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Water and alkali salts in the hydrating and hardened green cement-based materials 

Hydration process, moisture content and transport  

 

LIMING HUANG 

Department of Architecture and Civil Engineering 

Division of Building Technology, Building materials 

Chalmers University of Technology 

Abstract 

Reducing CO2 emissions in the production of cementitious binder is the most effective way to 

decrease the environmental impact of the construction industry, so a large amount of 

supplementary cementitious materials (SCMs) has been used in the green concrete. Both the 

SCMs and alkali salts in binders influence the hydration process and the structure in hardened 

cement-based materials. Experiments were performed to investigate the effects of them on the 

hydration reaction in fresh paste, the pore structure and moisture transport in hardened pastes 

because these properties determine the durability of concrete during its service life. The 

composition and morphology of hydration products were determined by X-ray diffraction 

(XRD) and scanning electron microscopy (SEM). The electrical conductivity of hydrating 

paste was real-time monitored by a newly invented device to detect the structure change during 

hydration. An easy procedure was developed to determine the water distribution in paste. 

Electrical conductivity of the pore solution was calculated with the volume of evaporable water 

and chemical composition of the binders. The moisture transport in hardened pastes was 

measured by the new procedure and setup. The chloride migration in paste was measured by 

the rapid chloride migration method (RCM). The mercury intrusion porosimeter (MIP) was 

used to test the pore size distribution. 

The results show that the precipitation of C-S-H is a nonclassical nucleation process. The initial 

structure building starts with the nucleation of primary globules. It grows by particle 

attachment and potassium salts influence not only the size of primary globule floc but also the 

packing orientation. A large increase in the heat release after the induction period may be due 

to the growing attachment rate of flocs instead of the dissolution of etch pits. The duration of 

induction period correlates to the size of primary floc. Al ion will change the size of floc to 

prolong the low-rate period, but alkali salts can mitigate the effect from it. A hypothesis 

regarding the dissolution of C3S and the nucleation of C-S-H within the near-surface region 

narrows the gap in the current theories.  

The hydration reactivity of binders can be indicated by the evolution of electrical conductivity, 

formation factor and its growth rate in the hydrating pastes. The electrical properties of pastes 

are related to the setting, pore connectivity and volume of evaporable water. An increase in the 

water-binder ratio (w/b) lowers the electrical conductivity of pore solution due to the dilution 

of alkali concentration. However, it increases the connectivity of pore solution and reduces the 

formation factor of pastes. The blending of slag decreases the conductivity of pore solution and 

increases the formation factor. Fly ash induces a higher connectivity of pores at the early age 
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owing to its lower reactivity compared to clinker, but the connectivity of pores in the fly ash 

paste is much lower than the plain pastes after long-term hydration (1 year). Limestone 

increases the connectivity of pore solution at the early age, but its filling effect becomes 

effective after a certain hydration age. The relationship between volume of evaporable water 

and formation factor can be well demonstrated by the extended percolation theory, and this 

provides theoretical basis for an in-situ detecting of evaporable water in pastes by electrical 

conductivity.  

The procedure developed in this study can measure the moisture transport properties in both 

steady-state and non-steady state transport condition. The moisture transport coefficient in the 

hardened cement paste is RH dependent. The differences in RH dependency are due to 

discrepancies in the critical RH for percolation of liquid in pastes. The blended pastes have a 

more complex pore structure and lower concentration of alkali ions in pore solution, so the 

critical RH of the blended pastes is higher than that of OPC. The blending of fly ash and slag 

evidently reduce the moisture and chloride diffusivity in pastes due to its reduction effect in 

formation factor and pore connectivity. Formation factor is the major determinant for the 

moisture transport at a high RH interval, but porosity of small pores (middle capillary and 

mesopores) becomes the major determinant at a low RH. This study provides the meaningful 

data for the prediction and simulation of moisture and ion (e.g. chloride) transport in concrete 

during its service life with a continuous long-term hydration. 

Keywords:  

Sustainable cement-based materials; supplementary cementitious materials; alkali salts; 

hydration; electrical conductivity; pore structure; formation factor; moisture transport  
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Vatten och alkalisalter i hydratiserande och hårdnande gröna cementbaserade 

materialen 

Hydratationsprocess, vattenhalt och fukttransport 

 

LIMING HUANG 

Institutionen för Arkitektur och samhällsbyggnadsteknik 

Avdelningen för Byggnadsteknologi, byggmaterial 
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Sammanfattning 

Att minska koldioxidutsläppen vid tillverkningen av bindemedel är det mest effektiva sättet att 

minska miljöpåverkan i byggbranschen, så en stor mängd mineraliska tillsatsmaterial har 

använts i grön betong. De alternativa materialen tillför extra alkalisalter i cementmassorna, 

vilket påverkar hydratationssprocessen och strukturen i härdade cementbaserade material. 

Flera experiment utfördes för att undersöka effekten av alkalisalter och tillsatsmaterial på 

hydratationssprocessen, strukturen och fuktfördelningen i härdade prover. 

Hydrationsprodukternas sammansättning och morfologi bestämdes med hjälp av 

röntgendiffraktion (XRD) och svepelektronmikroskopi (SEM). Den elektriska 

ledningsförmågan hos hydrerande pasta övervakades i realtid med hjälp av en nyuppfunnen 

anordning för att upptäcka strukturförändringen under hydratation. Ett enkelt förfarande 

skapades för att bestämma vattenfördelningen i pastan. Porlösningens ledningsförmåga 

beräknades med hjälp av volymen av förångningsbart vatten och den kemiska 

sammansättningen av bindemedlen. Fuktsfördelningen i härdade pastor mättes med hjälp av 

det utvecklade metoden och utrustningen. Kloridmigrationen i pastan bestämdes med hjälp av 

kloridmigrationsmetoden (RCM). Kvicksilverintrusionsporosimetern (MIP) användes för att 

bestämma porstorleksfördelningen i de härdade pastorna. 

Resultaten visar att utfällningen av C-S-H är en icke-klassisk kärnbildningsprocess. Den 

inledande strukturbildningen börjar med kärnbildning av primära globuler. Den växer genom 

partikelfästning och kaliumsalter påverkar inte bara storleken på den primära globulära 

flockens storlek utan även packningsorienteringen. Den stora ökningen av värmeavgivningen 

efter induktionsperioden kan bero på att flockarnas fästningshastighet ökar i stället för på 

upplösningen av etsningsgroparna. Induktionsperiodens längd korrelerar med storleken på de 

primära flockarna. Al-joner kommer att förändra flockens storlek och förlänga perioden med 

låg hastighet, men alkalisalter kan mildra effekten av detta. En hypotes om upplösningen av 

C3S och kärnbildning av C-S-H i området nära ytan kan minska gapet i de nuvarande teorierna.  

Bindemedlens hydreringsreaktivitet kan indikeras av utvecklingen av den elektriska 

ledningsförmågan, formationsfaktorn och dess tillväxttakt i de hydratiserande cementpastorna. 

Cementmassornas ledningsegenskaper är relaterade till tillstyvnande, porernas förbindelse och 

volymen av avdunstningsbart vatten. En ökning av förhållandet mellan vatten och bindemedel 

(w/b) sänker porlösningens ledningsförmåga på grund av utspädningen av 
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alkalikoncentrationen. Det ökar dock porlösningens förbindelse och minskar formationsfaktorn 

för pastorerna. Blandning av slagg minskar porlösningens ledningsförmåga och ökar 

formationsfaktorn. Flygaska ger en högre förbindelse hos porerna vid tidig ålder på grund av 

dess lägre reaktivitet jämfört med klinker, men förbindelse hos porerna i flygaskpasta är mycket 

lägre än vanlig pasta efter långvarig hydratation (1 år). Kalksten ökar porlösningens förbindelse 

vid tidig ålder, men dess fyllningseffekt är effektiv efter en viss hydratationssålder. 

Förhållandet mellan volymen av avdunstningsbart vatten och formationsfaktorn kan påvisas 

väl med hjälp av den utvidgade perkolationsteorin. Detta ger teoretiskt stöd för en in situ-

detektion av förångningsbart vatten i pastorerna genom att bestämma den elektriska 

ledningsförmågan. 

Det utvecklade förfarandet kan mäta ångdiffusionskoefficienten och den totala 

fuktdiffusionskoefficienten för samma prov i ett och samma förfarande. 

Fukttransportkoefficienten i den härdade cementpastan är RF-beroende. Skillnaden i RF-

beroendet beror på att den kritiska RF-nivån för perkolation av vätska i pastor är olika. De 

pastor med tillsatsmaterial har en mer komplex porstruktur och lägre koncentration av 

alkalijoner i porlösningen, vilket innebär att den kritiska RF för dessa är högre än för de 

baserade på enbart portlandcement. Inblandning av flygaska och slagg minskar uppenbarligen 

fukt- och kloriddiffusionen i pastorna på grund av den minskade effekten på bildningsfaktorn 

och porernas förbindelse. Formationsfaktorn är den viktigaste parametern för fukttransporten 

vid hög RF, men porositeten hos små porer (mellankapillär- och mesoporer) blir den viktigaste 

faktorn vid låg RF. Denna studie ger meningsfulla data för förutsägelse och simulering av 

fuktdiffusion och joninträngning (t.ex. klorider) i betong under dess livslängd i samband med 

kontinuerlig långvarig hydratation. 

Nyckelord:  

Hållbara cementbaserade material; kompletterande cementmaterial; alkalisalter; hydratation; 

elektrisk konduktivitet; porstruktur; fukttransport 
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1 Introduction 

This chapter will start with a brief introduction on the background of this study. The main 

purpose for this thesis will be illustrated in the section 1.2. The main content of this thesis 

includes three divergent directions, which is internally connected by the theoretical framework 

in the section 1.3. The limitations in the whole framework and the experimental investigation 

have been specified in the last section of this chapter. 

1.1  Background 

Cement is the most widely used materials in construction, covering residential and commercial 

buildings, bridges and roads. According to statistics, the global cement consumption reached 

4.13 billion tons in 2016 [1] and this value is expected to reach 4.68 billion tons in 2050 [2]. 

The production of ordinary Portland cement (OPC) consumes a lot of energy and releases 

massive CO2 due to the large demand of concrete. It is the third largest energy-consuming 

industry, with CO2 release accounting for 6–7% of anthropogenic CO2 emissions and 4–5% of 

greenhouse gases [3,4]. In response to energy conservation and emission reduction for the 

sustainable development, plenty of alternative raw fuels are used in cement production [5,6]. 

Meanwhile, the blending of SCMs is the most efficiency way to decrease the clinker content 

in cement [7], thus reducing the emission from its production. Both alternative raw fuels and 

SCMs brings more foreign trace elements in cement-based concrete compared to the traditional 

production process. Sulfur (S) and potassium (K) are the typical representatives in the 

introduced elements in the blended pastes. In addition, sulfates were used as an activator in 

cement-based concrete to boost the reactivity of SCMs [8]. 

SCMs make impact on the hydration of OPC as well as the microstructure in the hardened 

cement-based pastes (hcp), which affects the properties of fresh slurry (setting time and 

rheology), the hardened properties and the durability of concrete. Alkali sulfates also alters the 

hydration process [9–11], so that they change the setting and rheology of fresh pastes, and the 

microstructure in both plain and the blended concrete [12,13]. During the hydration without 

introducing extra alkali salts, the C-S-H grows with a morphology of long needle-like 

structures and finally links together. However, C-S-H grows in a dispersed single needle-like 
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morphology with the presence of alkali sulfates or calcium sulfates. When only alkali ions are 

added, C-S-H grows in the short tree-shape structure attached on the surface of the unhydrated 

particles as shown in [10,14]. Several different build-up patterns of products cause a large 

difference in the pore structure, thus affecting the strength, shrinkage, durability of the hcp.  

The effects of SCMs on the microstructure of the main hydration products, C-S-H and CH, 

have attracted plenty of research attention. Berodier and Scrivener [15] reported that the 

volume of hydration products in the blended pastes is lower than that in the OPC paste, so 

SCMs increased the total porosity of the hcp. However, the pore structure is refined because of 

the filling effect of later age hydration products from SCMs. Some studies found that the 

incorporation of slag can also reduce total porosity at an early stage and enforce a pore 

refinement effect [16]. The mechanical performance of the modified hydration products was 

evaluated by means of nanoindentation in some previous investigations. It was found that the 

blending of silica fume, fly ash, slag and metakaolin altered the elastic modulus of hydration 

products. The specific trend of change is closely related to the water to binder ratio (w/b) and 

the amount of mineral blending [17,18]. Some studies found that the incorporation of SCMs 

has no effect on the performance of low-density (LD) C-S-H and high-density (HD) C-S-H 

itself, but it increases the percentage of HD C-S-H in the composition of hcp. Wilson [19] found 

that the chemical structure of calcium aluminosilicate hydrate (C-A-S-H) was largely modified 

in hcp with w/b of 0.4, but the mechanical properties fluctuate only in a small range (e.g., 

modulus is in the range of 25–27 GPa). Nonetheless, the variation in the percentage of LD and 

HD C-S-H in the hcp have a significant influence on the mass transport process in hcp. The 

mass transport in hcp is determined by the multiscale pore structure in hcp from about 5 Å up 

to 10 μm and microstructure of C-S-H as illustrated in Figure 1.1. 

