authors observed that C-S-H is 

also significantly affected by leaching in ammonium nitrate solution which contributes about 

13% porosity increase.  A significant increase in water permeability is observed, more than 

two orders of magnitude for both leached cement paste and concrete in which all the 

portlandite is completely dissolved. Note that confining pressure was also applied to measure 

permeability like the case of Yurtdas et al. [191], but a decrease in permeability of the leached 

materials was not observed. The permeability increase is assumed to be related to the newly 

created porosity which is mainly due to portlandite dissolution.  

In order to investigate diffusivity changes at different degradation stages, Bernard et al. [116] 

performed the leaching tests on CEM I cement paste and mortar with the same w/c of 0.4. The 

authors showed that at the degradation stage at which porlandite, hydrated aluminates and 

sulfoaluminates disappear, the effective diffusivity of HTO is increased 118 times for either 

cement paste or mortar. While only portlandite is disappearing, the diffusivity is only 

increased 31 times for both cement paste and concrete.   

Instead of using ammonium nitrate solution, Saito et al. [173]  applied an electrochemical 

method to accelerate the leaching. A potential gradient of 10 V/cm is applied on a mortar with 

and without pozzolanic admixture replacement (blast furnace slag and silica fume). The 

porosity is increased two times in OPC mortars while it is only increased by 40% to 50% in 

the pozzolanic admixture replacement mortars. This results in a large difference in water 

permeability alterations. The water permeability in the degraded region increases by about 
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two orders of magnitude in the OPC mortars, but only by one order of magnitude in the 

pozzolanic replacement mortars regardless the same starting permeability. 

The number of studies on leaching using deionized water is limited due to long experimental 

time. Jain et al. [175] investigated the leaching of plain paste (CEM I/II), pastes with  10% 

replacement of cement by fly ash and glass powder, and paste with 6% replacement of cement 

by silica fume. All pastes have the same w/c of 0.4. The porosity of all the cement pastes 

increases with leaching duration. The plain pastes show the highest increase, up to 11% after 

90 days of leaching. The glass powder modified pastes show the lowest porosity increase, 

only 5% because the presence of NaOH in its pore solution reduces the solubility of 

portlandite. The silica fume/fly ash modified pastes show a similar porosity increase of about 

8%. Porosity increase is mainly caused by portlandite dissolution, although C–S–H 

decalcification also contributes to porosity increase for long leaching duration. After 90 days 

of leaching, C-S-H contributes almost 3%, while portlandite contributes 8% to the total 

porosity enhancement. Haga et al. [192] performed leaching experiments on OPC cement 

paste with high w/c of 0.7 using ion-exchanged water. The pore size distribution after 

leaching for 56 weeks shows an increase in the pore volume in the pore size range between 

0.05 and 0.5 µm. The total pore volume of the sample is increased 22% after 56 weeks of 

leaching. C-S-H leaching is also observed and contributes about 6% of the porosity increase 

which is determined by comparing experimental total porosity results and the calculation of 

porosity increase resulting from portlandite dissolution. 

In a comparison study, Carde et al. [179] performed the leaching tests on the same CEM I 

cement paste with w/c of 0.5 using ammonium nitrate solution and deionized water. The pH 

of deionized water is lowered to 4.5 by nitric acid addition in order to increase the leaching 

kinetics. Results show that both environments lead to total portlandite dissolution in the 

degraded zone and to a progressive decalcification of C-S-H, but the kinetics is much faster 

when using of ammonium nitrate (2 orders of magnitude). At the same leaching degree, the 

porosity increase is the same for both conditions.  

3.4. Concluding remarks 
Leaching and carbonation of cement-based materials are slow processes but relevant for 

assessment of long-term (reinforced) concrete durability. Many experimental approaches exist 

to understand the behaviour of degraded materials at different degradation stages. Most of the 

approaches rely on accelerated techniques by making the environmental conditions more 
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aggressive. However, there is still on-going discussion regarding whether the degradation 

mechanism in accelerated conditions is the same to natural conditions. If it is, it is still not 

generally validated how to extrapolate the accelerated testing conditions to real performance. 

To answer this key question, one has to validate the accelerated methodologies against natural 

testing conditions in detail in which the changes in mineralogy and microstructure at certain 

degradation stages should be identical or mostly similar for both conditions.     

One important thing that cannot be captured in accelerated tests is the continuous hydration of 

cement-based materials. Under natural conditions there is still evolution of the hydrated 

cement matrix structure, while under accelerated conditions the continuous hydration is not 

taken into account due to shortened experimental time. It is generally assumed that 

accelerated tests can be used for the characterization of degraded materials and its resistance 

to chemical degradation. However, it is not fully recommended to use accelerated testing for 

the kinetic study in term of predicting the degradation rate under natural conditions.  

There is an agreement in literature that carbonation and leaching change the transport 

properties of cement-based materials, but to what extent is still questionable. The confusion 

comes from the unclear definition of what exactly is a leached material; whether it concerns 

complete/partial portlandite dissolution or complete portlandite dissolution + partial C-S-H 

dissolution. To better understand how far the transport properties are altered due to chemical 

degradation, changes in mineralogy and microstructure should be intensively examined.         
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CHAPTER 4: MATERIALS, MIX DESIGN AND EXPERIMENTAL METHODS 
 

4.1. Materials  
All experiments were performed on cement pastes made from cement, tap water and 

limestone filler. Type I ordinary Portland cement (CEM I 52.5 N) was used. The cement has 

quite high Blaine specific surface of 4350 cm2/g.  

Table 4.1 gives a summary of the chemical properties. Limestone filler (Calcitec 2001S) used 

has a Blaine specific surface of 3500 cm2/g and a CaCO3 content of 98.30%. Other chemical 

and physical properties are shown in Table 4.2. Superplasticizer Glenium 27 was added to the 

mix with content of 0.5% with respect to mass of cement.  

The materials used in this study are simulated (but without coarse aggregates) the one used for 

Belgian Supercontainer (see Figure 1.1) which is new reference design for disposal of high-

level waste and spent fuel [193]. There are some restrictions to the selection of materials of 

the Portland concrete buffer (self-compacting concrete) [6]. It is recommended that the used 

cement should have a limited hydration heat generation to avoid/limit thermal cracking. The 

amount of sulphate and aluminium is as small as better, which reduces the sulphate attack and 

the ettringite formation resulting in deteriorate hardened concrete structures. Additionally, the 

cement matrix should offer a high pH environment to prevent the corrosion of steel overpack. 

For those reasons, the Portland cement CEM I has been chosen and pozzolanic reaction 

materials (fly ash, silicafume, etc.) are avoided to prevent pH drop. 

Limestone has been used as filler and aggregates because it contains low reactive constituents 

(silicon, aluminium, magnesium), which limits the alkali-aggregate reaction resulting in 

expansion and cracking [194]. Furthermore, limestone filler can help to increase viscosity and 

stability of the concrete [195]. The replacement of cement by limestone filler may also reduce 

the heat generation (at a given w/p ratio). The use of organic admixtures is limited as it results 

in a H2 gas pressure buld-up in the concrete buffer under irradiated conditions [194]. 

Therefore, it is recommended to use as low as possible amount of superplasticizer 

(polycarboxylate based – such as Glenium 27) in order to increase the workability of the fresh 

concrete. In general, the chemical compositions of used materials should be as simple as 

possible and do not make the mineralogy complex after hydration.  
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Table 4.1. Chemical compositions (wt. %) of the cement (from manufacture fact sheet) 

CaO 63.0% Chromium(VI) <2.10-4% 

SiO2 20.0% Cl- 0.06% 

Fe2O3 3.0% Na2O eq. 0.85% 

Al2O3 5.0% Loss on ignition 1.60% 

Sulphate SO3 2.9% Insoluble residue 0.50% 

 

 

Table 4.2. Chemical and physical properties of limestone filler (from manufacture fact 
sheet) 

Density 2.7 g/cm3
 CaCO3 98.30% 

Blaine specific surface  3500 cm2/g MgO 0.36% 

Particle size distribution: SiO2 0.75% 

Passing 2mm 100.0% Al2O3 0.25% 

Passing 500µm 99.9% Fe2O3 0.10% 

Passing 125µm 97.0% Na2O eq. 0.05% 

Passing 63µm 77.0% pH 9.5 

D50 (50% passing)  10.1µm   

 

4.2. Factorial experimental program 
In order to investigate the effects of water/powder (w/p) ratio and the cement replacement by 

limestone filler (ls/p) on water permeability, diffusion of dissolved gas, carbonation and Ca-

leaching, a factorial experimental design has been proposed. In cement industry, Portland 

limestone cements have been produced by inter-grinding clinker and limestone (and gypsum) 

in which different limestone/(limestone + clinker) ratios are initially chosen. Therefore, the 

“water/cementitious material” ratio for Portland limestone cement is actually the 

“water/powder” ratio. To keep consistence, w/p ratio and limestone filler replacement were 

chosen in this study instead of w/c ratio and limestone filler replacement. However, dilution 

effect due to limestone filler addition can be easily investigated by converting w/p ratio to w/c 

ratio.   
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Figure 4.1. General experimental program: 3 sets of samples (for transport property 
measurements, chemical degradation tests and quantification of initial microstructure 
and mineralogy) were prepared for each batch to take into account the continuous 
hydration of cement pastes. The degradation tests were followed by a series of post-
mortem analyses and determination of changes in transport properties.  

 

In this design, w/p ratio varied from 0.325 to 0.425; limestone filler replacement ratio varied 

from 0 to 20%. Those ranges were selected based on one of the real mixtures developed for 

radioactive waste repository. This design has 22 factorial points and 1 centre point. A detail of 

the design is shown in Table 4.3 and graphically presented in Figure 4.1. The run order was 

randomly generated to eliminate a bias.  It is supposed that this designed experiment can 

produce significantly more information and requires fewer runs.  Note that due to limited time 

for experiments in the PhD timeframe and long-time needed for diffusion and carbonation 

experiments, the full factorial experimental program was only applied on water permeability 

measurements and leaching experiments. For carbonation and diffusion experiments, only few 

points in the factorial experimental program were chosen for investigation (detailed later in 

Chapters 5 and 6).  

 



Chapter 4 
 

46 

Table 4.3. Detail of factorial experiment design: LS = limestone filler; SP = 
superplasticizer 

Run Cement LS Powder Water  w/c w/p ls/p SP Sample 
order kg kg kg kg - - % l   

1 450 0 450 146 0.325 0.325 0 2.3 S1 
2 360 90 450 191 0.531 0.425 20 1.8 S2 
3 450 0 450 191 0.425 0.425 0 2.3 S3 
4 405 45 450 169 0.417 0.375 10 2.0 S4 
5 360 90 450 146 0.406 0.325 20 1.8 S5 

 

4.3. Experimental methods to determine transport properties 
4.3.1. Determination of water permeability using a controlled constant flow method 

4.3.1.1. Research significance and principle  

The review of existing methods to measure permeability of porous materials shows that a 

particular technique is only suitable for specific purposes. There is a need to have a flexible 

and sensitive method suitable for measuring permeability changes due to chemical 

degradation of concrete. The technique should meet three requirements: short measurement 

time; reliability and being simple enough to apply. Because none of the reviewed techniques 

meets all these requirements, an improved direct method was proposed. The proposed method 

is very flexible and it is convenient to do further tests on the same sample. The samples can be 

decoupled after the test and connected to another setup in which the diffusivity can be tested 

or to perform carbonation tests. After a carbonation test, the samples can again be connected 

to the permeability setup to study the effect of carbonation on the permeability. The integrated 

tests also enable for studying the transport properties of leached samples. A sequence of 

different tests on the same sample is possible by using quick couplings which help to 

disconnect the permeability cell (embedded sample inside) from the rest of measurement 

device and recouple it to another setup compatible with the permeability cell.  

The proposed technique was based on the technique used to measure permeability of low-

permeable clay materials (10-12 – 10-13 m/s) at the Belgian Nuclear Research Centre [196]. 

The diameter of the sample was increased while the height was decreased, which helps to 

obtain higher flow compared to the original method for clayey materials. A specially designed 

permeability cell allows applying higher pressure gradients. Controlling and measuring of the 

pressure and flow rate were improved by using Syringe pumps. The principle is quite simple. 

A pressure gradient of 5 to 10 bar was applied by controlling the pressure at both sides of a 

saturated cement-based core embedded in a permeability cell. When the flow reaches almost 

steady state, the constant pressure mode was changed to the constant flow mode. Instead of 
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measuring the flow rate like existing direct techniques, the pressure was measured, which is 

much more accurate than measuring flow rate. The pressure and water flow were controlled 

by precise Syringe pumps. A good contact between the cement-based materials and the 

permeability cell was obtained by testing different resins.  

4.3.1.2. Experimental program and setup 

A full factorial experimental program was applied to investigate the effects of limestone filler 

replacement and w/p ratio on water permeability. In order to check the validity of Darcy's 

law, permeability measurements were performed on a Ca-leached sample. The leached sample 

which was degraded in ammonium nitrate solution 6M in 28 days had a w/c ratio of 0.53 and 

20% limestone filler replacement (sample S2). The permeability of the leached sample is 

expected to be considerably high which allows achieving a large flow rate with a relatively 

low applied gradient pressure. Various flow rates were applied to check whether a linear 

relationship exists between driving pressure gradient and flow rate.  

A schematic view and a picture of the experimental setup are presented in Figure 4.2 and 

Figure 4.3, respectively. The core of the system is the permeability cell which consists of an 

outer part of steel and an inner part of polycarbonate (Figure 4.4). The steel part allows 

applying a high pressure gradient. An outer part made of polycarbonate (e.g. to limit 

production costs) would stand only low applied pressures. The polycarbonate inner part 

enables a visual check of the contact between the resin and the sample and is useful in further 

post-mortem analysis by X-ray. In order to improve the friction between the inner part and the 

sample, grooves were created on the surface of the inner part. Good fitting of the inner and 

outer parts was obtained by their conical shapes.  
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Figure 4.2. Schematic test setup for permeability determination 

 

 

Figure 4.3. Photo of permeability experiment 
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Figure 4.4. Details of permeability cell 

 

The sample disk with a diameter of 97.5 mm and thickness of 25 mm was embedded into the 

inner part of the cell by a resin. The choice of an efficient resin is crucial to avoid leakage 

around the side of the sample. The resin should have low viscosity, good contact with 

polycarbonate and cement paste, high strength, transparency and low heat generation during 

embedding. From a series of tested resins, Sika® Injection-451 was selected as the most 

optimal choice. 

The top and bottom lids were also made of steel. The inner surfaces of the lids had a special 

design with a groove network to distribute water evenly on the surface of the sample (see 

Figure 4.5). Cellulose membrane filters with high water flow rate (30 ml/min at ∆p = 1 bar) 

were placed between the sample sides and the lids to prevent particle transport and improve 

the distribution of water. Quick couplings (SWAGELOK, Ohio, USA) helped to expel air and 

fill all connection tubes before measuring the permeability.  

Two Isco Syringe pumps, model 100DX, were used to apply either a pressure gradient or 

constant flow rate on the permeability cell. These two pumps were connected to one pump 

controller. The controller was connected to a computer through a RS-232 port. The Syringe 

pumps were capable of providing stable and accurate flows as low as 0.01 µl/min which is an 

absolute requirement for measuring the permeability of low-permeable materials. The pumps 

also provided a stable and precise pressure with the accuracy of 0.5% full scale. Data were 

recorded and stored on the computer every minute. 
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Figure 4.5. Lid (a) and body (b) of permeability cell 

 

 

Figure 4.6. Rotation machine to prevent segregation 

 

4.3.1.3. Experimental procedure and data analysis   

Cement paste was poured in a cylindrical PVC tube with inner diameter of 97.5 mm. The 

sample was then rotated during 24 hours at a speed of 3 revolutions per minute to prevent 

segregation (see Figure 4.6). Afterwards, the sample was cured in a sealed condition in a 

temperature controlled room (22 ± 2oC) for 27 days. The 28-day-cured cement paste was 

sawn into 30 mm thick slices. The disks were then embedded into the polycarbonate part of 

the permeability cells. It took 24 hours for the resin to polymerize before polishing to obtain 

the final sample thickness of 25 mm. The samples were afterwards saturated under vacuum 

conditions using following procedure (Figure 4.7):    

− Open valves 1, 2 and 3 while keeping valve 4 closed; run vacuum pump for 3 hours to 

remove air in the samples and lime water. 

− Close valve 1 and open valve 4 (valves 2 and 3 are still opened); slightly open the vent on 

the chamber with lime water to increase somewhat the pressure to make the water flow to 

the sample chamber. Lime water will be drawn towards the sample chamber due to the 

vacuum. Close valve 4 when the samples are fully submerged in lime water; keep the 

(a) (b) 
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vacuum pump running for one hour. 

− Remove the vacuum; leave the samples for soaking for 20 hours at atmospheric pressure. 

 

Figure 4.7. Vacuum saturation setup 

 

It is worth mentioning that the samples may not be fully saturated after one day following this 

procedure (depending on w/c ratio). However, the experimental procedure for the 

permeability measurement includes further saturation up to full saturation of the sample. After 

one day of saturating the samples, the embedded samples were fitted in the steel outer part 

and fitted between the two cell lids by screws. Double O-rings were put between each lid and 

the embedded sample to prevent leakage. Prior to the permeability measurement, the sealing 

of the whole system was checked and all tubes and connections were filled up with water. Air 

in the system was removed thanks to quick couplings. The most critical parameter of the 

experimental procedure is the pressure gradient: it should not be too high as micro cracks can 

occur in the sample, but high enough to have a sufficiently high flow rate for accurate flow 

measurements. The applied pressure gradient selected was dependent on the w/c ratio of the 

samples and was therefore optimized for each w/c ratio by applying a predefined pressure 

loading procedure (see Figure 4.8). An important constraint is that the applied pressure 

remains below 10 bar which is still lower than breakthrough of pore walls. For the cement 

pastes in this study, the applied pressure was in the range 8 – 10 bar. A typical loading 

procedure is presented in Figure 4.8. First, a constant back pressure of one bar was applied to 

the upper side of the cell by Syringe pump A (Figure 4.2). The back pressure played an 

important role in saturating the sample (in case the sample was not completely saturated) and 

maintaining the full saturation state. The other side was stepwisely loaded by another Syringe 

pump B until a sufficiently high out-flow was obtained. There was no out-flow (even negative 
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flow) at the beginning of the pressure loading because the in-flowing water might still saturate 

the sample although a strict saturation procedure had been followed (as described earlier). 

When the in-flow was stabilized (variation less than ± 10% within 24 hours), Syringe pump B 

was changed from constant pressure mode to constant flow mode. The reason to change to the 

constant flow mode is that measuring pressure is much more accurate than measuring flow 

rate. It means that the statistical variation of pressure is lower than the variation in extremely 

low flow rate which is the case of low permeable cement-based materials. The constant flow 

rate was defined based on an average of flow rate in 24 hours before changing the mode. 

Finally, only pressure readings of Syringe pump B were recorded until the difference between 

out-flow and in-flow rate was less than ± 10%. The time required reaching this condition 

varied with the permeability coefficient, normally it held about one-third of total experiment 

time. The permeability was calculated using the average of pressure readings in 12 hours after 

reaching the condition. The total time needed for one measurement depended on the w/c ratio 

of the sample but it was less than one week when the permeability coefficient is larger than 

10-13 m/s.  

 

Figure 4.8. Typically applied pressure procedure - back pressure refers to the pressure 
of Syringe pump A (see Figure 4.2) on the upper side of the permeability cell; applied 
pressure refers to the pressure of Syringe pump B on the lower side of the permeability 
cell. 
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4.3.2. Determination of diffusivities of dissolved gases in saturated cementitious 

materials 

4.3.2.1. Research significance and principle 

Diffusion is an important property for characterizing concrete durability because it governs 

the penetration of aggressive substances (Cl-, SO4
2-, O2, CO2) responsible for degradation. 

However, data on the diffusion of substances (other than Cl-) in concrete are scarce due to 

time and resource consuming measurements. This work describes a method to determine the 

diffusion coefficients of dissolved gases in saturated cement-based materials in order to study 

the effects of degradation on the transport properties. The proposed method was adapted from 

the technique used to determine the diffusivity of clay materials [197]. The method is based 

on a flow-through diffusion methodology and allows simultaneous determination of 

diffusivities of two dissolved gases diffusing in opposite directions. A cement plug was 

mounted between two water reservoirs pressurized by two different gases at equal pressure to 

avoid advection (~ 10 bar).  The changes in the dissolved gas concentration (at the opposite 

sides) were measured indirectly via the gaseous phase which is in equilibrium with the 

aqueous phase according to Henry's law. Additionally, a simple 1-D diffusive transport model 

(based on 1st and 2nd Fick’s laws) was developed to interpret the experimental data. The 

concentrations at outlet and inlet were used as inputs for the model, and the diffusivity was 

obtained by a fitting procedure.    

4.3.2.2. Sample preparation and experimental setup 

The diffusion experiments were performed on intact samples S3 (w/p = 0.425, ls/p = 0), S4 

(w/p = 0.375, ls/p = 0.1) and carbonated and leached samples S3C and S3L. The gas couple 

He-Xe was used for all cases. The same sample preparation procedure for permeability 

measurement was used for diffusion measurement to determine dissolved gas diffusivity. For 

carbonated sample, the sample needs to be saturated before diffusion test. Thanks to the 

flexibility of the primary cell, the sample/cell can be easily switched/disconnected from the 

carbonation setup and mounted/connected to the diffusion setup by means of quick connect 

couplings. For the leached samples, the leached material was still kept in water to prevent any 

drying cracks before embedding into diffusion cell. The embedding of the leached materials 

was done in a closed chamber with relative humidity of 100%. After embedding, the sample 

was submerged in water for a couple of days to ensure that it is fully saturated before 

connecting to diffusion testing system.   
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A schematic view and a picture of the experimental setup are presented in Figure 4.9 and 

Figure 4.10, respectively. The setup is similar to the one used for clay materials [197] except 

for the diffusion cell which is exactly the same of the permeability cell. Two precise pressure 

transducers (TURCK, Plymouth, USA) were used to measure gas pressure in the pressurized 

water vessels. The water with the dissolved gas was circulated over the contact filter in the 

cell by means of magnetic coupled gear pumps (ISMATEC, Glattbrugg, Switzerland). The 

diffusion cell was connected to the system through quick connectors.  

 

Figure 4.9. Schematic experimental setup of diffusion (adapted from [197]) 

 

 

Figure 4.10. Image of the diffusion experiment 
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4.3.2.3. Experimental procedure  

The experiments were performed in a temperature controlled room at 22 ± 2°C. Prior to the 

diffusion measurements, the sealing of the whole system was checked by applying a gas 

pressure of 12 bar and following the pressure evaluation over time (few weeks). The entire 

setup is considered to be gastight if the pressure remains stable. The air or residual gas from 

previous tests in the system was removed as much as possible by flushing the system with the 

testing gases. During flushing, bypass lines were opened while all valves connected to the 

sample were closed to prevent diffusion proceeding at this step. Care must be taken to avoid 

testing gas contamination of each vessel (i.e. gas 1 present in vessel 2 and vice versa). 

Subsequently, a volume of 0.5 litre of degassed water was added to each vessel, whereafter 

they were pressurized by the respective gases to a similar pressure of about 10 bar to prevent 

advective transport. Prior to the measurement, a sample was taken to determine the initial gas 

composition of both vessels and referred as the sample at the time zero. In order to start the 

test, all valves connected to the sample were opened, the bypass lines were closed. At that 

moment, the pressures in both vessels slightly dropped due to small volume increase of the 

system, but still in balance. Gas samples were regularly taken (generally every 2 weeks) via 

sampling lines until enough data points were collected to obtain diffusivity (few months). To 

avoid a too large pressure drop due to sampling, the sample volumes taken were only 6 ml. 

The gas composition was analysed with a CP4900 micro gas chromatographer (VARIAN, 

Palo Alto, USA).  

4.3.2.4. Data analysis  

In order to interpret the experimental data, a 1-D diffusive transport model was developed 

[197]. Fick’s laws were used to describe the diffusion of the dissolved gases. 

dg
dg e
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J D

x
∂

= −
∂

  (4.1) 
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=
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where Jdg [mol/m2.s] is flux of dissolved gas; De [m2/s] is the effective diffusion coefficient; 

φ [-] denotes porosity; Re denotes the retardation factor which takes into account the 

interactions of dissolved gas and the medium. Note that in most cases, the retardation factor 

Re of inert gas is one. Cdg [mol/m3] denotes concentration of dissolved gas in the porous 

medium; t [s] denotes time and x [m] denotes length. With constant boundary conditions, 
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Equation (4.2) can be solved analytically using the inverse Laplace method [81]. However, 

during sampling the concentration at the upstream was decreased. As such boundary 

conditions are not easily implemented in analytical solutions, a numerical method was chosen 

to solve the problem.  

At the upstream, the dissolved gas concentration was imposed as a boundary condition. The 

dissolved gas concentration was calculated from gas pressure above the water, which was 

regularly measured, by Henry’s law.     

u u
dg HC K P=   (4.3) 

where u
dgC  [mol/m3] is concentration of dissolved gas at the upstream; KH [mol/m3.atm] is 

Henry constant; Pu [atm] denotes gas pressure. At the downstream, the concentration was 

considered to be zero because of extremely small value compared to the concentration at 

upstream (approved by experimental results). The quantity ( )outQ t  [mol] of dissolved gas 

diffused out of the sample was calculated as follows: 

0

( ) ( , ') '
t

outQ t A J L t dt= ∫   (4.4) 

where A [m2] and L are cross section and length of the sample, respectively; ( , ')J L t  is the 

flux at the downstream boundary. The quantity ( )outQ t must be equal to the total amount of 

testing gas ( )meaQ t  at the downstream (in water and gas phase) which can be determined by 

measuring the partial pressure dP [atm] of the testing gas above the water at the downstream 

according to Clapeyron equation and Henry’s law for ideal gas. 

( ) ( )
d

gd
out mea H l

V P
Q t Q t K P V

RT
= = +   (4.5) 

where Vl and Vg [L3] are water and gas volumes at the downstream, respectively; R denotes 

universal gas constant [J/mol.K] and T [K] denotes temperature. Initially, the concentration of 

dissolved gas was zero in the sample. The diffusion problem was numerically solved in 

COMSOL Multiphysics. The effective diffusion coefficient was obtained by using a least 

squares fitting procedure of the diffused quantity ( )outQ t  to the measured one ( )meaQ t with the 

MATLAB Optimization Toolbox.  
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The changes in effective diffusivity of cementitious materials are due to the alterations of 

porosity, tortuosity and constrictivity resulting from degradation processes. In order to 

estimate the effects of carbonation/leaching on the changes of effective diffusion coefficients 

of other substances, a lumped parameter  
2τ
φδ  can be calculated as follows:       

2
0

e

D
D

τ
φδ

=   (4.6) 

where D0 [m2/s] is the diffusion coefficient of species in pure water; τ [-] is tortuosity; and δ

[-] is constrictivity. 

4.4. Experimental methods to chemically degrade cementitious materials 
4.4.1. Carbonation under controlled CO2 pressure gradient 

4.4.1.1. Research significance and principle 

Under normal conditions (i.e. under low CO2 concentration, no pressure gradient), the 

diffusion of CO2 in either saturated or partially saturated conditions is the rate-limiting step in 

the carbonation process [116-118] because CO2 dissolution and reaction rates are much faster.  

Nevertheless, in the case of concrete used for underground waste disposals, concrete is almost 

fully saturated and subjected to a high hydrostatic pressure and the surrounding environment 

may contain a high bicarbonate concentration. Furthermore, during the operational period 

(several decades up to hundreds of years) of repositories, a large hydrostatic pressure gradient 

is present because the repository is not yet closed.  Therefore, a combination of diffusion and 

advection should be taken into account when one considers the carbonation mechanism. This 

is also the case in accelerated carbonation by applying a high pressure gradient in which 

advection in the gas phase has a significant contribution to the carbonation process. However, 

so far as the author is aware of, none of the published studies considers the contribution of 

advection to carbonation of cementitious materials.      

In this study, a new method was proposed in which an elevated pressure gradient of pure CO2 

was applied to samples at a controlled internal relative humidity to take into account the 

contribution of gaseous advection. The method also enables to shorten experimental time 

because under atmospheric conditions carbonation is an extremely slow process. A standard 

way to study the carbonation is to put concrete samples in a controlled chamber with a given 

CO2 concentration and optimized relative humidity (50-70%) to speed up the carbonation 

[127-129]. The drawbacks of such type of experiments are (i) the difficulty in quantification 

of the CO2 uptake during carbonation, (ii) impossible to count for the contribution of pressure 
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gradient and (iii) poor in controlling the initial hygrothermal conditions of the samples, which 

are overcome by using the proposed method. 

The setup allows for easy connecting to other setups before and after carbonation to measure 

diffusivity or water permeability. An elevated pure CO2 pressure gradient was applied on a 

partially/fully saturated sample which is embedded in a special carbonation cell. The 

penetration of CO2 into the cement paste sample (partially saturated) occurs via two ways: i) 

CO2 gas transports through connected pores under a pressure and concentration gradient; ii) 

dissolved CO2 transports with the movement of water under a pressure driving force (when 

initial saturation degree of the sample is high). The transport and dissolution of CO2 in the 

sample is described in detail in Section 8.1.2.1. The amounts of CO2 flowing in and out of the 

carbonation cell were precisely measured with mass flow meters allowing for quantification 

of the amount of carbon dioxide reacting with cement.  

4.4.1.2. Sample preparation and experimental setup 

Table 4.4 summarizes the experimental program for the carbonation study. Most of the tests 

were performed at relative humidity of 65% except for sample S1 which was performed in 

fully saturated condition. The samples S3, S4 and S5 have different w/p ratios but quite 

similar w/c ratios (0.425, 0.416 and 0.406, respectively) which allow comparing the effects of 

limestone filler addition on carbonation. Two carbonation procedures were applied on sample 

S4 and S5: continuous and cyclic carbonation (detailed later).    

Table 4.4. Experimental program for carbonation study 

Sample w/p Limestone 
filler, % 

Relative humidity Carbonation procedure 
65% Saturated Continuous Cyclic 

S1 0.325 0 
 

x x 
 S2 0.425 20 x 

 
x 

 S3 0.425 0 x  x  
S4 0.375 10 x  x x 
S5 0.325 20 x  x x 

 

Figure 4.11 shows a schematic view of the experimental setup; and a picture of the testing rig 

is shown in Figure 4.12. The main part of the system is the carbonation cell which has the 

same design as the permeability cell described in Section 4.3 but with a different embedding 

procedure (described below). The amount of carbon dioxide reacting with the cement was 

derived from measurements with two mass flow meters “red-y smart meter GSM” at each side 

of the carbonation cell. One had a higher measurement range (0-50 ml/min) to measure flow 

when carbonation rates were high at early experimental times; the other one had a lower range 
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(0-10 ml/min) to measure flow when the carbonation rate was decreased. Using two mass 

flow meters with different ranges improves the measurement accuracy. The mass flow meters 

measured every minute the mass flow rate, the total amount of CO2 passing and the 

temperature.  In order to prevent damage of mass flow meters by the high relative humidity 

conditions, a moisture trap was placed before the outlet mass flow meters. A precise pressure 

controller (precision of 1/10000 bar) was used to apply a constant pressure at the upstream 

side. The other side of the sample was balanced to atmospheric pressure.   

 

Figure 4.11. Proposed carbonation setup using pressurized CO2 and recording of the 
CO2 in- and out-flows 

 

 

Figure 4.12. A picture of the carbonation setup 
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4.4.1.3. Experimental procedure  

Small cement paste disks of 25 mm thickness were prepared following the same procedure as 

for the permeability measurement (see Section 4.3.1.3). Prior to the carbonation experiment, 

the samples were conditioned to a target internal relative humidity of 65% to have optimal 

conditions for fast carbonation. Sample S1, which was tested under saturated condition, was 

saturated using the same saturation procedure for permeability measurement. To equilibrate 

the sample to the target RH, an accelerated conditioning procedure was adopted as follows:  

(i) The initial RH of the sample (~ 90%) and open porosity (MIP results) were 

estimated;  

(ii) The relationship between porosity, RH, and saturation degree [198] was used to 

estimate the required amount of water to be evaporated to reach the target RH;  

(iii) The sample was dried in an oven at 35oC until the mass decrease approximated the 

estimated amount of water in the previous step (4~5 days for RH 65%). An oven 

temperature of 35oC prevents cracking and possible dehydration of C-S-H;  

(iv) The sample was placed into a desiccator containing a certain salt solution (NaNO2 

at 22oC) to obtain the target RH until change in mass between two subsequent 

daily measurements was less than 0.02%. With this procedure, the samples 

reached the target RH of 65% in a period of less than 1 month.  