 

Figure 1.1. A sketch of multiscale pore distribution in the hcp related to the moisture and ions transport properties.  
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In 2000, Jennings [20] proposed a holistic C-S-H structural model based on the results from 

the small-angle X-ray diffraction and small-angle neutron diffraction, in which the structure of 

LD and HD C-S-H were detailly interpreted. Allen [21] quantitatively characterized the 

chemical structure of C-S-H with the specific mole ratio of the bound and adsorbed water so 

that the true density of C-S-H was accurately determined. Based on the above research, 

Jennings [22] proposed a more detailed globular particle model, and this model has been 

adopted in this paper (see Figure 1.1) and illustrated at nanoscale. In this model, the pores 

inside the hcp can be divided into four categories. the size of the interlayer gel pore is about 

several layers of water molecules (5–25 Å) and the gel pore is a pore formed by the overlapping 

of globular floc, which can be subdivided into small gel pores and large gel pores, 

corresponding to 1–3 nm and 3–12 nm, respectively. The size of the capillary pores is in a wide 

range from 20 nm to10 μm depending on the w/b. Mehta and Monteiro [23] classified the pores 

in hcp into 4 categories with respect to their effect on strength and mass transport properties, 

that is, gel micropores (<4.5 nm), mesopores (4.5–50 nm), middle capillary pores (50–100 nm) 

and large capillary pores (>100 nm). The percentage and absolute volume of pores with variant 

sizes determine the moisture and ion transport properties in hcp.  

The correlation between the refined pore structure and mass transport properties in hcp is still 

lack of a clear clarification due to complexity of pore structure in hcp. In addition, the transport 

process relates not only to the pore structure but also to the alkali concentration in the pore 

solution. Ionic conductivity of pore solution is mainly determined by the alkali concentration 

in hcp with normal w/b (<20). The alkali concentration in hcp can be calculated based on the 

chemical compositions of binders and their hydration degree [24]. Therefore, the pore structure 

properties, such as formation factor (F), detected by the electrical conductivity test may 

appropriately reflect the effect of pore solution in the evaluation of transport properties. Many 

published papers intended to correlate the transport properties to the pore structure parameters 

from mercury intrusion porosimeter test (MIP), for instance, the critical entry pore size (CP) 

[25–27]. However, CP as the determinant can hardly explain the fact that FA blended mortar 

has a much lower vapor diffusion but with a higher CP compared to OPC mortar.  

The mechanism of the bottom-up structure formation during the hydration is of great 

importance but lack of research attention. This work tried to reveal the effect of potassium salts 

on the packing of globular floc up to the end of induction period, which is the initial process 

for the structure building. Thereafter, the electrical conductivity of cement pastes during 

hydration were measured as an index for structure evolution up to 12 days. There are many 

unsolved problems in the hydration of pure minerals and cement, which deserves the further 

investigations. Finally, the effects of SCMs on the moisture or chloride transport properties in 

hcp were detailly discussed by correlating them with several pore structure parameters. 

There are several methods to determine the moisture transport properties based on steady-state 

conditions (constant flux through discs, such as cup method [28]) or non-steady state conditions 

(such as semi-infinite drying) [29]. The cup method takes a long time (almost 6 months) to get 

the equilibrium for a constant flux, which also depends on the dimension of slabs and sealing 

conditions. These methods are time-consuming because of a long-term equilibrium time. In 

addition, the experiments are only able to be operated in the labs with special setup. An in-situ 
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monitoring of moisture loss in the cement-based concrete is meaningful for the utilization of 

green binders in the modern construction, so it is urgent to invent some novel methods with the 

proper theories and to build models for the application of these methods.  

1.2  Objectives 

Alkali salts affect the hydration of C3S to change heat release evolution and modify the 

morphology of C-S-H in hydration products. This work aims to reveal the underlying 

mechanism in the building-up of C-S-H structure during the early hydration with and without 

potassium salts. The real-time monitoring of electrical conductivity was operated to investigate 

the structure evolution in both the plain and blended pastes during the hydration process. The 

efforts were paid to explore the potential use of electrical conductivity for indicating the 

moisture content in hcp. To measure the transport of moisture in hcp under both steady and 

non-steady state, a new setup and the corresponding procedure were described in detail. The 

pore size distribution in the hcp was tested by MIP to identify a clear correlation between pore 

structure and moisture or chloride transport in hcp. The following questions have been 

addressed in the present work: 

▪ How do K2SO4, KOH and C3A influence the precipitation of C-S-H during the  

early hydration?  

▪ What is the relationship between the duration of induction period and size of  

globular flocs? 

▪ How do SCMs influence the structure evolution of pastes during hydration up to  

12 days, based on the real-time monitoring of electrical conductivity?  

▪ How can we operate a nondestructive measurement on the moisture content in hcp  

on-site? 

▪ Which structure parameter is the determinant on the moisture and chloride  

transport properties in hcp?  

▪ What is the refinement effect from the SCMs on the pore structure in hcp under  

the sealed curing? 
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1.3  Theoretical framework 

After mixing with water, the hydration of cement initiates with the quick dissolution of minerals. 

The concentration of ions (Ca, Al, Si and S etc.) in the bulk pore solution increases as the 

dissolution proceeds, which will in turn suppress the dissolution of minerals to slow down the 

hydration process. This was the widely adopted dissolution theory. However, the dissolution of 

minerals is controlled by the density of dissociated ion complex attached on its surface instead 

of ions in bulk pore solution. The colloidal structure of the dissolved minerals builds a 

saturation state in a local region. Precipitation of C-S-H in the local region is a non-classical 

nucleation process. It starts with the nucleation of primary globule as shown in Figure 1.2 and 

then grows by particle attachment to pack up the main structure of hcp. 

 

Figure 1.2. Illustration of theoretical framework by a flowchart. 

Alkali and sulfate ions alter the ionic species in the solution so that they influence the 

dissolution of minerals, nucleation kinetic of primary globule and the packing preference of 

particles. These effects change the bottom-up structure formation of the outer products in hcp, 

which in turns determines the dissolution of minerals and precipitation of the inner products at 

later age. SCMs provide the nuclei during the hydration after its dissolution, so it will change 

the precipitation of products. Moreover, the latent hydraulic activity of SL and the secondary 

hydration of FA modify the structure of both outer and inner hydration products in hcp. 

The effects from SCMs on the moisture content, water accessible porosity and pore connection 

change the electrical conductivity of pore solution and hcp. Therefore, the measurement of 

electrical conductivity in the pastes during hydration can indicate the differences in the 

structure growth of hcp. The transport of moisture and migration of chloride in hcp are mainly 

controlled by the pore structure, which can be indexed by pore size and Formation factor (F) 

of hcp by taking electrical conductivity of pore solution into consideration. 
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1.4  Limitations 

The chemical composition in binders is an important parameter for the calculation of 

conductivity of pore solution. Compositions of oxide in Table 2.1 were measured by the X-ray 

fluorescence, so it is not the actual content of the dissolvable alkali in binders. Therefore, we 

introduced a modifying equation, but there are still some deviations between the actual 

concentration and the calculated value. The determination of water content in hcp by the 

invented procedure neglects the carbonation in pastes during hydration, but this effect is weak 

in pastes at early hydration. The sample for moisture diffusion test is limited in small sizes in 

this study, so it may need some modification in the coefficient due to the size effect if we apply 

it in the practical model for predicting the moisture properties of buildings.  

The dissolution and precipitation only occur in the interface of solid contacting with solution, 

but all the analysis are based on the SEM images of the dried samples instead of the in-situ 

measurement. Therefore, the main conclusion for the nucleation of C-S-H at early hydration is 

based on these two assumptions: Firstly, the solvent exchange treatment by isopropanol has the 

same effect on all samples hydrating in different solutions; Secondly, the freeze-dry and the 

plating of Au have the negligible effects on the sizes and number of etch pit on particles surface.  

The packing of hydration products from induction period to the main hydration peak is a very 

complex process, but it is the main process that determines the structure of hardened pastes. 

This study only investigated the details in nucleation process at very early age and the structure 

information after the main peak was indexed by the electrical conductivity. The correlation 

between the spatial packing of hydration products and the pore size distribution or the electrical 

properties is lack of quantitative mathematical expression. The direct measurement of 

conductivity in pastes would be affected by many factors, such as temperature or polarization 

of electrode, so the indication of moisture content at early age is not as valid as the later age. 

Moreover, there is weak general correlation between the moisture content and conductivity in 

pastes with different binder mixtures. The invented procedure and setup for moisture transport 

test can only be operated in the lab with a good curing condition and the limited dimensions. 

The investigation in this study was focused on the hcp. The moisture transport in the hcp may 

be different from that in the concrete because of the presence of aggregates. Therefore, the 

further study for application of the theory from hcp to concrete is needed.  
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2 Materials and methods 

This chapter provides the detail information about the raw materials, the procedure for mixing 

and casting of the samples, and the setting of instrument measurement. The setup for 

conductivity test and the new setup for moisture transport test are described in this part. Some 

equations are illustrated to determine the content of the evaporable water and nonevaporable 

water in hcp. 

2.1  Raw materials 

2.1.1 Pure minerals 

The triclinic tricalcium silicate (C3S) and cubic tricalcium aluminate (C3A) were purchased 

from DMT Materials Technology Co., Ltd. The specific surface area of C3A powder is 1.26 

m2/g. C3S has a purity of 98.57% and a specific surface area of 1.92 m2/g. The particle size 

distribution of C3S powder is presented in Figure 2.1. The majority of C3S has a size smaller 

than 10 μm. Some analytical reagents were used in the experimental investigation, including 

NaCl, KCl, KOH, K2SO4 and AR sulfuric acid (CAS:7664-93-9). 
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Figure 2.1. Particle size distribution of C3S. 
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2.1.2 Cement and SCMs 

Cement is an ordinary Portland cement (CEM I 52.5 R) with a Blaine surface of 525 m2/kg. 

Three kinds of SCMs were used in the experiments: slag Bremen (SL) with a Blaine surface of 

420 m2/kg from Thomas cement; fly ash (FA) from Cementa; limestone powder from Nordkalk, 

Limus 15 with a D50=18 μm (LL). The chemical composition of each binder is shown in Table 

2.1. The limestone has a calcite content ~89% and 9% SiO2. Figure 2.2 shows the particle size 

distribution of the raw materials. LL filler has the finest particle size among all the binders.  

 

Figure 2.2. Particle size distribution of binders.  

Table 2.1. Chemical composition of different binders (LOI: loss of ignition; 𝛿𝑖: mole of chemical composition per 

gram binder). 

Chemical 

Composition 

CEM I 52.5 R Slag Fly ash Limestone 

wt% 𝛿𝑖(mol/g) wt% 𝛿𝑖(mol/g) wt% 𝛿𝑖(mol/g) wt% 

CaO 62.2 1.11×10-02 39.11 6.98×10-03 5.1 9.11×10-04 49.5 

SiO2 19.6 3.06×10-03 36.63 5.72×10-03 54.6 8.53×10-03 9.0 

Al2O3 4.5 4.41×10-04 13.56 1.33×10-03 22.4 2.20×10-03 0.6 

Fe2O3 3 1.88×10-04 0.49 3.06×10-05 8.7 5.44×10-04 0.3 

SO3 3.5 4.38×10-04 0.27 3.38×10-05 0.8 1.00×10-04 0.03 

MgO 3.5 8.75×10-04 8.52 2.13×10-03 1.8 4.50×10-04 - 

K2O 1.01 1.07×10-04 0.57 6.06×10-05 2.1 2.23×10-04 0.3 

Na2O 0.27 4.35×10-05 0.42 6.77×10-05 1 1.61×10-04 0.1 

Cl 0.07 1.97×10-05 0.009 2.54×10-06 - - - 

Sulfide - - 0.73* - - -  

LOI 2.5  -1.07  3.5  40.1 

*Note: The sulfide in slag will be oxidized during the LOI test, so this induces an increase of weight. Although the hydration 

also makes oxidization of sulfide [30], we assume that its oxidization is rare due to the low hydration degree at the 

early age. 
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2.2  Preparation of samples  

2.2.1 Minerals at early hydration 

C3S was mixed with three different kinds of solutions with a solid to solution ratio of 0.5 at 

25 ℃. The liquid includes the deionized water (TC3S), 0.06 g/mL KOH solution (KH) and 0.06 

g/mL K2SO4 solution (KS). All samples were stirred for 1 min in a glovebox with N2 gas and 

then they were cured in this box before we took them out to stop hydration. The hydration was 

stopped at 0.5 h by solvent exchange.  

C3A was used to replace a part of the C3S to make a C3S:C3A mixture system (90%:10% by 

weight). The hydration of mixture system with the deionized water, KH, and KS were 

conducted with a solution to solid ratio of 0.5 at 25 ℃ in the glovebox. It was stopped at 4 h 

by immersing the samples into liquid nitrogen and then samples were quickly moved into a 

freeze-drying machine at -50 ℃ and 0.7 Pa for 3 days. The same procedure was used to stop 

the hydration of a reference sample (pure C3S with deionized water). 

2.2.2 Preparation of pastes 

Table 2.2 shows the mixing proportion of 11 samples. In binary systems, OPC was replaced 

with 35% FA or SL by weight. In the ternary system, OPC was replaced with 35% SL and 16% 

LL. Pastes were mixed with three different water-binder ratios (w/b) with 0.35, 0.45 and 0.55 

respectively, except for the fly ash pastes with two w/b (0.35 and 0.45), due to the fact that 

there is less availability of FA in the future. 

Table 2.2. The mix proportion of samples (LOIb: the normalized loss of ignition of binder system). 

Samples Binder w/b LOIb 

P035 OPC (SH P Slite CEM I 52.5 R) 0.35 

2.5% P045 OPC (SH P Slite CEM I 52.5 R) 0.45 

P055 OPC (SH P Slite CEM I 52.5 R) 0.55 

P135 65%OPC+35%FA 0.35 
2.85% 

P145 65%OPC+35%FA 0.45 

P235 65%OPC+35%SL 0.35 

1.2% P245 65%OPC+35%SL 0.45 

P255 65%OPC+35%SL 0.55 

P335 49%OPC+35%SL+16%LL 0.35 

0.85% P345 49%OPC+35%SL+16%LL 0.45 

P355 49%OPC+35%SL+16%LL 0.55 

The pastes were homogeneously mixed in a planetary mixer with 100 stainless steel balls (16 

mm diameter) in the bowl. The speed of the agitator was controlled with 75 revolutions per 

minute and 7 rotations per revolution to avoid bouncing of the ball. For the OPC paste (P0) 

with w/b=0.35, it was mixed for 1 min after the addition of all the deionized water. A rubber 

spatula was used to scrape the materials adhering on the wall and in the bottom to the middle. 

In the last step, the paste was mixed for another 2 min.  

For the pastes with w/b=0.45, they were firstly mixed with the amount of water equal to 
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w/b=0.35 for 1 min. Afterwards, the mixture was scraped with a rubber spatula as described 

above. The remained water was added, and the slurry was mixed for another 1 min. After a 

second scraping, the paste was mixed for the last 2 min. For the pastes with w/b=0.55, they 

were firstly mixed with the amount of water equal to w/b=0.35 for 1 min. After the first scraping, 

the water was added up to w/b=0.45. It was followed with 1 min mixing and the second scraping. 

Finally, the rest of water was added and mixed for 1 min. After the third scraping, the paste was 

mixed for 2 min. For the blended pastes, an extra 1 min premix of dry binder was performed 

before adding water. Afterwards, the blended pastes were mixed by following the same protocol 

as the OPC pastes. 

2.3  Measurement procedures 

2.3.1 Procedure for conductivity test 

The electrical conductivity of paste was tested by four electrodes positioned in the Wenner 

configuration [31]. As shown in Figure 2.3, the stainless screws were used as the electrodes. 

They are positioned in the middle line with a parallel distance of 25 mm to the bottom. The 

Wenner space of electrodes is 40 mm. A brief circuit diagram of the setup is presented in Figure 

2.3 The whole system was recorded and controlled by a datalogger. Two relays (a and b) were 

used to control the power supply and one relay (c) to control the data collection.  

 

Figure 2.3. The setup for real-time conductivity measurement of pastes. 

The datalogger released an instant signal every 2 min from water addition to 24 h to provide a 

constant current (0.5–1 mA) flowing through the outer two electrodes in each sample. 

Simultaneously, the relay “c” created the connection for detecting the voltage difference 

between the inner two electrodes in each sample. It takes about 0.2 seconds to finish one instant 
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test. After 1 day the test time interval was switched to 10 min. Besides the time for an instant 

voltage test, the paired electrodes were connected to avoid polarization of electrodes. The 

electrical conductivity of the sample was calculated as a semi-infinite slab with the voltage and 

current value. The whole setup was calibrated with the standard conductive solutions (KCl) in 

the range of 0.015–74.97 mS/cm. 

Figure 2.4 presents the calibration plot of the setup for in-situ conductivity measurement. Due 

to the limitation of the measuring range of the datalogger, two kinds of the impose current was 

set during the calibration process. Although the current is different, the measured conductivity 

in the 12 calibration points has a good correlation with the actual conductivity through a power 

function. The equation is y=3.26x1.01 with a R2=0.9995. All the measured conductivity data in 

this study were converted to the actual electrical conductivity by this calibrated equation.  

 

Figure 2.4. The calibration of the setup for conductivity test. 

2.3.2 Procedure for testing water distribution in hcp 

We designed an easily implementing procedure for determination of the evaporable and 

nonevaporable water content in pastes (see Figure 2.5). The pastes were mixed with the same 

procedure as in section 2.2.2. They were casted in a petri dish and cured in a sealed box with 

about 97% RH at 20 ℃. The hcps were broken into pieces after a certain curing time. Particles 

with the selective size (D=1–2.5 mm) were collected for the treatment in the next step. To 

ensure the validity of data, the weight of particles should be ≥10 g, and the precision of 

analytical scale is at least 0.001 g.  

The mass of dry empty crucible was weighed and recorded as m0. The crucible filled with 

particles was weighed and recorded as m1 and then particles were transferred into a small 

strainer with a hole size smaller than the particles. The mass of particles immersed in water 
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was weighed (as mv) by an analytical scale that was zero setting with the empty strainer. 

Thereafter, the particles were washed with isopropanol (IPA) before transferred back to the 

crucible. Samples were immersed with IPA with a liquid/solid ratio of 1.5 and sealed with cling 

film. The above procedure was finished within 30 min from sample crushing to the final sealing.  

IPA exchange method is recommended as the preferred way for stopping the hydration and 

drying the paste [6], but this method also has an impact on the microstructure and chemical 

structure of hydration products. This effect is dependent on the sample size, exchange duration 

and IPA removal method. Zhang and Scherer [50] asserted that the exchange duration should 

be sufficient to reach ~99% IPA at the sample center. This exchange degree can be reached 

after 5-hour immersing for sample with the longest side of 1 mm. For a complete exchange of 

evaporable water, the immersing duration is at least 24 h for samples in this study (see Figure 

2.5). We changed the solvent once at the middle immersing age.  

 

Figure 2.5. The invented procedure for the measurement of water distribution in hcp. 

Samples were filtered, moved back to the crucible, and then followed with a vacuum drying at 

60 ℃ (V60) for 24 h. After that, the mass of vacuum dried crucible with sample was weighed 

and recorded as me. The following step was that the crucible was immediately put into a furnace 

which was pre-heated to 105 ℃. It was heated up to 350 ℃ with a rate of 5 ℃/min and this 

temperature was maintained as constant for 2 h. After it was cooled down to 105 ℃, we took 

it out with the heat-resistant gloves and weighed it on the analytical scale with an insulation 

layer between crucible and scale. The same step was repeated for the other temperatures, 

starting again at 105 ℃ to the target temperature (500 and 1000 ℃, respectively) with a holding 

time of 2 h and weighing at the cooled temperature of 105 ℃. The weight of crucible with 

sample at V60, 350, 500 and 1000 ℃ was recorded as mc, mp and mf, respectively. 
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2.3.3 Procedure for moisture diffusivity test 

The tubes were wet cut from the top by an electric diamond saw with a constant water flow. 

Firstly, a thin layer from the top (~3 mm) was cut to make an even sample surface. Afterwards, 

three discs with a thickness about 7 mm were cut for the vapor diffusion measurement (shown 

in Figure 2.6). The actual thickness and diameter of discs were measured at 4 different places 

to take an average value. The rest part of the sample was used for the semi-infinite drying 

measurement.  

Both the discs and rest parts were conditioned under RH=97.6% for 14 days at 20 ℃. A layer 

of moisture tight tape (double side, Stokvis VST397F1210) was adhered around the side of the 

discs before the discs were gently pressed in the tubes with the saturated salt solution for 

different RH control. The head and tail of the tape was connected without any gap in between 

or overlapping.  

 

Figure 2.6. A sketch of the new method for measuring the moisture transport in the pastes. 

We measure the distance between the surface of salt solution and disc (L) after it was mounted 

into the tube. RH in the tubes and conditioning boxes was controlled by different saturated salt 

solutions: NaCl (75.5%), KCl (85.1%) and K2SO4 (97.6%) at 20 ℃ [32]. Vapor diffusion in 

pastes was measured under 4 different RH intervals, 97.6–75.5% (RH97–75), 85.1–75.5% 

(RH85–75), 97.6–50% (RH97–50) and 75.5–50% (RH75–50). The semi-infinite drying tests 

were conducted under two different RH conditions (75.5% in the box and 50% in the climate 

room). To avoid any leakage from the edge of tubes, a thin circle of moisture tight glue 

(LOCTITE® 60 Seconds Universal glue) was applied around the edge. All the tubes were 

weighed at a series of conditioning times. We took 3 parallel measurements for each sample 
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and some of original data is presented in Figure A1 and A2 (in Appendix).  

2.3.4 Determination of evaporable and bound water 

With the measured weights in section 2.3.2, we can calculate the weight loss at the 

corresponding temperature range, the evaporable water (Epw or epw as subscript) percent with 

respect to binder (𝜑𝑒𝑝𝑤) is stated as: 

𝜑𝑒𝑝𝑤 =
𝑚1−𝑚𝑒

𝑚𝑢𝑏
                                                      ( 2 . 1 ) 

where 𝑚𝑢𝑏 is the mass of dry binder, given that the carbonation of samples during early age 

can be neglected, the 𝑚𝑢𝑏  for paste without limestone can be calculated by Eq. 2.2. 

𝑚𝑢𝑏 = (𝑚𝑓 − 𝑚0)/(1 − 𝐿𝑂𝐼𝑏)                                       ( 2 . 2 ) 

The weight loss at the temperature range of V60–350 ℃, 350–500 ℃ and 500–1000 ℃ can be 

determined by Eq. 2.3, 2.4 and 2.5, respectively.  

𝜑~350 =
𝑚𝑒−𝑚𝑐

𝑚𝑢𝑏
                                                      ( 2 . 3 ) 

𝜑350–500 =
𝑚𝑐−𝑚𝑝

𝑚𝑢𝑏
                                                    ( 2 . 4 ) 

𝜑500–1000 =
𝑚𝑝−𝑚𝑓

𝑚𝑢𝑏
− 𝐿𝑂𝐼𝑏                                             ( 2 . 5 ) 

For limestone blended paste, tCO2 from limestone needs to be subtracted within the 

temperature range 500–1000 ℃. Hence, the actual weight of binder is 𝑚𝑢𝑏
′ by Eq. 2.6.  

𝑚𝑢𝑏
′ = (𝑚𝑓 − 𝑚0)/(1 − 44% × 𝑃𝑙𝑚 − 𝐿𝑂𝐼𝑏)                             ( 2 . 6 ) 

where 𝑃𝑙𝑚 is the replacement percentage of limestone, and it is 16% in this study. In addition, 

the weight loss from nonevaporable water between 500 and 1000 ℃ for limestone blended is: 

𝜑500–1000 =
𝑚𝑝−𝑚𝑓

𝑚𝑢𝑏
′ − 44% × 𝑃𝑙𝑚 − 𝐿𝑂𝐼𝑏                               ( 2 . 7 ) 

Theoretically, according to the law of conservation of mass, we can get the mass balance in Eq. 