The sample was then embedded into the inner part of the carbonation cell by a resin within a 

desiccator at the same RH. It took about 24 hours for the resin to polymerize. The sample was 

placed in the desiccator for several more days for re-equilibration to the target RH. It is worth 

noting that embedding before conditioning is not recommended because cracking can occur 

due to the shrinkage of the restrained sample during the drying shrinkage process.  

The carbonation cell was then connected to the CO2 pressure system at one side while the 

other side was in contact with air (ambient condition). Prior to the carbonation measurement, 

the sealing of the whole system was checked to ensure no leakage. All tubes and connections 

were filled up with CO2 at the high pressure side. These steps are very important because if 

moisture still remains in the system, the initial RH of the sample can be changed and the 

quantification of CO2 uptake is not accurate. Two procedures to carbonate the sample were 

proposed. The first procedure was based on applying a continuous constant CO2 pressure 

gradient; the second procedure accelerated the carbonation process by alternating CO2 

pressure cycles with drying periods.    
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• Continuous carbonation 

CO2 pressure was increased at one side of the sample, while the other side was balanced to 

atmospheric pressure. At the beginning, the valves connected to the inlet mass flow meters 

(valve 1 and 2) were closed, while the valve connected to the bypass line (valve 3) was 

opened. When pressure reached the target value, valve 1 which was connected to the mass 

flow meter with high measurement range (up to 50 ml/min) was slowly opened, and then 

valve 3 was slowly closed. In this way, one avoids damaging the mass flow meter by a sudden 

increase in flow. The amount of CO2 going into the system was recorded from the moment 

valve 1 was opened, which eliminated the amount of gas needed to fill the space in the 

connections. At the other side of the sample, valve 4 (connected to the low range flow meter) 

was opened, while valve 5 (connected to the high range flow meter) was closed. In this way, 

the mass flow meter started measuring the amount of CO2 leaving the system.  

After a few hours of high inlet flow, the inlet flow decreased because the carbonation reaction 

released water which decreased the air-filled porosity and carbonation products were formed 

reducing the porosity. When the inlet flow was less than 10 ml/min, the mass flow meter was 

switched to the low range flow meter. 

A constant absolute pressure of 6 bar was applied in order to have at one hand a sufficient 

high pressure of pure CO2 to reduce the experimental time, but on the other hand, to reduce 

the risk for inducing micro cracks in the cement paste by applying a too high pressure. A 

carbonation test was performed for period of 4 weeks.   

• Cyclic carbonation  

As the carbonation reaction releases water which increases the local saturation degree and 

significantly reduces the carbonation rate, carbonation periods were alternated with drying 

cycles as illustrated in Figure 4.13. The sample was first carbonated during time T1 under the 

same pressure gradient as applied during the continuous carbonation. Subsequently, it was 

dried for a time T1' to remove water and bring the sample back to a RH approximating to the 

initial RH (65%). Then a new carbonation – drying cycle started, and so on. The carbonation 

periods T1, T2, …, Tn were determined based on the inlet flow rate. When the rate was less 

than 0.5 ml/min, the carbonation cycle was stopped and the drying cycle started. The drying 

periods T1', T2', …, Tn' were difficult to determine quantitatively because measurement of the 

RH within the sample is not possible within this experimental setup. However, trial tests 

indicated that a higher carbonation degree was observed if the drying period increases over 
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time, i.e. T1' < T2' < … < Tn'. A longer drying period over time reflects a denser cement paste 

and a deeper carbonation front, resulting in deeper water production, with increasing 

carbonation.  

 

Figure 4.13. A Schematic illustration of cyclic carbonation procedure to accelerate 
carbonation process 

 

4.4.2. Accelerated leaching using 6M ammonium nitrate solution 

4.4.2.1. Need and principle 

Considering the slow leaching degradation process but the need to study long-term durability 

of concrete, accelerated testing is a relevant approach to better understand the leaching 

phenomenon and the coinciding alteration of microstructure and transport properties. In this 

study, an ammonium nitrate solution was used to accelerate the leaching kinetics. This is one 

of the most popular methods because it results in faster degradation compared to other 

methods under diffusive-transport conditions and has the same end-products. The mechanism 

of acceleration is not only due to the low pH of NH4NO3 solution but mainly due to an 

increase in the solubility of the leachable phases in cementitious matrix induced by NH4NO3. 

When diffusing into cement-based materials, NH4NO3 reacts with most of the main phases in 

cement paste according to following reactions:              

With portlandite:  

Ca(OH)2 + 2NH4NO3  Ca(NO3)2 + 2NH3(aq) + 2H2O  (4.7) 

With Calcium silica hydrates (C-S-H):  

CxSyHz + 2NH4NO3  Cx-1SyHz-1 + Ca(NO3)2 + 2NH3(aq) + 2H2O    (4.8) 
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Cx-1SyHz-1 + 2(x-1)NH4NO3   

ySiO2 + (x-1)Ca(NO3)2 + 2(x-1)NH3(aq) + (z+x-2)H2O 

With Ettringite (AFt):  

2C6AṠ3H32 + 24NH4NO3   

3CaSO4 + 9Ca(NO3)2 + Al2(SO4)3 + 2Al(NO3)3 + 24NH3(aq) + 76H2O 
 (4.9) 

With Monosulfoaluminate (AFm):  

4C4AṠH12 + 48NH4NO3   

CaSO4 + 15Ca(NO3)2 + Al2(SO4)3 + 6Al(NO3)3 + 48NH3(aq) + 72H2O 
 (4.10) 

NH3(aq)  NH3(g)  (4.11) 

Calcium nitrate is a very soluble salt. Therefore, the concentration of Ca ions in pore solution 

is much higher than in a portlandite-controlled system. Furthermore, aqueous NH3 converts to 

gaseous NH3 which escapes from the system hence it drives the reactions (4.7) to (4.10) to the 

right side. It helps to prevent the equilibrium of the system, which stops the leaching 

acceleration. 

4.4.2.2. Experimental procedure and test setup 

The full experimental program was applied to investigate the effects of limestone filler 

replacement and w/p ratio on Ca-leaching.  Cement pastes were poured and cured with the 

same procedure as the permeability experiments (see Section 4.3.1.3). Afterwards, the 28-

day-cured cement pastes were sawn into 25 mm thick slices. In order to study one 

dimensional leaching (bottom and top of the slice), the PVC cover in the axial direction 

remained on the cement paste slice. Additionally, epoxy resin was poured to fill the gap (if 

available) between PVC cover and cement paste as shown in Figure 4.14a. In such a way 

radial leaching is prevented.  

The same saturation procedure for the permeability measurements was used to saturate the 

cement slices in saturated lime solution in order to avoid initial leaching. The saturated 

cement slices were immersed in ammonium nitrate solution chambers. The ratio between 

NH4NO3 solution over the contact surface area of the sample was 8 cm3/cm2. Such a factor 

was chosen to ensure that the pH of the solution was always below 9.25. When a higher pH is 

reached, the solution needs to be changed to maintain leaching acceleration [199]. The 

renewal of solution is avoided because the solution is used for quantitative analysis of the Ca-

leached amounts.  
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Figure 4.14. Preparation of cement paste slice for accelerated leaching in ammonium 
nitrate 6 mol/l solution (a) and a schematic setup of leaching experiment (b) 

 

 

Figure 4.15. Accelerated leaching setup using NH4NO3 solution 

 

A schematic setup and a picture of the leaching experiment are given in Figure 4.14b and 

Figure 4.15, respectively. Nitrogen was bubbled through the system to prevent carbonation 

during leaching and to remove the formed NH3 gas via the bubbler (water lock). The solution 

was homogenized by a magnetic stirrer. There was an extraction line to extract solution for 

further analysis and follow up the pH of the solution. The setup consisted of 3 NH4NO3 
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chambers which allowed simultaneously leaching of three samples. Reference samples were 

prepared from the same batch of cement paste and kept under the same conditions except for 

immersion in ammonium nitrate solution.   

4.5. Experimental methods to characterize degraded and sound 

cementitious materials  
The scope of this study is to phenomenologically understand how far transport properties 

would be altered due to chemical degradation. The strong link between chemical degradation 

and transport property change is the alterations of microstructure and mineralogy. For those 

reasons, characterization of the degraded and intact cementitious materials is needed. In order 

to come to an as much as complete picture of the degradation phenomena, a variety of post-

analysis techniques like SEM/SEM-EDX, XRD/QXRD, MIP, TGA, ion chromatography and 

N2-adsorption were applied. 

4.5.1. Scanning electron microscope and energy dispersive X-ray microanalysis  

4.5.1.1. Introduction 

The scanning electron microscope (SEM) has been used as a powerful petrographic technique 

for material characterization since the early 1970’s. SEM imaging is basically either in a 

secondary electron mode or a backscattered electron mode. The secondary electron images are 

generated by scanning a low energy electron beam over the specimen surface. Therefore, they 

provide a lot of information about the specimen surface.  Whereas, the backscattered electron 

images (BSE) are generated by a high energy electron beam which provide information of 

deeper depths (few microns) [200]. One of the most important advantages of BSE images is 

that its contrast depends on the atomic number of the specimen. The difference in grey level 

allows phase separation of the cementitious materials (each phase has different mean atomic 

number: alite > belite > portlandite > tobermorite > ettringite [201]). Pores appear in black 

colour. For the purposes of this study, BSE images were taken.   

In terms of qualitative analysis, BSE imaging in combination with energy dispersive X-ray 

microanalysis (EDX) is a useful method to identify different cementitious constituents. 

However, quantitative analysis is only possible with EDX if the specimen is well polished to 

obtain a flat surface. In this study, EDX was used to produce atomic Ca/Si profiles along the 

leaching depth and elemental mapping over the transient zone of leached materials. 

Additionally, it was used in combination with BSE images to better separate the phases of 

intact/degraded cement pastes.          
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4.5.1.2. Sample preparation 

For the purpose of taking BSE images, polished sections were prepared. Carbonated/leached 

materials were taken in parallel to the longitudinal axis and the scanning area was within 3 

mm from the reactive surface and referred as “carbonated/leached samples”. Samples were 

also taken on the transition area of leached materials which was qualitatively identified by the 

changed phenolphthalein colour. Reference samples were taken from intact materials after 

removing the surface in contact with atmosphere to avoid the effects of atmospheric 

carbonation.    

The sample preparation procedure for SEM measurements is described in Figure 4.16. Drying 

is an essential step for SEM sample preparation. Resin cannot penetrate into the sample unless 

the free water in the sample has been removed. The solvent replacement method was chosen 

to dry the samples. This method is found to be a good technique to preserve the 

microstructure for SEM analysis [202]. The samples were immersed in 2-propanol 99.5% for 

2 weeks, and then placed in a vacuum chamber under 2.5×10-2 mbar for 3 days. The dried 

samples were impregnated in an extremely low viscosity resin before grinding and polishing. 

The harden resin has a very high strength (80 MPa for compressive strength and 50 MPa for 

tensile strength). Resin impregnation helps to fill the voids and pores; preserve the original 

microstructure; enhance contrast between solid phases and pores; and prevent cracking during 

grinding/polishing. The polished samples were then coated by a thin gold layer (few µm) to 

prevent charging during SEM examination. Even with gold coating, the samples might be 

charged because a non-conductive resin was used. Therefore, the top and bottom of sample 

were connected by a conductive copper tape. 

SEM measurements of samples were done using a JEOL JSM 6610 scanning electron 

microscope. Energy Dispersive X-ray analysis was carried out with the aid of ESPRIT 

Software. ImageJ software was used for phase separation.   
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Figure 4.16. Sample preparation procedure for SEM analysis [201, 203] 

 

Sectioning 

• Cement paste is sawn into small slices by diamond saw (for reference samples) 
•The slices of intact and degraded cement pastes are broken into smaller samples 
(by hammer) which fit to a plastic cup for resin impregnation (1 inch).  

Drying 

• Samples are dried by solvent replacement method in about 2 weeks 
• Put under vacuum at pressure of 10-2 mbar in 3 days  

Resin  

impregnation 

• Sample is transferred to a resin impregnation chamber and put under vacuum for   
30 minutes at a pressure of 10-2 mbar. 
• Extremely low viscosity resin is poured over the sample while under vacuum  
keep under vacuum until all air bubbles have disappeared  release vacuum. 
• Let the resin harden 

Grinding 

• To remove any damage induced by earlier steps and provide a smooth surface for 
polishing:  
• Lubricated with ethanol 
• Use successively finer grade abrasive paper (Silicon carbide) of 220; 500; 1200 and 
4000 grits 

Polishing 

• To remove any damage by grinding and produce a very smooth, flat surface:  
• Use successively finer particle size diamond polishing paste ranging from 1 to 0.25 
µm 
• Polished surface should be cleared.  

Coating 

• Necessary when SEM analysis is needed under high voltage, high vacuum and high 
magnification   prevent electrical change on  surface of sample by incident 
electrons 
• Gold coating by sputter coater 

Storage 

• Prevent damage and further hydration on polished section   
• Keep samples in desiccator with silica gel 
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4.5.2. Mercury intrusion porosimetry  

4.5.2.1. Introduction 

Despite some limitations, MIP has been considered as a common method to characterize pore 

structure of cementitious materials because it is simple, fast, reproducible and able to cover a 

wider range of pore sizes compared to other methods. Mercury as a non-wetting liquid for 

cementitious materials will not enter into the pore with a certain radius if the intrusion 

pressure does not reach a corresponding value according to the Washburn equation [204]. In 

this way, the pore sizes can be calculated from the pressures which force mercury into the 

pores: 

  𝜌𝜌𝑝𝑝 = −2𝛾𝛾𝑚𝑚𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐
𝑃𝑃𝑚𝑚

  (4.12) 

where rp is the pore radius [m]; γm is the surface tension between mercury and pore wall (0.48 

N/m for this study); θ is the contact angle (140o for this study); and Pm is the applied pressure 

of mercury [N/m2]. MIP provides a variety of pore structure information including total 

porosity, pore size distribution, bulk density, specific surface area, especially critical and 

threshold pore diameters which are the most important parameters related to transport 

properties of cement-based materials. The critical pore diameter is defined as the most 

frequently occurring pore size in interconnected pores, while the threshold pore diameter is 

the largest pore size at which pore volume is significantly increased (see Figure 4.17).  

However, one should keep in mind that MIP measures the connected pores rather than real 

pores existing in the systems [205]. Furthermore, gel pores (nm size) are difficultly measured 

by MIP for normal applied pressure range (up to 200 MPa), and air voids, cracks are not 

detected by MIP.  

In this study, MIP was used to obtain the changes in pore structural parameters of materials 

after carbonation and leaching. Those parameters were treated as comparative indexes rather 

than for characterization of real microstructure. For leached material, because of its high 

ductility, the maximum applied pressure was limited to about 30 MPa instead of 200 MPa for 

reference and carbonated materials. The compression of the leached sample was also taken 

into account in pore structural calculations.        
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Figure 4.17. Definitions of critical and threshold diameters – adapted from [206] 

 

4.5.2.2. Sample preparation and experimental procedure 

Several carbonated/leached paste pieces were taken within 3 mm from the reactive surface 

and referred as “carbonated/leached samples”. The mass of each sample was about 3-4 grams. 

The procedure to take reference samples was similar to the one for SEM measurements. 

Freeze drying was chosen to prepare samples for MIP and nitrogen adsorption measurements. 

By freeze drying, water crystals sublimate which prevents micro crack formation because of 

capillary stress if drying passes through the liquid state [207].  This method also gives a dried 

sample in a quite short period. Samples were directly immersed in liquid nitrogen until the 

escape of gas bubbles stops. Subsequently, the samples were transferred to a vacuum chamber 

where a vacuum pressure of 2.5×10-2 mbar is applied for 24 hours. Dried samples were kept 

in closed glass bottles until examination.  

MIP experiments were performed on PASCAL 140/440 porosimeter. The pressurization was 

done in low and high pressure parts. In the low pressure part, after evacuation and mercury 

filling, the pressure was continuously increased up to 0.2 MPa then reduced to atmospheric 

pressure before moving to the high pressure part. The sample volume was determined from 

the low pressure part and also information of large pores was provided from this part. In the 

high pressure part, the pressure of mercury was continuously increased up to a maximum 
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pressure of 200 MPa for all samples except for leached samples for which maximum applied 

pressure was 30 MPa. 

4.5.3. Nitrogen adsorption  

4.5.3.1. Introduction 

Gas adsorption has been considered as a useful and popular technique to study micropores 

and mesopores of porous materials. It was first applied on cement pastes in 1940s [208]. 

When a gas is in contact with a porous solid surface, it resides on the solid surface by 

different mechanisms including mono/multi-layer adsorption, or capillary condensation [206]. 

Gases used as adsorbates include oxygen, krypton, argon, alcohols, and water vapour, but 

frequently used gas is nitrogen because of its low reactivity with cementitious materials and 

many published data for comparison.  Data obtained from adsorption experiment are adsorbed 

gas amount and the corresponding relative pressure, which are then used for the determination 

of specific surface area, pore volume, and pore size distribution by a large number of methods 

(BJH, Langmuir, BET, etc.).  Among them, the BET specific surface area is the most common 

parameter obtained from gas adsorption experiments.    

In this study, nitrogen adsorption was used to obtain the changes in pore structural parameters 

of materials after carbonation and leaching. N2-adsorption was able to measure over a pore 

size range of about 3 – 76 nm. In case of leached materials, the compression of samples was 

very large at high applied pressure of mercury during MIP experiment, which was not the 

case for nitrogen adsorption experiment. For this reason, combining MIP and nitrogen 

adsorption measurements will give a better understanding of the pore structure of 

cementitious materials, especially for leached paste. The MIP gives reasonable results for 

larger pore sizes while N2-adsorption provides information on the smaller pores. In this way, 

pore structure information is obtained in a broad pore size range. 

4.5.3.2. Sample preparation and experimental procedure 

Sample treatment was the same to MIP experiments. Nitrogen adsorption measurements 

were done on a TriStar II 3020 Micromeritics. Dried samples were weighed and degassed 

under vacuum at 35oC for 24 hours. The amount of nitrogen adsorbed during the test was 

calculated by using volumetric method (based on gas laws). About 80 equilibrium points 

were collected during adsorption and desorption. More data points were collected at the low 

relative pressure part in order to derive the micropore volume.    
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4.5.4. Thermal gravimetric analysis and differential thermal analysis   

4.5.4.1. Introduction 

Thermal gravimetric analysis (TGA) measures the changes in the mass of a sample when the 

sample is subjected to a temperature increase (most often a linear temperature increase with 

time). The changes that occur on heating include thermal events: melting, phase transition, 

sublimation, and decomposition. TGA is an extremely powerful quantitative thermal 

technique, but it gives no direct chemical information. Knowledge of reactions/processes 

occurring at specific temperature range during heating is required to determine the 

compositions of the sample. TGA measures mass changes in a material as a function of 

temperature (or time), while in differential thermal analysis (DTA) the temperature of a 

sample is compared with that of an inert reference material during heating. The temperature 

should be the same until a thermal event occurs. It is advantageous to use both DTA and 

TGA, because DTA events can occur even when there is no involved mass change (e.g. 

crystallization). 

DTA and TGA have been intensively used to quantify phase compositions in hydrated 

cement-based materials including portlandite, calcite [130, 209, 210], ettringite, gehlenite 

[211]. The method is thought to obtain a higher accuracy compared to other methods 

(quantitative XRD, SEM). In this study, DTA and TGA were used to determine the 

portlandite and calcium carbonate profiles of carbonated and reference samples.  

4.5.4.2. Sample preparation 

A hole with a diameter of 10 mm was drilled longitudinally in the carbonated sample. Drilling 

was halted every 3 mm to collect the dust before continuing drilling. To prevent cross 

contamination, the hole was carefully cleaned by compressed air before continuing the 

drilling. For the reference sample, the surface layer was removed before collecting the 

powder. Collected powder was dried under vacuum and kept in sealed conditions. TGA/DTA 

was performed in a NETZSCH STA 449F3 thermal analyser. A weighed sample, usually 

between 30 and 40 mg was heated from room temperature up to 1100oC at a heating rate of 

10oC per minute under a constant nitrogen flow rate of 120 ml/min. A blank test (without 

sample) was also performed to correct the buoyancy effect which results in apparent mass 

increases.  
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4.5.5. Qualitative and quantitative powder X-ray diffraction   

4.5.5.1. Introduction 

Powder X-ray diffraction is (XRD) one of the most important tools used to identify the 

structure of a crystal, in which the crystalline atoms cause a beam of incident X-rays to 

diffract into many specific directions [212]. When an X-ray beam strikes a powdered sample 

which has crystals randomly arranged, the X-rays are scattered by atoms which produces a 

diffraction pattern containing information about the atomic arrangement within the crystal. 

Note that only crystalline materials, not amorphous materials produce a diffraction pattern. 

Each crystalline material has a unique diffraction pattern followed Bragg’s law.  

XRD has been intensively used by many researchers [213-217] in the characterization of 

Portland cement-based systems in both qualitative and quantitative analyses. The main 

advantages of XRD are the ease and speed of measurement. However, its accuracy in terms of 

phase quantification especially for hydrated cement-based materials is questionable. Rietveld 

method with whole pattern approaches has been considered as a reliable technique to quantify 

cementitious phases in multi-phase systems but it requires a well-defined crystal structure 

database and a strict sample preparation.  

In this study, the main purpose of using XRD is to see the changes in phases after 

degradation. For leached materials, TGA could not be applied because the decomposition of 

Ca(NO3)2 coincides with decomposition of other phases. Therefore, the use of quantitative 

XRD is needed. Furthermore, XRD provides information on more phases compared to TGA 

(mainly portlandite and calcite).  

4.5.5.2. Sample preparation 

Similar to the preparation of samples for TGA, powder was collected from reference and 

degraded samples by drilling longitudinally in the samples and collection of dust at regular 

intervals. Prior to analysis, the samples were dried (vacuum). For samples on which a 

quantitative analysis was performed, 10% of ZnO internal standard material was added to the 

mixture. The classical grinding procedure (by hand with pestle and porcelain mortar) was 

used to reduce the size of the grains. This method is time consuming compared to using 

Micronizing mill but avoids reaction of portlandite with alcohol (needed in the Micronizing 

mill) forming a carbonate-like product  (Ca(OCH3)2) [218]. Powder XRD measurements were 

done using a Philips X'Pert Pro Diffractometer. The samples were scanned over the 2θ range 

of 5 – 70o using Cu-Kα radiation at 45 kV and 40 mA.  
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4.5.5.3. Rietveld refinement  

The Rietveld method is used to refine the crystal structure model of a material, allowing 

determination of the mass fraction at different phases. The method uses full profile fitting 

procedure to iteratively compare the experimental pattern with calculated pattern which is 

generated by a model phase. The difference between observed and calculated patterns is 

minimized by adjusting parameters in the model through a least square fitting. In this study, 

Rietveld refinement was performed using X'Pert Highscore Plus software. Crystal structure 

database was downloaded from the American Mineralogist Crystal Structure Database [219]. 

Refined parameters included background, scale factor, zero shift, lattice cell, Caglioti 

parameters (W, U, V), peak shape, asymmetry and preferred orientation. Semi-automatic 

mode was used to refine the following parameters step by step (i.e. refined one parameter at a 

time, and then added one additional parameter at a time for next refinement step to avoid 

divergence).  

a. Scale factor 

b. Background 

c. Zero shift 

d. Cell 

e. W 

f. W+V 

g. W+V+U 

h. W+V+U + Peak Shape 1 

i. W+V+U + Peak Shape 1 + Asymmetry/ preferred orientation 

 

In order to evaluate the refinements, X'Pert Highscore Plus gives many agreement indices to 

judge the refinement including residual of least-squares refinement (Rp), weighted residual 

(Rwp) and goodness of fit (GOF):     
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where Rp residual quantifies the difference between the observed (yio) and calculated (yic)  

data points on a point-by-point basis; Rwp weights the residual so that higher intensity data 

points are more important than low intensity data points; Rexp evaluates the quality of the data; 

and GOF compares Rwp to Rexp. N is the number of observations; P is the number of least-

squares parameters being estimated; and wi is the weight fraction of phase i. Generally, a good 

refinement is obtained if Rwp or Rp is as small as possible, while GOF tends to be one. In this 

research, Rietveld refinements were required to obtain appropriate pattern fitting in which Rwp 

or Rp was smaller than 10% and GOF was less than 5.  

Rietveld analysis always normalizes all phase fractions to 100%. Due to the presence of 

amorphous phases and uncounted crystalline phases, the mass fractions given by Rietveld 

analysis are overestimated. However, the amount of internal standard addition is known (10% 

ZnO in this study) allowing calculating the real percentage of each phase in the mixture:        

[ ] [ ] [ ]
[ ] [ ]

100 %
100

add
i i c

c add

ZnO
X X

ZnO ZnO
 

=   − 
 (4.17) 

where [Xi] and [Xi]c are the real and calculated mass fraction of phase i, respectively; [ZnO]add 

and [ZnO]c are the real and calculated mass fraction of ZnO, respectively. Furthermore, 

amorphous mass fraction (related to C-S-H), [Am] is obtained as follows: 

[ ] [ ]
[ ] [ ]

100100 1 %
100

add

c add

ZnO
Am

ZnO ZnO
  

= −    −  
 (4.18) 

4.5.6. Ion chromatography 

Ion chromatography (IC) was used to quantify the amount of calcium leached out from the 

samples during the leaching experiments. The surrounding solution was extracted every seven 

days up to the end of the experiment. Prior to the measurement, the solution was filtered 

through a 0.45 µm syringe filter, and then diluted with milli-Q water to a (1:1000) solution.  

The IC analysis was performed using a Dionex CS12A column and a 20 mM MSA isocratic 

elution. Detection was performed by a Dionex EC50 electro conductivity detector.   
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4.5.7. Weighing method  

The mass of sample before and after leaching was determined under saturated condition by a 

precise balance (10-3 g). This is a direct method to quantify the mass loss due to leaching.    

4.5.8. Phenolphthalein spraying 

Phenolphthalein spraying is the simplest, cheapest and the most popular method to detect the 

carbonated zone as recommended by RILEM [146]. This method is also frequently used to 

detect the Ca-leached zone. However, this method only roughly identifies the zone of 

carbonation/leaching and cannot detect the partly carbonated/leached area with pH values 

higher than 9 [146, 147]. As such, it cannot detect the exact portlandite dissolution front in 

cementitious systems because the pH is buffered at higher values by other cement hydrates 

[220] resulting in the underestimation of the carbonation depth [221] or leached depth. The 

phenolphthalein test does not really measure the carbonation of the sample but only its pH. 

In this study, phenolphthalein was used to determine the so-called “phenolphthalein degraded 

depth” by carbonation and leaching. The leaching tests were stopped after 7, 14, 21 and 28 

days to examine different leaching grades. The leached samples were cut into hemispherical 

parts and sprayed by a phenolphthalein solution to determine the phenolphthalein degraded 

depth. Sawing the sample can result in a smearing effect: the degraded depth can be smeared 

out due to cross contamination by dust. Alternatively, a freshly exposed surface can be 

prepared by axially breaking the sample using a hammer. For carbonated materials, the 

phenolphthalein degraded depth was only determined after 28-day carbonation.  

4.6. Concluding remarks 
A factorial experimental program was proposed which allowed studying the effects of w/p 

ratio and limestone filler replacement on transport properties and chemical degradation. A 

new technique was optimised to measure water permeability of cement-based materials using 

a controlled constant flow method. A method to measure the diffusivity of dissolved gases 

was proposed which enabled determination of the effective diffusion coefficients of 2 gases in 

a single experiment. A new carbonation method has been developed in which a high (pure) 

CO2 pressure gradient was applied to accelerate the carbonation process. The method allowed 

studying the contribution of advection to the carbonation of cement-based materials. The 

leaching process was accelerated by using ammonium nitrate 6M. The changes in 

permeability and diffusivity due to chemical degradation could be easily investigated in a 

testing series thanks to the compatibility of proposed methods.   
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A variety of complementary post-analysis techniques were used to qualitatively and 

quantitatively examine the intact and degraded materials. Comprehensive information 

obtained from these techniques provides a full picture of how transport properties of cement-

based materials are changed due to leaching and carbonation via the evolution of the 

mineralogy and the microstructure.      
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CHAPTER 5: EFFECTS OF W/P RATIO AND LIMESTONE FILLER ON 

TRANSPORT PROPERTIES OF INTACT CEMENT PASTES 
 

5.1. Introduction  

In this chapter, the effects of w/p ratio and limestone filler replacement on water permeability 

and diffusivity of dissolved gas using the proposed methods in Section 4.3 are presented. 

Furthermore, the relationship between microstructure and transport properties is discussed. 

The experiments were performed on hardened cement paste samples following the factorial 

experimental design (Section 4.2), under fully saturated condition.  

5.2. Water permeability 
5.2.1. Validity of Darcy’s law  

Darcy’s law, which was applied to calculate the permeability in the proposed method, was 

validated on a Ca-leached sample. Figure 5.1 is the plot of flow rate against pressure gradient 

of leached sample. It can be seen that the flow rate is linearly dependent on the pressure 

gradient with a relation coefficient of 0.9992. This indicates that the flow through the sample 

is laminar, which is the most restrictive condition for the validity of Darcy's law. The 

permeability coefficient (i.e. hydraulic conductivity) was considerably high, 2.59×10-10 m/s, 

for leached sample. It is expected that the validity of Darcy's law is still kept for less 

permeable cementitious materials because laminar flow can be more easily obtained when the 

fluid is moving slowly. 

 

Figure 5.1. Linear relationship between flow rate and pressure gradient 
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5.2.2. Effects of w/p ratio and limestone filler replacement on water permeability  

The determined permeability coefficients of cement pastes with w/p ratios ranging from 0.325 

to 0.425 and limestone filler replacement ranging from 0 to 20% (see Table 4.3 for the detail 

of mix design) are represented by cube and interpolated surface (using Akima’s polynomial 

method [222]) plots in Figure 5.2. It can be seen in the surface plot that, to improve the 

impermeability, one should choose a mix design with a low w/p ratio and low limestone filler 

replacement. In order to clearly visualize the effects of w/p ratio and limestone filler 

replacement on permeability, the main effects and interaction plots were built using statistic 

software Minitab. The main effects plot (Figure 5.3a) shows that the permeability strongly 

decreases with decreasing w/p ratio and limestone filler replacement. There does not seem to 

be a large difference in the magnitude of the effects of w/p ratio and limestone filler 

replacement as its quite similar slopes (referred to the changes of the response when factorial 

values vary from low to high levels). The regression equation (first-order) of logarithm of 

permeability coefficient is obtained as follows: 

log10(k) =  -17.65 + 12.47 ls/p + 11.74 w/p - 21.15 ls/p × w/p  (5.1) 

where k is the permeability coefficient [m/s]; ls/p is the ratio of limestone filler over powder 

(cement + limestone filler); w/p is the ratio of water over powder. The correlation coefficient 

(r2) is 0.9965 indicating that the predicted model fits the experimental data well.   

   

 
 

Figure 5.2. Cube plot and interpolated surface plot of permeability (logarithmic 
transformation) vs. w/p ratio and limestone filler replacement (ls/p) 
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Figure 5.3. Main effects plot (a) and interaction plot (b) for permeability (logarithmic 
transformation)  

 

The interaction plot (Figure 5.3b) enables us to visualize the interaction effect (i.e. the 

combined effects of factors on the dependent measure. When an interaction effect is present, 

the impact of one factor depends on the level of the other factor) of w/p ratio and limestone 

filler replacement on the permeability. As the connected lines of factor levels are not parallel 

to each other, there might be interaction. However, the interaction is not significant because 

the extent of departure is small. The interaction is getting stronger with the increase of w/p 

ratio and limestone filler replacement.       

In general, the total capillary porosity of cement paste is expected to decrease when its w/p (or 

w/c) ratio is lower [47, 58, 223, 224]. The decrease in capillary porosity (which is composed 

mainly by large and connected pores) leads to a limitation or a decrease of pathways in 

hardened cement paste resulting in a reduced permeability. It is worth mentioning that the 

permeability of cement pastes is lower than the permeability of concretes with the same w/c 

ratio by around two orders of magnitude. Although concrete consists of aggregates having 

lower permeability values compared to other components in the mixture, micro cracks present 

at the interfacial transition zone (ITZ) between hardened cement paste and aggregates 

increase the permeability of concrete. The micro cracks are generally larger than capillary 

pores, and the propagation of micro cracks will develop the interconnections that increase the 

permeability [225]. The permeability measured on cement pastes in this study followed the 

same trend compared to the permeability of concretes with similar w/c ratios. 