2.8. This will help to check the accuracy of the water test procedure.  

𝜑𝑒𝑝𝑤 + 𝜑~350+𝜑350−500 + 𝜑500−1000 ≡ 𝑤/𝑏                                ( 2 . 8 ) 
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2.4  Methods 

2.4.1 X-ray diffraction  

The XRD of the hydration products was determined by a Rigaku International Corporation 

D/max 2550 VB3+/PC diffractometer (Cu Kα radiation). The measurements were conducted 

in the range of 5–45° (2θ) with a step of 0.05°, a counting time of 1 s/step, a tube voltage of 40 

kV and a current of 100 mA. 

2.4.2 Scanning electron microscopy  

The Au-plated particles were detected by a Nova NanoSEM 450 scanning electron microscope. 

The accelerating voltage and beam current for the images were 10 kV and 0.5 nA, respectively.  

2.4.3 Isothermal calorimeter 

The hydration heat release was tested by the TAM Air Isothermal Calorimeter from TA 

Instruments (TAM air C80, Thermometric, Sweden). The sample was only stirred within the 

initials 30 s and then measure in quiescence.  

2.4.4 Moisture content  

The pastes were also crashed into particles (<2 mm) and then conditioned in the box with 

different RHs (97.6%, 75.5% and 50%, respectively). Calcium hydroxide was put in the RH 

box as a sacrifice to absorb CO2. After 1-year conditioning, the particles were used to measure 

the evaporable water content by vacuum drying at 60 ℃ for 3 days. 

2.4.5 Rapid chloride migration 

Pastes were mixed by following the same protocols described in section 2.2.2 and then casted 

into a rubber cylinder mould (Dinside=50 mm, h=110 mm). After the sealed curing for 1 day, 

specimens were demoulded and moist cured until the age of 28 days and 90 days, respectively. 

At the specified age, two samples with a thickness of 50 mm were cut from each specimen for 

the RCM test. The test was performed according to NT BUILD 492 but without the vacuum 

saturation procedure owing to the fact that the specimens were moist cured before the test. 

2.4.6 MIP measurement 

After crushing, the pieces with size 3–8 mm were selected by sieving. Then the hydration was 

stopped by immersing the pieces into isopropanol for 3 days, which duration is appropriate for 

a full solvent exchange [33]. The pieces were then dried with a continuous pumping under 

vacuum at 40 ℃ for 3 days. The pore size was measured by a MicroActive AutoPore V 9600 

Version 2.03 machine. The pressure was initiated at 0.003 Pa and increased up to 250 MPa, and 

this allows intrusion of pore entries from initially 373 m down to about 6 nm (contact angle 

138°). 
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3 Hydration of C3S in solutions at early age 

This chapter will focus on how the interfacial nucleation of C-S-H occurs. The size of etch pits 

on C3S surface was counted to verify the dissolution theory. A new hypothesis is proposed to 

provide a holistic explanation for the hydration process from water contact to the end of the 

induction period in the discussion section. This hypothesis also reveals the mechanism of the 

bottom-up structure building process during the early hydration. The hydration heat evolution 

was monitored by an isothermal calorimetry test. The composition and morphology of 

hydration products were determined by X-ray diffraction (XRD) and scanning electron 

microscopy (SEM). 

3.1  Theories for the early hydration 

During the past decades, there were many investigations on revealing the hydration mechanism 

of cement. Although so many efforts were paid to this topic, some problems remain unsolved 

or under argument even for the hydration of minerals. Because C3S is the main constituent of 

ordinary Portland cement, a better understanding of its hydration is a critical step to unveil the 

mechanism of the cement hydration. A majority of the previous studies classified C3S hydration 

into 5 regions as in [34]. Scrivener et al. [35] simplified this into 3 periods: I- up to the end of 

the induction period (IP); II- the main hydration peak; and III- hydration after the main peak. 

Whether the reaction in period I is controlled by the formation of a protective layer covering 

the surface [36] or only the dissolution rate [37] is still hotly debated. The duration of period I 

and the reaction rate at this period would be affected by many factors, including intrinsic 

properties and external factors (inorganic salts, organic compounds and temperature). 

The two most popular theories for explaining the rapid decrease in heat release during IP are 

the protective membrane and the dissolution controlled by undersaturation. These theories are 

well summarized and distinguished in [35]. The dissolution theory may be better for explaining 

the emerge of the IP than the protective membrane, but it seems to be inapplicable for 

explaining the retarding effect of organic admixtures by only considering the relationship 

between dissolution rate and thermodynamic properties of bulk pore solution. This theory tries 

to explain the retarding effect by the reason that the ions or molecules adsorbed on the particle 
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surface passivate the active sites and block the dissolution of defects, like dislocations 

outcropping on the surface, or point defects [37,38].  

However, the dissolution rate is increased by some organic retarders [11]. Moreover, it is 

doubtful that the longer IP of the annealed C3S can be explained by the dissolution theory 

because the surface defects may have little effect on the dissolution rate of minerals. Therefore, 

it is more reasonable to ascribe the long duration of the IP to the inhibition of the nucleation 

and growth of hydration products (Portlandite or C-S-H) induced by the admixtures [39–42]. 

This inhibiting effect will delay the starting time of the acceleration period to increase the IP. 

The underlying relation between the nucleation process or dissolution process with the 

hydration heat release is about how the initial structure builds at the early age, and this is the 

basic structure of the hydration products.  

3.2  Hydration of C3S with KOH and K2SO4 solution 

Alkali salts have large influences on the hydration of C3S during IP as well as the morphology 

of hydration products in acceleration period. Figure 3.1 presents the hydration heat flow of C3S 

with deionized water, KH and KS, respectively. The measured results are also compared with 

the data in published paper. Herein, to distinguish the start and end of IP, we define the IP as a 

time interval during which the first derivative of the heat flow is between -0.5 mW/(g·h) and 

0.5 mW/(g·h).  

The analysis focuses on the hydration period from the starting point to the end of the IP (from 

0 to 2.5 h). A temperature of 25 ℃ brings an earlier starting point for samples with deionized 

water or KS compared with 20 ℃. The IP ends up earlier in the hydration of samples at a higher 

temperature. This effect is so evident for samples with KH and KS, decreasing from 1.75 to 

0.50 h and 2.28 to 1.15 h, respectively. K2SO4 has a great increasing effect on the main peak 

that is even larger than that effect of KOH, but its duration of IP is still longer than the sample 

with KOH. This effect is similar to the influence from sodium salts in the previous research 

[43].  

The differences in the effect from KOH and K2SO4 may relate to the nucleation and growth of 

hydration products. This requires a focus on the early precipitated phases. Figure 3.2 shows the 

surface of C3S hydrated in deionized water. It should be noted that the surface was treated with 

isopropanol, so the nature of the original surface is different from what is detected in the image. 

There is no distinguishable dissolution pit on the surface. However, many strips can be 

observed and they were called needles in other published studies [43–45]. The enlarged image 

presents a clearer feature for the strips, and it shows that the strips consist of many globule 

flocs. According to Jenning’s model [22], these globule flocs with a size about 50 nm are built 

by the packing of globules with a smaller size of 4–10 nm. It shows that the mean diameter of 

the globule flocs is about 63 nm in deionized water from the Gaussian distribution in the 

counted flocs. 
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Figure 3.1. Hydration heat flow of TC3S with deionized water, KH and KS. The solid line is hydration data with 

a w/c = 0.5 at 25 ℃ [11], and the dash line is hydration data with a w/c = 2 at 20 ℃, adopting from 

[10].  

The strips on the surface of C3S in the KH (Figure 3.3a) is much thinner than those in the 

deionized water (Figure 3.2), and many strips even pack together to form a dense cluster. The 

previous research paid attention to the needle length without considering the thickness of the 

needles, which represents the diameter of the primary globule size. The mean thickness of the 

strips in KH is about 18 nm. Whereas the strips in KS have a thickness about 49 nm, and this 

size is much larger than the products in the KH. Moreover, portlandite on the surface is well 

nucleated in large crystal with some sizes larger than 500 nm. The correlations between the 

duration of IP and the size of globule floc will be further analyzed in the discussion section. 

The morphology of globule floc indicates that the precipitation of C-S-H is a nonclassical 

nucleation process. C-S-H precipitates through the crystallization by particle attachment (CPA), 

which means a crystallization process by the addition of particles, ranging from multi-ion 

complexes to the fully formed nanocrystals [46]. The classical theory for nucleation process is 

crystallization through monomer by monomer addition [47]. As summarized in [46], particle 

attachment is influenced by the structure of the solvent and ions at solid-solution interfaces and 

in confined regions of the solution between solid surfaces. This is the actual reaction that 

happens during the hydration of C3S. It also has been proven in the nucleation of many other 

minerals, such as gypsum [48], iron oxyhydroxide nanoparticles [49], CaCO3 [50], and silicates 

[51].  

It shows that nucleation of C-S-H in the IP firstly comes with a formation of the primary globule 

flocs (Figure 3.2), which may be formed from polymerization of mono silicic complexes into 

dimeric structures [52]. This happens within a confined region between the surface and solution, 

due to a higher concentration of ions or complexes in this local region compared with the bulk 

solutions. The dissolution equilibrium may build up within the interfacial regions instead of 

between the solid and bulk pore solution. Some correlations may exist between the 
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thermodynamics of the interfacial region and bulk solution, but it is ambiguous to connect the 

hydration kinetic in the IP directly with the ion concentration in the bulk pore solution when 

the correlation is not clearly revealed. 

 
Figure 3.2. SEM image of TC3S hydrated with deionized water. The hydration was stopped at 0.5 h after water 

addition by isopropanol exchange. An enlarged image was provided to give a clearer picture of the 

particles on the surface. The diameter of the globule flocs was counted with the Nano measurer 

software. The structure of the globule flocs was illustrated based on Jennings model, refer to [11] for 

high resolution figure.  

 

Figure 3.3. SEM images of TC3S hydrated in KOH (a) and K2SO4 (b) solutions, respectively. The hydration was 

stopped at 0.5 h after water addition by isopropanol exchange.  

3.3  Hydration of C3S mixed with C3A  

The hydration of cement is a much more complex process than the hydration of C3S due to the 

involving of other minerals. Calcium aluminates affect the hydration of process of C3S as well 

as the structure of C-S-H. Figure 3.4 presents the SEM images of C3S hydrated with deionized 

water. The hydration was stopped at 4 h by freeze-drying, which is different from the treatment 
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of samples in Figure 3.2 and 3.3. The pristine feature of the surface is better preserved by 

freeze-drying than IPA exchange, as many etch pits can be observed on the surface of the 

particles. The mean diameter (width) of the etch pits is about 24 nm by counting 38 sites. The 

length of C-S-H strips is about 117 nm from Gaussian distribution.  

The image (Figure 3.4II) with a higher magnification presents a clear feature of the particle 

surface. It offers the evidence for the nucleation of a primary mono floc (0), formation of a 

dimer floc (1), a single strip from the nearly oriented attachment (2), and the clusters from a 

strip attachment (3) or the single particle attaching to strips. The findings further confirm that 

the precipitation of C-S-H initiates with the nucleation of the primary mono flocs: the poorly 

crystalline nanoparticles or colloidal, which is similar to the crystallization process of some 

other polymers or minerals [46,53]. The mono floc seems to be the intermediate C-S-H phase 

during the precipitation process as highlighted in some previous investigations [54,55]. Due to 

its metastable state, the globule flocs will aggregate into strips by the oriented attachment in 

the local region. With the increasing nucleation of mono floc and strips, the mono floc can also 

attach to the strip. Meanwhile, the strips may attach to each other to form a more stable cluster.  

A linear grey level distribution in Figure 3.4a–e indicates that there is a special layer between 

the undissolved surface and precipitated C-S-H. Ca accumulates in the etch pit according to 

some experimental research in the dissolution of β-C2S [56]. This phenomenon may also 

happen during hydration of C3S, so the layer would be portlandite that precipitates from the Ca 

ions absorbed on the colloidal surface in solution. In SEM images, the thickness of this layer 

is approximately 8–11 nm. Provided that both the surface of dissolved C3S and nucleated C-S-

H are colloidal structure, the stable distance between these two colloids is about 8–14 nm under 

the condition when the colloids have a charged surface (10–100 mV) in a solution with ion 

concentration in a range of 10–100 mmol/L [57]. Because there is no stirring of the paste after 

the initial mixing, the layer probably precipitates from a quick accumulation of Ca ions between 

two colloidal surfaces during the sudden freeze-drying. Figure 3.5 demonstrates the surface of 

C3S hydrating with the presence of C3A. We can detect the etch pits the surface as well. The 

mean size of the etch pits is about 28 nm, and this is a little larger than the size of etch pit in 

the pure C3S with deionized water (see Figure 3.2).  
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Figure 3.4. SEM images of TC3S hydrated in deionized water. The hydration was stopped at 4 h after water 

addition by freeze-drying. An image with a higher magnification was provided to give a clear picture 

of the particles on the surface (II). Nucleation of primary mono-flocs and dimer flocs were detected 

above or near the etch pit. C-S-H grows by nearly oriented attachment and block attachment. A layer 

of portlandite with a thickness of approximately 8–11 nm was detected between the undissolved 

surface and globule. 
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According to the dissolution theory based on the saturation state of the bulk solution [58], the 

low reaction plateau (low heat release in Figure 3.1 before 4 h) is controlled by the step retreat. 

However, the presence of etch pits in both Figure 3.2 and Figure 3.5a implies that the reaction 

in this period is indeed controlled by the etch pit opening. The transition occurs from the step 

retreat to dislocation control (etch pit opening) during the IP. To compare the dissolution rate 

of C3S and C3S with C3A, we performed a further analysis based on the dissolution rate 

determining equation in [58]. 

|𝑅𝑑| =
A1(1−𝑆𝐼)|ln(𝑆𝐼)|

1+A2|ln(𝑆𝐼)|
                                                                           ( 3 . 1 ) 

𝑆𝐼 =
𝑄

𝐾𝑆𝑃
                                                                                                  ( 3 . 2 ) 

where A1 and A2 are constants in the situation with the same minerals. Rd is the dissolution rate 

controlled by the etch pit opening. SI is the saturation index, Q is the ion product, and Ksp is 

the ion-product equilibrium constant. It can be concluded that the dissolution rate of C3S 

particles with similar distribution of etch pit only relates to the saturation index of the solution 

referring to Eq. 3.2. Nonetheless, the data from the previous articles [59,60] showed that there 

was no significant difference in the main ions concentration in the squeezed pore solution from 

C3S with and without C3A in IP.  

The big difference in heat flow at the end of IP can hardly be explained by the different 

dissolution rate of C3S. However, the nucleation and growth rate of the hydration products on 

the particle surface gives a reasonable explanation for the much lower heat release rate. It shows 

that the needle length of C-S-H in the mixture system is about 94 nm (see Figure 3.5a2), which 

is much shorter than it is in pure C3S (116 nm). The diameter of the globule flocs in C3S with 

C3A is even smaller than that in pure C3S. Al ions in the solution induce the nucleation of the 

primary globule in a smaller size, but it suppresses the growth of strips from the attachment of 

primary particles. KH and KS can eliminate the inhibiting effect from Al ions. The growth of 

C-S-H in KH and KS was much faster than it in the deionized water, so the surface was covered 

by the hydration products as shown in Figure 3.5b and c. Figure 3.5d presents that KH and KS 

can decease the globule floc size to about 20 nm. It is interesting that the presence of C3A 

almost erases the differences in the effects from KH and KS on the flocs size. With this 

observation, it is obvious that the long duration of IP from C3S with KS (Figure 3.1) is due to 

the nucleation of larger primary globule compared with KH. C3A can weaken the effect from 

KS on the nucleation of globule flocs, so that it reduces the duration of IP of mixture system in 

KS compared to the pure C3S.  
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Figure 3.5. SEM images of TC3S hydrated with deionized water (a), KOH solution (b), and K2SO4 solution (c) in 

the presence of C3A. The hydration was stopped at 4 h after water addition by freeze-drying. The 

diameter of the etch pit (a1) and needle length (a2) were counted for samples in deionized water. The 

diameter of the globule floc is summarized in d.  
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3.4  Discussion 

3.4.1 Correlation between the duration of IP and size of globule flocs 

The size of the primary C-S-H globule flocs correlates to the duration of IP as mentioned in the 

previous section. The globule in solution will agglomerate into globule flocs with a colloidal 

structure. The initial nucleation of the globule floc can be considered a classical nucleation 

process, so the surface nucleation rate is given by [61–63]: 

𝐽 = 𝐽𝑛𝑒−∆𝐺𝑐𝑟𝑖𝑡/k𝑇                                                         (3.3) 

where J is the steady-state surface nucleation rate (number of nucleation events per surface 

area per second), ∆Gcrit denotes the thermodynamic barrier to form a molecular cluster with the 

critical size, and k represents the Boltzmann constant. Jn is a pre-exponential factor that can be 

considered a kinetic constant. The thermodynamic barrier is given with Eq. 3.4 by assuming 

the spherical nucleus:  

∆𝐺𝑐𝑟𝑖𝑡 =
4𝜋𝛾𝑠𝑙𝑟𝑐𝑟𝑖𝑡

2

3
                                                 (3.4) 

where γsl denotes the surface energy and rcrit is the critical radius of the nuclei. A certain number 

of nuclei should be formed to reach the sufficient probability for attachment between the 

primary nuclei. We can assume that the required density of nuclei for C-S-H growth by 

attachment is n during the hydration of C3S. The duration of nucleation at IP then can be 

expressed as: 

𝑡𝑖𝑛𝑑 =
𝑛

𝐽
=

𝑛

𝐽𝑛
𝑒

∆𝐺𝑐𝑟𝑖𝑡
𝑘𝑇                                               (3.5) 

A combination of Eq. 3.4 and 3.5 can obtain Eq. 3.6,  

𝑙𝑛𝑡𝑖𝑛𝑑 = 𝑙𝑛
𝑛

𝐽𝑛
+

∆𝐺𝑐𝑟𝑖𝑡

𝑘𝑇
= 𝐴 +

4𝜋𝛾𝑠𝑙𝑟𝑐𝑟𝑖𝑡
2

3𝑘𝑇
                                                       ( 3 . 6 ) 

Figure 3.6 shows the curve fitting between the duration of IP from hydration heat flow and the 

radius of globule flocs from the counting in the SEM images. The duration of IP has a good 

correlation with the globule size, especially in pure C3S hydration stopped at 30 min with 

solvent exchange. The size of flocs in the hydration products stopped by freeze-drying is much 

smaller than the products from solvent exchange, so the slope of the two fitted lines are 

significantly different. The triangle for pure C3S deviates from the sample with C3A, which 

implies the presence of Al will affect the kinetic of C-S-H nucleation.  
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Figure 3.6. The linear fitting data between ln (tind) and 𝑟𝑐𝑟𝑖𝑡
2

 based on Eq. 3.6. 

3.4.2 The hypothesis for early hydration 

The precipitation of C-S-H during the early structure building process can be classified into 5 

stages as shown in the Figure 3.7. 

Stage I: Fast dissolution. This process is the initial stage after minerals contact with water. 

There is a high superficial undersaturation state for the dissolution of C3S, so it has an ultra-

fast dissolution rate. As the quick initial dissolution proceeds, the increased pH and ion species 

in the solution increase the reverse reaction of the dissolution process. This brings forth the 

Stage II: Approaching dissolution equilibrium. Under this condition, the thermodynamic state 

in the near surface region determines the actual reaction rate. After a certain degree of 

dissolution, the near region comes to an equilibrium state with respect to dissolution of C3S 

under static condition (without strong stirring). In the meantime, the high local concentration 

of Si and Ca ions will create an oversaturated state with respect to precipitation of primary C-

S-H globules or CH, so it comes to the Stage III: New surface equilibrium.  

Stage IV: Surface nucleation. The primary C-S-H globules start to nucleate on the surface. The 

chemical structure of the globules could be with a Ca/Si ratio of 1.5, 2.0 [64], or even higher 

value because the deprotonated silanol needs cations to neutralize the charge. The globule in 

solution will agglomerate into globule flocs with a colloidal structure as illustrated in Figure 

3.7. Stage V: Attachment to growth. This stage is dominated by growth of C-S-H through 

particle attachment, and the attachment of C-S-H is a colloidal assembly process similar to the 

other minerals. The attachment may happen on a selective orientation when there are alkali 

salts in the solution, so the morphology of C-S-H strip can be altered. The precipitation greatly 
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consumes the Si and Ca ion species in the local region to reduce the near surface saturation 

state. 

 

Figure 3.7. Illustration of the hypothesis for hydration of C3S up to the end of the low-rate period. The ion species 

in black are ions far from the double layer with high mobility (that can be detected by filtering) and 

other colored notations of ions represent the surface absorbed species (hard to be detected in the pore 

solution) [11]. 

3.5  Summary  

The initial structure building at early age is a nonclassical nucleation process of C-S-H. It starts 

with nucleation of primary flocs and then followed by the growth from particle attachment. 

The attachment of C-S-H globule floc is a colloidal assembly process, which will be influence 

by the presence of Al ions, sulfate ions and alkali metal ions. A layer between the C-S-H flocs 

and C3S surface would probably be the precipitation of CH between the two colloidal surfaces.  

The decrease in the heat release rate at the start of IP is due to the slow nucleation rate of C-S-

H instead of dissolution of the etch pit. KOH and K2SO4 have an impact on the size of primary 

flocs and growth of C-S-H strip, so that they change the duration of IP and the structure of hcp 

after long-term hydration. Al ion inhibits the dissolution of C3S at a very early age before the 

start of IP, and it also suppresses the growth of C-S-H to increase the duration of IP.  

Based on the dissolution and CPA theory, we proposed a five-stage hypothesis for the early 

hydration process by focusing on the nucleation and growth of C-S-H, that is: Stage I, Fast 

dissolution; Stage II, Approaching dissolution equilibrium; Stage III, New surface equilibrium; 

Stage IV, Surface nucleation, and Stage V, Attachment to growth. 
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4 Monitoring the hydration and structure evolution of pastes with 

electrical conductivity 

This chapter presents the study results from the instantaneous conductivity monitoring by use 

of a simple setup. It mainly sheds light on the deep understanding of how electrical conductivity 

of paste relates to the hydration reaction and structure growth. The conductivity of pore solution 

was evaluated according to the chemical composition of binders and the content of evaporable 

water. Formation factor (F) of pastes was calculated to distinguish the effect from the pore 

solution and structure on the electrical conductivity. Its growth rate at different hydration time 

was discussed in detail by combining with chemical reaction. A good correlation has been 

found between the F and moisture content based on an extended percolation theory.  

4.1  Introduction 

The test of electrical conductivity was widely used as the qualitive way to indicate the hydration 

and structure of cement-based materials in the previous studies [65–69]. Because the 

conductivity in pastes is sensitive to many factors, it is really challenging to find a good 

quantitative correlation between the conductivity and hydration degree or other properties of 

cement-based materials. The electric current can be conducted through two components in hcp: 

one is ionic conductivity through pore solution, which depends on the temperature [64–66], 

type of ions and their concentration [73,74]; the other is electronic conduction through the gel, 

gel-water and unreacted cement particles, particularly compounds of iron and aluminum [75]. 

Some empirical functions were proposed to correlate the electrical properties in hcp with the 

hydration time, porosity, hydration degree [76], mechanical performance (compressive strength 

[77,78]) or ion diffusivity [79,80]. The conductivity evolution of paste during hydration will 

be determined by the change of intrinsic properties as shown in Figure 4.1. The reaction of 

minerals with water induces the change of phase assemblage and moisture content. In the 

meantime, it builds the early structure of hcp. The reduction in the availability of liquid water 

in paste, in turn, determines the rate and degree of later age hydration. The volume of pore 

solution and ionic concentration are related to the phase assemblage and moisture content 

through thermodynamic properties. The connectivity of pore solution (pore connectivity) is the 
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other factor that controls the conductivity of paste. The mechanical performance and durability 

of paste are intrinsically determined by its phase assemblage, pore structure and saturation state. 

These properties can be qualitatively or empirically indicated by electrical properties, but there 

is no general description at present. It is of great significance to find a quantitative relation 

between the conductivity and structure properties in hcp during hydration process.  

 

Figure 4.1. The relationship between the conductivity, hydration evolution and performance of hcp. 

4.2  Real-time electrical conductivity of pastes 

Figure 4.2 illustrates the measured conductivity of hydrating pastes. It shows that the evolution 

of it can be classified into four stages. A similar trend was found in conductivity development 

during hydration by other measurement methods [15,17,21]. In the first stage (Stage I), The 

conductivity shows a rapid increase after the start point at about 12 min and the value are very 

large at this initial point. This is mainly due to a quick dissolution of alkali metal ions and high 

reactive minerals (C3A and C3S). The fast dissolution brings a high alkali concentration with 

OH-, K+ or Na+ in pore solution, whose actual concentration depends on the alkali content in 

the binders [22,44,45], leading to a high electrical conductivity of pore solution. 