Literature on the effects of limestone filler addition on transport properties of cement-based 

materials is quite scattered. Most studies [226-228] agree that there is no significant change in 

transport properties as long as limestone filler replacement is less than 10%.  Tsivilis et al. 
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[228] measured the gas and water permeability of concretes with different limestone filler 

replacements (up to 35%). The gas permeability is increased with the increase of limestone 

filler replacement while the water permeability exhibits an opposite behaviour. However, the 

change in permeability is not that significant (less than 30%) which might not be different 

enough to overwhelm the error on permeability measurement. The high w/c ratios (0.62 and 

0.7) may result in a minor effect on the permeability characteristics as stated by the authors. 

On the contrary, Matthews [229] found that oxygen permeability decreases with increasing 

limestone filler replacement (up to 25%), In this case, the w/c ratio is 0.6 which is a bit lower 

than one of Tsivilis’ study. Moir et al. [230] also found that the presence of limestone slightly 

reduces the oxygen permeability concretes made with 5 or 25 % limestone filler replacement. 

Ramezanianpour et al. [226] measured the water penetration depths of concrete mixtures 

made with 0, 5%, 10%, 15% and 20% limestone filler replacements. The authors found that 

the minimum water penetration depth is obtained for the mixture with 10% limestone filler 

replacement. Adding 20% limestone filler replacement results in the worst water permeability 

regardless curing ages.      

Generally, the reduction of transport properties is attributed to the nucleation effect of fine 

particles of CaCO3 which refines the pore structure of pastes. The connectivity of the pore 

structure is reduced. On the other hand, the increase in transport properties normally relies on 

the hypothesis that fluid transports faster in the interfacial transition zone between bulk 

cement paste and limestone particles. Furthermore, water demand (for the same hydration 

degree) is lower for limestone-cement paste if limestone filler is considered as inert filler. 

Thus, with the same w/p ratio, more water in limestone-cement paste results in more pores 

after hydration and setting. In order to know which effects are dominant, knowledge on the 

quality of limestone filler and cement, which is characterized by particle size distribution, and 

compositions of both cement and limestone filler is needed. The method to incorporate 

cement/clinker with limestone (blending or inter-grinding) may affect the properties of 

limestone-cement-based materials as it might produce somehow different particle size 

distributions. In this study, limestone filler was added to plain cement by blending. The 

particle size distribution of the limestone filler was coarser than the one of the cement. For 

these reasons, it might support the finding that water permeability was increased with the 

increase of limestone filler replacement in this study.  
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Table 5.1. Summary of MIP results of reference samples 

Parameters 

w/p 

ls/p 

S1 

0.325 

0 

S2 

0.425 

0.2 

S3 

0.425 

0 

S4 

0.375 

0.1 

S5 

0.325 

0.2 

Permeability coefficient, m/s: 10-13.8 10-11.9 10-12.6 10-12.9 10-12.7 

Accessible porosity, %:                 10.40 23.65 16.48 13.73 12.92 

Average pore diameter (4V/A), nm:  22.67 29.87 26.09 24.24 25.40 

Critical pore diameter, nm:  25.74 49.87 32.00 36.41 29.03 

Specific surface, m2/g: 7.77 14.90 10.58 9.44 7.56 

 

 

Figure 5.4. Porosity versus pore diameter determined by MIP   
 

 

Figure 5.5. Differential pore size distribution determined by MIP   
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5.2.3. Pore structure and its effect on water permeability  

The porosity and pore size distribution are shown in Figure 5.4 and Figure 5.5, respectively. 

At a given w/p ratio, adding limestone filler made the microstructure coarser, especially for 

high w/p ratio (i.e. sample S2 vs. sample S3). However, at a given w/c ratio, the limestone 

filler replacement refined the microstructure of cement pastes. As evidenced in Table 5.1, 

sample S3 had higher porosity and bigger average pore diameter compared to sample S4 

(10% limestone filler replacement) despite its quite similar w/c ratio (0.425 and 0.416). In 

most cases, the samples with larger porosity and coarser pore size distribution resulted in 

higher water permeability. However, sample S5 did not follow the general trend as it showed 

higher water permeability despite smaller porosity and finer pore size distribution compared 

to sample S4 (see Figure 5.2). This phenomenon might a consequence of different air void 

content or macro pores in two samples. Unfortunately MIP experiment does not generally 

enable to detect air voids because air voids are only intruded after threshold pressure is 

reached, and thus counted for smaller pores. Furthermore, big pores may be intruded by 

mercury before increasing pressure, and are thereby not counted in total porosity.                 

Figure 5.6 compares the measured permeability with literature values. Note that only results 

of the mixtures without limestone filler (S1 and S3) in the factorial experimental program and 

results in a separate study [231] using the proposed method are shown in Figure 5.6. In 

general, the results obtained with the tested experimental setup are consistent with published 

data, especially with the data of [232] based on a traditional method in which a constant 

hydrostatic pressure of about 3 bar is applied to truncated conical samples until a steady state 

flow is obtained (approximately 4 weeks). The favourable agreement gives confidence in the 

validity of the developed method. Permeability coefficients obtained from this study are lower 

than the results of Ye [233] and Goto et al. [47] by one order of magnitude, and higher than 

the results obtained from beam bending [15] and dynamic pressurization [18] methods 

although the values from beam bending and dynamic pressurization methods were obtained at 

earlier curing ages (21 and 14 days, respectively). The differences are attributed to variations 

in blending of the samples, curing conditions and the fineness of the cement used and 

especially to differences in the calculation of permeability values between direct and indirect 

methods. The way to pour and blend cement paste significantly influences the permeability, 

especially at high w/c ratios in which the cement pastes tend to develop vertical channels 

[232] if there is no sufficient solution to prevent bleeding. In this study, the bleeding potential 
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was reduced thanks to short height and wide diameter of the mould besides well vibration 

during casting and the use of the vibration device.  

The studied samples were cured in saturated lime water before testing while Ye only cured 

samples in sealed condition [233]. The degree of hydration of the lime water saturated curing 

samples is much higher than sealed curing samples; as such, there are more empty pores in the 

sample under sealed curing conditions [233, 234]. Additionally, the specific surface area 

(4350 cm2/g) of the Portland cement type I used in this study is higher than the ones used in 

the studies of Ye and Goto et al [47] while lower than the Portland cement type III (ASTM) 

used in the studies of Vichit-Vadakan et al. [15] and Grasley et al. [18]. It is believed that the 

degree of hydration is accelerated if the sample is cured in saturated lime solution and/or 

when the fineness of the cement is higher. Therefore, the porosity significantly reduces [235] 

and as a consequence the permeability decreases. The work of Banthia et al. [236] also 

showed a lower permeability of cement type III paste compared to cement type I paste.  

The interactions between water and cement matrix could be reduced in this proposed method 

because the continuous hydration of mature cement paste was limited because of the relatively 

short measurement time in the proposed method. Furthermore, the measurement was 

conducted on lime water saturated samples in a closed system which could decrease the 

dissolution of Ca(OH)2 and the carbonation of dissolved Ca(OH)2 – one of the main 

mechanisms of self-healing property of cement-based materials [42]. 

 

Figure 5.6. Permeability of cement pastes at different w/c ratios and comparison of the 
current test results versus literature data: (*) measured at 21 days of curing, (**) 
measured at 14 days of curing, for the rest at 28 days of curing 

 

1.E-15

1.E-14

1.E-13

1.E-12

1.E-11

1.E-10
0.3 0.4 0.5 0.6 0.7

Pe
rm

ea
bi

lit
y 

co
ef

fic
ie

nt
, m

/s
 

Water/cement  ratio

Current results

Goto et al.

Ye

Powers et al.

Dynamic pressurization (*)

Beam bending (**)

Banthia et al.

 



Chapter 5 
 

84 

5.2.4. Correlation between pore structure parameters and water permeability  

This section aims at finding how water permeability is correlated to key pore structure 

parameters which can be determined by MIP. The main parameter influencing permeability is 

accessible porosity. However, porosity itself is not well correlated with the water permeability 

as shown in Figure 5.7a. Another factor significantly affecting the water permeability is the 

pore size distribution which is characterized by several parameters including critical, 

threshold (the largest pore size at which pore volume is significantly increased) and average 

pore diameters. Furthermore, water permeability also depends on tortuosity which accounts 

for the tortuous and reduced transport pathway. However, it is impossible to measure 

tortuosity directly. The author tried to relate the water permeability with 2 measureable 

parameters: accessible porosity and critical pore diameter (from MIP experiments) by 

modifying the Carman-Kozeny relation [62] as follows: 

2.5
2

(1 )w crk d φς
φ

=
−

 (5.2) 

By plotting the intrinsic water permeability (converted from hydraulic conductivity using 

Equation (2.2)) versus
2.5

2

(1 )crd φ
φ−

, the author found a good correlation with correlation 

coefficient of 0.99 as shown in Figure 5.7b. The slope yields value of 0.0017ς =  [-]. The 

relationship gives an estimation of permeability if the key parameters (determined by MIP) 

are known.                   

  

Figure 5.7. Correlation of intrinsic water permeability and accessible porosity (a) and 
2 2.5 / (1 )crd φ φ− (b) 
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5.3. Diffusivity 
The diffusion experiments were performed on two reference samples S3 (w/p = 0.425, ls/p = 

0) and S4 (w/p = 0.375, ls/p = 0.1). These samples had quite similar w/c ratios, i.e. 0.425 for 

S3 and 0.416 for S4. In order to obtain the effective diffusion coefficients, the accessible 

porosity was determined by a combination of MIP and N2-adsorption experiments. The MIP 

experiments determined the porosity down to the pores with minimum diameter of 7.35 nm 

(corresponding to maximum intrusion pressure of 200 MPa). The porosity in pore size range 

of 3.17 – 7.35 nm was determined by N2-adsorption experiments. BJH method [206] was used 

to calculated pore volume. Despite the quite similar w/c ratios, the accessible porosity of 

sample S4 was 16.8% which is relatively lower than sample S3, 19.7%, due to limestone filler 

addition (total accessible porosity determined by MIP + N2-adsorption combination is detailed 

later in Table 7.3). It is assumed that there is no adsorption for He and Xe due to its inert 

characteristics as noble gases. Thus the retardation factor Re was set to one. Due to lower 

diffusivity of Xe compared to He (5 times lower in free water), the concentration of Xe at the 

outlet was not high enough to be detected reliably by gas chromatography within the 

experimental time (4-5 months). Therefore only the data of He diffusion are presented for the 

reference samples. Figure 5.8 (a) and (b) show the fitted and measured partial pressure 

profiles of He at the outlet for reference samples S3 and S4, respectively. Good correlation 

coefficients were obtained for both cases. The effective diffusion coefficients of samples S3 

and S4 were 2.32×10−11 m2/s and 1.22×10−11 m2/s, respectively. As for permeability, the 

limestone filler addition improved the microstructure which resulted in a decrease of 

diffusivity of about 50%. Ramezanianpour et al. [226] also reported a significant decrease in 

chloride diffusion due to limestone filler addition for the cases of OPC concrete with w/c ratio 

of 0.45 and  concrete with w/p ratio of 0.37 and 20% limestone filler replacement (w/c = 

0.46). However, when w/c ratio increases to 0.55, the reduction effect in diffusion is not clear. 

Note if the comparison is only based on the same w/p ratio, Ramezanianpour showed an 

increase in diffusion if the limestone filler replacement was higher than 10% which was also 

observed by Bonavetti et al. [237].       
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Figure 5.8. Increase in He partial pressure at the downside compartment in the through-
diffusion experiment with dissolved gases - Comparison between experiment and model 
for reference samples S3 (a) and S4 (b) 
 

From the obtained effective diffusion coefficients the square of tortuosity/constrictivity ratios 

can be calculated by Equation (4.6). Diffusion coefficients for other gases can be calculated if 

one considers that they exhibit similar 2τ δ  ratio. The author calculated the diffusivities of 

Xe which were not able to determine by the experiments as shown in Table 5.2. It can be seen 

that the effective diffusion coefficient of Xe is quite small compared to He (5 times lower). 

Therefore, the time needed for collecting enough data to extract Xe effective diffusion 

coefficient is relatively longer for the case of He.  

 

Table 5.2. Estimation of effective diffusion coefficient [m2/s] for Xe from information of 
tortuosity and constrictivity obtained from He diffusion experiment  

Sample Dissolved gas De
 D0 [238] ᶲ, % Re 

2τ δ  

S3 
He 2.32×10−11 7.22×10−9 19.7 1 61.2 

Xe 4.73×10−12 1.47×10−9 19.7 1 61.2 

S4 
He 1.22×10−11 7.22×10−9 16.8 1 99.1 

Xe 2.49×10−12 1.47×10−9 16.8 1 99.1 

 

5.4. Summary and conclusions 
In this chapter, the effects of limestone filler replacement and w/p (w/c) ratio on 

microstructure, water permeability and dissolved gas diffusion were investigated. Water 

(a) (b) 
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permeability measurements were performed following a factorial experimental program, 

while gas diffusion experiments were carried out on 2 selected samples S3 and S4 (with and 

without limestone filler, similar w/c ratio) for comparison.  

The experimental results showed that the developed methods for the determination of 

permeability and diffusivity seem promising in terms of the required experimental time and 

the parameter control (pressure, flow, concentration). The permeability results were 

comparable with results from studies reported in literature even though there were some 

variations due to differences in sample preparation and cement type. For dissolved gas 

diffusion, to the knowledge of the author, this is the first time that data on diffusion of 

dissolved He (inert gas) in cement-based materials were reported. Oxygen is the only 

dissolved gas of which diffusion data can be found in literature of cement-based materials [78, 

80].  

It was observed that both limestone filler and w/p ratio had significant influences on water 

permeability. Permeability was increased with the increase of w/p ratio and limestone filler 

replacement. However, there was no interaction effect between w/p ratio and limestone filler 

replacement in the testing range (w/p = 0.325; 0.375; 0.425 and ls/p = 0; 0.1; 0.2). At a given 

w/p ratio, adding limestone filler made the microstructure coarser, especially for high w/p 

ratio. Nevertheless, if the comparison is based on a given w/c ratio instead of w/p ratio, the 

limestone filler replacement refined the microstructure resulting in permeability decreases of 

cement pastes.  

The water permeability was highly correlated to key pore structure parameters obtained from 

MIP experiments: accessible porosity and critical pore diameter. A good correlation of 

intrinsic water permeability and 
2.5

2

(1 )crd φ
φ−

 was found. However, more experimental data are 

needed to validate this relation.  

The same trend of the effects of w/p ratio and limestone filler replacement was observed for 

dissolved gas diffusion. However the effects were less significant than for water permeability. 

The square of tortuosity/constrictivity ratio calculated from the measured gas (He) can be 

used to estimate the diffusion coefficients for other gases.   
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CHAPTER 6: EFFECTS OF CARBONATION ON MICROSTRUCTURE AND 

TRANSPORT PROPERTIES OF CEMENT PASTES  
 

6.1. Introduction  

In this chapter, the changes in microstructure, mineralogy and transport properties of cement 

pastes subjected to carbonation using the proposed method in Section 4.4.1 are presented. 

Carbonated samples were analysed by a series of methods (see Section 4.5) including SEM, 

MIP and N2-adsorption to characterize the microstructural changes; phenolphthalein spraying, 

XRD, TGA and water permeability, diffusivity measurements to study alterations in chemical 

compositions and transport properties. The experiments were performed on hardened cement 

paste samples with different water/powder and limestone filler replacement ratios, under 

fully/partially-saturated conditions (detailed in Table 4.4).  

6.2. CO2 uptake and carbonation depth  
The CO2 uptake is defined as the mass ratio between the CO2 which reacted with the sample 

and the cement in the sample, expressed as: 

  
( )2 2

2
100%

inlet outlet
CO CO

CO

m m
Uptake

cem
−

=   (6.1) 

where 
2

inlet
COm  and 

2

outlet
COm [kg] are the mass of CO2 measured by inlet and outlet mass flow 

meters, respectively; cem is the cement mass in the sample [kg].  

Figure 6.1 shows the CO2 uptake of sample S3C, S4C and S5C during 28 days of continuous 

carbonation (“C” denotes continuous carbonation). The CO2 uptake rate was initially very fast 

but decreased significantly after a few hours of carbonation. Initially, CO2 mainly penetrated 

into the unsaturated (RH = 65%) sample via the gaseous phase. As carbonation proceeds, the 

released water increased the saturation degree of the sample. At a certain time, the sample was 

getting saturated close to the inlet which prevented further gaseous transport. Evidence of 

water saturation was indeed observed at the upstream side of the sample. The porosity 

reduction (showed later) in this layer also contributed to a slower CO2 transport. From the 

moment of saturation of the first thin layer, the carbonation rate dramatically dropped. The 

longer the experimental time, the lower the carbonation rate because the released water tends 

to saturate the entire sample, hence slowing down the (gaseous) CO2 transport.  
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Figure 6.1. CO2 uptake (in percentage wrt. cement mass in sample) of samples S3C, S4C 
and S5C as a function of time during continuous carbonation – the first derivative 
curves (right-bottom) show a decrease in carbonation rate over time. 

 

The total CO2 uptakes of S3C and S5C were similar despite its different initial uptake rates. 

Sample S3 had a higher w/p ratio but quite similar water permeability compared to sample S5 

which could result in the same residual CO2 uptake. Both initial and residual CO2 uptake rates 

were the highest for the S4C sample, but major difference was found in the initial carbonation 

stage. This indicates that the CO2 advection in the gaseous phase during the initial carbonation 

and diffusion in the aqueous phase after the initial carbonation were the fastest in sample S4C. 

Note that the transport of CO2 is not only affected by the pore structure itself which is 

represented by “intrinsic” permeability and diffusivity, but also by the evolution of 

hygrothermal conditions (RH, temperature) of the sample. Due to a larger Ca amount and 
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higher potential for C-S-H carbonation (Section 6.4.2), the reaction rate (between Ca2+ and 

CO3
2) could be faster for S3C. Therefore, the RH (and saturation degree) was getting higher 

in the first layer of S3C which prevented further CO2
 penetration. Consequently, the initial 

saturated water permeability of S3C was even higher than S4C (shown later in Table 6.6), the 

transport of CO2 of S4C could be faster than S3C because the saturation degree of S3C 

increased quicker than S4C. Furthermore, gas permeability may not follow the same trend as 

water permeability due to slip effects [69] which is affected by internal pore surface area. For 

sample with limestone fillers (S4C), calcite may precipitate preferentially on limestone 

particles than on portlandite and C-S-H phases (shown later in Figure 6.17), which promotes 

the CO2 uptake. Additionally, the dilution effect does contribute to larger CO2 uptake of S4C 

compared S3C (i.e. more cement in S3C). However if the limestone filler replacement is 

increased from 10% (sample S4) to 20% (sample S5), the limestone filler no longer promotes 

the CO2 uptake. The CO2 uptake of S5C was significantly smaller than S4C as a result of 

higher limestone filler replacement (lower w/p ratio).  

 

Figure 6.2. CO2 uptake (in percentage wrt. cement mass in sample) of saturated sample 
S1C-S as a function of time during continuous carbonation  

 

The carbonation of fully saturated sample showed different characteristics compared to 

partially saturated samples. The CO2 uptake of fully saturated sample S1C-S was very small, 

0.37% after 28 days of continuous carbonation. More interesting, there was no fast initial 

uptake as seen in partially saturated samples. The CO2 uptake was almost linearly increased 

from the beginning until the end of experiment (Figure 6.2). This phenomenon is explained 
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due to lacking of transport in gaseous phase of saturated sample. The transport mechanisms of 

CO2 were both diffusion and advection in aqueous phase, but the later was the dominated 

process.      

Applying a cyclic carbonation method significantly increased the carbonation degree as 

shown in Figure 6.3 for S4C-C and S5C-C. After five carbonation-drying cycles within one 

week, the CO2 uptake of S4C-C reached 5.1% which is even higher than the CO2 uptake after 

4 weeks of continuous carbonation. The drying time of sample S5C-C was increased which 

resulted in a higher CO2 uptake compared to S4C-C. After four carbonation-drying cycles 

within 19 days, the CO2 uptake of S5C-C reached 12.5% which was 4.6 times larger than the 

CO2 uptake after 4 weeks of continuous carbonation. The cyclic carbonation procedure clearly 

prevents saturation (see Figure 6.4), re-establishing gaseous CO2 pathways and, thereby, 

increasing carbonation rates.   

  
 

Figure 6.3. CO2 uptake of samples S4C-C (a) and S5C-C (b) by applying cyclic 
carbonation method – experimental time referred to the total carbonation and drying 
time        

 

The carbonation depths determined by phenolphthalein spraying of carbonated samples under 

different carbonation conditions are presented in Table 6.1. It is important to note that the 

phenolphthalein test does not really measure the carbonation depth but only its pH. The 

carbonation front obtained by the proposed carbonation method (high PCO2 and transport by 

diffusion and advection) (see Figure 6.5) was not as sharp as the front mostly obtained under 

natural conditions (low PCO2, no advection). This observation is supported by TGA results 

(section 6.3.2) in which the portlandite content gradually decreased with distance from the 

upstream side. The observation of a gradual front is due to the mass transport rate of CO2 is 

not neglected compared to the carbonation reaction rate [134] as it should be under natural 
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conditions. The contribution of advective transport significantly increased the mobility of 

CO2, at least in initial carbonation stage.   

 

Figure 6.4. Conceptual comparison of aqueous and gaseous phase distribution within the 
cement pore structure during continuous and cyclic carbonation: saturation degree is 
significantly increased due to continuous carbonation as small pores are mostly filled 
with released water as carbonation proceeds; while for cyclic carbonation part of small 
pores are emptied during drying cycle. Volume of both large and small pores are 
changed by cyclic carbonation, while mainly large pores for continuous carbonation.     

 

The phenolphthalein method did not detect a carbonation front for sample S1C-S indicating 

that the pH of pore solution was still higher than 9.  The carbonation depth of sample S2C was 

the highest (3.7 mm) amongst all samples subjected to continuous carbonation due to its 

highest w/c ratio. The carbonation depths obtained after 28-days of continuous carbonation 

were quite similar for samples S3C (2.7 mm), S4C (2.5 mm) and S5C (2.3 mm) despite larger 

CO2 uptake of S4C compared to S3C and S5C. This observation illustrates that the 

phenolphthalein indicator itself is not a sufficient indicator for carbonation rate. For sample 

S3C, portlandite might still be present but covered in the carbonation product layer while 

other phases (e.g. C-S-H) were carbonating. Therefore, phenolphthalein spraying led to an 

overestimation of carbonation depth of S3C.  

Carbonation depth was more pronounced for cyclic-carbonated samples. The carbonation 

depth of S4C-C was twice (5.1 mm) than one of S4C, even though the carbonation time for 

the former was only 7 days. In case of sample S5, cyclic carbonation in 19 days resulted in 3 

times deeper carbonated zone compared to continuous carbonation for 28 days.  
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Table 6.1. Carbonation depth determined by phenolphthalein spraying under different 
testing conditions   

Sample 

w/p 

ls/p 

S1C-S 

0.325 

0 

S2C 

0.425 

0.2 

S3C 

0.425 

0 

S4C 

0.375 

0.1 

S4C-C 

0.375 

0.1 

S5C 

0.325 

0.2 

S5C-C 

0.325 

0.2 
Relative humidity, %            Saturated 65 65 65 65 65 65 

Testing time, days 28 28 28 28 7 28 19 

Carbonation method Cont. Cont. Cont. Cont. Cyclic Cont. Cyclic 

Carbonation depth, mm          0 3.7 2.7 2.5 5.1 2.3 7.5 

 

 

Figure 6.5. Carbonation depths of samples S3C and S4C after 28-day continuous 
carbonation and of sample S4C-C after 7-day cyclic carbonation (the carbonated zone is 
grey coloured)     

              

6.3. Phase changes  
6.3.1. XRD results 

Figure 6.6 presents the XRD patterns for continuously-carbonated and reference samples for 

the first 3 mm from the inlet. Presence of portlandite is indicated by the peaks at 2θ = 17.9o 

and 34.2o. There is an intense peak at 29.4o corresponding to calcite which was formed during 

carbonation in all carbonated samples under 65% RH. For sample S1C-S which was 

carbonated under saturated condition, the reflection peaks of portlandite are indeed lower and 

the peaks of calcite are more visible, but the magnitude of alteration is much lower than for 

samples subjected to carbonation at 65% RH. Note that the intense peak of calcite in reference 

S4C – 28-day continuous carb. S3C – 28-day continuous carb. S4C-C – 7-day cyclic carb. 

cm 
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samples S2, S4 and S5 is due to the limestone replacement (10% for S4 and 20% for S2, S5). 

Interesting is the peak of vaterite in all carbonated samples S1C-S, S2C, S3C and S4C even 

with relatively low intensity. The formation of vaterite is favoured when the system has a low 

Ca2+/CO3
2- concentration ratio [133, 239] which is the case during accelerated carbonation. 

Furthermore, the carbonation of ettringite leads to the formation of vaterite crystals [129]. The 

XRD patterns indicate ettringite dissolution as ettringite peaks are more visible in the 

reference samples than in the carbonated samples in most cases. 

  

  

 
Figure 6.6. XRD patterns of reference and continuously-carbonated samples taken in 
the first 3 mm depth from the inlet – sample S1 was initially fully saturated, samples S2, 
S3, S4, and S5 was initially at 65% RH. 
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6.3.2. TGA results 

Typical thermo-gravimetric and derivative thermo-gravimetric (TG/DTG) curves of 

continuously-carbonated sample S4C are shown in Figure 6.7. The tangent method was used 

to determine the percentage of portlandite and calcite in the reference and carbonated samples 

[240] in order to take into account the gradual decomposition of C-S-H. The dehydration of 

C-S-H mainly occurs in temperature range of 180 – 300oC [210]. However, it partially 

decomposes in the other temperature ranges, especially 400 – 500oC in which portlandite also 

decomposes. Two clear steps of portlandite (400 – 500oC) and calcite (560 – 765oC) 

decomposition were easy to detect in all samples. However, the formation of vaterite (as 

found in XRD pattern) during carbonation was not clearly identified.  

 

Figure 6.7. Illustration of tangent method to determine portlandite and calcite contents 
of continuously-carbonated sample S4C, depth 3 – 6 mm: TG curve is in blue, DTG 
curve is in red. 

 

Figure 6.8 and Figure 6.9 show that in S3C and S4C, portlandite and calcite, respectively, 

gradually decreases and increases up to a depth of 12 mm. Note that the surface at the 

downstream side which was not in contact with the pure CO2 was slightly carbonated by CO2 

originating from the atmosphere (observed at depths above 20 mm). Portlandite was observed 

in the first sampling interval (0-3 mm) although the phenolphthalein test indicated a pH lower 

than 9 in that interval (2.7 and 2.5 mm for S3C and S4C, respectively). It is hypothesized here 

that under accelerated conditions in which the transport of CO2 is faster than Ca ions, a calcite 

layer may form around the portlandite (or C-S-H) particles. Two main consequences are that 

(i) these portlandite particles are not easily accessible for CO2 and thus further carbonation is 
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extremely limited (illustrated in Figure 6.18), and (ii) the pH of the pore solution is no longer 

buffered by portlandite.  

 

Figure 6.8. Changes in portlandite and calcite contents as a function of depth averaged 
over 3 mm depth intervals of the carbonated sample S3C under continuous carbonation. 
The initial portlandite and calcite contents are determined from the reference sample.     

  

 

Figure 6.9. Changes in portlandite and calcite contents as a function of depth averaged 
over 3 mm depth intervals of the carbonated sample S4C under continuous carbonation. 
The initial portlandite and calcite contents are determined from the reference sample.       
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The profiles of portlandite and calcite for the carbonated sample under saturated condition 

S1C-S are presented in Figure 6.10. The same trends in increase of portlandite and decrease of 

calcite over the depth were observed as for carbonated sample under 65% RH. However, the 

change in portlandite (and calcite) content of S1C-S was much lower than S3C and S4C.  

 

 

Figure 6.10. Changes in portlandite and calcite contents as a function of depth averaged 
over 3 mm depth intervals of the carbonated sample S1C-S under continuous 
carbonation. Sample was saturated before carbonation. The initial portlandite and 
calcite contents are determined from the reference sample.    

 

In order to identify whether other phases (mainly C-S-H) than portlandite react with CO2, the 

calculated amount of calcite formed from portlandite carbonation was compared with the 
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is difficult to quantify by TGA, but quantitative XRD would be a relevant method to study the 

formation of vaterite.             

 

Figure 6.11. Evidences of C-S-H carbonation at the depth which is near reactive surface 
- the carbonation of the minor phases (e.g. AFm, Aft) was negligible.  

  

6.4. Changes in porosity and pore size distribution  
6.4.1. MIP results 

Table 6.2 summarizes the MIP results. In most cases, the bulk densities of carbonated samples 

were slightly increased due to CO2 uptake. In general, continuous carbonation slightly 

reduced accessible porosity. The porosity of continuously-carbonated samples (unsaturated) 

decreased about 2.3 - 2.5%, except for sample S3C which showed a larger porosity reduction 

from 16.5 to 12.9%. The fully saturated sample S1C-S was also reduced in porosity but much 

less (1.2%). The average pore diameter was reduced for continuously-carbonated samples, 

except for sample S2C which exhibited a slight increase despite its porosity reduction after 

carbonation. However, the decrease in porosity of S2C was mainly situated in the pores less 

than 0.02 µm (Figure 6.13). The median pore diameter (where 50% porosity) was also 

decreased, except for samples with 20% limestone filler replacement S2C and S5C. The MIP 

specific surface area which was calculated based on a cylindrical pore model was decreased 

for all carbonated samples, among them sample S3C showed the largest reduction.  

In contrast to continuously-carbonated sample S4C, the average and median pore diameters of 

sample S4C-C subjected to cyclic carbonation were slightly increased as shown in Figure 
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6.15. Cyclic carbonation increased the porosity in the range 0.04 – 0.3 µm, but significantly 

decreased the number of pores smaller than 0.04 µm. The porosity of cyclic-carbonated 

sample (S4C-C) was also decreased, but less pronounced than the sample subjected to 

continuous carbonation (S4C). However, the MIP specific surface area reduced more 

significantly from 9.4 to 6.8 m2/g.  

 

Table 6.2. Changes in porosity, critical and threshold pore diameters and bulk density 
due to carbonation determined by MIP – “C”, “C-C” denote continuous and cyclic 
carbonation, respectively; sample S1C-S was carbonated under saturated condition, the 
rest was at 65% RH.   

Sample 

w/p 

ls/p 

S1 
0.325 
0 

S1C-S 
0.325 
0 

S2 
0.425 
0.2 

S2C 
0.425 
0.2 

S3 
0.425 
0 

S3C 
0.425 
0 

S4 
0.375 
0.1 

S4C 
0.375 
0.1 

S4C-C 
0.375 
0.1 

S5 
0.325 
0.2 

S5C 
0.325 
0.2 

Accessible porosity, %            10.4 9.2 23.7 21.4 16.5 12.9 13.7 11.3 12.8 12.9 10.6 

Average pore diam., nm 22.7 20.9 29.9 34.8 26.1 21.8 24.2 21.1 30.2 25.4 24.7 

Median pore diam., nm 25.7 22.6 42.8 49.7 32.2 28.7 32.5 26.9 47.7 32.8 36.9 

Critical pore diam., nm 25.7 21.9 49.9 67.5 32.0 33.0 36.4 30.0 54.6 29.0 45.1 

Threshold pore diam., nm 60 40 300 300 1000 100 200 60 300 300 300 

Specific surface, m2/g          7.8 7.5 14.9 12.9 10.6 7.7 9.4 8.1 6.8 7.6 6.1 

Bulk density, g/cm³          1.89 1.90 1.72 1.70 1.78 2.14 1.85 1.86 1.93 2.06 1.99 

 

The cumulative pore volume and pore size distributions are shown in Figure 6.12 to Figure 

6.16, for carbonated sample S1C, S2C, S3C, S4C, and S5C, respectively. When applying 

continuous carbonation, the threshold pore diameter (at which the intruded volume 

significantly increases) tended to reduce; in some cases (S2C and S5C) the threshold pore 

diameter was unchanged. In contrast, the threshold pore diameter of sample subjected to 

cyclic carbonation (S4C-C) slightly increased, from 0.2 µm to 0.4 µm. The critical pore size, 

which is the most frequently occurring pore size in interconnected pores, generally varied in a 

small range: some (S1C-S, S3C, S4C) slightly decreased, some (S2C, S5C) slightly increased.  