The second stage (Stage II) corresponds to the induction period in the heat release test. Ca 

concentration keeps almost constant and even has a little reduction, but Si concentration 

increases during this period. It has little influence on the conductivity of pore solution. w/b has 

few effects on the duration of this period, and this is consistent with calorimetry test that w/b 

had few effects on the heat release rate before 4 h [47]. The blending of fly ash, slag and 

limestone prolongs the transition time from stage II to III.  
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The growth of hydration products in the Stage III builds the rigid connection between the 

unhydrated particles. Although the main conductive ions (OH-, Na+ and K+) have increased at 

the corresponding period [22,45], the conductivity of paste reduces due to decrease in the 

connectivity of pore solution caused by the structure growth. The higher w/b induces a longer 

stage III, and this influence is more apparent for the blended system.  
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Figure 4.2. Electrical conductivity evolution of pastes during hydration: (a) detail data before 14 h; (b) data to 288 

h (12 days). 

The rapid growth of hydration products brings forth the stage IV. A further growth of hydration 

products mainly leads to the filling and blocking of pores in the rigid structure. Meanwhile, the 

consumption of free water reduces the volume of pore solution. These dual effects cause the 

tremendous decline in conductivity. w/b has no effects on the decreasing rate of conductivity 

in this stage. However, SCMs have impact on this rate as shown in Figure 4.2. Electrical 

conductivity of OPC paste falls into a rather stable stage after about 1 day where it has a slow 

decreasing rate. A similar time duration for rapid descend in conductivity is detected for OPC 
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pastes with different w/b, but the value of conductivity in this period increases with the increase 

in w/b. Pastes blended with FA has the similar trend as OPC paste from 10 h to 12 days, but 

conductivity of FA pastes decreases a little faster than OPC. In the slag blended paste, 

conductivity has a continuous decease up to 12 days due to its latent hydraulic reactivity. This 

trend was also reported in many previous investigations [21,48,49], which implies that the 

electrical conductivity is an effective way to index the reactivity of SCMs. 

4.3  Water distribution in hcp 

The weight loss at 60 ℃ under vacuum includes not only the water in pore solution but also 

the interlayer water, and this is here classified as Epw in Figure 4.3. A higher w/b results in 

more content of Epw at any hydration ages, leading to a higher porosity. The nonevaporable 

water (Nw) denotes the weight loss after the vacuum dried to oven dried at 1000 ℃. For the 

pastes with w/b of 0.35 and 0.45, the carbonation is weak. It can be induced from the fact that 

the measured total water to binder ratio is close to the original proportion value.  

OPC with w/b of 0.35 shows a slow growth in the amount of Nw at V60–500 ℃ after 3 days, 

while the water at 500–1000 ℃ shows an evident increase. Pastes with w/b of 0.45 and 0.55 

have a higher Nw content in hcp than pastes with w/b of 0.35 after 1 day. This confirms that 

the water availability is critical for the later age hydration. Nw of FA blended pastes has a rather 

stable value after 7 days. Nw in FA pastes at V60–500 ℃ is much lower than that in OPC pastes 

due to the dilution effect from FA. However, Nw of FA pastes at 500–1000 ℃ is not lower than 

that of OPC paste, since SCMs will accelerate the hydration of clinker [81]. The w/b has a 

weaker effect on the bound water in FA hcp than OPC paste.  

The content of Nw in SL pastes at V60–500 ℃ is lower than that in OPC. An enhancement 

effect on bound water can be observed if we normalized the bound water content to the weight 

of OPC and this is similar to Escalante-Garcia’s investigation [82]. With a w/b=0.35 or 0.45, 

the weight loss of SL pastes at V60–1000 ℃ is close to that of FA pastes, but the amount of 

Nw in SL pastes at V60–500 ℃ is apparently higher than FA pastes from 7 to 12 days. The Nw 

content increases with w/b after 10 h, and this increasing effect on the blended paste is much 

weaker than that on OPC paste. The ternary system with limestone has a similar trend as SL 

binary pastes in the change of bound water content.  

Figure 4.3b shows the bound water content in the well hydrated paste (particles with D<1 mm 

curing under moisture condition for 390 days at 20 ℃). The bound water in OPC, FA, SL and 

ternary pastes is 0.245, 0.188, 0.204 and 0.164 g/g dry binder respectively. The bound water in 

pastes with different binders at V60–350 ℃ has a similar value except for a lower amount in 

ternary paste. 
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Figure 4.3. Water distribution in pastes at different hydration times. 
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4.4  Conductivity of pore solution versus time 

Ions in the pore solution is the main conductive component in the hcp. The apparent ionic 

conductivity of the dilute solution is determined by the concentration of ions with high 

diffusivity in solution. The concentration of the highly soluble alkali ions can be calculated 

with the volume of Epw from the last section. The volume of Epw can be calculated by:  

𝑉𝑒𝑝𝑤 =
𝑚𝑒𝑝𝑤

𝜌𝑒𝑝𝑤
= 𝑚𝑏 × 𝜑𝑒𝑝𝑤                                           (4.1) 

where Vepw is the volume of Epw in the paste, 𝑚𝑒𝑝𝑤 is the mass of Epw, 𝜌𝑒𝑝𝑤 is the density 

of water (0.998 g/cm3 at 20 ℃) and mb is the mass of binder in paste.  

The concentration of K+ and Na+ in pore solution of OPC pastes can be calculated by Eq. 4.2 

based on these two assumptions: The alkalis in clinker completely dissolve into pore solution 

within the first few minutes after mixing with water; and the solvent exchanged water, 

including interlayer water, is classified as the conductive "pore solution". The latter assumption 

is reasonable because Lothenbach and Nonat [61] proposed that a part of alkalis was absorbed 

in the interlayer space.  

𝐶𝑖 =
𝑚𝑏×𝛿𝑖𝑐

𝑉𝑒𝑝𝑤
=

𝛿𝑖𝑐

𝜑𝑒𝑝𝑤
                                                 (4.2) 

where 𝐶𝑖  denotes the concentration of alkalis, i represents alkali ions K+ or Na+, and 𝛿𝑖𝑐 is the 

mole concentration of chemical composition in binder as presented in Table 2.1. Because the 

alkalis in slag is not as soluble as them in OPC clinker, the effective mole concentration of 

alkali ions was used for the SL pastes (𝛿𝑖𝑏𝑙𝑒𝑛𝑑𝑒𝑑) and it needs to be modified by the Eq. 4.3 

[83].  

𝛿𝑖𝑏𝑙𝑒𝑛𝑑𝑒𝑑 = (1 − 1.8 × (
𝑚𝑠

𝑚𝑏
)
2
) × (𝛿𝑖𝑠 ×

𝑚𝑠

𝑚𝑏
+ 𝛿𝑖𝑐 ×

𝑚𝑐

𝑚𝑏
 )                      (4 .3) 

where ms and mc represents the weight of SCMs and cement in the proportion respectively, 𝛿𝑖𝑠 

is the mole concentration of alkalis in SCMs. K2O and Na2O in FA are hardly soluble during 

the early hydration, so the contribution of alkalis from FA is negligible (𝑚𝑠=0). In addition to 

K+ and Na+, the highly conductive ions in the pore solution consist of OH-, Ca2+, SO4
2- and Cl-. 

The concentration of sulfate ions can be roughly approximated by Eq. 4.4 according to [84], 

and the value of 𝛼 is 0.06 L/mol. Because of the low content of Cl in binder (see Table 2.1), 

its concentration in pore solution is negligible. Ca2+ concentration was assumed to be constant 

with 25 mmol/L which is the typical saturated concentration during the early hydration [85]. 

OH- concentration was then calculated from charge balance by Eq. 4.5. The conductivity of 

electrolyte in the pore solution (𝜎𝑝𝑠) can be expressed as a sum of molar conductivity of each 

ionic species (i) as Eq. 4.6 [86]. 

𝑐𝑆𝑂4
2− ≈ 𝛼(𝑐𝐾+ + 𝑐𝑁𝑎+)2                                            (4.4) 



 

35 

 

𝑐𝑂𝐻−=𝑐𝐾+ + 𝑐𝑁𝑎+ + 2𝑐𝐶𝑎2+ − 2𝑐𝑆𝑂4
2−                                   (4 .5 ) 

𝜎𝑝𝑠 = ∑ 𝑧𝑖𝜆𝑖𝑐𝑖𝑖                                                     (4.6) 

where zi and ci are the valence and molarity of “i” species, respectively. 𝜆𝑖 is the equivalent 

conductivity that is related to the ionic strength (IM) and conductivity coefficients (Gi)  in the 

solution with high concentration level [73]:  

𝜆𝑖 =
𝜆𝑖

0

1+𝐺𝑖×𝐼𝑀
1/2                                                     (4.7) 

𝜆𝑖
0 is the equivalent conductivity of ionic species in infinite dilution condition. This value for 

the relevant ions at 20 ℃ was obtained from the literature [87] by interpolation. Gi of specific 

ions refers to the value in [73]. The IM is defined as follow:  

𝐼𝑀 =
1

2
∑ 𝑧𝑖

2
𝑖 𝑐𝑖                                                 (4 .8 ) 

The conductivity of pore solution was calculated by use of Eq. 4.1-4.8 with the chemical 

composition in Table 2.1 and Epw content in hcp at corresponding hydration time. The ion 

concentration in the squeezed pore solution form [88,89] was applied into Eq. 4.6–4.8 to 

calculate the conductivity of pore solution in the corresponding mixture from the published 

papers. The evolution of conductivity of pore solution with time was fitted by the Hill function, 

and the optimized parameters and function expressions are presented in Table 4.1.  

Table 4.1. The fitting results of conductivity of pore solution versus time by the Hill function. 

Sample Expression (σps(t)) End value(mS/cm) R2 

P035 σps=95.6+(165.9-95.6)×τ1.86/(τ1.86+144.4) 165.9 0.998 

P045 σps=76.9+(131.3-76.9)×τ2.25/(τ2.25+512.0) 131.3 0.998 

P055 σps=65.2+(102.9-65.2)×τ2.25/(τ2.38+503.0) 102.9 0.987 

P135 σps=63.1+(104.4-63.1)×τ1.5/(τ1.5+108.8) 104.4 0.996 

P145 σps=51.6+(96.0-51.6)×τ0.75/(τ0.75+27.0) 96.0 0.995 

P235 σps=75.2+(149.6-75.2)×τ0.96/(τ0.96+31.4) 149.6 0.990 

P245 σps=61.7+(114.5-61.7)×τ1.13/(τ1.13+116.9) 114.5 0.992 

P255 σps=52.4+(111.6-52.4)×τ0.75/(τ0.75+60.3) 111.6 0.96 

P335 σps=61.4+(133.3-61.4)×τ0.60/(τ0.60+16.7) 133.3 0.998 

P345 σps=50.6+(86.9-50.6)×τ0.88/(τ0.88+35.8) 86.9 0.995 

P355 σps=43.8+(78.0-43.8)×τ0.86/(τ0.86+84.9) 78.0 0.994 

Figure 4.4a presents the conductivity of pore solution and the fitted line of 11 samples. The 

conductivity decreases as the increase of w/b and the blending of SCMs lowers the conductivity 

of pore solution. This is consistent with the data from the squeezed pore solution (see Figure 

4.4b). Shi [90] also found that SCMs would reduce the calculated conductivity of pore solution. 

Although the FA in [89] has a high alkali content (3.9% K2O and 0.9% Na2O), the concentration 

of K+, Na+ and OH- in the pore solution of FA pastes is similar to that in the paste replaced with 

an identical mass of quartz. Therefore, it confirms our assumption that alkalis in FA is hardly 

dissolvable.  
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Figure 4.4. Calculated conductivity of pore solution. (a)- the values in this paper. (b)-the conductivity value 

calculated based on tested concentration of squeezed pore solution from literatures (solid line from 

[88] with w/b=0.75 , dash line from [89] with w/b=0.5, C: OPC; FA: fly ash; S: slag; L: limestone). 

The initial conductivity from experiments in Figure 4.2 is lower than the calculated 

conductivity of pore solution, because the presence of cement particles breaks the connectivity 

of pore solution. The chemical composition of OPC in this study is highly similar to OPC used 

in [89], so the calculated conductivity evolution of P055, based on chemical composition and 

Epw, is close to that of OPC with w/b=0.5 based on the squeezed pore solution (see light blue 

hexagon in Figure 4.4a and dashed line sphere in Figure 4.4b). The main contribution to the 

conductivity of pore solution is from the OH-, which accounts for around 70%. The 

conductivity of pore solution stays almost constant before it has a sharp increase after 

approximately 6 h. The fitted line of data in this study has the similar trend as the evolution of 

value calculated from the squeezed pore solution. It implies that Eq. 4.1–4.8 can effectively 

quantify the electrical conductivity of pore solution with no need to squeeze pore solution from 
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hcp or operate the further test of ion concentration with the expensive equipment (ICP-OES, 

IC, AAS [85]). 

4.5 Index for structure evolution 

4.5.1 Evolution of F 

The formation factor (F) was initially defined by Archie [91] as a fundamental property to 

describe the correlation between the electrical conductivity of sandstone and the permeability 

or porosity. hcp has the same porous nature as sandstone, so F is widely used in the cement-

based materials to indicate the diffusivity of ions in hcp by the definition of [92,93]:  

𝐹 = 𝜎𝑝𝑠(𝑡)/𝜎𝑝(𝑡)                                                 (4 .9) 

where 𝜎𝑝(𝑡) is the conductivity of bulk paste or concrete, and it is the conductivity of natural 

saturated hcp in this study. 𝜎𝑝𝑠(𝑡) is the conductivity of pore solution, and 𝑡 is the hydration 

time. 

F of hcp was calculated with the real-time electrical conductivity of paste (Figure 4.2) and the 

fitted line of pore solution (Table 4.1). Figure 4.5 displays evolution of F in all 11 pastes up to 

12 days. F has a near constant value from 2 to 9 h, and the constant duration varies due to 

different w/b and the blending of SCMs. The initial F is larger than 1 and it generally deceases 

with the increase in w/b. It enters a sharp increasing stage after the constant period, which is 

related to setting and hardening of paste. A similar critical point was found in the ultrasound 

test due to the percolation of solid [94,95]. The effect of w/b on F is magnified as the hydration 

proceeds into the fast growth period. The ratio of F at 24 h between paste with w/b of 0.35 and 

0.45 is 1.90, 2.57, 3.90 and 2.05 for OPC, FA, SL and ternary system, respectively.  

Figure 4.5b illustrates the comparison of hcp with w/b of 0.35. OPC paste has the highest F 

before 36 h, but its increase slows down earlier than the blended paste. Therefore, F of SL 

blended paste exceeds that of OPC after 36 h and the difference between them become larger 

as the hydration goes on. LL reduces the growth rate of F before 36 h, but F of ternary pastes 

climbs up to exceed that of OPC at 110 h. It goes close to the F of SL binary pastes at 12 days. 

The F of FA pastes is lower than that of other pastes due to the low pozzolanic reactivity at 

early age, but the differences between FA paste and OPC narrow down after 36 h.  
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Figure 4.5. Evolution of formation factor and pore solution connectivity with hydration time. 

The differences between OPC and SL paste were magnified before 24 h when the w/b increases 

to 0.45. The overlapping points of P045 with P245 and P345 are at 110 and 140 h, respectively, 

which time is much longer than that in paste with w/b of 0.35. LL has a weaker effect on the 

growth of F in pastes with w/b of 0.45 than 0.35. An increment of w/b to 0.55 intensifies the 

inhabitation effect of SL and LL on the growth of F before 24 h. The F of P255 and P355 

exceed that of P055 at the same time of 175 h. F also relates to the pore connectivity as the 

following equation [92,96]: 

𝐹 =
1

𝛷𝛽
                                                           (4.10) 

where 𝛷 is the porosity of paste and 𝛽 is the index of pore connectivity. Herein, the water 

porosity was used to calculate the pore connectivity, and it is defined as:  

𝛷𝑒 =
𝑉𝑒𝑝𝑤

𝑉𝑝
=

𝑚1−𝑚𝑒

𝑚1−𝑚0−𝑚𝑣
                                                    (4.11) 

𝑉𝑝 is the volume of hcp. The pore connectivity (β) was deduced with the water distribution in 

Figure 4.3 and F. The evolution of β is presented in Figure 4.5b–d as well. An increment in w/b 

increases the pore connectivity in hcp. The pore connectivity decease dramatically from water 

addition to 24 h, and this period also corresponds to the main peak in the heat release during 

hydration of cement-based pastes [97]. A comparison of connectivity between OPC, SL and 
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ternary paste implies that the differences in F of the various binder system mainly derives from 

the discrepancies in pore connectivity.  

4.5.2 Correlation between the setting time and F 

The setting of cement paste is generally understood as a percolation process in which 

intersection of hydration products on particles surface leads to the formation of clusters, and 

which eventually builds a continuous elastic network [94]. In pastes with normal amount of 

aluminates in clinker, the setting is mainly controlled by a formation of sufficient C-S-H on 

particles surface [98,99]. The increasing precipitation of C-S-H results in the percolation of the 

links that are created by the packing of C-S-H on the surfaces of particles. Many previous 

researches [100–102] found a reduction in conductivity of paste during setting. However, it 

lacks a mathematical relation between electrical properties and setting time.  

Table 4.2. Setting time and inflection points of F form all pastes. 

Sample 
Time/h 

Initial setting Final setting Inflection time of F 
P035 2.82 4.37 4.07 
P045 3.62 5.02 4.38 
P055 4.14 6.80 5.04 
P135 4.06 6.65 6.35 
P145 4.85 7.17 7.30 
P235 2.99 5.72 4.60 
P245 4.20 7.92 7.50 
P255 4.49 9.50 8.80 
P335 3.08 6.12 6.25 
P345 4.13 7.97 7.33 
P355 5.82 10.23 9.30 

 

Figure 4.6. Correlations between setting time and inflection point of F. The data of OPC, FA, SL and ternary paste 

are presented with circle, square, rhombus and triangle respectively. The gray, blue and rose color 

correspond to w/b of 0.35, 0.45 and 0.55, respectively. 

Table 4.2 and Figure 4.6 show that the inflection point of F has a good linear correlation with 

the final setting time regardless of binder types or w/b. The linear correlation between the 

inflection points and initial setting time is not so strong, but they have a good correlation with 
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respect to binder types (see the arrow line in Figure 4.6). This may be due to the differences of 

particles size distribution (or surface nature in solution) between cement and SCMs. It should 

be noted that the points for calculation of setting time, more or less, is arbitrary chosen in the 

standard for setting test (ASTM C191-08, Vicat). Therefore, the change of F during hydration 

is a good index for setting of pastes. 

4.6  Discussion 

4.6.1 Hydration process and the evolution of conductivity 

Hydration of cement can be mainly classified into two simplified processes: the dissolving of 

solid minerals in water to increase the ion concentration in the liquid pore solution; from that 

it follows the precipitation of solid hydration products. Figure 4.7 illustrates the two phases in 

the freshly mixed paste. It consists of the solid particles and liquid pore solution. The 

conductivity of solid particles is about 1 × 10–8 mS/cm [103], which is far less than the typical 

ionic conductivity of pore solution (σs=10–200 mS/cm from [103], also see Figure 4.4). 

Therefore, the dry solid part can be treated as the insulative component (σs→0).  

 
Figure 4.7. A schematic of electrical conductivity evolution during hydration. 

The current transmission through paste mainly depends on the diffusion/migration of ions in 

pore solution and near the surface between solid and solution [104,105]. Although the particles 

at early age turn to disperse due to the similar surface charge, it makes the current route tortuous 

other than a straight conduction through paste (see red line in Figure 4.7). This explains that 

the F of freshly mixed paste is larger than 1. The increasing precipitation of hydration products 

(mainly C-S-H) will build links between the particles, so the current route becomes much more 

tortuous (red line in the hydrated paste) than in the fresh paste. The decrease in Epw induces 

an increase in alkalinity of pore solution after about 10 h [89], so it activates the reactivity of 

SCMs. The further hydration of SCMs will decrease the connectivity of pore solution to reduce 

the F. The growth rate of F implies the growth rate of hydration products indirectly but 

effectively.  
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4.6.2 F and water content 

The electrical conductivity shows a general relationship with the volume of pore solution as a 

format similar to Archies’ law (see Eq. 4.12) after an extension of the percolation theory in 

networks to the continuum cases [106,107],  

σ𝑝 = a × σ𝑝𝑠 × (𝜙 − 𝜙𝑐)
m                                          (4.12) 

where a is non-uniform constant, m is the shape factor. After the substitution of conductivity 

with formation factor F, the new equation reads: 

𝐹 = 1/a × (𝜙 − 𝜙𝑐)
−m                                             (4.13) 

where 𝜙 is the volume fraction of Epw (𝜙𝑒𝑝𝑤). 𝜙𝑐 is the critical value for the percolation of 

conductive component. 

Table 4.3 shows the optimum parameters after the regression of F and water porosity of hcp. 

The F correlates perfectly with the volume of Epw through a general percolation theory with 

respect to binder type (see R2 in Table 4.3). The values of percolation threshold for pore 

solution in plain OPC, fly ash, slag and ternary blended pastes are 0.157, 0.242, 0.223 and 

0.256 respectively. This implies that OPC paste requires the lowest volume of pore solution to 

form a percolation of liquid phase, which means that it has the highest pore connectivity 

compared with blended system after setting. Gui et al. [79] found that FA and SL have refined 

the pore structure to decrease the pore connectivity in pastes, thus reducing the gas permeability. 

SL and FA has the declining effect on the chloride migration in hcp as well [107,108], and the 

refinement in the pore structure is one of the principal reason. The site threshold values for face 

centered cubic and body centered cubic is 0.198 and 0.245 respectively, according to lattice 

model for percolation [109]. Therefore, blending of SL and FA may refine the spatial 

distribution of pores, which is worthy of consideration in the future modelling of ions or 

moisture transport in the hcp. 

Table 4.3. The regressed parameters based on Eq. 4.13. 

Sample Expressions a Φc m R2 

P0 F=1/0.246×(Φepw-0.157)-2.11 0.246 0.157 2.11 0.98 

P1 F=1/0.498×(Φepw-0.242)-1.52 0.498 0.242 1.52 0.93 

P2 F=1/0.806×(Φepw-0.223)-2.35 0.806 0.223 2.35 0.99 

P3 F=1/0.578×(Φepw-0.256)-1.82 0.578 0.256 1.82 0.97 

PA F=1/0.129×(Φepw-0.279)-0.98 0.129 0.279 0.98 0.74 
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4.7  Summary  

The evolution of conductivity in the hydrating pastes closely relates to the chemical reaction 

process. It can be classified into four stages during early hydration. It shows that the differences 

in F of pastes with various binders are mainly derived from the discrepancies in the pore 

connectivity.  

The w/b has impact on the electrical conductivity and F of pastes. The increase in w/b lowers 

the alkali concentration in pore solution, resulting in the reduction in conductivity of pore 

solution. However, it increases the connectivity of pore solution to reduce the F of hcp. The 

reduction magnitude of F due to the increase of w/b in each binder system keeps near constant 

after a certain age. The growth rate of F value can effectively indicate the reactivity of different 

binders.  

SCMs reduce the initial conductivity of pastes mainly due to decrease in alkali concentration 

in pore solution. SL has a weaker reduction effect on the conductivity of pore solution than FA. 

Blending of SCMs refines the pore structure, causing a decrease in the connectivity of pores. 

LL increases the connectivity of pore solution compared with SL and FA. However, its filling 

effect is evident after a certain hydration age. FA induces a reduction in the F of hcp before 12 

days due to its low reactivity at early age. 

The relation between volume of Epw and F can be well demonstrated by the extended 

percolation theory. This enables an in-situ monitoring of Epw by the measurement of 

conductivity. This study provides the methods for monitoring moisture, concentration of alkali 

ions in pore solution, F and pore connectivity of pastes. It can provide the data for the prediction 

and simulation of moisture transport and chloride migration in concrete during its service life 

with the continuous long-term hydration. 
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5 Moisture and ion transport properties and their relationship to 

pore structure  

This chapter demonstrates the moisture transport properties in hcp measured by the new 

procedure and setup shown in Figure 2.6. Both the vapor diffusion coefficient (Dv) and the total 

moisture transport coefficient (Dw) of the sample were measured in one procedure. The chloride 

migration coefficient in hcp was tested by the rapid chloride migration method (RCM). The 

pore size distribution in the hcp was detected by the mercury intrusion porosimeter (MIP) to 

reveal the relation between pore structure and the moisture transport properties. The refinement 

effect of SCMs on the pore structure in pastes was deeply discussed by the interpretation of 

different parameters. The differences in moisture and chloride transport in pastes were 

comprehensively compared to the pore structure parameters. 