In contrast to the continuously-carbonated sample S4C, the cyclic-carbonated sample S4C-C   

exhibited a shift of the critical pore diameter to larger pore size. In the case of critical pore 

diameter increase, the porosity reduction was mainly situated in the pores less than 0.03 µm.  

The reference samples exhibited sharp distributions which suggest that most of the pores of 

the reference samples are mainly distributed in a narrow range. While most carbonated 

samples (S2C, S3C, S4C, S4C-C) exhibited more rounded peaks (even more than one peak 
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for S2C and S3C) which indicates a broadening of the pore size distribution [241]. The 

increase in porosity in pore size range 0.05 – 0.2 µm of S4C-C can be attributed to micro 

cracking which might occur during process of the cyclic carbonation.      

  

Figure 6.12. Changes in pore structure due to carbonation accessed by MIP: porosity vs. 
pore diameter (left) and differential pore size distribution (right) of continuously-
carbonated and reference samples S1; carbonation under saturated condition 

 

  

Figure 6.13. Changes in pore structure due to carbonation accessed by MIP: porosity vs. 
pore diameter (left) and differential pore size distribution (right) of continuously-
carbonated and reference samples S2  

  

Figure 6.14. Changes in pore structure due to carbonation accessed by MIP: porosity vs. 
pore diameter (left) and differential pore size distribution (right) of continuously-
carbonated and reference samples S3  
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Figure 6.15. Changes in pore structure due to carbonation accessed by MIP: porosity vs. 
pore diameter (left) and differential pore size distribution (right) of continuously-
carbonated, cyclic-carbonated and reference samples S4  

 

  

Figure 6.16. Changes in pore structure due to carbonation accessed by MIP: porosity vs. 
pore diameter (left) and differential pore size distribution (right) of continuously-
carbonated and reference samples S5  
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to carbonation was observed as for the MIP results. Carbonation reduced the porosity in all 

carbonated samples under partially saturated condition, however, with a larger decrease when 

cyclic carbonation was applied (at mesopore sizes) as shown in Table 6.3. The average pore 

diameter determined by BJH method of sample S2C was slightly increased due to carbonation 

which is similar to MIP result. For the other continuously-carbonated samples, the average 

pore diameter gently decreased or remained almost unaltered (S4C). A small increase in the 

average pore diameter was observed for the sample subjected to cyclic carbonation S4C-C.  
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Table 6.3. Summary of N2-adsorption results of carbonated and reference samples – “C” 
and “CC” denote continuous and cyclic carbonation, respectively; sample S1C-S was 
carbonated under saturated condition, the rest was at 65% RH.   

Sample 

w/p 

ls/p 

S1 
0.325 
0 

S1C-S 
0.325 
0 

S2 
0.425 
0.2 

S2C 
0.425 
0.2 

S3 
0.425 
0 

S3C 
0.425 
0 

S4 
0.375 
0.1 

S4C 
0.375 
0.1 

S4C-C 
0.375 
0.1 

S5 
0.325 
0.2 

S5C 
0.325 
0.2 

BET surface area, m2/g 9.9 18.2 33.3 21.3 30.6 38.0 34.8 23.2 13.5 6.2 7.5 

Porosity (BJH), % 5.0 7.2 15.2 10.1 13.0 10.7 9.2 8.4 5.1 5.4 4.0 

BJH adsorption average 

pore diameter (4V/A), nm 
13.4 11.7 12.5 15.7 11.6 9.7 9.5 9.8 10.3 15.8 11.4 

 

Table 6.4. Micropore information of carbonated and reference samples determined 
using Dubinin-Astakhov model [242] – “C” and “CC” denote continuous and cyclic 
carbonation, respectively; sample S1C-S was carbonated under saturated condition, the 
rest was at 65% RH.   

Sample 

w/p 

ls/p 

S1 
0.325 
0 

S1C-S 
0.325 
0 

S2 
0.425 
0.2 

S2C 
0.425 
0.2 

S3 
0.425 
0 

S3C 
0.425 
0 

S4 
0.375 
0.1 

S4C 
0.375 
0.1 

S4C-C 
0.375 
0.1 

S5 
0.325 
0.2 

S5C 
0.325 
0.2 

µ-pore spec. surface, m2/g 6.1 13.9 27.6 17.0 23.7 28.8 26.4 17.5 10.7 5.0 5.0 

µ-pore volume, mm3/g 4.0 6.8 13.5 8.0 11.6 14.1 12.8 8.5 5.3 2.6 2.4 

Meso/micro volume ratio 6.5 5.6 6.5 7.4 6.9 4.3 3.9 5.3 5.1 10.5 8.3 

 

The micropores (smaller than 2 nm) of sample S4C-C were also strongly affected by cyclic 

carbonation. Both micropore surface area and micropore volume were significantly decreased 

during cyclic carbonation, while effects were less for continuous carbonation (Table 6.4). As 

illustrated in Figure 6.4, part of the small pores can be emptied during the drying process of 

cyclic carbonation. Thus, CO2 can access and react to alter the structure of small pores in 

terms of surface area and volume fraction.     

The relations between specific surface area, average pore size and pore size distribution 

during carbonation deserve some attention. Most published studies report a decrease in 

specific surface area after carbonation [159-162]. The decrease is due to both a decrease in 

total porosity and a shift in the pore size distribution towards smaller pore sizes. The 

carbonated samples S2C, S4C and S4C-C indeed showed a decrease in specific surface area 

and a decrease in pore volume (Table 6.3). However, the average pore size distribution did 

not consistently shift towards smaller pore size range. The BJH adsorption average pore 

diameter (mesopores) was even increased for S2C and remained almost unchanged for S4C 
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and S4C-C. Therefore, the micropore reduction during carbonation could contribute to the 

changes in specific surface area instead of only the average mesopore size decrease.  As 

evidences from micropore information, there was a decrease in both pore volume and specific 

surface area at nanometer scale of S2C, S4C and S4C-C; and the ratio between 

meso/micropore volumes shows a shift towards higher values after carbonation (Table 6.4). 

On the other hand, it is quite surprising that the BET specific surface area for samples without 

limestone filler addition (S1C-S, S3C) increased after carbonation. One possible explanation 

is that the decrease in average pore size is faster than the reduction of total pore volume. This 

is, however, not supported by the measurements:  the porosity of S3C decreased 22% and 

18% by MIP and N2-adsorption measurements, respectively, which was similar to the 

decrease in average pore diameter (27% (MIP) and 16% (N2-adsorption)).  For sample S1C-S, 

porosity even increased as seen from N2-adsorption result, while the reduction in porosity and 

average pore size determined by MIP were quite similar (12% and 8%, respectively). 

Alternatively,  the observation can be explained by the opening of C-S-H gel pores or small 

necks of ink-bottles pores (narrow entrances but wide bodies)  as a consequence of  C-S-H 

carbonation [243]. As indicated by the TGA results, C-S-H carbonation contributed up to 

41.8% of calcite formation for sample S3C, which was 2.5 times larger than that of sample 

S4C. Both micropore volume and specific surface area of S1C-S and S3C were increased as 

seen in Table 6.4. This means that the opening of gel pores dominates the changes of 

micropore structure compared to the pore filling by calcium carbonate precipitation. As the C-

S-H carbonation results in lower Ca/Si ratio, the structure of C-S-H becomes more porous and 

accessible by nitrogen (see Figure 6.17). Consequently, the specific surface area is expected 

to increase [244]. The specific surface area of C-S-H is much higher than that of bulk paste 

(low density C-S-H has a specific surface area of about 250 m2/g [245]), but only part of this 

contributes to the average specific surface area of intact paste due to limitation in accessibility 

of nitrogen to small gel pores. The carbonated sample S5C also showed a slight increase in 

BET specific surface area which may be again attributed to C-S-H carbonation. It is not clear 

in many other studies if the reported specific surface area is for samples with or without C-S-

H carbonation. If the latter, the difference in specific surface area of carbonated samples S1C-

S, S3C and S5C with findings in literature could be attributed to C-S-H carbonation. 
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Figure 6.17. Schematic illustration of the opening gel pores of C-S-H due to carbonation 
– C-S-H colloid model adapted from [246]    

 

The different alteration of the specific surface area of carbonated samples during carbonation 

is due to differences in composition and w/p (w/c) ratio. For samples with limestone fillers 

(S2C, S4C), the limestone fillers can act as nucleation sites for calcite precipitation from 

portlandite carbonation. This process then limits the amount of calcite available for forming 

protecting layers around portlandite particles as schematically shown in Figure 6.18. 

Therefore, portlandite carbonation is favoured compared to C-S-H carbonation for samples 

without limestone fillers. Sample S5C with 20% limestone filler replacement, however, 

showed a slight increase of BET specific surface area. Probably, a small amount of C-S-H 

was carbonated in this case. Generally, the samples with lower w/p ratio and with limestone 

filler replacement result in finer microstructures (compared to samples with the same w/c 

ratio). The limestone filler may act as a nucleation site for hydration reactions [247] given a 

denser pore structure with a higher hydration degree. Consequently, the accessibility of CO2 

to gel pores is limited; thereby, lower C-S-H carbonation.  

Sample S1C-S which was carbonated under saturated conditions exhibited a large increase in 

BET specific surface area (50%). Under saturated conditions combined with a pressure 

gradient, the transport of CO2 is mainly via advection of the aqueous phase. The water 

containing dissolved CO2 contacts either with portlandite or C-S-H. Therefore, the C-S-H 

carbonation is favoured (more C-S-H fraction) which results in more specific surface area. As 
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evidenced, the micropore specific surface area of S1C-S was doubled after carbonation (Table 

6.4). The mesopore volume was also increased due to carbonation.      

 

Figure 6.18. Effect of limestone fillers on the carbonation – limestone fillers play as 
nucleation sites for calcium carbonate precipitation.   

 

Figure 6.19 and Figure 6.20 present the pore volume and pore size distribution of carbonated 

and reference samples determined by the BJH method. Samples S1C-S and S3C showed a 

steeper slope of cumulative pore volume at pore diameters smaller than 6 nm which indicates 

a larger porosity beyond this pore size due to C-S-H carbonation compared to reference 

samples. C-S-H carbonation which results in low density C-S-H might make the carbonated 

samples S1C-S and S3C more accessible to nitrogen. However, this larger porosity was not 

observed on the carbonated samples with limestone filler addition S2C, S4C and S4C-C. A 

significant porosity decrease was observed for sample S4C-C subjected to cyclic carbonation.  
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Figure 6.19. Changes in pore structure due to carbonation accessed by N2-adsorption: 
intruded volume vs. pore diameter (left) and differential pore size distribution (right) 
continuously-carbonated and reference samples - sample S1 was carbonated under 
saturated condition; the rest was at 65%RH. 
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Figure 6.20. Changes in pore structure due to carbonation accessed by N2-adsorption: 
intruded volume vs. pore diameter (left) and differential pore size distribution (right) of 
continuously-carbonated, cyclic-carbonated and reference samples S4 

 

6.5. Microstructural alterations via SEM 
The SEM images in Figure 6.21 to Figure 6.24 allow comparing the microstructure of the 

carbonated samples with the reference samples. Backscattered electron images were 

segmented to distinguish the distribution of portlandite, pores, C-S-H, calcium carbonate and 

residual cement clinkers based on a grey level histogram. C-S-H and calcium carbonate are 

difficult to distinguish because of their similarity in brightness intensity. Therefore, C-S-H 

and calcium carbonate were grouped together. Other minor phases (e.g. ettringite, thaumasite) 

were not counted in the phase segmentation. The area fraction (equal to volume fraction for 

isotropic materials) of each phase was calculated and presented on the right-hand sides of 

Figure 6.21 to Figure 6.24. Note that the porosity calculated from SEM images might be 

smaller than the real porosity due to limitation of SEM resolution (magnification of 1000 in 

these images). The average area fraction which was obtained by the quantification of a set of 

8 ± 2 images on the same sample is summarised in Table 6.5. Results showed that carbonation 

led to a relative decrease in total porosity which was in line with the results obtained by MIP 

and N2-adsorption. The pore size of carbonated materials was reduced, especially the amount 

of big pores (larger than 2 µm) was relatively decreased which was not observed from MIP 

results because of its limitations at that pore size range.  

The portlandite content was significantly reduced in the carbonated samples. The portlandite 

carbonation by cyclic method was less than that by continuous method (sample S4). This 

observation indicates that the cyclic carbonation results in larger CO2 uptake and deeper 

carbonation depth, but the carbonation of portlandite might be less pronounced compared to 

continuous carbonation. In this case, a larger amount of portlandite might be covered by 

carbonation products because of faster carbonation. The remaining portlandite was gathered 
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in smaller clusters compared to the reference samples. Furthermore, in carbonated samples 

S3C and S5C, more portlandite remained located near the pores (area A and B in Figure 6.22 

and C in Figure 6.24), which supports the hypothesis of carbonation products forming around 

portlandite particles. Some big limestone filler clusters were found in samples with limestone 

filler, especially in samples with 20% limestone filler replacement of which the size of 

limestone filler clusters might be up to 10 µm diameter. The total C-S-H and calcium 

carbonate content increased after carbonation because calcium carbonate was formed and only 

a small amount of C-S-H was reacted with CO2.  There was no clear trend for the variation of 

unhydrated cement content.   

 

 

 

 

 
Figure 6.21. SEM images (left) and phase segmentation (right) of reference sample S2 
(top) and carbonated sample S2C (bottom): P = pore (blue), CH = portlandite (cyan), 
UC = unhydrated cement (dark red), combined C-S-H and CC (yellow), LS = limestone 
filler, CC = calcium carbonate; field width of 128 µm 
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Figure 6.22. SEM images (left) and phase segmentation (right) of reference sample S3 
(top) and carbonated sample S3C (bottom): P = pore (blue), CH = portlandite (cyan), 
UC = unhydrated cement (dark red), combined C-S-H and CC (yellow), CC = calcium 
carbonate; field width of 128 µm 
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Figure 6.23. Comparison of the microstructure and phase fraction of reference sample 
S4 (top), continuously-carbonated sample S4C (middle) and cyclic-carbonated sample 
S4C-C (bottom): P = pore (blue), CH = portlandite (cyan), UC = unhydrated cement 
(dark red), combined C-S-H and CC (yellow), CC = calcium carbonate, LS = limestone 
filler; field width of 128 µm 
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Figure 6.24. SEM images (left) and phase segmentation (right) of reference sample S5 
(top) and carbonated sample S5C (bottom): P = pore (blue), CH = portlandite (cyan), 
UC = unhydrated cement (dark red), combined C-S-H and CC (yellow), CC = calcium 
carbonate, LS = limestone filler; field width of 128 µm 

 

Table 6.5. Summary of the average area fraction of carbonated and reference samples   

Sample 

w/p 

ls/p 

S2 
0.425 

0.2 

S2C 
0.425 

0.2 

S3 
0.425 

0 

S3C 
0.425 

0 

S4 
0.375 

0.1 

S4C 
0.375 

0.1 

S4C-C 
0.375 

0.1 

S5 
0.325 

0.2 

S5C 
0.325 

0.2 

Pore, % 15.3 

± 1.1 

10.2 

± 0.9 

11.5 

± 1.2 

8.7   

± 0.9 

10.6 

± 1.1 

8.8   

± 0.6 

6.9   

± 1.0 

11.3 

± 1.0 

7.6   

± 0.9 

Portlandite, % 15.9 

± 1.6 

8.7   

± 2.6 

16.0 

± 1.2 

4.8   

± 1.1 

16.6 

± 1.2 

4.3   

± 1.5 

7.1   

± 1.0 

14.2 

± 1.4 

4.0   

± 1.2 

Calcium carbonate + C-S-H, %  

 

63.3 

± 1.9 

75.7 

± 2.7 

65.2 

± 2.1 

80.8 

± 1.4 

67.2 

± 2.4 

81.3 

± 2.8 

78.9 

± 1.6 

67.3 

± 3.2 

81.9 

± 1.6 

Unhydrated cement, % 5.5   

± 2.0 

5.4   

± 2.0 

7.4   

± 1.5 

5.7   

± 1.1 

6.0   

± 1.6 

5.6   

± 1.8 

7.1   

± 1.4 

7.3   

± 2.2 

6.5   

± 1.4 
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6.6. Change in water permeability 
Permeability was decreased by a factor of 6.4, 2.9 and 2.6 after 4 weeks of continuous 

carbonation under 65% RH for samples S3C, S4C and S5C, respectively (Table 6.6).  It is 

important to mention that permeability should be interpreted as a composite permeability 

because the carbonation of the sample was not uniform with depth. The permeability decrease 

is directly linked to the porosity decrease in the carbonated zone. Furthermore, the pore 

connectivity is decreased because of calcite precipitation. In general, mass transport properties 

are mainly affected by capillary and large pores [185] which are changed by portlandite 

carbonation. However, the carbonation of C-S-H and other phases also contributes to 

permeability changes. On one hand, C-S-H carbonation results in calcite precipitation leading 

to a porosity decrease. On the other hand, the molar volume of carbonated C-S-H (lower 

Ca/Si) would be smaller than uncarbonated C-S-H which increases the porosity [130]. 

Therefore, in general, the porosity at nanometer scale might slightly decreased due to C-S-H 

carbonation as partly supported in Figure 6.19, Figure 6.20 and Table 6.4, thereby lowering 

the permeability.  

The degree of porosity and average pore diameter reductions were larger for sample S3C 

compared to S4C, while sample S3C and S5C had a quite similar reduction as seen from both 

MIP and N2-adsorption results. Furthermore, the C-S-H carbonation increased the surface area 

as shown by N2-adsorption results, which reduced the permeability by increasing the friction 

between the fluid and pore wall. These could be the possible explanations for the higher 

permeability decrease in S3C compared to S4C, while the permeability decreases of S4C and 

S5C were similar to each other. 

 

Table 6.6. Reduction in intrinsic permeability of cement pastes after 28-day carbonation 

– kref. and k are the permeability of sound and carbonated samples, respectively. 

Sample S3 S3C S4 S4C S5 S5C 

Permeability, m2
 2.3×10-20 3.6×10-21 1.4×10-20 4.8×10-21 2.0×10-20 7.8×10-21 

kref. /k ratio  6.4  2.9  2.6 
 

In order to estimate the average intrinsic permeability of the carbonated zone, a series model 

(Figure 6.25) was applied in which permeability of carbonated zone and uncarbonated zone 

were assumed to be constant over the depth within the zone. 
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Carbonated zone: k1, J1, d1 

Sound zone: k2, J2 = J1, d2 

Flux J 

Flux J 
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Figure 6.25. Series model to compute permeability of carbonated zone 

 

The fluxes in each zone and the overall flux must be the same because each zone is connected 

together in series. 

  1 2
car car un un

car un

k p k p k pJ J J
d d dη η η
D D D

= = = = =   (6.2) 

where J1, J2 and J [kg/m2.s] denote the fluxes of carbonated, sound zones and overall flux, 

respectively; ∆pcar and ∆pun [Pa] denote the pressure difference of carbonated and sound 

zones, respectively; dcar, dun and d [m] denote the thicknesses of carbonated, sound zones and 

thickness of sample, respectively; η [Pa.s] denotes the dynamic viscosity of the fluid;  kcar, kun 

and k [m2] denote the permeability coefficients of  carbonated, sound zones and the overall 

permeability coefficient of sample. Additionally, the sum of pressure drops on each zone must 

be equal to pressure difference, ∆p, applied on the sample: 

  car unp p pD + D = D   (6.3) 

Therefore, the average permeability coefficient of the carbonated zone can be derived as: 

  
( )

un
car

un car un

dk kk
d k k d k

=
− +

  (6.4) 

The permeability of the sound zone was considered the same as the permeability of the 

corresponding reference sample (Table 6.6). The calculated permeability of carbonated zone 

is presented in Table 6.7. It can be seen that the permeability of the carbonated zone 

decreased up to factor of 51 for carbonated sample S3C which is a much larger reduction 

compared to the reduction of the overall permeability (6.4 times). Note that the results could 

be somewhat overestimated because the permeability of the considered sound zone is 
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probably lower than that of reference sample. The modelling study presented in Chapter 8 will 

give more details on this issue.  

 

Table 6.7. Estimation of intrinsic permeability of carbonated zone using series model 

Parameters dcar, mm d, mm k, m2
 kun, m2

 kcar, m2
 kun/kcar 

S3C 2.7 25 3.6×10-21 2.3×10-20 4.5×10-22 51 

S4C 2.5 25 4.8×10-21 1.4×10-20 6.9×10-22 20 

S5C 2.3 25 7.8×10-21 2.0×10-20 11.1×10-22 18 
 

6.7. Change in diffusivity 
The diffusion experiments were performed on carbonated sample S3C. The porosity of the 

carbonated sample is not the same over the depth of sample. The average porosity of the 

carbonated sample was calculated by weighted average method as follows: 

  
( )car car ref car

a

d d d
d

φ φ
φ

+ −
=   (6.5) 

where aφ , carφ  and refφ  [-] denote the average porosity of the carbonated sample, the porosity 

of the carbonated zone and the porosities of the reference sample, respectively; dcar and d [m] 

denote the thicknesses of carbonated zone and the sample, respectively. Furthermore, the 

porosity might be decreased due to the continuous hydration of the sample during long time 

diffusion experiment. However, this effect was not counted in this calculation. The retardation 

factor Re was set at one. Figure 6.26 shows the fitted and measured partial pressure profiles of 

He at the outlet for carbonated sample S3C. A good correlation was obtained (r2 = 0.9919). 

The effective diffusion coefficient of S3C was 1.64×10−11 m2/s, which is 30% lower than the 

effective diffusion coefficient of the reference sample. Thus the reduction in diffusion is much 

lower than the reduction in permeability due to carbonation.  
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Figure 6.26. Comparison of the He partial pressure at the outlet obtained from 
experiment and model for carbonated sample S3C after 28 days of continuous 
carbonation 
 
Like permeability, the effective diffusion coefficient of the carbonated sample should be 

treated as the composite (overall) effective diffusion coefficient. As for permeability, the 

series model can also be applied for the calculation of the effective diffusion coefficient of the 

carbonated zone with an assumption that the effective diffusion coefficient of sound zone 

equals to the one of the reference sample. Estimation of the effective diffusion coefficient of 

the carbonated zone resulted in a value of 4.72×10−12 m2/s, which is 5 times lower than the 

effective diffusion coefficient of reference sample.    

 

Table 6.8. Estimation of effective diffusivity of carbonated zone using series model 

Parameters dcar, mm d, mm D, m2/s Dun, m2/s Dcar, m2/s Dun/Dcar 

S3C 2.7 25 1.64×10-11 2.32×10−11 4.72×10-12 4.92 
 

6.8. Summary and conclusions 
In this chapter, a new carbonation method proposed in Section 4.4.1 was used to carbonate 

partially/fully saturated cement paste samples. The proposed method allows for an accurate 

quantification of CO2 uptake, good control of initial conditions and examination of the effect 

 



Effects of Carbonation on Microstructure and Transport Properties of Cement Pastes 
 
 

117 

of carbonation on the permeability and diffusivity changes of carbonated cement-based 

materials. A variety of post-analysis techniques including XRD, MIP, N2-adsorption, SEM 

and TGA were used to characterize the microstructural and mineralogical changes.  Integrated 

post-analysis techniques enable to provide a complete picture of how microstructure and 

mineralogy change due to carbonation. 

Two carbonation procedures were proposed: continuous and cyclic carbonation. The cyclic 

carbonation seems to be a relevant method to increase the carbonation degree compared to the 

continuous carbonation, but can potentially results in formation of micro-cracks during drying 

cycles. The CO2 uptake during continuous carbonation was extremely fast in the first few 

hours of carbonation when CO2 transport through the gaseous phase was still dominant.  It 

was then followed by a strong drop in carbonation rate because the sample gradually saturates 

by the released water. Continuous or cyclic carbonation resulted in a different mechanism in 

terms of the transport of CO2, the propagation of the carbonation front and the contribution of 

cementitious phases (CH, C-S-H) to the carbonation. The square-root-time law for 

carbonation was not applicable for the studied conditions due to the contribution of advective 

transport. 

MIP, N2-adsorption and SEM results confirmed a relative reduction in porosity of the 

carbonated materials. The pore size distribution of most continuously-carbonated samples was 

slightly shifted to smaller pore size range, while cyclic carbonation may slightly increase the 

critical pore diameter. Both continuous and cyclic carbonation resulted in a broadening of the 

pore size distributions compared to reference samples. Futhermore, SEM image analysis 

showed a reduction of big capillary pore size which was not seen from MIP results. TGA 

results showed that portlandite was still present in the carbonated zone detected by 

phenolphthalein spraying. More importantly, the portlandite content was gradually decreasing 

over the depth of sample, while calcite content was gradually increasing which indicates that 

the carbonation front is not sharp under the experimental conditions. Portlandite was the main 

phase which was carbonated but C-S-H can be carbonated as well under these accelerated 

conditions, especially in the sample without limestone filler. The carbonation of C-S-H highly 

increased the specific surface area due to the opening of the gel pores.  

Limestone filler replacement showed some interesting results. For samples S3C and S4C 

(similar w/c ratio), the CO2 uptake was doubled for sample with limestone fillers (S4C) 

despite lower initial water permeability. This was partially attributed to a lower rate in 

increase of the saturation degree resulting from a lower reaction rate and precipitation of 
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calcite on limestone particles which promotes CO2 uptake. Note that under the studied 

conditions the transport rate might not be neglected compared to the reaction rate, at least in 

the initial carbonation stage. Limestone filler can partially play as nucleation sites for 

precipitation of calcium carbonates which promotes more portlandite carbonation. The 

micropore volume and specific surface area were decreased for carbonated samples with 

limestone fillers, but increased for carbonated samples without limestone fillers as a 

consequence of C-S-H carbonation.  

The carbonation led to a significant decrease in water permeability resulting from the changes 

in microstructure and mineralogy. Carbonation also resulted in a decrease in diffusion of 

dissolved gas, but less pronounced. The permeability decrease could be mainly attributed to 

the portlandite carbonation and partially to the C-S-H carbonation. The changes in diffusion 

might be mainly affected by C-S-H carbonation which could explain for the less reduction in 

diffusion compared to permeability. A series model was also proposed to estimate the 

permeability and diffusivity of the carbonated zone. Estimations showed that the permeability 

and diffusivity of the carbonated zone were significantly decreased (factor of 51 and 5 for 

permeability and diffusivity) compared to the composite values.         
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CHAPTER 7: EFFECTS OF ACCELERATED CALCIUM LEACHING ON 
MICROSTRUCTURE AND TRANSPORT PROPERTIES OF CEMENT 
PASTES  
 

7.1. Introduction 

In this chapter, the changes in microstructure, mineralogy and transport properties of cement 

pastes subjected to accelerated leaching using the proposed method in Section 4.4.2 are 

presented. Leached samples were analysed by a series of methods (see Section 4.5) including 

SEM, MIP and N2-adsorption to characterize the microstructural changes; phenolphthalein 

spraying, XRD, TGA, SEM-EDX, ion chromatography and water permeability, diffusivity 

measurements to study alterations in chemical compositions and transport properties. The 

leaching experiments were performed on hardened cement paste samples with different 

water/powder and limestone filler replacement ratios following the factorial experimental 

design, under fully saturated conditions.  

7.2. pH evolution of surrounding solution 
Figure 7.1 shows that the pH of surrounding solution evolves during the experiment. In few 

experimental days, the pH rapidly increased. It reached the stable values of about 9 after 7 

days for all testing samples. The pH of surrounding solution is less than 9.25 to maintain 

leaching acceleration [199]. The value 9.25 is actually the equilibrium constant of the reaction 

NH4
+  NH3(aq) + H+. If the pH is smaller than 9.25, the solution has more ammonium than 

ammonia to accelerate the leaching.     

 

Figure 7.1. pH evolution of surrounding solution over testing time – sample S1 was only 
measured the pH from 7 testing days; “L” denotes leached sample. 
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7.3. Degraded depth 
Figure 7.2 shows an example of a typical degradation front due to leaching as determined by 

phenolphthalein. The degraded zone (lowered pH) is grey, while in the intact zone the 

phenolphthalein colours pink due to the high pH. The degraded depth at the interface with the 

PVC cover is generally less developed and is considered as an artefact caused by the 

interface. The degraded depth was determined as the average of 5 locations excluding the 

interface area. 

 

 

Figure 7.2. An example of the determination of leached depth by phenolphthalein 
spraying – sample S3L after 7 leaching days  

 

The degraded depth linearly increased with the square root of immersion (reaction) time in 

NH4NO3 as shown in Figure 7.3. This is one of the indicators which illustrates that leaching in 

ammonium nitrate solution is a diffusion controlled phenomenon. The degradation rates were 

obtained from the slope of the linear relation between depth and sqrt(t) and used as response 

in the factorial study to investigate the effects of limestone filler replacement and w/p ratio.  

The degradation rates (in unit mm/day0.5) are represented by the cube plot and the interpolated 

surface plot (using Akima’s polynomial method [222]) in Figure 7.4. In the surface plot 

shows that to improve the resistance to leaching, one should choose a mix design with a low 

w/p ratio and low limestone filler replacement. The effects of w/p ratio and limestone filler 

replacement on the propagation of degradation front can be visualized in Figure 7.5a. It is 

clear that the degradation rate strongly increases with the increase of w/p ratio. The rate was 

increased by 70% when w/p ratio increased from 0.325 to 0.425. Adding limestone filler also 

induced a faster degradation rate. However, the effects of limestone filler replacement was 

much lower than the effects of w/p ratio. The regression equation (first-order) of degradation 

rate is obtained as follows: 
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Ratedep =  -1.397 – 0.538 ls/p + 7.3 w/p – 3.5 ls/p × w/p  (7.1) 

where Ratedep [mm/day0.5] is the degradation rate; ls/p is the ratio of limestone filler over 

powder (cement + limestone filler); and w/p is the ratio of water over powder. The correlation 

coefficient (r2) is 0.999 indicating that the predicted model fits the experimental data well.   

   

 

Figure 7.3. Increase of phenolphthalein degraded depth over immersed time 

 

 
 

  

Figure 7.4. Cube plot and interpolated surface plot of degradation rate (mm/day0.5) vs. 
w/p ratio and limestone filler replacement 
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Figure 7.5. Main effects plot (a) and interaction plot (b) for degradation rate 

 

The interaction plot (Figure 7.5b) enables to visualize the interaction effects of w/p ratio and 

limestone filler replacement on the degradation rate. As the connected lines of factor levels 

are almost parallel to each other, there might not be interaction present (or minor 

contribution).  

7.4. Amount of leached Ca and mass change 
7.4.1. Ca-leached rate 

Figure 7.6 presents the amount of calcium in the surrounding solution (determined by ion 

chromatography) which is linearly related to the amount of calcium leached out from the 

cement pastes (initial concentration ~ 0) with square root of time. Because the limestone filler 

is not leached (extremely small solubility), the calculated values shown in Figure 7.6 have 

been normalized to the cement content of the samples before leaching. Again, a linear relation 

of leached amount over square root of time was observed similar to the propagation of the 

degraded depth. 

The Ca-leached rates (obtained from the slope of linear fitting line) were used as response in 

the factorial study to investigate the effects of limestone filler replacement and w/p ratio.  The 

Ca-leached rates (in unit %/day0.5) are represented by cube and interpolated surface plots in 

Figure 7.7. The effects of w/p ratio and limestone filler replacement on the Ca-leached rate 

can be visualized in Figure 7.8a. It is shown that the Ca-leached rate reaches the highest rate 

at w/p ratio of 0.375 and 20% limestone filler replacement. The effect of limestone filler 

replacement was lower than the effect of w/p ratio in the investigated range.  The Ca-leached 

rate was increased by 50% when w/p ratio increased from 0.325 to 0.425, while less than 10% 
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when ls/p ratio increased from 0 to 0.2. The regression equation (first-order) of Ca-leached 

rate is obtained as follows: 

RateCa=  -0.715 + 0.168 ls/p + 6.1 w/p + 1.1 ls/p × w/p  (7.2) 

where RateCa [%/day0.5] is the Ca-leached rate; ls/p is the ratio of limestone filler over powder 

(cement + limestone filler); and w/p is the ratio of water over powder. The correlation 

coefficient (r2) is 0.998 indicating that the predicted model fits the experimental data well.   

 

 

Figure 7.6. Increase of normalized Ca-leached amount to cement over immersed time 

 

 
 

  

Figure 7.7. Cube plot and interpolated surface plot of Ca-leached rate (%/day0.5) vs. w/p 
ratio and limestone filler replacement 
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Figure 7.8. Main effects plot (a) and interaction plot (b) for Ca-leached rate 

 

The interaction plot (Figure 7.8b) enables to visualize the interaction effect of w/p ratio and 

limestone filler replacement on the Ca-leached rate. As the connected lines of factor levels are 

parallel to each other, there is no interaction present.  

7.4.2. Mass change due to leaching 

This section aims at investigating the loss of sample mass and giving a proof of C-S-H 

contribution to the mass loss due to leaching. In case of no C-S-H leaching, it is possible to 

calculate the decrease of sample weight from ion chromatography results by making 

assumption that the mass loss due to the leaching of other ions (K+, Na+, Mg++) is negligible. 

This assumption was confirmed by IC results of sample S1L in which the concentrations of 

other ions were much smaller than the Ca ion concentration. The amount of portlandite 

leached out was calculated from the Ca ion concentration in the surrounding solution as 

follows: 

  [ ] CH
a

Ca

MCH Ca V
M

=   (7.3) 

where CH is portlandite content, [g]; [Ca]  is Ca ion concentration determined by IC, [g/l]; Va  

is volume of NH4NO3 solution, [l]; MCH is molar mass of Ca(OH)2, 74 [g/mol]; and MCa is 

molar mass of Ca, 40 [g/mol]. The change in porosity due to portlandite dissolution is simply 

expressed as: 
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where VCH  is molar volume of Ca(OH)2, 0.033 [l/mol] and Vs is sample volume, [l]. It is 

assumed that leaching of portlandite will create capillary pores which are completely filled by 

water during leaching. Therefore, the decrease of sample mass can be derived as follows:  

  100%
CH w

CH

s

CHCH VMm
M

ρ−
D =   (7.5) 

 

  

  

 
Figure 7.9. Comparisons of mass loss of leached samples during leaching determined by 
weighing method and ion chromatography method with assumption of no C-S-H 
decalcification  

 

where ∆m is percentage of mass loss, [%], Ms is sample mass, [g] and wρ  is density of water, 
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of no C-S-H leaching). The mass of samples linearly decreased over the square root of 

immersed time. It can be seen that in most cases, the mass loss obtained from direct 

measurements of sample mass is smaller than IC method. The difference is attributed C-S-H 

leaching. The leaching of C-S-H creates extra pores including gel pores and small capillary 

pores. The gel pores are hardly accessible by water under normal condition, while the small 

capillary pores may still be filled by water during the experiment. Therefore, the mass loss 

due to calcium leached out is partially compensated by mass gain due to water filling. 

7.5. Changes in porosity and pore size distribution  

7.5.1. Nitrogen gas adsorption results 

Figure 7.10 shows a comparison of nitrogen adsorption isotherms of leached and reference 

samples. The shape and size of the desorption hysteresis loop of the leached sample is 

characteristic for large ink-bottle shaped pores whereas the hysteresis loop of the reference 

sample is more characteristic for a slit-shaped or plate-like pore system [248]. Such a plate-

like pore system corresponds to C-S-H gel which consists of very thin sheets [208]. The 

alteration towards ink-bottle shaped pores might indicate that part of the C-S-H has been 

dissolved during leaching. The surface areas determined by the BET method of the leached 

samples significantly increased (Table 7.1). The specific surface area of samples with high 

w/p ratios (S2L, S3L, S4L) increased 4-5 times after 28-day leaching in ammonium nitrate 

solution.  For samples with lower w/p ratio (S1L, S5L), the specific surface area increased 

even more strongly - more than 7 times for S1L and 15 times for S5L. Such a large increase is 

not only attributed to the dissolution of portlandite but also the dissolution of C-S-H. The gel 

pores of C-S-H which have higher specific surface area compared to micro/mesopores made 

by the aggregation of the other cement components are more easily accessible by nitrogen 

after leaching.  

Leaching seriously increased the porosity in mesopore region in all leached samples as shown 

in Table 7.1. The largest increase in porosity was for sample S5L of which the porosity 

increased almost 4 times. The samples with 20% limestone filler replacement (S2L, S4L) had 

similar porosity after leaching despite different initial porosities. Interestingly, the average 

pore diameter determined by BJH method of all leached samples relatively decreased after 

leaching. However, this observation should not be interpreted as the refinement of the pore 

structure of the leached materials. The reduction of the average pore diameter in the BET 

measurement range is because a considerable volume fraction of small pores, initially 

inaccessible, is opened up after leaching. The volume fraction of larger pores was indeed 
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increased but with smaller magnitude which will be shown in MIP results.  Sample S1L and 

S5L (low w/p ratio) exhibited the largest decrease in average pore diameter, which could be 

the reason for obtaining the highest specific surface area increase due to leaching.      

 

 

Figure 7.10. Adsorption isotherms of reference and 28-day leached sample S3L          

 

Table 7.1. Summary of N2-adsorption results of leached and reference samples – “L” 
denotes leached sample  

Sample 

w/p 

ls/p 

S1 
0.325 
0 

S1L 
0.325 
0 

S2 
0.425 
0.2 

S2L 
0.425 
0.2 

S3 
0.425 
0 

S3L 
0.425 
0 

S4 
0.375 
0.1 

S4L 
0.375 
0.1 

S5 
0.325 
0.2 

S5L 
0.325 
0.2 

BET surface area, m2/g 9.9 73.1 33.3 130.9 30.6 145.8 34.8 182.3 5.5 86.7 

Porosity (BJH), % 5.0 16.2 15.2 21.9 13.0 23.8 9.2 26.1 5.4 21.2 

BJH adsorption average pore 

diameter (4V/A), nm 
13.4 8.7 12.5 8.6 11.6 7.8 9.5 7.3 15.8 6.8 

 

Table 7.2 presents the change in micropore structure of the leached materials. The micropores 

of all leached samples were strongly affected by leaching in ammonium nitrate solution, 

among them the highest alteration was again from the samples S1L and S5L. Both micropore 

surface area and micropore volume were significantly increased during accelerated leaching. 

The meso/micro volume ratio was reduced after leaching which can serve as an evidence for 

C-S-H decalcification which resulted in higher accessibility of gel pores.  
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Table 7.2. Micropore information of leached and reference samples determined using 
Dubinin-Astakhov model [242] – “L” denotes leached sample  

Sample 

w/p 

ls/p 

S1 
0.325 
0 

S1L 
0.325 
0 

S2 
0.425 
0.2 

S2L 
0.425 
0.2 

S3 
0.425 
0 

S3L 
0.425 
0 

S4 
0.375 
0.1 

S4L 
0.375 
0.1 

S5 
0.325 
0.2 

S5L 
0.325 
0.2 

Micropore spec. surface, m2/g 8.1 58.6 27.6 95.7 23.7 131.6 26.4 165.4 4.2 67.9 

Micropore volume, mm3/g 4.0 27.9 13.5 47.5 11.6 65.0 12.8 82.2 2.1 32.5 

Meso/micro volume ratio 6.5 4.2 6.5 4.2 6.9 3.3 3.9 2.8 12.1 4.6 

 

Figure 7.11 to Figure 7.15 present the pore volume and pore size distribution of leached and 

reference samples determined by BJH method. Most leached samples exhibited a larger 

porosity compared to reference samples from the largest pore size which enables to be 

detected by N2-adsorption method. Despite the difference in w/p ratios in composition 

(with/without limestone fillers) all leached samples showed a steeper slope of pore volume at 

pore diameters smaller than 20 nm which indicates a sudden increase in porosity beyond this 

pore size due to C-S-H leaching. The most frequently occurring pore size was in range of 4-5 

nm which is fallen in the upper size of pores in the C-S-H structure. 

 

  

Figure 7.11. Changes in pore structure due to leaching accessed by N2-adsorption: 
adsorbed volume vs. pore diameter (left) and differential pore size distribution (right) of 
leached and reference samples S1 
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Figure 7.12. Changes in pore structure due to leaching accessed by N2-adsorption: 
adsorbed volume vs. pore diameter (left) and differential pore size distribution (right) of 
leached and reference samples S2 

 

  

Figure 7.13. Changes in pore structure due to leaching accessed by N2-adsorption: 
adsorbed volume vs. pore diameter (left) and differential pore size distribution (right) of 
leached and reference samples S3 

 

  

Figure 7.14. Changes in pore structure due to leaching accessed by N2-adsorption: 
adsorbed volume vs. pore diameter (left) and differential pore size distribution (right) of 
leached and reference samples S4 
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Figure 7.15. Changes in pore structure due to leaching accessed by N2-adsorption: 
adsorbed volume vs. pore diameter (left) and differential pore size distribution (right) of 
leached and reference samples S5 

 

7.5.2. Combined MIP and N2-adsorption results 

Due to significant loss of mechanical properties, more attention is needed during 

measurements and interpretation of MIP results. The complete dissolution of portlandite and 

partial decalcification of C-S-H can induce a strong loss of elasticity. As a result, the ductility 

of the leached material will be higher. The deformation at failure of leached samples can 

increase with a factor of 5 in tension and 2 in uniaxial compression [249]. Obviously, during 

the mercury intrusion process, the sample is under isotropic compression. Therefore, the 

deformation must be higher than that reported in [249]. In this study, the leached samples 

were checked after finishing the MIP tests to make sure that the samples were not broken 

during the test. No broken sample was observed. Therefore, it is needed to take into account 

the compression effect in the interpretation.  

The porosimeter interprets sample compression as the occurrence of pores. Thus, in order to 

account for the deformation of the sample, the measurement needs to be corrected by 

subtracting the volume of sample compression as follows [250]:  

i
1 1

c
b a

v v
ρ ρ

 
= − − 

 
  (7.6) 

where vc  is specific compression volume [m3/kg]; vi is specific intruded volume [m3/kg]; bρ  

is bulk density [kg/m3]; and aρ  is apparent density which is defined as  unit weight of sample 

at the end of the filling process [kg/m3]: 
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where ms  is sample mass [kg]; Vb is sample volume (including pores) [m3]; Vi
cor is corrected 

intruded volume [m3] and can be calculated as follows: 

( )cor
i i c sV v v m= −   (7.8) 

 

  

Figure 7.16. Influence of deformation of leached sample on MIP results: sample S1L – 
the blue curves are the corrected curves. 
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pore size larger than 0.05 µm while N2-adsorption provides information on the smaller pores. 

In this way, pore structure information is obtained in a broader pore size range and 
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calculated by N2-adsoption was shifted at the combined pore dimameter (i.e. 0.05 µm) in 

order to obtain a continuous curve.      

Figure 7.17 to Figure 7.21 compare the porosity and pore size distribution of leached and 

reference samples determined by the combined MIP and N2-adsorption method. In the range 

of 3 nm - 100 µm, the porosity of leached samples hugely increased, from 68% up to 159% 

compared to the porosity of reference samples. Such a large porosity increase is not only due 

to the decalcification of portlandite but also due to (partial) decalcification of the C-S-H 

system because the maximum change in porosity obtained by completely dissolving 

portlandite is about 12.8% (see modelling chapter). Sample S1L had the smallest porosity 

after leaching, while sample S2L appeared as a material with the largest porosity after 

leaching. This may be attributed to its different initial porosities (before leaching) originating 

from different w/p ratio and limestone filler replacements. However, samples S3L, S4L and 

S5L exhibited a similar final porosity after leaching despite its difference in w/p ratio and 

limestone filler replacement (Figure 7.22).     

In all leached samples, the cumulative pore volume curves exhibited two stages of significant 

porosity increase. The first stage was in range of about 60 nm – 500 nm pore sizes of which 

corresponds to portlandite dissolution. The second stage was in range of pore size smaller 

than 10 nm which corresponds to C-S-H (and other phases) dissolution. In contrast, reference 

samples exhibited only one significant pore volume increase stage. The differential pore size 

distribution plots show two (S1L, S5L) or three (S2L, S3L, S4L) peaks for leached samples 

while only one peak for reference samples.  The critical pore size (which was determined 

from the average of two peaks with large pore sizes for S2L, S3L and S4L; while the peak 

with large pore size for S1L and S5L) was significantly shifted to bigger pore size range.  The 

threshold pore diameter tended to increase in most leached samples, except for S3L and S5L 

of which the threshold pore diameters remained almost unchanged. In most cases, the bulk 

densities of the leached samples largely decreased after leaching (Table 7.3). Sample S4L was 

the sample with the largest bulk density decrease caused by the largest Ca removal as shown 

in Section 7.3.1.   
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Figure 7.17. Changes in pore structure due to leaching assessed by combining MIP and 
N2-adsorption: porosity vs. pore diameter (left) and differential pore size distribution 
(right) of leached and reference samples S1  

  

Figure 7.18. Changes in pore structure due to leaching assessed by combining MIP and 
N2-adsorption: porosity vs. pore diameter (left) and differential pore size distribution 
(right) of leached and reference samples S2  

 

  

Figure 7.19. Changes in pore structure due to leaching assessed by combining MIP and 
N2-adsorption: porosity vs. pore diameter (left) and differential pore size distribution 
(right) of leached and reference samples S3  
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Figure 7.20. Changes in pore structure due to leaching assessed by combining MIP and 
N2-adsorption: porosity vs. pore diameter (left) and differential pore size distribution 
(right) of leached and reference samples S4  

  

Figure 7.21. Changes in pore structure due to leaching assessed by combining MIP and 
N2-adsorption: porosity vs. pore diameter (left) and differential pore size distribution 
(right) of leached and reference samples S5  

 

  

Figure 7.22. Comparison of porosity increases due to leaching of samples with different 
w/p ratios and limestone filler replacements 
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Table 7.3. Changes in porosity, critical and threshold pore diameters and bulk density 
due to leaching determined by N2-adsorption and MIP combination – “L” denotes 
leached sample  

Sample 

w/p 

ls/p 

S1 
0.325 
0 

S1L 
0.325 
0 

S2 
0.425 
0.2 

S2L 
0.425 
0.2 

S3 
0.425 
0 

S3L 
0.425 
0 

S4 
0.375 
0.1 

S4L 
0.375 
0.1 

S5 
0.325 
0.2 

S5L 
0.325 
0.2 

Accessible porosity, %            11.2 27.8 26.7 44.8 19.7 38.4 16.8 40.5 13.8 35.8 

Critical pore diameter, nm 25.7 180 49.9 150 32.0 110 36.4 170 29.0 180 

Threshold pore diameter, nm 60 800 300 2000 1000 900 200 800 300 450 

Bulk density, g/cm³          1.89 1.39 1.72 1.10 1.78 1.11 1.85 1.14 2.06 1.43 

 

7.6. Phase changes via XRD/QXRD 
Figure 7.23 presents the XRD patterns for leached and reference samples. Note that “leached 

sample” refers to a subsample taken from the leached zone (pH < 9) of the sample. It is 

clearly observable that portlandite was completely dissolved in all leached samples. There are 

two intense peaks of portlandite at 2θ = 17.9 and 34.2o for the reference samples which totally 

disappear in the leached samples. Except for C-S-H, which cannot be detected (amorphous 

phase), the most visible phases in the XRD patterns of the leached samples are calcite, 

ettringite and unhydrated cement which indicates that they are hardly degraded by the 

NH4NO3 solution. Note that the intense peaks for calcite in reference and leached samples 

S2L, S4L and S5L are due to added limestone fillers. No new crystalline phases were 

observed as for leaching in deionized water. This underpins the statement that leaching in 

ammonium nitrate results in same end-products (same mechanism), as obtained for "natural" 

leaching processes. 

The quantitative XRD results of 28-day leached and reference samples S3, S4 and S5 are 

shown in Table 7.4.  Among 15 quantified phases, portlandite and calcite were the most 

occurring phases in the mixtures. The results showed that unhydrated phases, mainly alite, 

were still present in both leached and intact materials. There was no portlandite detected 

within 6 mm depth from the reactive surface which is consistent with the degraded depth 

determined by phenolphthalein spraying. However, beyond the phenolphthalein degraded 

depth (9.25, 7.5 and 5.9 mm for S3L, S4L and S5L, respectively), the amount of portlandite 

was smaller than the one in reference as shown in Figure 7.24. As an example, the degraded 

depth of S5L was 5.9 mm, while the amount of portlandite in the interval 6-9 mm was 4.7% 

which is much lower than one in reference sample, 15.3%. In the interval 9-12 mm, the 

portlandite amount was still slightly reduced (1.5%) compared to reference sample. This 
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indicates that leaching does not result in a sharp degraded front. Portlandite is still dissolved 

beyond the phenolphthalein degraded depth.        

 

  

  

 
Figure 7.23. XRD patterns of reference and leached samples taken in the first 3 mm 
depth from the reactive surface 
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Table 7.4. Quantitative XRD results of leached and reference samples S3, S4 and S5 – 
10% internal standard ZnO was added to the mixtures   
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S3 Ref. 16.7 2.4 0.2 0.0 1.4 0.0 0.4 0.8 0.1 0.9 0.2 0.0 0.5 0.1 

S3L 

0-3 0.0 5.0 0.5 0.6 1.2 0.0 0.5 0.5 0.1 1.3 0.2 0.0 0.9 0.1 

3-6 0.0 2.6 0.8 0.8 1.2 0.0 0.3 0.3 0.2 1.2 0.3 0.0 1.1 0.2 

6-9 0.6 1.9 0.6 2.0 2.3 0.0 0.3 0.4 0.1 0.9 0.1 0.0 2.8 0.7 

9-12 12.3 1.4 0.5 0.9 1.5 0.0 1.5 0.7 0.2 0.8 0.3 0.0 2.2 0.5 

S4 Ref. 17.7 6.7 0.3 0.0 1.4 0.4 0.4 1.2 0.1 1.4 0.2 0.0 0.4 0.0 

S4L 

0-3 0.0 17.1 0.7 0.0 1.2 0.0 0.4 0.0 0.1 0.7 0.2 0.0 0.3 0.0 

3-6 0.0 13.4 1.0 0.5 1.4 0.0 0.2 0.2 0.1 1.2 0.5 0.0 0.6 0.0 

6-9 1.0 11.0 0.6 0.0 2.7 0.0 0.2 1.3 0.0 0.9 0.1 0.1 3.1 0.0 

9-12 9.9 8.2 0.5 0.5 3.1 0.0 0.3 1.1 0.2 1.0 0.3 0.2 1.5 0.4 

S5 Ref. 15.3 13.1 0.5 0.2 1.0 0.0 1.0 0.0 0.2 0.1 0.2 0.0 0.1 0.0 

S5L 

0-3 0.0 21.8 0.6 0.8 1.1 0.1 0.5 0.7 0.1 0.9 0.2 0.0 0.2 0.4 

3-6 0.0 19.9 0.7 0.4 0.6 0.0 0.2 0.2 0.1 0.7 0.1 0.0 0.2 0.1 

6-9 4.7 15.6 0.5 0.4 2.3 0.0 1.2 0.7 0.2 1.3 0.2 0.0 0.5 0.1 

9-12 13.8 12.2 0.8 0.0 3.4 0.0 0.8 0.7 0.1 1.5 0.1 0.0 0.7 0.0 
  

  

 
Figure 7.24. Changes in portlandite (CH) and calcite (CC) contents over the depth of 
leached samples S3L, S4L and S5L after 28 days of leaching in ammonium nitrate 
solution  
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The absolute amount of calcite should remain constant (or slightly decreased) because the 

leaching of CC is negligible. However, Figure 7.24 shows that the calcite amount decreases 

over the depth. This can be attributed to a reduction in mass of other solid phases which 

results in a decrease in bulk density of the leached materials. The following derivations enable 

to understand the variation of bulk density of leached sample over the depth. The mass 

fractions of calcite in reference, CCref [-], and in leached, CCl [-], materials are expressed as in 

Equations (7.9) and (7.10):    

CC
ref solid a

ref ref

mCC
m m

=
−

  (7.9) 

CC
l solid a

l l

mCC
m m

=
−

  (7.10) 

where mCC is the absolute mass of calcite [kg];  solid
refm  and solid

lm  are the total mass of solid 

phases in reference and leached materials, respectively [kg]; and a
refm  and a

lm  are the mass of 

amorphous phases in reference and leached materials, respectively [kg]. Note that XRD only 

detects crystalline phases; therefore the denominators of Equations (7.9) and (7.10) are the 

mass of crystalline phases instead of the total mass of solid phases. With the assumption that 

there is no shrinkage during leaching, the total volumes of material before and after leaching 

are identical. Thus, the ratio between the mass fractions of calcite in reference and leached 

materials is related to the bulk densities and amorphous fractions of the reference and leached 

materials as expressed in Equation (7.11):   

1

1

1 ( ) 1
1 ( ) 1

a
l

solid a solidsolid
ref l l ll

asolid a solid
refl ref ref ref

solid
ref

solid pore
ref l l l l l l

solid pore
l ref ref ref ref ref ref

m
CC m m mm

mCC m m m
m

CC A V V A
CC A V V A

ρ ρ
ρ ρ

−
−

= = ×
−

−

− × + −
= × = ×

− × + −

  (7.11) 

where Al  and Aref  are the mass fractions of amorphous phases in leached and reference 

materials, respectively [-]; solid
refV  and solid

lV  are the volumes of solid phases in reference and 

leached materials, respectively [m3]; pore
refV  and pore

lV  are the pore volumes in reference and 

leached materials, respectively [m3]; and refρ  and lρ  are the bulk densities of reference and 
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leached materials, respectively [kg/m3]. The reduction in bulk density due to leaching can be 

written as follows: 

(1 )
100% 1 100%

(1 )
ref l ref ref

ref l l

CC A
CC A

ρ ρ
ρ

ρ
− − 

D = = − − 
  (7.12) 

Figure 7.25 presents the changes in bulk density over the depth of leached samples S4L and 

S5L. The amount of calcite in sample S3 was small (without limestone fillers), therefore the 

quantified results of calcite in S3 was not reliable enough to be used for bulk density 

estimation. In the interval 0-3 mm, the bulk density was reduced 43% and 30% for samples 

S4L and S5L, respectively. These reductions are comparable with the decrease of bulk density 

determined by MIP: 38% and 31% for S4L and S5L, respectively. The bulk density gradually 

increased over the depth of the sample. Beyond the phenolphthalein degraded depth the bulk 

density of S5L still decreased 5%, while S4L exhibited a larger reduction (13%).     

 

  
Figure 7.25. Changes in bulk density over the depth of leached samples S4L and S5L 
after 28 days of leaching in ammonium nitrate solution  
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than 1.2 [180]. In addition, leaching induces a significant loss of mechanical properties. 

Therefore, the decalcification shrinkage could generate tensile stresses surrounding rigid 

particles (e.g. limestone fillers, unhydrated cements) which results in cracking. The 

decalcification shrinkage even can generate differential stresses in the region where a gradient 

of Ca/Si ratio exists [180]. As seen in the SEM images, cracks are more pronounced around 

the limestone fillers (S2L, S4L, S5L) and unhydrated cements.            

The leaching of Ca and other leachable elements creates connected pathways which can 

increase the percolation of the pore system and as a result, transport properties can be 

enhanced. There is an increased connectivity between the pores in the XY direction as 

observed at the bottom-rights of Figure 7.26 to Figure 7.30.  

 

 

 

 

 

Figure 7.26. SEM backscattered electrons images of reference (top-left) and leached 
(top-right) samples S1L; and increases in porosity (in black), pore size and percolation 
due to leaching (bottom) - field width of 128 µm 
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Figure 7.27. SEM backscattered electrons images of reference (top-left) and leached 
(top-right) samples S2L; and increases in porosity (in black), pore size and percolation 
due to leaching (bottom) - field width of 128 µm 

 

 

 

 

 

 

 

Pore fraction: 13.9%  Pore fraction: 24.8%  
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Figure 7.28. SEM backscattered electrons images of reference (top-left) and leached 
(top-right) samples S3L; and increases in porosity (in black), pore size and percolation 
due to leaching (bottom) - field width of 128 µm 

 

 

 

 

 

 

 

Pore fraction: 11.8%  Pore fraction: 26.3%  
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Figure 7.29. SEM backscattered electrons images of reference (top-left) and leached 
(top-right) samples S4L; and increases in porosity (in black), pore size and percolation 
due to leaching (bottom) - field width of 128 µm 

 

 

 

 

 

 

 

Pore fraction: 11.4%  Pore fraction: 23.2%  
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Figure 7.30. SEM backscattered electrons images of reference (top-left) and leached 
(top-right) samples S5L; and increases in porosity (in black), pore size and percolation 
due to leaching (bottom) - field width of 128 µm 

 

7.7.2. Modification in atomic Ca/Si ratio 

An EDX measurement was performed crossing a transition zone of leached sample S1L 

indicated by the red arrow in Figure 7.31 (top-left) to quantify the Ca and Si amount. The 

atomic Ca/Si ratio was converted from normalized mass percentage of Si and Ca and plotted 

in Figure 7.31 (bottom-left). It was found that the average Ca/Si ratio was approximately 

double in the intact area compared to the degraded area. There was a sudden jump in Ca/Si 

ratio at distance of about 220 µm because of the fact that it was scanned through Ca-rich 

region.  

Figure 7.31 (top-right) shows the spatial distribution of Ca while Figure 7.31 (bottom-right) 

shows the combined spatial distribution of four main elements (Si, Ca, Al and Fe) in the 

transition zone. The intensity of the green colour is a measure for the Ca content. The intact 

area clearly indicates higher amount of Ca. Other elements (Si, Al, Fe) seemed to be equally 

distributed which indicates that those elements did not undergo significant leaching. Micro 

Pore fraction: 11.0%  Pore fraction: 21.2%  
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cracking was indeed observed in the degraded part in both SEM image (top-left) and mapping 

figure (bottom-right).   

 

  

 
 

Figure 7.31. SEM BE image of transition zone of leached sample S1L: CH = portlandite, 
CSH = C-S-H phase, C = residual cement clinkers (top-left); Ca/Si ratio along the red 
arrow (bottom-left); spatial distribution of Ca (right-top) and element (Si, Ca, Al, Fe) 
mapping generated by x-ray imaging – field width of 500 µm 

 

Figure 7.32 and Figure 7.33 compare the element mapping of leached and reference samples 

S4 and S5, respectively. Ca was indeed much more pronounced in the reference sample 

compared to the leached sample. Other element distributions were not changed due to 

leaching. It seems that more micro cracks were generated in leached S4L compared to S5L. 

This may indicate either less decalcification shrinkage or less loss of tensile strength in 

sample S5L compared to S4L.   

CH 
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CH 

C 
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Figure 7.32. Element distribution before and after leaching of sample S4L - SE is 
referred to SEM backscattered electron image 

 

  
Figure 7.33. Element distribution before and after leaching of sample S5L – SE is 
referred to SEM backscattered electron image 

 

In order to see the change of Ca/Si ratio over the depth, element line scans were performed on 

28-day leached samples with different scan intervals: 9.9, 6.1 and 0.5 µm for S3L, S4L and 

S5L, respectively. The smaller scan interval, the noisier results are as seen in Figure 7.34 to 

Figure 7.36. However, the scan results may be better with low scan interval, especially in the 

transition zones. The atomic Ca/Si ratios were not identical in the degraded area (determined 

by phenolphthalein spraying) for all cases, but slightly increased over the depth. The average 

atomic Ca/Si ratio reached the lowest value of about 1, 1.1 and 1.2 for S3L, S4L and S5L, 

respectively. These Ca/Si ratios dropped in the range of which high decalcification shrinkage 

occurs. As a result, micro cracking was observed in SEM images. In transition zones (about 1 

mm), the Ca/Si ratios rapidly increases along the depth towards the intact area. Beyond the 

transition zones, the Ca/Si ratio still increases slightly which is in line which quantitative 

Leached Intact 

Leached Intact 
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XRD results in which it was noticed that portlandite amount still decreases beyond the 

degraded zone.      

 

 

Figure 7.34. Decrease in atomic Ca/Si ratio of sample S3L due to leaching - scan interval 
was 9.9 µm   

  

 

 

Figure 7.35. Decrease in atomic Ca/Si ratio of sample S4L due to leaching - scan interval 
was 6.1 µm   
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Figure 7.36. Decrease in atomic Ca/Si ratio of sample S5L due to leaching – scan interval 
was 0.5 µm   

 

7.8. Change in water permeability 
The increase of intrinsic permeability of leached sample S3L as a function of immersion time 

in ammonium nitrate solution is shown in Figure 7.37. Note that in the permeability setup, the 

applied pressure was perpendicular to leached surface. The permeability increased with 

proceeding leaching time, hence progressing leaching depth. After one week of NH4NO3 

immersion, the permeability coefficient increased 6 times, from 2.3×10-20 to 1.4×10-19 m2. It 

continued increasing up to 3.2×10-19 m2 and 1.4×10-18 m2 after 2 weeks and 8 weeks NH4NO3 

immersion, respectively. As with carbonation, the decalcification of the sample was not 

uniform with depth and thus, the permeability represents a composite permeability.  
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Figure 7.37. Change in intrinsic permeability of leached sample S3L due to leaching in 6 
mol/l NH4NO3 as a function of immersed time  

Table 7.5 summarizes the permeability of leached samples after 28-day immersion in 

ammonium nitrate solution 6 mol/l. The intrinsic permeability of leached samples increased 

one to two orders of magnitude depending on w/p ratio and composition. Sample S1L with 

the lowest w/c ratio (0.325) exhibited an increase in permeability by a factor of 6, while 

sample S2L with the highest w/c ratio (0.531) showed a more significant increase by a factor 

of 235. The extent of permeability increase is correlated with the porosity and pore size 

distribution after leaching. As seen in Figure 7.22, the porosity is the largest and pore size 

distribution is the coarsest for sample S2L and vice versa for sample S1L. Leached samples 

S3L, S4L and S5L had a quite similar final porosity and pore size distribution, however the 

degree of permeability increase was different because of its different degraded depth. After 

28-day leaching, sample S3L obtained a degraded depth of 9.25 mm which resulted in 25-

time permeability increase, while a lower permeability increase by a factor of 18 for sample 

S4L with degraded depth of 7.5 mm. Sample S5L (degraded depth of 5.9 mm) exhibited an 

increase in permeability by 8 times after 28-day leaching. However, the permeability was 

significantly increased by a factor of 592 when immersed in ammonium nitrate solution for 

142 days. The degraded depth in this case was 25 mm which equaled to the sample depth 

(fully leached).          

The permeability change is not limited to the zone where the pH is larger than 9 

(phenolphthalein indicator). When applying the series model to compute the intrinsic 

permeability of the leached zone, the computed permeability turned negative. In these 

calculations, the permeability of the “unaltered” zone was taken from the permeability of the 

reference sample. Therefore, it is assumed that there exists a relatively thick transition zone 

over which the permeability is increased to a value somewhere between that of the degraded 

zone and the reference sample. As seen in Figure 7.34 to Figure 7.36, the Ca/Si ratio still 

decreases beyond the degraded depth which results in a change in microstructure, thereby 

permeability. In this contribution, a numerical model is needed to confirm this assumption and 

to quantify the depth of the transition zone.    

The increase in permeability of the degraded material is due to the larger amount of capillary 

pores (see MIP results and SEM images) which is the result of portlandite dissolution. In 

general, mass transport properties are mainly affected by capillary and large pores [185]. 

However, calcium leaching is a process where Ca is not only leached from portlandite but 
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also from other phases (C-S-H), and as a result the created pathways can increase the 

connectivity of pores at the different levels: gel, micro and mesopores. Furthermore, the C-S-

H leaching leads to a polymerization of C-S-H due to lower Ca/Si ratio which induce the 

decalcification shrinkage. As a result, the potential of crack generation in leached sample is 

increased as seen in SEM images. The author suggests that the dissolution of C-S-H (and 

probably other less leachable phases) considerably contributes to the change in permeability 

during accelerated leaching. The study of [190] also confirms the contribution of C-S-H 

leaching to permeability increase. When the sample is completely degraded (complete 

decalcification of portlandite), and further immersed in NH4NO3 solution (for an extra 8 

days), the intrinsic permeability slightly increases. 

 

Table 7.5. Increase in intrinsic permeability of cement pastes after leaching – sample 
S5L full was measured after 142-day leaching when the sample was fully decalcified 
(determined by phenolphthalein), the others were measured after 28-day leaching.  

Sample S1 S1L S2 S2L S3 S3L 

Permeability, m2
 1.5×10-21 9.1×10-21 1.1×10-19 2.6×10-17 2.3×10-20 5.7×10-19 

Sample S4 S4L S5 S5L S5L full  

Permeability, m2
 1.4×10-20 2.5×10-19 2.0×10-20 1.6×10-19 1.2×10-17  

 

7.9. Change in diffusivity 
The diffusion experiments were performed on a 28-day leached sample S3L. The average 

porosity of the leached sample was calculated by weighted average method as the approach 

for carbonation (using Equation (6.5)). The retardation factor Re was again set at one. Both 

diffusivities of He and Xe were able to determine for leached sample S3L despite shorter 

experimental time compared to reference sample S3. Figure 7.38 shows the fitted and 

measured partial pressure profiles of He and Xe at the outlet for the leached sample S3L. A 

good correlation was obtained for both gases. The He effective diffusion coefficient of S3L 

was 9.48×10−11 m2/s, which is 4.1 times higher than the effective diffusion coefficient of the 

reference sample S3. Compared to the increase of permeability, the increase in diffusion due 

to leaching is much lower. Like permeability, the effective diffusion coefficient of the leached 

sample should be treated as the composite (overall) effective diffusion coefficient.  

The Xe effective diffusion coefficient of the leached sample S3L was 8.58×10−12 m2/s which 

is much smaller than the one of He. The effective diffusion coefficient of Xe for S3L was 
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almost double compared to the estimated effective diffusivity of intact material (the measured 

effective Xe diffusivity for the reference sample S3 was not obtained due to very long time 

experiment). It is surprising that the diffusivity evolution of He and Xe is not identical. One of 

possible explanations for this observation is the difference in molecular pore size of He (0.26 

nm) and Xe (0.46 nm). Leaching can modify the microstructure of cement paste from 

micrometer scale down to sub nanometer scale as observed by MIP and N2-adsorption 

experiments. Therefore, the change of pores with smaller diameter likely affects the diffusion 

of He (with bigger molecular size) rather than the diffusion of Xe.          

 

  
Figure 7.38. Comparison of the He (a) and Xe (b) partial pressure at the outlet obtained 
from experiment and model for carbonated sample S3L after 28 days of leaching in 
ammonium nitrate solution 

 

7.10. Summary and conclusions 
In the present work, an ammonium nitrate solution of 6M was used to accelerate the 

decalcification kinetics of hardened cement paste samples and to examine the changes in the 

microstructure and transport properties of leached materials. A variety of techniques including 

SEM/SEM-EDX, IC, XRD and quantitative XRD, MIP, N2-adsorption and phenolphthalein 

spraying were used to characterize the microstructural and mineralogical changes and the 

degraded depth. The effect of accelerated leaching on transport behaviour was studied by 

measuring changes in the water permeability and diffusivity of dissolved gases.  

Results showed that NH4NO3 solution was a reactive agent which can be used to accelerate 

leaching kinetics while still keeping the “nature” of the leaching process. The mineralogical 

changes under leaching in ammonium nitrate solution were quite similar to leaching in pure 

(a) (b) 
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water as no new phase was formed during leaching in ammonium nitrate solution. In this way, 

it enables to imitate long-term naturally degraded cementitious materials by accelerated 

leaching using ammonium nitrate solution.  However, deeper investigations in the changes of 

mineralogy are still needed, especially when Ca/Si is lower than 1. The square-root-time law 

of propagation of the leaching front and leached Ca amount was applicable under accelerated 

conditions indicating diffusive transport conditions. The higher the w/p ratio and limestone 

filler replacement, the larger the rate of propagation of leaching (degraded depth). However, 

the effects of w/p ratio were more significant than limestone filler replacement. The 

comparison of mass change calculated from IC results and direct measurements (weighing) 

proved that C-S-H leaching contributes to the mass loss of the sample.      

A combination of MIP – nitrogen adsorption analysis was used to obtain information on the 

porosity and pore size distribution changes. The accelerated leaching highly altered the 

microstructure of the cement paste to a more porous material which is evidenced by the 

increase of specific surface area, increase of total porosity and by the creation of a coarser 

pore size. The total accessible porosity of the leached samples highly depended on w/c ratio. 

Both meso- and micropore volumes were increased, but interesting is the micropore volume 

which was altered much more than the mesopore volume. Probably the leaching of C-S-H, of 

which the volume fraction is more than portlandite, results in a significant modification of the 

micropore structure. The bulk density was significantly reduced due to Ca removal (up to 

42%) and not uniform over the depth. It increased with the depth of the leached zone which 

indicates a gradual alteration in mineralogy. Quantitative XRD indicates that portlandite was 

completely degraded in the leached zone while C-S-H was partially dissolved as evidenced 

from microstructural analysis. Beyond the leached front, part of the portlandite was also 

dissolved as confirmed by quantitative XRD and SEM-EDX.   

SEM image analysis showed a significant increase in porosity and pore size for the leached 

materials. Some big pores (up to 10 µm) were observed. The decalcification shrinkage 

resulted in formation of micro cracks. More micro cracks were observed in samples with 

limestone filler. The leaching of Ca created connected pathways resulting in an increase of the 

percolation of the pore system. In the leached zone, the atomic Ca/Si ratio was gradually 

increased towards the degraded front with a jump in Ca/Si ratio indicative for the transition 

zone.    

The changes in microstructures and mineralogy led to a significant increase in transport 

properties. The permeability increased by one to two orders of magnitude depending on the 
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immersion time in NH4NO3 and w/c ratio. For similar w/c ratio, the addition of limestone 

helps to reduce the permeability alteration. The extent of permeability increase is correlated to 

the porosity and pore size distribution after leaching. The permeability of the non-invasion 

zone (determined by phenolphthalein) was probably altered as the Ca/Si ratio still decreased 

beyond the degraded depth. The diffusivity also significantly increased after leaching, but 

with smaller magnitude compared to the change in permeability (e.g. factor of 24 for water 

permeability compared to factor 4 for He diffusivity of sample S3L).  
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CHAPTER 8: MODELLING OF CHEMICAL DEGRADATION UNDER 

LABORATORY CONDITIONS 
 

8.1. Modelling of carbonation of cementitious materials under controlled 
CO2 pressure conditions 
8.1.1. Introduction 

A number of models have been proposed based on Fick's law for diffusion [123, 251-253]. 

Almost all models relate the carbonation depth, dep [mm], (determined by phenolphthalein 

spraying method) with square root of time t [day]: 

cardep C t=   (8.1) 

where Ccar [mm/day0.5] is a lumped coefficient considered as the rate of carbonation and it 

depends on the surrounding conditions and the properties of concrete. The estimation of 

carbonation depth is very useful in the investigation of the service life of reinforced concrete 

structures. It can help designers to determine the thickness of the concrete cover to protect 

reinforcement bars from corrosion. However, a sharp front is not always observed. Instead of 

giving an explicit formula to predict the carbonation depth, a large number of models have 

been developed in order to solve the carbonation problem numerically [252, 254, 255]. These 

approaches are based on conservation laws and can capture most important factors 

influencing the carbonation process. However, identification of parameters for complex 

models may require several experiments and is not an easy task, for example to parameterize 

a constitutive relation between relative humidity, porosity changes and diffusivity of CO2 

during carbonation.   

As mentioned in Chapter 3, carbonation of cement-based materials under atmospheric 

conditions is a slow process; therefore accelerated carbonation methods have been 

conventionally used to study carbonation. A common way is to put concrete samples in a 

controlled chamber with a specific CO2 partial pressure and an optimized relative humidity 

(50-70%) to speed up carbonation. A new method has been proposed in Section 4.4.1 in 

which a high pressure gradient of pure CO2 is applied to samples at controlled initial internal 

relative humidity. Interpretation of such accelerated carbonation experiment requires a one-

dimensional reactive transport model accounting for advective flow as a consequence of the 

applied CO2 pressure gradients. Contrary to the models previously mentioned, the proposed 

model accounted for both advective and diffusive transport mechanisms. Besides the 
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prediction of the carbonation depth, portlandite content, pH profile and CO2 uptake, the model 

also enabled to predict the change in permeability, diffusivity, RH and porosity due to 

carbonation.  

 

 

Figure 8.1. Overall scheme of carbonation model 
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The outline of the proposed model is shown in Figure 8.1. The model was based on a 

macroscopic mass balance for carbon dioxide in gaseous and aqueous phases. A simplified 

solid-liquid equilibrium curve was used to relate the Ca contents in the aqueous and solid 

phases. The model only considers the carbonation of portlandite and calcium silicate hydrates 

which are the main hydrated phases in typical CEM I Ordinary portlandite cement paste. Note 

that also other minor phases, such as the primary phases as ettringite and thaumasite or newly 

formed phases as strätlingite, eventually become carbonated [256]. Initial hygrothermal 

conditions were accounted for and their evolutions during carbonation are also considered. It 

is assumed that the hydration of concrete is not changed when the carbonation process starts, 

because verified experiments were conducted on 28 day-old samples and the time for 

carbonation was quite limited.   

8.1.2. Theory 

8.1.2.1. Mass conservation of CO2 

The mass balance equation for CO2 is given as: 

c J Q
t x
∂ ∂

+ = −
∂ ∂

  (8.2) 

where c is the total concentration of CO2 in the porous media [kg/m3]; J is the total flux of 

CO2 [kg/m2.s]; Q is the reaction rate of CO2 [kg/m3.s], t is time [s] and x is the spatial distance 

[m].  

Phase equilibrium of CO2 

The total concentration of CO2 in the porous media is the sum of the amounts of CO2 in the 

gaseous and aqueous phases: 

(1 ) g lc S c Scφ φ= − +   (8.3) 

where φ  is porosity [-]; S is water saturation degree [-]; gc and lc are the concentrations of 

gaseous and dissolved carbon dioxide [kg/m3], respectively. Henry's law is applied to relate 

the gaseous and aqueous concentrations of CO2 as: 

2

l
H

CO

cP K
M

=   (8.4) 

where P denotes the pressure of CO2 gas [Pa]; 
2COM denotes molar mass of CO2 [kg/mol]; 

and HK denotes the Henry constant [Pa/m3.mol] (values of parameters and variables used in 
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this study are listed in the Appendix 1). Taking into account the Clapeyron equation for an 

ideal gas: 

2CO
g

M
c P

RT
=   (8.5) 

It is finally obtained: 

H
g l

Kc c
RT

=   (8.6) 

where R is universal gas constant [J/mol.K]; T is absolute temperature [K]. It is worth noting 

that this relation is only valid when the time needed to reach equilibrium between the gaseous 

and aqueous phase is very short.  Because the rate of CO2 absorption per unit surface of water 

is fast compared to the transport processes which govern the carbonation [257]. It is assumed 

that the equilibrium between the two phases will be reached instantaneously.   

Two- phase transport of CO2 in unsaturated cementitious materials 

The total flux of CO2 includes both the CO2 fluxes in the gaseous and aqueous phase. 

Accounting for diffusion and advection results in following set of equations:  

g

g l

g
g g g

l
l l l l

J J J

c
J c v D

x

cJ c v D
x

= +

 ∂
= − + 

∂  
 ∂

= − + ∂ 

 
 (8.7) 

where gJ and lJ are the fluxes of gaseous and aqueous phase, respectively. gD and lD  are 

effective diffusion coefficients  of gaseous and aqueous phase, respectively [m2/s]; gv and lv

are the volumetric flux densities (i.e. Darcy flux) [m/s] of gaseous and aqueous phases due to 

a pressure gradient, respectively, which are obtained via Darcy's law for the aqueous phase: 

2

0

( , )

( , ) ( ) ( )

l l
l

H O

l l l

k S Pv
x

k S k k S

φ
µ

φ φ

∂
= −

∂

=

  (8.8) 

and gaseous phase: 
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2

0

( , ) ( )

( , ) ( ) ( )

g a g
g

CO

g g g

k S P P
v

x

k S k k S

φ β
µ

φ φ

∂
= −

∂

=

  (8.9) 

where 
2H Oµ and 

2COµ denote the dynamic viscosity of water and CO2 gas, respectively [Pa.s]. 

These viscosity coefficients are supposed to be constant at a certain temperature. 0/ 0 ( )g lk φ is 

intrinsic permeability [m2] which depends on porosity (detailed later) and  / ( )g lk S is the 

function accounting for the effect of saturation degree on the permeability of gaseous/aqueous 

phase, respectively.  

The relationships between permeability and saturation degree are expressed by invoking the 

relation of van Genuchten [198] and Wardeh [258] for the aqueous and gaseous phases, 

respectively:   

21/( ) 1 (1 )p q q
lk S S S = − −    (8.10) 

( ) ( )21/( ) 1 1
qp q

gk S S S= − −   (8.11) 

where p [-] and q [-] are empirical coefficients.  

Permeability is generally assumed to depend on porosity, but it is not easy to propose a direct 

relationship between permeability and porosity. Other pore structural parameters would affect 

the permeability, including pore size, tortuosity and connectivity. A relationship between 

permeability and pore structural parameters determined by MIP has been proposed in Chapter 

5 for sound cement pastes. This relation may not be applicable for carbonated materials 

because carbonation alters the pore structures not only at meso scale (determined by MIP) but 

also at gel pore scale. For carbonated materials, the author explored a well-known relation 

proposed by Kozeny [54] and later modified by Carman [53] known as Kozeny-Carman (KC) 

equation. The KC equation was actually derived by comparing Poiseuille's law and Darcy's 

law [62]. 

( )

3

21
k φχ

φ
=

−
  (8.12) 

where  χ  [m2] is a function of tortuosity, τ [-]; specific surface of pores, Sa
 [m2/m3]; and 

shape factor, Fs [-] as follows: 
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2 2

1

a sS F
χ

τ
=   (8.13) 

The specific surface of pores of sound and carbonated materials can be obtained from BET 

nitrogen gas adsorption measurements and bulk density obtained from MIP measurements (Sa 

= SBET × ρ). In the transient stage, the specific surface of pores is assumed to be linearly 

varying with the carbonation degree.  τ is the tortuosity and theoretically defined as the ratio 

between the effective channel length le and the length l of the porous material, τ = le/l. The 

shape factor Fs characterizes for the shape of pores. Both parameters τ and Fs are very 

difficult to quantify because of the complex pore system of hardened cement paste. However, 

the lumped term 2
1

sFτ
Ω =  [-] can be determined with the knowledge of intrinsic 

permeability, total porosity and specific surface of pores. Numerical calculation of Ω  was 

performed on carbonated and reference samples S3, S4 and S5 with the data presented in 

Chapter 6. The results show that the average value of  Ω  for sound materials is one order of 

magnitude higher than one for carbonated materials. Therefore, the author assumes that the 

lumped term Ω  linearly decreases as a function of carbonation degree as follows:  

( ) ( )0 0 0 1 0.9c c cd dΩ = Ω − Ω −Ω = Ω −   (8.14) 

where subscript 0 and c denote sound and carbonated materials; 0Ω can be calculated from 

porosity, specific surface area and intrinsic permeability of reference sample; dc is the 

carbonation degree (see Section 8.1.3.1). The KC relation works well for relatively 

homogeneous porous media. For more complex materials as hardened cement paste, the 

relation has some drawbacks because of the complex microstructure of cement hydrates and 

non-uniform pore sizes as stated elsewhere [63, 64]. Nevertheless, the KC equation has been 

used in concrete literature [20, 65, 66]. The current study, as a first approximation, also 

applies KC relation to consider the effect of variation in pore structures due to carbonation on 

permeability, i.e. 0/ 0 ( )g lk φ in Equations (8.8) and (8.9).  

The ( )aPβ  [-] function is introduced to account for the slip effect on gas permeability known 

as the Klinkenberg effect [69] and is written as:  

( ) 1a
a

P
P
λβ

 
= + 
   

 (8.15) 
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where λ is a saturation dependent parameter [259]  λ = 3.37 – 0.036S [atm] and Pa denotes the 

mean pressure (Pa = (Pin + Pout)/2) [atm]. Pg and Pl denote the pressure of gaseous phase and 

pore solution, respectively. The gas pressure is assumed to be equal to the CO2 gas pressure 

because the model is developed for carbonation studies under pure CO2 at high pressure. The 

relationship between Pg and Pl is established through the capillary pressure, Pcap [Pa]: 

cap g l lP P P P P= − ≈ −   (8.16) 

where the capillary pressure is related to saturation degree. Recently, Zhou [260] proposed the 

following model which is applicable for cement-based materials: 

1
2

1 2

1 1lncap w
SP gκ g

κ κ

− − +
=  

 
  (8.17) 

1κ  [1/m] and 2κ [-] are fitting parameters; g [m/s2] is gravitational acceleration; wg  is unit 

weight of water [kg/m3]. This assumption allows deriving the pressure gradient of the aqueous 

phase as: 

1 2( 1)
l wP P g S

x x S S S x
g

κ κ
∂ ∂ ∂

= +
∂ ∂ − + ∂

  (8.18) 

The pressure distribution inside the concrete sample depends on porosity, tortuosity, 

saturation level and applied pressure gradient. Therefore, the slope of pressure decrease in the 

carbonated zone should be steeper than in uncarbonated zone. To the knowledge of the 

author, this complicated relationship has not been established in literature. However, the gas 

pressure gradient can be linked to the concentration gradient of dissolved CO2 by recalling 

Henry's law:  

2

g lH

CO

P cKP
x x M x

∂ ∂∂
= =

∂ ∂ ∂
  (8.19) 

Equations (8.16) to (8.19) are only valid for unsaturated media. When part of the sample 

(from 0 to distance x) becomes saturated during carbonation, Pg equals zero and 

l in outP P P
x x

∂ −
=

∂
  (8.20) 

where Pin and Pout are applied pressure at inlet and outlet, respectively [Pa]. In porous media, 

the effective diffusion coefficient generally depends on pore structure characteristics as 

follows:  
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/ 0/ 02g l g lD Dδ φ
τ

=   (8.21) 

where 0/ 0g lD denotes the diffusivity of CO2 in the air/water;τ accounts for the effects of 

tortuosity on diffusion which is not well defined in concrete materials as mentioned above. 

The tortuosity may be related to porosity by applying Millington-Quirk model [261], which is 

originally developed for sand, not for concrete [255, 262]. However, it seems that using 

Millington-Quirk model results in an overestimate of one order of magnitude in diffusion 

coefficient (based on the comparison of Millington-Quirk model and experimental data of 

[77]). In this study, the author uses the empirical formula proposed by Papadakis [77] to 

calculate the diffusivity of gaseous CO2:   

( )2.21.8
0 1gD D RHφ= −   (8.22) 

where 0D is suggested to be 1.64×10-6 [m2/s]. The effective diffusivity calculated in Equation 

(8.22) is actually applied for large pores (molecular diffusion). However, in 

carbonated/carbonating material, of which the pore size range is shifted to smaller size, 

Knudsen diffusion should be considered together with molecular diffusion. In this case, the 

(bulk) effective diffusivity is smaller as reported by Houst [263]. In a simplified approach, the 

author takes into account this effect by changing 0D to 010 cd D− , and 1.8φ to 11.8 ck dφ + , where dc 

is the carbonation degree; and k1 is in range 0.5 – 1. The value of k1 may be determined if the 

gas diffusivity of carbonated cement paste is known (dc = 1 for carbonated materials). For 

dissolved CO2, the author accounts for the effects of porosity, tortuosity, and saturation 

degree as the proposed following equation to estimate effective diffusivity of dissolved CO2: 

0 ( , ) ( )l l D DD D k k Sφ τ= × ×   (8.23) 

where ( , )Dk φ τ [-] (also known as relative diffusivity) accounts for the contributions of 

porosity and tortuosity. This relation was proposed Garboczi and Bentz based on image 

analysis in which the capillary porosity, cφ , is the only factor captured in ( , )Dk φ τ  [55].   

2 20.001 0.07 1.8 ( 0.18)( 0( .1 ), 8) c c cDk Hφ φ φφ τ + + − −=   (8.24) 

where and H(ψ) is the Heaviside function (H(ψ) equals one if ψ is larger than one; and zero 

otherwise). ( )Dk S [-] accounts for the effect of saturation degree [264]:    
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4

1( )
1 625(1 )Dk S

S
=

+ −
  (8.25) 

Equation (8.24) was originally developed for sound materials. As carbonation proceeded, the 

precipitation of calcium carbonate does not only reduce the porosity but also increase the 

tortuosity. Therefore, with the same porosity drop, the reduction of diffusivity is expected to 

be faster for carbonation compared to hydration as presented in Figure 8.2. The relative 

diffusivity of carbonated zone of sample S3C is 6.45×10−4, which is 70% smaller than the 

relative diffusivity of sound material (21.65×10−4) with the sample capillary porosity 

(calculated from Equation (8.24)). Therefore, as a first estimation, Equation (8.24) is adapted 

for carbonating materials as follows:  

( )* ( , ) 1 0.7 ( , )D c Dk d kφ τ φ τ= −   (8.26) 

     

Figure 8.2. Relative diffusivity as a function of capillary porosity resulted from 
hydration (solid line) and carbonation (dashed line) – Dotted line represents the change 
of relative diffusivity as carbonation degree dc increases from 0 to 1.   

   

The saturation degree is related to the internal relative humidity by combining Kelvin-Laplace 

equation and van Genuchtens relation [198]: 

( )
1

11 ln( )S RH
β

βα
−

−
 = + −    

 (8.27) 

where α and β are experimental fitting parameters. Equations (8.3) and (8.7) now can be 

rewritten as: 
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(1 ) H
l

Kc S S c
RT

φ φ = − +  
  (8.28) 

lH H
g l l g l

cK KJ v v c D D
RT RT x

 ∂   = − + + +    ∂    
  (8.29) 

Evolution of porosity due to carbonation 

The change in porosity is estimated by comparing the volume of new products (solid) 

produced by the carbonation of portlandite and C-S-H with the initial solid volume.  

Ca(OH)2 + CO2 = CaCO3
 + H2O  

( ) ( )0CH CH
CH CH CC

CH

C C
V V

M
φ

−
D = −   (8.30) 

y0CaO•SiO2•z0H2O + (y0-y)CO2 = yCaO•SiO2•zH2O + (y0-y)CaCO3 + (z0-z)H2O  

( ) ( )0
0 0

0

CSH
CSH CC CSH CSH

CSH

C y y V V V
M

φD = − − −     (8.31) 

where CHφD  and CSHφD are porosity changes [-] due to portlandite and C-S-H carbonation, 

respectively;  y and z are the average Ca/Si ratio and stoichiometric ratio of H2O in C-S-H, 

respectively; CHC and CSHC are portlandite and C-S-H contents [kg/m3], respectively; CHM  

and CSHM [kg/mol] are molar masses of portlandite and C-S-H, respectively; CHV , CCV  and 

CSHV  [m3/mol] are molar volumes of portlandite, calcite and C-S-H, respectively. Subscript 0 

denotes initial condition. The molar volumes of the first 2 species are well defined in 

literature. However, data for molar volume of C-S-H is still scarce and it is supposed to be 

stoichiometry-dependent parameter. Recent experimental study [130] showed that the molar 

volume of C-S-H is in direct proportion to Ca/Si ratio as 

( )0 01 /CSH CSHV V y yω− = −   (8.32) 

where 0.02 < ω < 0.04 [l/mol]. By comparing the porosity of carbonated and uncarbonated 

samples, the author finds that ω = 0.04 [l/mol] gives the best fit. The total porosity of sample 

during carbonation is simply expressed as follows: 

0 CH CSHφ φ φ φ= + D + D   (8.33) 
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where 0φ is initial total porosity which is determined experimentally or can be calculated as 

follows [265]:  

0
/ 0.17
/ 0.32

w c m
w c

φ −
=

+  
 (8.34) 

in which m denotes the degree of hydration. The change in capillary porosity is mainly due to 

the carbonation of portlandite. However, C-S-H carbonation might partially contribute to the 

capillary porosity change, especially in accelerated conditions which is expressed by 

coefficient υ ( 0 1υ≤ ≤ ) as follows. The value of υ is set to be 0.5 in this study, which gives a 

good fit with capillary porosity change determined by MIP. 

0c c CH CSHφ φ φ υ φ= + D + D   (8.35) 

where 0cφ is initial capillary porosity which is either determined by experiment or calculated 

as follows [40]:  

0
/ 0.36
/ 0.32c

w c m
w c

φ −
=

+
  (8.36) 

Reaction kinetics  

As mentioned before, the author only takes into account the carbonation of portlandite and 

calcium silicate hydrate. The overall processes of CH and C-S-H carbonation is described in 

section 3.2. Instead of separately modelling the carbonation reactions of CH and C-S-H, the 

author combines both reactions as a single reaction between Ca2+ (dissolved from CH and C-

S-H) and CO3
2- ions: 

Ca2+(total) + CO3
2- → CaCO3  (8.37) 

The author considers that the reaction (8.37) is of the first order with respect to Ca2+ and 

CO3
2. The rate of the combined carbonation reaction, r [mol/s.m3], is written as follows: 

3

3

[ ] [ ] ( ) COCa
C r

Ca CO

CCH C S H Cr k f S k
t t M M

∂ ∂ − −
= − − =

∂ ∂
  (8.38) 

where Ck  [m3/mol.s] is the reaction rate coefficient, which is temperature dependent, 

expressed via the Arrhenius' equation:  

Ck  = ψ.exp(-E0/RT)  (8.39) 
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in which  ψ is prefactor [m3/mol.s]  and E0 is activation energy [J/mol]. CaC  and 
3COC  [kg/m3] 

are total concentration of Ca2+ in solution and concentration of CO3
2-, respectively. MCa and 

MCO3 [kg/mol] are molar masses of Ca2+ and CO3
2-, respectively. The concentration of CO3

2- 

can be related to the concentration of dissolved CO2 by considering the equilibrium of CO2 in 

solution as shown later in Equation (8.52).     

The factor f(S) is introduced in Equation (8.38) (following the approach of  Papadakis [116]) 

in order to account for the effect of saturation degree on the carbonation reaction rate. The 

function is introduced because of the fact that kinetic carbonation reaction rate coefficient is 

established in the bulk aqueous solution instead of within the two phase medium of the 

concrete pore network.     

( ) nf S S=   (8.40) 

where parameter n is suggested to be 3.7 [116]. The carbonation products are mainly formed 

surrounding CH/C-S-H which will reduce the reaction rate because CO2 has to diffuse 

through the product layer. Therefore, a retardant factor is added into Equation (8.38) as 

follows: 

2

0

s
Ca

r s
Ca

Ck
C

 
=  
 

  (8.41) 

where s
CaC  [mol/m3] is total concentration of solid Ca except for Ca in calcium carbonate, 

subscript 0 denotes the initial concentration. The sink term in Equation (8.2) can be now 

expanded as: 

3

2 2 2

3

( ) COCa
CO CH C S H CO C r CO

Ca CO

CCQ Q Q rM f S k k M
M M

φ φ− −= + = − = −   (8.42) 

Mass balance of aqueous CO2 

By substituting Equations (8.28), (8.29) and (8.42) into Equation (8.2), the author obtains the 

following expression of the mass balance of dissolved CO2:  
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2 2

2

3

2

3

(1 )

( )

H H
CO CO

l g l l

H
CO l

g l
COCa

C r CO
Ca CO

K K
S S c v v c

RT RT

t x
K cD D
RT x CCf S k k M

x M M

φ φ

φ

      
∂ − + ∂ +               −

∂ ∂
   ∂∂ +   ∂  − = −

∂

  (8.43) 

 

 

 

Figure 8.3. Distribution of normalized aqueous CO2 concentration over space and 
experimental time: applied pressure of 6 bar pure CO2, cement paste with w/c of 0.6, RH 
of 65% and sample thickness of 25 mm.    
 

The partial differential Equation (8.43) describes the one-dimensional reaction-transport 

phenomenon in cement-based materials. Each term in Equation (8.43) corresponds to a 

different mechanism. The first term on the left hand side describes the exchange rate of CO2 

concentration in aqueous phase. The second term is called the advection term and obeys 

Darcy's law. The last term involves the diffusion, following Fick's law. The right hand side of 

Equation (8.43) is responsible for chemical reaction of CO2 in which the total concentration of 

Ca2+ is determined by solving a separate reaction-transport equation of Ca2+ (Section 8.1.2.2).  

The initial and boundary conditions are: 

0( ,0)

(0, )

( , )

l l
in

l l
out

l l

c x c
c t c
c L t c

 =


=
 =

   
0
0
0

x
t
t

≥
>
>

  (8.44) 

where in
lc  and out

lc  are the concentration of dissolved CO2 at inlet and outlet, respectively; 0lc  

are the initial concentration of dissolved CO2; L is the length of the sample [m]; x is space 
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3 days 

7 days 
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direction [m] and t is time [s]. The problem is numerically solved by using the COMSOL 

Multiphysics program. The typical profile of aqueous CO2 concentration is shown in Figure 

8.3.  

8.1.2.2. Mass conservation of calcium ion 

In the same way as CO2, the mass balance equation for total Ca2+ is given as: 

( ) ( )
2

Ca
Ca

Ca l Ca Ca
d

CO

CDSC v C Mx r r
t x x M

φ
φ

∂ ∂  ∂ ∂ ∂ − − = − +
∂ ∂ ∂

  (8.45) 

where CaD  [m2/s] is the effective diffusivity of calcium ion in the porous media 

(cement/concrete) which is determined using Equation (8.23); dr  is the dissolution rate of CH 

and C-S-H [kg/m3.s] which is calculated from the mass balance equation of total amount of 

Ca in solid CH and C-S-H as follows: 

s
Ca

Ca d
C M r

t
∂

= −
∂

  (8.46) 

Note that in Equation (8.46) the releasing rate of Ca due to hydration is diminished. In order 

to establish a relation between concentration of calcium ion in solution and concentration of 

Ca in solid phases, the author proposes a solid-liquid equilibrium curve of Ca based on the 

experimental data collected by Berner [266] as shown in Figure 8.4 and mathematically 

expressed in Equation (8.47). The author assumes that there is a discretization of the 

decalcification of CH and C–S–H. The region AB corresponds to the fast portlandite 

dissolution. When CH is completely dissolved (point B), C-S-H starts progressively 

dissolving down to point C which is the starting point of a quicker decalcification of C-S-H to 

form silica gel.      

( )

( )

Ca

s
Ca Ca

Ca

d C
a

e dC d C a
b a
f ee C b
c b





−= + − −
− + − −

   

Ca

Ca

Ca

C a

a C b

b C c

≤

< ≤

< ≤

  (8.47) 
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Figure 8.4. Solid-liquid equilibrium curve of calcium 

 

The values of a, b and c are well-defined in literature. Therefore, the author uses fixed values: 

a = 2 [mol/m3], b = 19 [mol/m3] and c = 22 [mol/m3] for numerical modelling. The Ca 

fraction in CH and C-S-H can be estimated from the hydration of minerals (C2S, C3S) in 

cement which can be estimated by the Bouge calculation. Whereas the critical value d where 

C-S-H starts sharply decalcifying is determined by multiplying the amount of SiO2 in C-S-H 

with the Ca/Si ratio at point C which is around 0.85 [266].  

By substituting Equations (8.46) and (8.47) to partially differential (8.45), with initial and 

boundary (Neumann) conditions (8.48) it is possible to determine the concentration of 

calcium in solution which is needed for the sink term of Equation (8.43).        

( ,0)
(0, ) 0

( , ) 0

Ca

Ca

Ca

C x c
C t

x
C L t

x


=

∂ = ∂
∂ = ∂

     

0

0

0

x

t

t

≥

>

>

  (8.48) 
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8.1.3. Derivation of auxiliary variables 

8.1.3.1. Carbonation degree definition and pH evolution 

The term "carbonation depth" is commonly used to quantify the carbonation of concrete. It is 

experimentally determined by the de-colouring of phenolphthalein indicator in carbonated 

zone as presented in Section 6.1. The question is how to mathematically define the 

carbonation depth? Most available definitions of carbonation depth are based on the amount 

of calcite released [267] or portlandite consumed [268, 269] during carbonation process. 

While Peter et al. [268] defined the carbonation front position at the point where 90% of total 

portlandite is consumed; Park et al. [269], on the other hand, proposed a ratio of 50%. These 

assumptions are somehow unclear and need to be checked by the experiments. In the present 

study, the author combines the carbonation reaction of CH and C-S-H. Therefore, it is logical 

to relate the carbonation depth to total concentration of Ca in the solid phases. Here the author 

defines the carbonation depth as the position at which XCa percentage of total Ca is 

carbonated. By comparing with carbonation depth determined by phenolphthalein, it is found 

that XCa is roughly 20%. The carbonation degree, dc, is then formulated as: 

1

(1 /100)

s
c Ca

Ca

d f C
X f


= −
 −

    

s
Ca Ca

s
Ca Ca

C X f

C X f

<

≥

  (8.49) 

In order to estimate the pH, the author simply calculates hydroxyl concentration in pore 

solution. With consideration that Ca(OH)2 is a strong base, the ionization reaction of Ca(OH)2 

is given as: 

Ca(OH)2(aq) ↔ Ca2++ 2OH-  (8.50) 

The hydroxyl concentration [mol/m3] is double the concentration of Ca ion: [OH] = 2CCa. 

Note that in this estimation the contributions of other alkalis (NaOH, KOH, etc.) are not 

included because of their low amount. The pH is modelled as follows: 

pH = - log(kw γH/(2CCa*)) =  14 + log(2CCa* /γH)  (8.51) 

where γH [-] is the activity coefficient of H+ which is computed using Davies equation [270]; 

kw is the dissociation constant of water, kw = 10-14 at 25oC; and CCa* is the concentration of Ca 

in unit [mol/l].   
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Table 8.1. Equilibrium of CO2 in pore solution 

No. Equilibrium 

1. 

2. 

3. 

4. 

CO2(g) ↔ CO2(aq)    

CO2(aq) + H2O ↔ H2CO3 
  

H2CO3 ↔ HCO3 
- + H+  

HCO3
- ↔ CO3

2- + H+ 

 

When considering the dissolution of CO2 in water, attention must be paid to the second 

reaction in Table 8.1. There is only a small amount of dissolved CO2 converted to carbonic 

acid (H2CO3) which is quantified by hydration equilibrium constant, KHyd, whereas the 

majority of dissolved CO2 remains as solvated molecular CO2. Therefore, almost all carbonic 

acid dissociation constants reported in literature are apparent dissociation constants, in which 

carbonic acid is defined as a mixture of H2CO3 and solvated CO2:     

3 3

2( ) 2 3 2( )

[ ][ ] [ ][ ]
[ ] [ ] [ ]a

aq sol

H HCO H HCOK
CO H CO CO

+ − + −

= =
+

  (8.52) 

The mass action law for the dissociation of  HCO3
- is: 

2
3

3

[ ][ ]
[ ]b

H COK
HCO

+ −

−=
 

 (8.53) 

where Ka, Kb are the temperature-dependent equilibrium constants of carbonic acid and 

bicarbonate, respectively. The total dissolved CO2 in pore solution is derived from mass 

balance law: 

[CO2(total)]  ≡ cl  = [CO3
2-] + [HCO3

-] + [H2CO3] + [CO2(sol)]    (8.54) 

It is worth noting that in the equilibrium of CO2, Henry's law is not applied to calculate the 

total concentration of dissolved CO2 but for the concentration of solvated molecular CO2 

which is in equilibrium with CO2 gaseous phase. However, because the hydration equilibrium 

constant is very small (Khyd = 1.7×10-3 at 25oC), Henry's law can be applied for total dissolved 

CO2 with a good approximation.  Substituting Equations (8.52) and (8.53) to Equation (8.54), 
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it enables to determine the concentrations of 3HCO− , 2
3CO −  and 2( )aqCO species in pore 

solution:  

3 2

2
3 2

2

2( ) 2

[ ][ ]
[ ] [ ]

[ ]
[ ] [ ]

[ ][ ]
[ ] [ ]

a
l

a a b

a b
l

a a b

aq l
a a b

K HHCO c
H K H K K

K KCO c
H K H K K

HCO c
H K H K K

+
−

+ +

−
+ +

+

+ +

=
+ +

=
+ +

=
+ +

  (8.55) 

8.1.3.2. Portlandite content 

It is evidenced from experiments (see Section 6.3.2) that in carbonated zone, there remains 

still up to 20% of portlandite. Therefore, in combination with Equation (8.47), the portlandite 

content, CCH [mol/m3] can be defined if the total amount of Ca in solid phases is known:  

0.2

0.2

s
Ca

CH

s s
Ca Ca

CH

CC
e

C e f CC
f e f e


=

 − − = +
 − −

    

s
Ca

s
Ca

C e

C e

≤

>

  (8.56) 

8.1.3.3. CO2 uptake 

One of the new points of this model is that it can simulate the total CO2 uptake due to the 

carbonation reactions of portlandite and C-S-H. Considering Equation (8.37), the number of 

moles of solid Ca consumed equals the number of moles of CO2 uptake. Therefore, the CO2 

uptake (normalized to cement content in sample) due to carbonation can be expressed as: 

( ) ( ) 2

2

0
0

0

100%
sL
Ca Ca Ca CO

CO

f C C C M Fdx
Uptake

cem

φ φ − + − = ∫   (8.57) 

where 
2CO

Uptake is the CO2 uptake with respect to cement mass in the sample [%];  F is the 

cross section of the sample [m2]; samm is the mass of sample [kg].  The first and second 

groups in the numerator correspond to changes of Ca in solid and aqueous phase, respectively. 

A typical result of mass gain is shown in Figure 8.5. The CO2 uptake dramatically increases at 

the beginning of carbonation. The uptake rate is then getting lower and almost stable after 5 

years of carbonation. This can be explained because of the increase of RH, the decrease of 

porosity and the reduction of available Ca for carbonation over time.    
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Figure 8.5. Simulation of CO2 uptake (%) up to 2000 days of carbonation: applied 
pressure of 6 bar pure CO2, cement paste with w/c of 0.6, RH of 65% and sample 
thickness of 25 mm.    

 

8.1.3.4. Evolution of saturation degree during carbonation 

As mentioned, the carbonation reactions release water. Therefore, the saturation degree 

(thereby RH) will change during carbonation. This change can be estimated based on the 

reactions of CH and C-S-H with CO2 shown in Equations (8.30) and (8.31). The calculation of 

released water for CH carbonation is straightforward, i.e. 1 mol of Ca in CH will release 1 

mol of H2O. However, for C-S-H carbonation y mol of Ca in C-S-H will release z mol H2O. 

The stoichiometry values of y and  z are only slightly different [271]. Therefore, the author 

assumes that ratio y/z = 1. With this assumption, it is possible to calculate the amount of 

released water, mwr [kg], based on the change of total Ca in solid phase.   

( )s
wr Ca wm f C M Fdx= −   (8.58) 

 

 

Figure 8.6. Schematic domain Fdx for calculation of saturation degree during 
carbonation   

x dx 
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where Mw is molar weight of water [kg/mol], F denotes surface area of sample [m2]. The total 

water in domain Fdx (Figure 8.6) can be computed as follows: 

( ) 0 0
s

w Ca w wm f C M Fdx S Fdxφ g= − +   (8.59) 

The second term in the above equation corresponds to initial water in the sample. Finally, the 

saturation degree can be calculated as:   

( ) ( )0 0 0 0
s sw w
Ca Ca

w w w

p

M Mf C Fdx S Fdx f C SVS
V Fdx

φ φg g
φ φ

− + − +
= = =   (8.60) 

where Vw  and Vp  [m3] are volumes of water and pore in domain Fdx, respectively.   

8.1.3.5. Changes in permeability and diffusivity under saturated condition 

The permeability of carbonating material varies along the depth of sample. In order to 

calculate the composite (or overall) permeability coefficient of the sample, the sample depth 

is divided into small layer ∆l. The permeability of each layer is assumed to be constant. The 

series model introduced in Section 6.6 is recalled. The fluxes in each layer and the overall 

flux must be the same because each layer is connected together in series.  

1 2 ... n n com
n

k p k PJ J J
x Lη η

D
= = = = =

D
  (8.61) 

where Jn, ,nk  ∆x and ∆pn denote the flux, intrinsic permeability, thickness and pressure 

gradient of layer n, respectively;  kcom denotes the composite intrinsic permeability coefficient 

of the sample. Additionally, the total pressure drop on each layer must be equal to gradient 

pressure applied on the sample: 

1

n

i
i

p P
=

D =∑   (8.62) 

Therefore, the overall permeability coefficient can be derived as: 

( )1 0

com n L

i i

L Lk
x dx

k k x=

= ≈
D∑ ∫

 
 (8.63) 

where ( ),k xφ  is intrinsic permeability at distance x and can be estimated by Equation (8.8). 

Note that k(S) in Equation (8.8) now becomes unit because the permeability of saturated 

materials is being predicted and the effect of porosity on permeability is not expressed in 
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Equations (8.61) and (8.63) for a simplified expression (i.e. ik  instead of ( )ik φ ). With the 

same approach, the composite diffusivity, Dcom [m2/s], of carbonated materials is written as:  

( )1 0

com n L

i i

L LD
x dx

D D x=

= ≈
D∑ ∫

 
 (8.64) 

where D(x) [m2/s] is effective diffusion coefficient at distance x and can be estimated by 

Equation (8.23). 

8.1.4. Significant contribution of advection in accelerated carbonation 

In order to study the contribution of advection to the carbonation process, the author did 

simulations considering different values of permeability and applied pressure. Figure 8.7 

shows the profile of CO2 dissolved in pore solution with and without contribution of 

advection term.  It can be seen that dissolved CO2 concentration is higher when considering 

advection, which results in a difference in porosity reduction as shown in Figure 8.7b. Despite 

the same porosity reduction in the first layer contacted directly with CO2, the porosity 

reduction propagates more deeply in case of advection compared to the case without 

advection. The importance of advection is also more prominent for longer carbonation time. 

As carbonation proceeds, the saturation is increasing which limits the diffusion through 

gaseous phase (diffusion via aqueous phases is negligible compared to via gaseous phase). 

However, in case of applying a gradient pressure, the transport of CO2 is compensated by the 

increase of permeation via aqueous phase.  

Furthermore, the contribution of advection is much more important when sample has higher 

permeability.  In Figure 8.7b, there is a transition zone in which porosity exhibits a nearly 

linear drop. If the experiment is long enough, the sample can be divided into 3 zones: well-

carbonated and uncarbonated zone in which porosity is slightly changed, and partly-

carbonated (transition) zone with a significant porosity drop.  The transition zone is widened 

when permeability increases.    

Advection highly affects the carbonation process and depends on the applied pressure as 

shown in Figure 8.8 and Figure 8.9. The pressure is increased from 2 bar to 6 bar, whereas 

other parameters are kept unchanged. The figures clearly show that higher pressure gradient 

helps dissolved CO2 to quickly distribute in the sample which promotes the carbonation 

process. As a result, porosity (Figure 8.8b) and total calcium in CH and C-S-H (Figure 8.9a) 

are decreased faster. The 3 zones of carbonation are well defined in case of high applied 
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pressure.  At a 2 bar applied pressure after 28 days of carbonation, the well-carbonated zone 

(defined as carbonation degree dc = 1) increases from 3 to 7.7 mm when considering 

advection, whereas the increase is much higher at 6 bar applied pressure, from 4.3 to 14.7 

mm, as illustrated in Figure 8.9b.        

 

  

Figure 8.7. Contribution of advection to (normalized) dissolved CO2 concentration (a) 
and porosity change (b): applied pressure of 6 bar pure CO2, cement paste with w/c of 
0.6, RH of 65% and sample thickness of 25 mm; simulations with gas permeability 
20×10-19 m2, water permeability 1×10-19 m2 (1k) and gas permeability 1×10-17 m2, water 
permeability 5×10-19 m2 (5k) with (Adv.) and without advection effect (No Adv.) at 7 
days (7d) and 28 days (28d).     

  

  

Figure 8.8. Contribution of advection to (normalized) dissolved CO2 concentration (a) 
and porosity change (b) under different applied pressure: cement paste with w/c of 0.6, 
RH of 65% and sample thickness of 25 mm; simulations in 28 days with 2 bar and 6 bar 
applied pressure with (Adv.) and without advection effect (No Adv.).     

(a) (b) 

(a) (b) 
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Figure 8.9. Contribution of advection to total (normalized) calcium concentration in 
solid phases (a) and degree of carbonation (b) under different applied pressure: cement 
paste with w/c of 0.6, RH of 65% and sample thickness of 25 mm; simulations in 28 days 
with 2 bar and 6 bar applied pressure with (Adv.) and without advection effect (No 
Adv.).     

 

8.1.5. Modelling results and verifications 

The model has been initially developed for OPC cement paste (without limestone filler 

addition). However, this section will compare modelling and experimental results for a 

sample without limestone filler (S3) and sample with 10% limestone filler replacement (S4). 

The dilution effect is taken into account for sample S4 by converting w/p ratio to w/c ratio in 

the simulation. However, the other effects (e.g. chemical interaction, ITZ effect) are not 

included at this stage. All parameters used for simulations are listed in the Appendix 1. 

  

Figure 8.10. Comparison of predicted CO2 uptakes of samples S3C (a) and S4C (b) with 
CO2 uptakes obtained mass flow meters 
 

(a) (b) 

(a) (b) 
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Figure 8.10 compares the predicted CO2 uptakes with the measurements.  Except for a slight 

difference at the transition between initial and residual stages, the predicted CO2 uptakes are 

in good agreement with the measured ones for both samples S3C and S4C. In the initial stage, 

CO2 uptake rapidly increases but the uptake rate is significantly decreased in the residual 

stage because of porosity decrease and saturation degree increase.  

Figure 8.11 shows the increase of internal relative humidity and saturation degree of sample 

due to carbonation. The relative humidity (and saturation degree) is significantly increased in 

the layer in contact with pure CO2, from an initial RH of 65% to more than 90% for sample 

S3C after 12-week carbonation. The high RH prevents CO2 transport which results in a 

significant drop of CO2 uptake rate as seen in Figure 8.10. The increase of RH at the surface 

in contact with CO2 for sample S4C is lower than for sample S3C which contributes to the 

higher CO2 uptake of sample S4C compared to S3C.     

 

  

Figure 8.11. Simulation of increase of relative humidity and saturation degree of 
samples S3C (a) and S4C (b) after 12-week carbonation 
 

The portlandite and total solid Ca (CH + C-S-H) profiles at different carbonation time are 

shown in Figure 8.12. The longer the experimental time, the higher the portlandite and total 

Ca content are decreased, but the difference among 4-week, 8-week and 12-week carbonation 

is not significant. It can be seen that under an applied pressure gradient, the carbonation front 

is not sharp as the portlandite and Ca content is gradually increased in the transition zone. 

This is in line with the observation of gradual front determined by phenolphthalein spraying. 

The transition zone is longer for sample S4C compared to S3C (without limestone filler).  The 

portlandite content is still slightly decreased beyond the carbonation front. Figure 8.13 shows 

the comparison of predicted portlandite profiles with the ones obtained by TGA 

(a) (b) 

Relative humidity  

Saturation degree 

Relative humidity  

Saturation degree 
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measurements on the powder. The predicted values are in line with the measured ones, 

especially for sample S3C. The measured portlandite content of S4C at the downstream (not 

in contact with pure CO2) is relatively smaller than the predicted value. The difference is 

attributed to the atmospheric carbonation which could occur during sample preparation for 

carbonation test or/and TGA measurements.    

  

Figure 8.12. Simulated portlandite and solid Ca (in CH and C-S-H) profiles of samples 
S3C (a) and S4C (b) at different carbonation time    

 

  

Figure 8.13. Comparison of predicted portlandite profiles of samples S3C (a) and S4C 
(b) with portlandite profiles obtained by TGA after 28-day carbonation     

 

The capillary and total porosities relatively decrease due to carbonation as shown in Figure 

8.14. The decrease in total porosity can mainly be attributed to the portlandite carbonation. 

However, in well-carbonated zone (near reacted surface), C-S-H carbonation may contribute 

up to 45% of total porosity reduction. The effect of C-S-H carbonation on porosity decrease is 
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higher for sample without limestone filler S3C compared to sample with limestone filler S4C. 

This confirms the hypothesis that limestone filler can play as a nucleation site for calcite 

precipitation which favours the portlandite carbonation. The average capillary porosity 

change, determined by MIP up to a depth of 3 mm from the exposed surface, compares well 

with the predicted capillary porosity change for sample S3C. However, the measured porosity 

change (2.4%) is smaller than the predicted one (4.4%) for sample S4C.  

   

 

 

Figure 8.14. Reduction of capillary and total porosity of samples S3C (a) and S4C (b) at 
different carbonation time – measured capillary porosity is determined by MIP down to 
the pore sizes of 7 nm.      

 

Permeability of carbonated zone significantly decreases as shown in Figure 8.15. After 4-

week carbonation, the alteration in permeability is not significant when carbonation proceeds 

further. The permeability coefficient decreases 2 orders of magnitude in the zone near the 

exposed surface for sample S3C. Sample S4C shows a slower decrease in permeability, but 

the altered zone is deeper than sample S3C. The average predicted permeability of carbonated 

zone is 5.7×10-22 m2 and 9.7×10-22 m2 for samples S3C and S4C, respectively. These values 

are a bit higher than those estimated from experimental results for samples S3C (4.5×10-22 

m2) and S4C (6.9×10-22 m2). The difference is attributed to the change of permeability in 

transition zone which is not captured in the estimation from experimental results. 

The composite permeability is dominated by the permeability of the carbonated zone despite 

its limited depth compared to the sample length. Therefore, a significant decrease in 

composite permeability is also observed as presented in Figure 8.16. The composite 
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permeability rapidly decreases in the first few days of carbonation. The composite 

permeability is then slightly reduced as carbonation proceeds. The drop of composite 

permeability of sample S3C is more pronounced than sample S4C (with limestone filler). 

After 28-day carbonation, the predicted composite permeability of sample S4C is 4.6×10-21 

m2 which is pretty comparable with the measurement (4.8×10-21 m2). However, the 

comparison between predicted and measure values of sample S3C is less satisfactory (i.e. 

2.5×10-21 m2 compared to 3.6×10-21 m2). The differences may be attributed to the changes in 

tortuosity and shape factor (in Equation (8.13)) which are not well captured in the model.  

 

  

Figure 8.15. Prediction of change in intrinsic water permeability over the depth of 
samples S3C (a) and S4C (b) at different carbonation time – red line represents 
permeability of reference sample.    

 

  

Figure 8.16. Composite permeability decrease as a function of carbonation time of 
samples S3C (a) and S4C (b) – measured permeability was only obtained for 28-day 
carbonation.  
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The modification of diffusivity over the depth of sample due to carbonation is shown in 

Figure 8.17. The diffusivity of the carbonated zone is significantly decreased similar to the 

decrease in permeability. However, the magnitude of the reduction is less pronounced than for 

permeability. After 4 weeks of carbonation, the saturated Ca diffusivity of sample S3C 

decreases by a factor of 5 for the zone near the exposed surface which is consistent with the 

estimation from experimental results (Section 6.6). The change in diffusivity due to 

carbonation of sample S4C is slightly less in magnitude, but the altered zone is deeper 

compared to sample S3C. 

The evolution of composite diffusivity during leaching is shown in Figure 8.18. As 

permeability, the composite diffusivity rapidly decreases in the first few days of carbonation. 

In the later stage, the diffusivity is slightly decreased over carbonation time. As shown in 

Section 6.6, the composite diffusivity of dissolved He is decreased by 30% after 28-day 

carbonation for sample S3C, which is quite similar to the predicted Ca diffusivity decrease 

(27%). Note that the change in diffusion property of Ca and He due to carbonation may be 

differed from each other because of its difference in molecular size, electrical force and 

binding effect.    

 

  

Figure 8.17. Prediction of change in (saturated) diffusivity of Ca over the depth of 
samples S3C (a) and S4C (b) at different carbonation time - red line represents 
diffusivity of reference sample.    
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Figure 8.18. Prediction of composite Ca diffusivity decrease as a function of carbonation 
time of samples S3C (a) and S4C (b)  

 

8.1.6. Conclusions on carbonation modelling  

A one-dimensional reactive transport model coupled advection and diffusion to simulate the 

carbonation under controlled CO2 pressure has been developed. The model enables to predict 

the carbonation degree, CO2 uptake, portlandite content, porosity change and variation of 

transport properties over time and space. Parametric study confirms that advection term plays 

an important role in the transport of CO2 in cases of carbonation under high applied pressure 

gradient on relatively permeable cement-based materials. The longer the carbonation 

experiment runs, the larger the contribution of advection on carbonation process. The model 

helps to better interpret the experimental observations and understand the phenomena behind 

such as the formation of a gradual carbonation front, the increase of saturation degree at the 

reacted surface. Primary verification with accelerated carbonation experiments gives a good 

agreement even though more experimental data is still required to validate and improve the 

model, especially to better predict the changes in transport properties. 

The proposed model enables to further extend for the carbonation under natural conditions. In 

that case, only diffusive transport will be taken into account; and the concentration of CO2 

will equal the CO2 concentration in atmosphere. However, the transport of moisture in the 

sample is needed to further simulate as there is a moisture exchange between the sample and 

surrounding environment, which is not considered in the present model.       

  

(a) (b) 

27% decrease in diffusivity 
after 28-day carbonation 
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8.2. Modelling of accelerated leaching using ammonium nitrate solution   
8.2.1. Introduction 

Ca-leaching is relevant for the long-term durability of cement based materials. This process is 

extremely slow under environmental conditions. Many accelerated methods have been 

proposed to experimentally study leaching because of the extremely slow nature of the 

degradation process under ambient condition. Modelling of the leaching process has also been 

pursued by many researchers to interpret the experimental results and predict the properties of 

leached materials, which is hard to be obtained by experimental study. Nguyen et al. [272] 

modelled the effects of Ca-leaching on the mechanical properties of concrete, while Bentz et 

al. [273] considered the influence on the microstructure and diffusivity. A 2D model was 

developed by Mainguy et al. [274] to predict the degraded depth and the variation of leached 

calcium flux with time. Jacques et al. [275] developed a thermodynamic model to calculate 

the geochemical changes of concrete during leaching with rain and soil water types, while 

Yokozeki et al. [169] modelled the long-term behaviour of cementitious materials used in an 

underground environment. Most of these models are based on the assumption of 

thermodynamic equilibrium of calcium in the solid and liquid phases in pure/deionized water 

which was first studied by Berner [170, 266]. Recently, Wan et al. developed a solid-liquid 

equilibrium curve of calcium in ammonium nitrate solution [276] which was later used in his 

model [277].       

Many studies focus on the prediction of the degraded depth of leached materials and 

characterize its mechanical behaviour [181, 182]. However, there are only a few studies 

which discuss the modification of the microstructure after leaching [183, 184] and the effects 

of leaching on transport properties [185, 186]. This study aims at strengthening and bridging 

the relationship between leaching degradation of cement paste; changes in transport 

properties; and microstructural modification by a modelling tool. The outcomes of the model 

are then verified with experiments presented in Chapter 7.  

8.2.2. Model development 

The proposed model is a one-dimensional diffusion-based transport model which aims to 

simulate leaching of saturated hardened cement paste in contact with an aggressive NH4NO3 

solution of 6 mol/l (see experimental setup in Chapter 4). This model is based on a 

macroscopic mass balance for Ca in aqueous and solid phases. The model only considers the 

leaching of portlandite and calcium silicate hydrates which are the main hydrated phases in 

 



Modelling of Chemical Degradation under Laboratory Conditions 
 

185 

typical CEM I Ordinary Portlandite cement [278]. The outline of the proposed model is 

shown in Figure 8.19. 

 

Figure 8.19. Overall scheme of leaching model – notations are explained in the text. 

 

The mass balance equation for Ca in pore solution is given as: 

Inputs 

w/c; NH4NO3 concentration; geometry; initial diffusivity, permeability; hydration degree 

Transport of nitrate 

 

Solid/liquid equilibrium of Ca 

 

Calculation of nitrate 
concentration 

Transport of Ca in pore solution 

 

Calculation of solid phase 
 

Porlandite + C-S-H 
Ca/Si ratio, degradation degree 

Porosity change 

 

Other outputs 

Composite permeability; permeability over depth and time; Ca-leached amount 

Calculation of initial properties 

Portlandite; C-S-H; porosity 

Diffusivity change 
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( ) s
Ca e Ca Ca

Ca
C C CD
t x x t

φ∂ ∂ ∂ ∂ − = − ∂ ∂ ∂ ∂ 
  (8.65) 

where ϕ is porosity [-]; CaC  is concentration of Ca ion in pore solution [mol/m3]; s
CaC  is total 

concentration of Ca in solid phases [mol/m3]; e
CaD  is effective diffusivity of Ca ion [m2/s]; t is 

time [s] and x is spatial distance [m]. As carbonation, the total porosity increase of sample 

during leaching is simply expressed as follows (Note that the derivation of porosity change 

due to leaching is almost similar to the one for carbonation. Some equations are the same, but 

still listed hereafter for convenient tracking): 

0 CH CSHφ φ φ φ= + D + D   (8.66) 

where ϕ0 is initial total porosity which is experimentally determined or calculated as follows 

[265]:  

0
/ 0.17
/ 0.32

w c m
w c

φ −
=

+
  (8.67) 

in which m denotes the degree of hydration and w/c is water/cement ratio. ∆ϕCH is the porosity 

increase due to portlandite dissolution: 

( )0CH CH CH CHV C CφD = −   (8.68) 

where VCH is molar volume of portlandite (33 cm3/mol [279]), CCH0 and CCH are, respectively, 

the initial and current portlandite concentration [mol/m3]. ∆ϕCSH is the porosity increase due to 

C-S-H dissolution. The decrease in the Ca/Si ratio of C-S-H results in a reduction of molar 

volume of C-S-H.  

( )0CSH CSH CSH CSHC V VφD = −   (8.69) 

where CCSH is the concentration of C-S-H [mol/m3], and VCSH0 and VCSH are the molar volume 

of the initial and current C-S-H, respectively. Data for molar volume of C-S-H is still scarce 

and it is supposed to be a stoichiometry-dependent parameter. A recent experimental study 

[130] showed that the molar volume of C-S-H is proportional to the Ca/Si ratio, y, as:  

( )0 01 /CSH CSHV V y yω− = −   (8.70) 

where y0 is the initial Ca/Si ratio of C-S-H, y0 = 1.7 [271], and 0.02 < ω < 0.04 l/mol. By 

comparing the porosity of leached and intact samples, however, the author finds that ω = 0.04 

l/mol gives the best fit. The Ca/Si ratio is calculated from the solid-liquid equilibrium curve 

(described later).    
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The effective diffusion model proposed by Garboczi [55] and adapted for leaching condition 

by Jain [280] is used to simulate the evolution of effective diffusivity of Ca ion in this model. 

The modification of Garboczi’s model actually comes from the fact that with the same 

porosity increase, the increase of diffusion due to leaching is faster than the increase of 

diffusion resulted from hydration.  

( ) ( )
( ) ( )

22
0 0 00

2 2

0.001 0.07 1.8 0.18 0.18

3.6 0.16 0.16 0.14

c c ce
Ca Ca

c c c

H
D D

H

φ φ φ

φ φ φ

 − − − −
 =
 + − − + 

  (8.71) 

where 0
CaD  is the diffusivity of Ca ion in water; H() is the Heaviside function; ϕc is capillary 

porosity (excluded gel pores) and ϕc0 denotes initial capillary porosity which can be calculated 

as [265]:   

0
/ 0.36
/ 0.32c

w c m
w c

φ −
=

+
  (8.72) 

Dissolution of portlandite results in an increase in capillary porosity. Although the C-S-H 

phase mainly consists of gel pores (less than 2 nm), decalcification of C-S-H may also 

contribute to the increase of capillary porosity due to the connection of gel pores of space. 

Therefore, the author assumes that 50% of the porosity increase by C-S-H decalcification 

(Equation (8.73)) results in an increase in ϕc:    

0 0.5c c CH CSHφ φ φ φ= + D + D   (8.73) 

The right side of Equation (8.65) can be rewritten as:  

s s s
Ca Ca Ca Ca

Ca
Ca Ca

C C C C C
t C t t C

  ∂ ∂ ∂
− = − +  ∂ ∂ ∂   

  (8.74) 

The term /s
Ca CaC C∂ ∂  is derived from the Ca solid-liquid equilibrium curve. Wan et al. [276] 

showed that the Ca solid-liquid equilibrium curve in a 6 mol/l NH4NO3 solution has a similar 

three-stage dissolution pattern as in water, but with higher aqueous Ca concentrations. In this 

study, the Ca solid-liquid equilibrium curve is expressed as Equation (8.75) and visualized in 

Figure 8.20 (same approach as carbonation model in Section 8.1). Solid-liquid equilibrium is 

divided into discrete decalcification of portlandite and C-S-H. The region AB corresponds to 

the portlandite dissolution. When portlandite is completely dissolved (point B), C-S-H starts 

progressively dissolving down to the point C which is the starting point of a steeper 

decalcification of C-S-H which finally results in silica gel.   
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  (8.75) 

 

Figure 8.20. Solid-liquid equilibrium curve of calcium – dashed green line schematically 
shows the curve shift due to Ca solubility increase.   

 

The values of a, b and c are kept constant during leaching in the existing literature. For 

example, Wan et al. [276] identified a = 273 mol/m3, b = 2320 mol/m3 and c = 2730 mol/m3 

for leaching in NH4NO3 solution of 6 mol/l. While Gerard et al. [281] still used the values as 

leaching in deionized water (i.e. a = 2 mol/m3, b = 20 mol/m3 and c = 22 mol/m3). These 

simplified approaches do not fully describe the real solid-liquid equilibrium under ammonium 

nitrate attack. As Ca concentration depends also on the nitrate concentration [281], values of 

a, b and c should depends on the spatial-temporal variation of nitrate concentrations. In this 

study, this dependence on the nitrate concentration, 3NOC , is expressed as:  
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 (8.76) 

where 0
3NOC is the concentration of nitrate in surrounding solution, 6000 mol/m3. The transport 

equation for nitrate is given as: 
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( )3 3
3 0NO e NO

NO
C CD
t x x

φ∂ ∂ ∂ − = ∂ ∂ ∂ 
  (8.77) 

where 3
e
NOD  is the effective diffusivity of nitrate ion in the sample which is also assumed to 

follow the effective diffusion model of Garboczi [55]. The diffusivity of nitrate ion in water is  

1.7×10-9 m2/s [282]. 

The initial Ca fraction in CH and C-S-H (values e and f [mol/m3]) can be estimated from the 

hydration cement clinkers (C2S, C3S) by the Bouge calculation. The critical value d [mol/m3]) 

at which  C-S-H sharply decalcifies is determined by multiplying the amount of SiO2 in C-S-

H with the Ca/Si ratio at point C (about 0.85 following [266]). Finally, Equations (8.65) and 

(8.77) are recast as follows: 

0
s s

eCa Ca Ca Ca
Ca Ca

Ca Ca

C C C CD C
C t x x t C

φ φ
   ∂ ∂ ∂ ∂ + − + + =    ∂ ∂ ∂ ∂    

  (8.78) 

3 3
3 3 0eNO NO

NO NO
C CD C

t x x t
φφ ∂ ∂ ∂ ∂ − + = ∂ ∂ ∂ ∂ 

  (8.79) 

Because the changes in concentrations of Ca and nitrate at the boundaries are unknown, it is 

difficult to set the boundary conditions for Equations (8.78) and (8.79). The author extends 

the model for the sample itself to the whole system, i.e. the model composes 3 domains: 

solution domain 1 – sample domain – solution domain 2 as shown in Figure 8.21 (see Figure 

4.14b for experimental setup). 

 

 

 

 

Figure 8.21. Model configuration with extended solution domains 

 

The length of the extended domain, L0 [m], is determined based on the total ammonium 

nitrate solution in the chamber:  
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where V [m3] is the volume of the aqueous solution in the chamber (1.2 litre in the 

experimental setup), F is the cross section of the sample, [m2], L [m] is the length of the 

sample (25 mm). The transport problem in solution domains is simply written as:  

0mixCa Ca
Ca

C CD
t x x

∂ ∂ ∂ − = ∂ ∂ ∂ 
  (8.81) 

3 3
3 0mixNO NO

NO
C CD

t x x
∂ ∂ ∂ − = ∂ ∂ ∂ 

  (8.82) 

where mix
CaD  and 3

mix
NOD  [m2/s] are the mixed diffusion coefficients of Ca and nitrate in solution 

domains, respectively. The surrounding solution was mixed during experiment. Therefore 
mix
CaD  and 3

mix
NOD  are expected to be very high. The author sets mix

CaD  = 3
mix
NOD  =10-3 m2/s for 

numerical simulation. In fact, the variation of mixed diffusivities is not affecting the 

modelling results as long as its values are much larger than the diffusivities of Ca and nitrate 

in the sample. Initial conditions for the specific experimental setup in this study are:  

For calcium 
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For nitrate 
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For a closed system, the boundary conditions are simply expressed as: 
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 (8.85) 

Because the dissolution rate is much faster than transport, transport is the rate-limiting step. 

Therefore, in literature, it is hypothesized that there exists a local chemically immediate 

equilibrium of Ca, and in context of simplification an “artificial” equivalent initial condition 

for calcium is used corresponding to a fixed solid-liquid equilibrium curve in NH4NO3 6 mol/l 

(i.e. values a, b and c are constant, 0
CaC  = 2730 mol/m3 [220, 277]). This approach is 

acceptable as long as the diffusivity of nitrate is much faster than the one of Ca (see Appendix 

2). However, the Ca concentration in pore solution cannot be modelled correctly. In this 

study, by considering the dependence of solid-liquid equilibrium curve on the nitrate 
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concentration and modelling transport of both Ca and nitrate, the author enables to use the 

real initial Ca concentration, 0
CaC  = 22 mol/m3. The problem is numerically solved by using 

the COMSOL Multiphysics program.  

8.2.3. Derivation of auxiliary variables 

8.2.3.1. Portlandite content and degraded depth  

Based on Equation (8.38), the portlandite content, CCH [mol/m3] can be simply defined if the 

total amount of Ca in solid phases is known: 

0CH
s

CH Ca

C
C C e

=


= −
     

s
Ca
s
Ca

C e
C e

≤

>
  (8.86) 

As no portlandite was present in the degraded zone as seen in experimental Chapter 7, the 

author defines the degraded depth as the position at which portlandite is totally dissolved. The 

degradation degree, dl, is then formulated as: 

1
s

l Ca
d f C

f e


= −
 −

    

s
Ca

s
Ca

C e

C e

<

≥

  (8.87) 

8.2.3.2. Ca-leached amount  

The amount of Ca leached out of the sample can be calculated by considering the changes in 

concentrations of Ca in pore solution and solid phase: 

( ) ( )0
0

0

L
s
Ca Ca CaCa f C F C C F dxφ φ D = − − − ∫   (8.88) 

where ∆Ca is Ca-leached amount [mol], and 0
CaC is the initial equilibrium concentration of 

calcium (22 mol/m3). The first and second terms in bracket on the right side stand for the 

changes of Ca content in solid phase and pore solution, respectively. 

8.2.3.3. Change in water permeability and diffusivity  

As carbonation, the Kozeny-Carman relation is used to compute the intrinsic permeability of 

leached materials. Trial simulation shows that the lumped term 2
1

sFτ
Ω =  is related to the 

square of the degradation degree. Therefore it is adapted for leaching materials as follows:   

( ) 2
0 0 l ldΩ = Ω − Ω −Ω   (8.89) 
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where subscript 0 and l denote for sound and leached materials; 0Ω can be calculated from 

porosity, specific surface area and intrinsic permeability of reference sample; dl is the 

degradation degree (see Equation (8.87)). Numerical calculation of lΩ  on fully leached 

sample S5L shows that the average value of  lΩ  for leached materials is about 3 orders of 

magnitude higher than the one for sound materials. More experimental data are needed to 

make a relationship between lΩ  and 0Ω , however as a first estimation, the author assumes 

that 3
0 10 l

−Ω = Ω .    

The permeability and diffusivity of leached material varies along the depth of the sample as 

the case for carbonation. Therefore, the series model is again applied to predict the composite 

permeability and diffusivity of leached materials.  

8.2.4. Modelling results and verifications  
The experimental results of samples S1L and S3L which are samples without limestone filler 

are used to verify the model. All parameters used for simulations are listed in the Appendix 2. 

Figure 8.22 compares the simulated leached depths (a) and the amount of calcium leached out 

the samples (b) with the measurements.  Both the predicted degraded depth and Ca-leached 

amount are in good agreement with the measured ones. The modelling results show that 

within investigated duration (28 days), the propagation rates of degraded depth and Ca-

leached amount are almost in direct proportion to the square root of time. However, if the 

experiment lasts for a longer time, the rates are slightly decreasing because the amount of 

leached Ca is not taken away from the system (solution replacement).  

 

  

Figure 8.22. Comparisons of experimental and modelling results: leached depth (a) and 
leached calcium amount (b)      
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The portlandite profiles after 28-day immersion in ammonium nitrate 6 mol/l are shown in 

Figure 8.23a and Figure 8.24a for samples S1L and S3L, respectively. The portlandite content 

is suddenly increased after the degraded front. Sample S1L with low w/c ratio exhibits a 

steeper jump of portlandite content at the front compared to sample S3L with higher w/c ratio. 

Both samples show a slight decrease of portlandite content beyond the degraded front. Figure 

8.24a also shows the comparison of portlandite profile for sample S3L. The predicted values 

are in line with the measured ones which are determined by quantitative X-ray diffraction on 

the powder. Figure 8.23b and Figure 8.24b present the variation of total Ca content in solid 

phases (CH + C-S-H). In the zone A-B, the total Ca content decreases sharply near the 

portlandite dissolution front. In the portlandite depleted zone (B-C), further decalcification is 

due to the leaching of C-S-H phase. As the change of portlandite content, the drop in slope of 

Ca content is also steeper for sample with low w/c ratio. 

  

Figure 8.23. Prediction of normalized portlandite content (a) and solid Ca (in CH and C-
S-H) (b) profiles of sample S1L after 28-day leaching in ammonium nitrate solution  

 

  

Figure 8.24. Normalized portlandite content (a) and solid Ca (in CH and C-S-H) (b) 
profiles of sample S3L after 28-day leaching in ammonium nitrate solution – The 
portlandite content is compared with quantitative XRD results. 
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The capillary and total porosities increase significantly due to leaching as shown in Figure 

8.25. There also exist two zones with different slopes of increase in porosity corresponding to 

the leaching of portlandite and C-S-H.  The increase in total porosity can mainly be attributed 

to portlandite dissolution. After 28-day leaching, the portlandite dissolution contributes about 

13% to the total porosity increase, while C-S-H leaching only contributes about 5% regardless 

of different w/c ratio. The average porosity change, determined by a combination of mercury 

intrusion porosimetry and N2-adsorption, up to a depth of 3 mm from the exposed surface 

compares well with the predicted total porosity change, but a bit higher than predicted 

capillary porosity change. Note that the combined MIP – N2-adsorption method enables to 

determine pores with diameters down to 3 nm which may include some gel pores from C-S-H.    

 

 

 

Figure 8.25. Reduction of capillary and total porosity of samples S1L (a) and S3L (b) 
after 28-day leaching in ammonium nitrate solution     

 

Permeability significantly increases after leaching as shown in Figure 8.26 and Figure 8.27 

(for samples S1L and S3L, respectively). After 4 weeks of NH4NO3 immersion, the 

permeability coefficient increases more than two orders of magnitude for the zone near the 

exposed surface. The composite permeability which is dominated by the permeability of 

“sound” zone also significantly increases but only by one order of magnitude after 28-day 

leaching (Figure 8.26b and Figure 8.27b). The change in permeability due to leaching of 

sample S3L (higher w/c ratio) is more significant than sample S1L. 

The evolution of composite permeability during leaching is shown in Figure 8.26b and Figure 

8.27b for samples S1L and S3L, respectively. The longer the immersion time in ammonium 

nitrate solution, the larger the permeability coefficient. The composite permeability rapidly 
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increases in the first leaching stage when portlandite is still present in the sample. In the 

second leaching stage, the rate of permeability increase is slower because C-S-H 

decalcification has a smaller effect on the porosity increase. Figure 8.26b and Figure 8.27b 

also compare the measured and predicted composite permeability for samples S1L (only at 

28-day leaching) and S3L, respectively. The predicted values are quite comparable with the 

measured ones in the first leaching stage, but there is less agreement at later stage. The 

differences may be attributed to the changes in tortuosity and shape factor which are not well 

captured in the model.  

 

 
 

Figure 8.26. Prediction of water permeability profile of sample S1L after 28-day 
immersion in NH4NO3 (a) and time evolution of composite permeability over time (b) 

 

 
 

Figure 8.27. Prediction of water permeability profile of sample S3L after 28-day 
immersion in NH4NO3 (a) and time evolution of composite permeability over time (b) 
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The modification of diffusivity due to leaching is shown in Figure 8.28 and Figure 8.29 for 

samples S1L and S3L, respectively. As permeability, diffusivity is also significantly increased 

after leaching but less pronounced than permeability. After 4 weeks of NH4NO3 immersion, 

the diffusion coefficient of calcium (under saturated condition) increases one order of 

magnitude for the zone near the exposed surface. The change in diffusivity due to leaching of 

sample S3L (higher w/c ratio) is higher than sample S1L. 

The evolution of composite diffusivity during leaching is shown in Figure 8.28b and Figure 

8.29b for samples S1L and S3L, respectively. As composite permeability, the composite 

diffusivity rapidly increases in the portlandite dissolution stage. In the C-S-H leaching stage, 

the diffusivity is slightly increased over immersion time. As shown in Section 7.8, the 

composite diffusivity of dissolved He is increased 4.1 times after 28-day leaching in 

ammonium nitrate solution for sample S3L, which is smaller than the predicted Ca diffusivity 

increase (11.5 times). The diversion may be attributed the differences in characteristics 

(molecular size, weight, electrical charging, interaction with pore walls, etc.) of those 

diffusive species. Furthermore, the changes in tortuosity may be not well captured in the 

model.  

 

  

Figure 8.28. Prediction of change in (saturated) diffusivity of Ca over the depth after 28-
day immersion in NH4NO3 (a) and composite diffusivity increase as a function of 
leaching time of samples S1L 
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Figure 8.29. Prediction of change in (saturated) diffusivity of Ca over the depth after 28-
day immersion in NH4NO3 (a) and composite diffusivity increase as a function of 
leaching time of samples S3L 

 

8.2.5. Conclusions on Ca-leaching modelling  
A one-dimensional model for Ca-leaching in ammonium nitrate solution based on the solid-

liquid equilibrium of Ca is developed. The transport of both calcium and nitrate are 

considered because Ca-solubility strongly depends on the nitrate content. The model enables 

to predict the leaching depth, Ca-leached amount, portlandite content, solid Ca content, 

porosity, diffusivity and permeability changes over time and space. By introducing a direct 

relation between the solubility and nitrate concentration, the solid-liquid equilibrium curve 

describes better the phase equilibrium in NH4NO3 solution. Modelling results show that the 
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decreases the Ca/Si ratio, which both lead to a significant increase in permeability and 

diffusivity. More importantly, the transport properties of the zone beyond the degradation 

front are also significantly increased as portlandite dissolution. The contribution of C-S-H to 

changes in microstructure and transport properties is clearly seen by modelling which helps to 

better explain the experimental observations. Verifications with accelerated leaching 

experiments gave a good agreement even though more experimental data are still required to 

validate and improve the model, especially to improve the prediction of transport properties. 
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CHAPTER 9: DISCUSSION, CONCLUSIONS AND FUTURE WORK 
 

9.1. Discussion 
9.1.1. Key microstructural parameters governing transport properties of degraded 

cement-based materials  

Through this discussion, the author would like to stress that the existing models, which relate 

the microstructure to the transport properties (diffusivity, permeability) exhibit numerous 

errors when applied to degraded materials. Most of the models consider porosity as the key 

parameter affecting the transport properties, while the other microstructural parameters 

(tortuosity, constrictivity, pore size distribution, specific surface area) are not taken into 

account. The predictions are acceptable for the intact cement-based materials with a 

conventional w/c ratio (0.35 – 0.5) as the unaccounted parameters may not be significantly 

varied during hydration. However, the limitations are magnified under chemical degradation.  

Carbonation results in a small porosity decrease, but induces a significant reduction in 

permeability and diffusivity. Such a large alteration cannot be the consequence of the porosity 

decrease alone, but rather the tortuosity increase could be the main reason of the decrease in 

transport properties. Note that the tortuosity is not a unique function of porosity as materials 

with a similar porosity can have a different tortuosity. Furthermore, carbonation exhibits a 

decrease or increase in specific surface area depending on the mix compositions. This 

inconsistent variation results in different changes in transport properties as the specific surface 

area could relatively affect the transport properties by changing the friction between 

transported species and pore wall. Despite a similar critical pore diameter the pore size 

distribution of carbonated materials becomes broader towards the finer pore sizes compared to 

intact materials, which contributes to the reduction of transport properties. 

In a similar manner, Ca-leaching not only results in a large porosity increase, but also in a 

significant shift in the pore size distribution towards larger pore sizes. More importantly, the 

tortuosity of the leached materials must be significantly decreased as results of porosity 

increase and newly created pathways during leaching. However, the significant increase in 

specific surface area reduces the magnitude of the increase of transport properties, especially 

for diffusivity as a major fraction of specific surface area increase comes from the C-S-H 

leaching, opening up micro porosity. All of the mentioned microstructural parameters should 

be taken into account in order to understand the alteration of transport properties of the 

degraded materials.                       
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9.1.2. Relevance of accelerated degradation experiments to long-term durability 

assessments of cementitious materials   

Accelerated experiments are widely used in research and industry in an attempt to derive 

information about long-term behaviour of materials subjected to particular working 

environments.  The expected lifetime of important concrete structures varies considerably 

corresponding to its application but can be up to hundreds or even thousands of years (e.g. in 

waste disposal systems). With such time scales it becomes virtually impossible to understand 

their long-term performance under service conditions without relying on accelerated tests. It 

becomes even more important for extremely slow degradation processes such as carbonation 

and Ca-leaching. However, there is still on-going discussion regarding whether the 

degradation mechanism under accelerated conditions is the same as in natural conditions. If it 

is, it is still not generally validated how to extrapolate the accelerated testing conditions to 

real performance.  

In this study, ammonium nitrate solution was used to accelerate the Ca-leaching process. The 

results showed that leaching kinetics was significantly increased while still keeping the 

“nature” of the leaching process. The square-root-time law of propagation of the leaching 

front and leached Ca amount was applicable under accelerated conditions indicating diffusive 

transport conditions. The mineralogical changes under leaching in ammonium nitrate solution 

were quite similar to leaching in pure water and no new phases were formed during leaching 

in ammonium nitrate solution. In order to extrapolate the accelerated test results to the natural 

environments in which concretes undergo leaching, one may define the degradation stages in 

terms of the changes in mineralogy (portlandite content, Ca/Si ratio) or microstructure 

(porosity, pore size distribution). It is then possible to predict the other properties (diffusivity, 

permeability, pH) at the same or similar degradation stages for leaching under normal 

conditions. In this sense, the combination of accelerated experiments and phenomenological 

models, for which inputs are obtained from accelerated tests, could be very useful to identify 

the comparative parameters and to predict the long-term behaviour of leached materials. In 

this way, it is able to imitate long-term naturally degraded cementitious materials by 

accelerated leaching using ammonium nitrate solution.   

For carbonation, an elevated CO2 pressure was applied to accelerate the carbonation process. 

This condition partially simulates what happens in some special underground structures. 

Therefore, the carbonation mechanism differs from natural carbonation process, in which 

advection does not exist, in terms of the carbonation rate, propagation of the carbonation 
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front, and the competition of CH and C-S-H carbonation. However, both accelerated and 

natural carbonation lead to the same end-products (calcium carbonate (with minor difference 

in morphology), lower Ca/Si ratio of C-S-H) and result in a lower pH, porosity decrease, 

refined pore size distribution, and thereby a decrease in transport properties. Those parameters 

are important indicators for concrete durability. Therefore, with the same approach as for 

accelerated leaching, one may still obtain meaningful prediction of long-term concrete 

performance by combining modelling and accelerated experiments.        

Strictly speaking, accelerated experiments cannot be expected to mimic all possible exposures 

and boundary conditions. One important thing that cannot be captured in accelerated tests is 

the continuous hydration of cement-based materials. Under natural conditions there is still 

evolution of the hydrated cement matrix structure, while under accelerated conditions the 

continuous hydration is not taken into account due to short experimental time. Furthermore, 

service environments change in time, which is not captured in the accelerated tests. It is 

generally assumed that accelerated tests can be used for the characterization of degraded 

materials and its resistance to chemical degradation as long as the limitations of accelerated 

techniques are fully considered. However, it is not fully recommended to use accelerated 

testing for the kinetic study in term of predicting the degradation rate under natural 

conditions.  

9.2. Summary and Conclusions 
This study was motivated by the needs of understanding and predicting the chemical 

degradation of concrete structures in the (very) long-term (e.g. nuclear waste disposal, 

important civil infrastructure). A clear understanding of the potential degradation, of which 

carbonation and Ca-leaching are the most important concerns, is useful for the design of 

materials, operation, maintenance of concrete structures, and prediction of lifetime of the 

structures.  Diffusivity and permeability as macroscopic properties of concrete determine how 

fast aggressive substances penetrate into concrete and are considered as fundamental 

parameters for characterizing long-term performance of concrete. The knowledge of the 

alteration of transport properties of concrete under working conditions is thus of utmost 

importance. The scientific community agrees that carbonation/leaching changes the transport 

properties of cement-based materials; however, to what extent is still questionable. This study, 

by deeper investigations of the modifications of mineralogy and microstructure, allows for a 

better understanding of the alteration degree of transport properties due to chemical 

degradation. 
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This work may be divided into three main parts. In the first part, new methods were 

developed/adapted in order to study the changes in microstructure, mineralogy and transport 

properties of cement-based materials due to chemical degradation. In the second part, the 

proposed methodologies were successfully applied on cement pastes to qualitatively and 

quantitatively study the carbonation and leaching under accelerated conditions. Finally, 

phenomenological models were developed to improve the understanding of experimental 

results and predict other properties of the degraded materials, which are out of reach from 

experimental work.        

9.2.1. Developments of methodologies   

Within this study, the author did not aim at developing single methods, but the efforts were 

spent on the development of integrated techniques, which allow for handling a series of 

experiments to achieve the goals of this study. In this experimental sequence, a single test 

method/setup was able to provide/receive information of the testing sample, which had been 

subjected to degradation or permeability/diffusivity determination. The developed methods, 

however, are not limited for this study.      

• A new technique was optimized to measure water permeability of cement-based materials 

using a controlled constant flow method. The method allows determination of water 

permeability with high accuracy at relatively short experimental time.  

• A method to measure the diffusivity of dissolved gases was proposed, which enabled 

determination of the effective diffusion coefficients of two gases in a single experiment.  

• A new carbonation method has been developed in which a high (pure) CO2 pressure 

gradient was applied to accelerate the carbonation process. The proposed method allows 

for an accurate quantification of CO2 uptake, good control of initial conditions and 

examination of the effect of carbonation on the permeability and diffusivity changes of 

carbonated cement-based materials. Two carbonation procedures were proposed: 

continuous and cyclic carbonation. The cyclic carbonation seems to be a relevant method 

to increase the carbonation degree compared to the continuous carbonation, but may 

initiate micro-cracking during drying cycles. The continuous carbonation allows studying 

the contribution of advection to the carbonation of cement-based materials and provides 

useful inputs for modelling due to its good monitoring of the initial and boundary 

conditions. 

• The leaching process was accelerated by using 6M ammonium nitrate solution. The 

changes in permeability and diffusivity due to chemical degradation could be easily 
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investigated in a testing series thanks to the compatibility of the proposed methods. 

Results showed that NH4NO3 solution was a reactive agent, which can be used to 

accelerate leaching kinetics while still keeping the “nature” of the leaching process.  

• A variety of complementary post-analysis techniques including SEM/SEM-EDX, MIP, 

TGA, IC, N2-adsorption, XRD/QXRD were used to qualitatively and quantitatively 

examine the intact and degraded materials. Comprehensive information obtained from 

these techniques provides a full picture of how transport properties of cement-based 

materials are changed due to leaching and carbonation via the evolution of the mineralogy 

and the microstructure.   

9.2.2. Application of proposed methods on cement pastes   

Intact cement pastes 

The effects of limestone filler replacement and w/p ratio on microstructure and water 

permeability were investigated by a factorial experimental program. It was observed that both 

limestone filler and w/p ratio had significant influences on water permeability. Permeability 

was increased with the increase of w/p ratio and limestone filler replacement. However, there 

was no interaction (or combined) effect between w/p ratio and limestone filler replacement in 

the testing range. If the comparison is based on a given w/c ratio instead of w/p ratio, the 

limestone filler replacement reduced the permeability of cement pastes.  

At a given w/p ratio, adding limestone filler made the microstructure coarser, especially for 

high w/p ratio. However, at a given w/c ratio, the limestone filler replacement refined the 

microstructure of the cement pastes. The water permeability was highly correlated to key pore 

structure parameters obtained from MIP experiments: accessible porosity and critical pore 

diameter. A good correlation of intrinsic water permeability and 
2.5

2

(1 )crd φ
φ−

 was found.  

Gas diffusion experiments were carried out on 2 selected samples (with and without limestone 

filler, similar w/c ratio) for comparison. The same trend of the effects of w/p ratio and 

limestone filler replacement was observed for dissolved gas diffusion. However the effects 

were less significant than for water permeability.  

Carbonated cement pastes 

Continuous vs. cyclic carbonation resulted in a different mechanism compared to carbonation 

under normal conditions in terms of the transport of CO2, the propagation of carbonation front 

and the contribution of cementitious phases (CH, C-S-H) to carbonation. The square-root-time 
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law of carbonation was not applicable under the studied conditions due to the contribution of 

advective transport. The evolution of relative humidity during continuous carbonation 

significantly decreased the carbonation rate.  

Microstructural analysis confirmed a relative reduction in porosity of the carbonated 

materials. The pore size distribution of most carbonated samples was broader and slightly 

shifted to smaller pore sizes. TGA results showed that portlandite was still present in the 

carbonated zone detected by phenolphthalein spraying. More importantly, the portlandite 

content was gradually decreasing over the depth of sample, which indicates that the 

carbonation front is not sharp under the experimental conditions of coupled advection and 

diffusion.  Portlandite was the main phase that was carbonated but also C-S-H was carbonated 

under the testing conditions, especially in the sample without limestone filler.  

Limestone filler replacement showed some interesting results. With the similar w/c ratio, 

addition of limestone filler increased the CO2 uptake. Limestone fillers can partially serve as 

nucleation sites for precipitation of calcium carbonates, which promotes portlandite 

carbonation. The micropore volume and specific surface area were decreased for carbonated 

sample with limestone fillers, but increased for carbonated sample without limestone filler as 

a consequence of C-S-H carbonation.  

Due to carbonation, the samples exhibited a significant decrease in permeability and 

diffusivity resulting from the changes in microstructure and mineralogy. The permeability 

decrease could be mainly attributed to the portlandite carbonation and partially to C-S-H 

carbonation. The changes in diffusion might be mainly due to C-S-H carbonation, which 

could explain the lower reduction in diffusion compared to permeability. A series model was 

also proposed to estimate the permeability and diffusivity of the carbonated zone.  

Leached cement pastes 

A factorial experimental program was used to study the effects of w/p ratio and limestone 

filler replacement on the degradation depth and Ca-leaching rate. The higher the w/p ratio and 

limestone filler replacement, the larger the leaching rate. However, the effects of w/p ratio 

were more significant than the effects of limestone filler replacement. The comparison of 

mass change calculated from IC results and direct measurements proved that C-S-H leaching 

contributes to the mass loss of the sample.      

Accelerated leaching highly alters the microstructure of the cement paste to a more porous 

material, which is evidenced by the increase of specific surface area, total porosity and by a 
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coarser pore size. The total accessible porosity of the leached samples highly depended on w/c 

ratio. Both meso- and micropore volumes were increased, but interesting is the micropore 

volume, which was altered much more than the mesopore volume. Probably the leaching of 

C-S-H whose volume fraction is higher than that of portlandite in the cement matrix results in 

a significant modification of the micropore structure. The bulk density increased towards the 

intact zone which indicates a gradual alteration in mineralogy. Portlandite was completely 

degraded in the leached zone while C-S-H was partially dissolved. Beyond the leached front, 

portlandite was partly dissolved.   

SEM image analysis showed a significant increase in porosity and pore size for the leached 

materials. The decalcification shrinkage resulted in the formation of micro cracks. More 

micro cracks were observed in samples with limestone filler addition. The leaching of Ca 

created connected pathways resulting in an increase of the percolation of the pore system. In 

the leached zone, the atomic Ca/Si ratio was gradually increased towards the degraded front 

with a jump in Ca/Si ratio indicative for the transition zone.    

The changes in microstructure and mineralogy led to a significant increase in transport 

properties. The permeability increased by one to two orders of magnitude depending on 

immersion time in NH4NO3 and w/c ratio. For similar w/c ratio, the addition of limestone 

filler helps to reduce the permeability alteration. The extent of permeability increase is 

correlated to the porosity and pore size distribution after leaching. The permeability of the 

pristine zone (determined by phenolphthalein) was probably altered as the Ca/Si ratio still 

decreased beyond the degraded depth. The diffusion was also significantly increased by 

leaching in ammonium nitrate solution, but not as significant as the change in permeability 

(factor of 4 for composite He diffusivity of sample S3L).   

9.2.3. Phenomenological models 

Accelerated carbonation and Ca-leaching experiments in combination with phenomenological 

modelling provides us insights in the evolution of the microstructure and related transport 

properties of cementitious materials on the long-term. The models were developed and 

verified based on the experimental results within this study. However, the prediction for other 

cases is possible by changing the input parameters (e.g. material properties (w/c ratio, cement 

type, hydration degree), and boundary conditions (concentration, pressure)).     

A one-dimensional reactive transport model coupling advection and diffusion to simulate the 

carbonation under controlled CO2 pressure conditions has been developed. The model enables 
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prediction of a variety of important parameters including the carbonation degree, CO2 uptake, 

portlandite content, porosity change and variation of transport properties over time and space. 

A parametric study confirms that the advection term plays an important role in the transport of 

CO2 in case of carbonation under a high pressure gradient on relatively permeable cement-

based materials. The model helps to better interpret the experimental observations and 

understand the on-going phenomena, such as the formation of the gradual carbonation front, 

and the increase of the saturation degree at the reacted surface. Preliminary verification with 

accelerated carbonation experiments gives a good agreement.  

For Ca-leaching in an ammonium nitrate solution, a one-dimensional model based on the 

solid-liquid equilibrium of Ca is developed. What is new in the model is that the transport of 

both calcium and nitrate are considered because of the dependence of Ca-solubility on the 

nitrate concentration. By introducing a direct relation between the solubility and nitrate 

concentration, the solid-liquid equilibrium curve describes better the phase equilibrium in 

NH4NO3 solution. The model enables prediction of the leaching depth, Ca-leached amount, 

portlandite content, solid Ca content, porosity, diffusivity and permeability changes over time 

and space. The modelling results show that the accelerated leaching in ammonium nitrate 

solution significantly increases the porosity and decreases the Ca/Si ratio, which both lead to a 

significant increase in permeability and diffusivity. More importantly, the transport properties 

of the zone beyond the degradation front are also significantly increased, which confirmed the 

experimental results. The contribution of C-S-H to changes in microstructure and transport 

properties is clearly seen by modelling, which helps in explaining the experimental 

observations. Verifications with accelerated leaching experiments were in good agreement. 

9.3. Suggestions for future research  
Despite the fact that more insights on how microstructure and transport properties change 

under chemical degradation processes have been gained, this study has revealed some 

interesting problems that should be considered in further study.  

• More experimental data on the changes in transport properties of degraded materials at 

different degradation time is still required to validate and better predict the changes in 

transport properties due to chemical degradation. 

• The change in microstructure is partially attributed to C-S-H leaching/carbonation as 

proved in this study by indirect integrated techniques. The degradation of C-S-H at 

nanometer level could be better captured by applying advanced techniques such as Focus 
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ion beam - Scanning electron microscopy (FIB-SEM). 3D imaging analysis could offer a 

great potential in fully characterizing the pore network of degraded materials.     

• The effect of temperature on Ca-leaching and carbonation should be considered as it 

significantly affects the reaction rate and the transport of aggressive species.   

• Combined carbonation and leaching is also important to study as they (often) occur 

simultaneously.  Knowledge of such combined process is important to understand how 

much each process contributes to the combined process in terms of changes in 

microstructure and transport properties.   

• The proposed test methods are applicable not only to cement paste but also to mortar or 

concrete. The extension of this study to more “real” materials used in structures is 

meaningful and provides the knowledge of the contribution of interfacial transition zone 

(ITZ) to the degradation processes. 

• The multi-purpose cell (also called permeability, diffusion or carbonation cell) can be 

slightly adapted by replacing the non-flexible resin by a rubber ring. This adaption will 

prevent cracking that may occur due to the shrinkage of testing materials, especially 

during drying cycles of the cyclic carbonation experiment.       

• Mechanical properties of degraded materials should be investigated in future research as 

most service conditions involve some type of mechanical loading. 

• Long-term degradation experiments simulating the working conditions (on the same 

materials as under accelerated conditions) are costly and time consuming, but will provide 

useful information on how far the accelerated tests can be used for the predictions of long-

term concrete durability. It could also help for kinetic studies in which the lifetime of real 

concrete structure can be predicted.  
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APPENDIXES 

Appendix 1. Numerical parameters used for carbonation simulation  

Parameter Notation Value Reference/note  
Temperature T 298 K  

Molar mass Ca CaM  0.040 kg/mol  

Molar mass CO2 
2COM

 
0.044 kg/mol  

Molar mass Ca(OH)2 CHM
 

0.074 kg/mol  

Molar mass water wM  0.018 kg/mol  

Henry constant 
2

H
COK  

2941 m3.Pa/mol  At 298 K 

Universal gas constant R 8.314 J/mol.K  

Viscosity coefficient of water 
2H Oη  

0.89×10-3 Pa.s At 298 K 

Viscosity coefficient of CO2 gas 
2COη  

1.5×10-5 Pa.s At 298 K 

Intrinsic permeability of aqueous 
phase 

0
lk  

2.3×10-20 m2 

1.4×10-20 m2 

For sample S3  

For sample S4  

Intrinsic permeability of gaseous 
phase 

0
gk  

1.6×10-19 m2 

2.8×10-19 m2 

For sample S3  

For sample S4  

Empirical coefficients in Eq. (8.10)  p 
q  

5.5 

0.56 

[258] 

 

Volume fraction of CO2 in 
atmosphere 

 0.03% Needed to 
calculate Cl

out  

Diffusivity of Ca ion in water 0
Ca
lD  4.5×10-10 m2/s [277] 

Diffusivity of CO2 in water 2
0

CO
lD  

1.94×10-9 m2/s [283] 

Experimental fitting parameters in 
Eq. (8.27) 

α 
β 

5.72 

0.444 

[284] 

Hydration degree m 0.83  

0.82  

For sample S3 

For sample S4 

Prefactor in Arrhenius' equation ψ 1.69 m3/mol.s Deduced from 
reaction rate 
constant 
proposed by 
[285]   

Activation energy E0
 16700 J/mol [286] 

Sample dimension: diameter  

                                length 

d  
L 

0.0975 m 

0.025 m  
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Parameter Notation Value Reference/note  
Equilibrium constant of H2CO3 Ka 10−6.347 mol/l At 298 K [287] 

Equilibrium constant of HCO3
- Kb 10−10.32 mol/l At 298 K [287] 

Unit weight of water wg  1000 kg/m3  

Molar volume of Ca(OH)2 VCH 33×10-6 m3/mol  

Molar volume of CaCO3 VCC 36.85×10-6 
m3/mol 

 

Molar volume of CSH(1.7) VCSH(1.7) 72×10-6 m3/mol  

Lumped parameter in Eq. (8.14) 0Ω  4.38×10-4 

4.25×10-4 

For sample S3 

For sample S4 

Initial Ca/Si ratio y0 1.7 [271] 

BET specific surface area SBET 30.6 m2/g 

38.0 m2/g  

34.8 m2/g 

23.2 m2/g 

Intact S3 

Carbonated S3 

Intact S4 

Carbonated S4 

Bulk density ρ 1780 kg/m3 

2140 kg/m3 

1850 kg/m3 

1860 kg/m3 

Intact S3 

Carbonated S3 

Intact S4 

Carbonated S4 
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Appendix 2. Numerical parameters used for Ca-leaching simulation 

Parameter Notation Value Reference/note  

Initial concentration of nitrate 0
3NOC  6 mol/l  

Volume of NH4NO3 6 mol/l V  1.2 l  

Diffusivity of Ca ion in water 0
CaD  4.5×10-10 m2/s [277] 

Diffusivity of NO3
- in water 0

3NOD  
1.94×10-9 m2/s [283] 

Experimental fitting parameters in 
Eq. (8.70) 

ω 
 

0.04 l/mol 

 

 

Sample dimension: diameter  

                                length 

d  
L 

0.0975 m 

0.025 m  

 

Molar volume of portlandite VCH 33×10-6 m3/mol [279] 

Initial Ca/Si ratio y0 1.7 [271] 

Hydration degree m 
 

0.72 

0.83 

For sample S1 

For sample S3 

Parameters in Eq. (8.75) d 

 

e 

 

f 

3280 mol/m3 

2972 mol/m3 

6559 mol/m3
 

5943 mol/m3
 

10417 mol/m3 

9667 mol/m3 

For sample S1 

For sample S3 

For sample S1 

For sample S3 

For sample S1 

For sample S3 

Bouge calculation 

Lumped parameter in Eq. (8.89) 0Ω  7.89×10-6 

4.38×10-4 

For sample S1 

For sample S3 

BET specific surface area SBET 9.9 m2/g 

73.1 m2/g 

30.6 m2/g 

145.8 m2/g 

Intact S1 

Leached S1 

Intact S3 

Leached S3 

Bulk density ρ 1890 kg/m3 

1390 kg/m3  

1780 kg/m3 

1110 kg/m3 

Intact S1 

Leached S1 

Intact S3 

Leached S3 
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