5.1  Introduction  

The effect of SCMs on the chloride migration in cement-based materials have been generally 

investigated from both experimental and modeling aspect [110–115]. However, a limited 

number of published papers was found to reveal the effect of SCMs on the moisture transport 

properties in hcp. Baroghel-Bouny [29] reported that 8%–10% silica fume reduced the apparent 

moisture diffusion coefficient of concrete when the saturation degree of hcp is higher than 50 %. 

Saeidpour and Wadsö [116] investigated the differences in the vapor diffusion coefficient of 

the blended mortar during adsorption and desorption processes by use of a new cup method. 

They found that silica fume and slag induced one magnitude reduction in the vapor transport 

coefficient in both adsorption and desorption processes. This effect was ascribed to the higher 

amount of gel pores and lower volume of capillary pores in the blended system. Olsson et. al 

[26] reported the same reducing effects from silica fume and slag on vapor diffusion coefficient, 

and it is more evident at the higher RH levels. The authors tried to correlate the difference in 

vapor diffusivity with the change of C-S-H structure, but no plausible correlation was 

concluded.  

The high moisture resistance in the blended system are mainly due to the refinement on the 

pore structure, which was also mentioned in many published papers [26,27,116]. However, a 
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correlation between the pore structure and moisture transport yet to be clarified. Berodier and 

Scrivener [15] found that slag reduced the critical pore size (CP) of hcp cured in water for 28 

days, so CP was considered as the main controlling factor for the vapor transport in hcp [26,27]. 

The FA blended hcp normally has the similar and even larger CP compared to OPC paste before 

90 days [15,117], but its vapor diffusion coefficient is much smaller than OPC. Therefore, CP 

is not the main controlling factor in this situation. There are many parameters for pore structure 

in hcp, which includes porosity, pore size distribution, pore connectivity, tortuosity, the critical 

entry pore size (CP) and formation factor (F). This study will present a clear correlation 

between moisture/chloride transport properties with the pore structure parameters in hcp.  

5.2  Calculation of moisture transport properties 

The gradient of moisture content was considered as the driving force for moisture transport in 

non-steady-state conditions during the semi-infinite drying process, so its distribution inside 

the paste follows Eq. 5.1 [118,119].  

(𝐶−𝐶1)

(𝐶0−𝐶1)
= erf

𝑥

2√𝐷𝑤𝑡
                                                    ( 5 . 1 ) 

where C0 and C1 (kg/m3) are the initial moisture content in the pastes (moisture content at 

RH=97% in this study) and moisture content on the drying surface (moisture content at RH=50% 

or 75%), respectively. The x is the distance from the surface to the inside position where the 

moisture content is C. Dw (m2/s) is the total moisture transport coefficient and t (sec) is the 

duration of drying time. The loss of substance from the semi-infinite medium is given by: 

(𝐷𝑤
𝜕𝐶

𝜕𝑥
)
𝑥=0

=
𝐷𝑤(𝐶0−𝐶1)

√𝜋𝐷𝑤𝑡
                                               ( 5 . 2 ) 

Hence, an integral of Eq. 5.2 from zero time to t can get  

𝑀𝑡 = 2(𝐶0 − 𝐶1)√
𝐷𝑤𝑡

𝜋
= 𝑘𝑤√𝑡                                         ( 5 . 3 ) 

𝑀𝑡 (kg/m2) is the moisture loss of samples drying to time t. We can furtherly get the drying 

coefficient kw by the regression of moisture loss (𝑀𝑡 ) and √𝑡  (shown in Figure A3 in 

Appendix). Thereafter, the total moisture transport coefficient Dw can be obtained by Eq. 5.4. 

𝐷𝑤 =
𝜋𝑘𝑤

2

4(𝐶0−𝐶1)2
                                                       ( 5 .4 ) 

The vapor diffusion coefficient Dv,s (m
2/s) during semi-infinite drying was defined as [120]:  

𝐷𝑣,𝑠 =
𝐷𝑤

𝑣𝑠
×

𝑑𝑊

𝑑𝜑
                                                          (5 .5 ) 
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where dW/dφ is the moisture capacity of pastes. Herein, the average moisture capacity was 

adopted, and it was calculated by Eq. 5.6. W1 and W2 are the moisture content in hcp under φ1 

and φ2, respectively. They can be calculated by Eq. 5.7. 

𝑑𝑊

𝑑𝜑
=

𝑊2−𝑊1

𝜑2−𝜑1
                                                               (5 .6) 

𝑊𝑖 =
𝑚𝑖−𝑚0

𝑚0
𝜌0

=
𝜌0(𝑚𝑖−𝑚0)

𝑚0
                                                  (5 .7 ) 

where mi is the weight of pastes at RH=φi, m0 is the weight of pastes vacuum dried at 60 ℃ and 

ρ0 is the bulk density of the vacuum dried pastes.  

The vapor diffusion through the disc obeys the Fick’s first law at the steady state. 

𝑗𝑣,𝑡𝑖
= 𝐷𝑣,𝑡𝑖

̅̅ ̅̅ ̅̅ ∆𝑣

ℎ
                                                            (5 .8)  

where 𝑗𝑣,𝑡𝑖
 is the vapor flux during the diffusion from time ti-1 to ti. ti corresponds to the latest 

time weighing the tubes. ∆v (kg/m3) is the difference of vapor content between the upper and 

lower surfaces of specimens and h (m) is the thickness of disc. The leakage of dummy sample, 

∆mdt (kg), was included in the calculation of vapor flux from ti-1 to ti so 𝑗𝑣,𝑡𝑖
 can be calculated 

by Eq. 5.9. 

𝑗𝑣𝑡 =
∆𝑚𝑠𝑡−∆𝑚𝑑𝑡

A∆𝑡
                                                         ( 5 .9 ) 

where Dv,𝑡𝑖
̅̅ ̅̅ ̅̅  (m2/s) is the average vapor diffusion coefficient between ti-1 and ti. ∆mdt is the 

weight loss of tubes with discs of pastes from ti-1 to ti. The surface vapor content is not so easy 

to measure, but the vapor content on the surface of the saturated salt solution and in the climate 

box (room) can be calculated by 

𝑣𝑖 = 𝑣𝑠 × φ𝑖                                                                   (5.10) 

where vi is the moisture content in air at corresponding RH and vs is the saturation moisture 

content in air (17.28 g/m3 at 20 ℃). Therefore, considering the surface moisture resistance (Ke,v) 

and moisture transport in tube air, the mass flux from the saturated salt solution to climate box 

reads 

𝑗𝑣,𝑡𝑖
=

𝑣2−𝑣1
ℎ

𝐷𝑣,𝑡𝑖
̅̅ ̅̅ ̅̅ ̅̅ +

𝐿

𝐷0
+

1

𝐾𝑒,𝑣

                                                         (5 .11) 

Ke,v is approximately 0.007 m/s for the specimens with size in this investigation [116]. By 

substituting the weight change (as shown in Figure A2 in Appendix) into Eq. 5.9, we can use 

Eq. 5.10 and 5.19 to calculate the average vapor diffusion coefficient from the tube method.  
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5.3  Moisture transport coefficient 

5.3.1 Vapor diffusion coefficient 

Figure 5.1 shows the typical data collected in the experiments for measuring vapor diffusion 

coefficient (Dv). It shows that both the temperature and RH were under well control. The 

assessed leakage from dummy samples stayed in a percentage range within 0–7% after 90 days 

(Figure 5.1c). The evolution of 𝐷𝑣,𝑡𝑖
̅̅ ̅̅ ̅̅  for hcp with w/b=0.35 in two RH intervals was shown in 

Figure 5.1a. Samples reached a steady state flux after 32 days except for P035RH97–75. 𝐷𝑣
̅̅ ̅ 

of P035RH97–75 keep rising until 183 days, and this phenomenon exists in all the three parallel 

measurements (see the decreasing slope of weight loss in Figure A2-a in Appendix).  

 

Figure 5.1. Some typical data during vapor diffusion coefficient test. a is the typical evolution of vapor diffusion 

coefficient versus time. b shows the conditioning temperature and RH monitored by testo 174H sensor. 

c is the leakage of dummy samples with respect to the weight loss of P1 sample at corresponding time. 
Note that Dv in figure is 𝐷𝑣

̅̅ ̅ in the text. 

𝐷𝑣
̅̅ ̅  of hcp at about 182 days is plotted in Figure 5.2 as the indication of the steady-state 

diffusion. The increase in RH intervals tend to increase the deviation within the 3 parallel tests. 

However, the deviation level in the tube method is lower than the traditional cup method. It is 

due to not only the better sealing of tube method but also the differences in mixtures and disc 

size compared to the results in [116]. Overall, the tube method for measuring Dv is at least as 

valid as the cup methods.  

Figure 5.2a shows that FA binary paste (P135) has the lowest 𝐷𝑣
̅̅ ̅ with only half of that in OPC 

pastes (P035) before 80% RH interval (85% to 75%). SL binary paste has the highest 𝐷𝑣
̅̅ ̅ at 

RH75–50. Ternary and OPC pastes have the similar value staying in the middle of all the pastes. 

Because 𝐷𝑣
̅̅ ̅ of OPC pastes has an evident increase as RH increases, the differences between 

the OPC and blended pastes grows after this RH interval. This phenomenon is similar to the 

results reported in some previous investigations [26,27,116]. The 𝐷𝑣
̅̅ ̅  of the blended pastes 
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seems to be moisture independent with only minor changes as RH increases. However, it is not 

completely RH independent given that we focus on the detail change of Dv of the blended 

pastes. 

𝐷𝑣
̅̅ ̅ of ternary hcp with a w/b=0.35 slightly decreases with the increase in RH intervals, and this 

of SL binary pastes has an increase after RH85–75 instead of keeping constant. Figure 5.2b 

presents that the decreasing trend is still observed in FA and ternary hcp with w/b=0.45 as the 

RH moves to the higher value. The reduction effect from SCMs on the Dv is more significant 

at the higher w/b. For instance, the 𝐷𝑣
̅̅ ̅ of SL blended paste normalized to OPC paste is 0.52, 

0.29 and 0.14 in pastes with w/b of 0.35, 0.45 and 0.55, respectively. The further replacement 

by LL increases the diffusivity of pastes below RH97–50, but the differences in SL binary and 

ternary pastes are negligible in the high interval.  

 
Figure 5.2. 𝐷𝑣

̅̅ ̅ of all the pastes in 4 RH intervals. a-pastes with w/b=0.35; b-pastes with w/b=0.45; c-pastes with 

w/b=0.55; d-comparison between pastes with different w/b. The evolution of Dv/Dv0 calculated with 

Eq. 5.1 is also plotted in a and b with 4 different critical RH (φc=80%, 85%, 90% and 95%). A typical 

numerical modeling result is adopted in c from [121].  

The logarithm of 𝐷𝑣
̅̅ ̅ almost has a linear correlation with w/b. An increase of w/b from 0.35 to 

0.55 induces an increase factor about 2.5 and 10 in the coefficient of SL blended and OPC hcp 

respectively (Figure 5.2d). To describe the dependency of vapor diffusion coefficient on the 

RH condition, an empirical formula was proposed by Bazant and Najjar [122] and it was 

modified into Eq. 5.12 by Sakata [123]. This empirical function was supported by the 

2.00E-08

6.00E-08

1.00E-07

1.40E-07

1.80E-07

2.20E-07

45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 100%

D
v

(m
2
/s

)

RH intervals 

P035

P135

P235

P335

0.00E+00

5.00E-07

1.00E-06

1.50E-06

2.00E-06

2.50E-06

45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 100%

D
v

(m
2
/s

)

RH intervals 

P055

P255

P355

c

a

0.35 0.40 0.45 0.50 0.55

-16.5

-16.0

-15.5

-15.0

-14.5

-14.0

-13.5

-13.0

-12.5
      

    

    

    

W/B

ln
(D

v
)

P0(OPC)

P2(SL)

P1(FA)

P3(SL+LS)

97-75% 85-75% 97-50% 75-50%

d

2

7

12

17

22

27

32

D
v
/D

v
0

Numerical modeling based

on pore structure- Huang et

al. 2015 CCR (S4-1 in

paper)

0.00E+00

2.00E-07

4.00E-07

6.00E-07

8.00E-07

45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 100%

D
v

(m
2
/s

)

RH intervals 

P045

P145

P245

P345

b

0

5

10

15

20

25

30

35

40

D
v
/D

v
0

0

5

10

15

20

25

30

35

40

D
v
/D

v
0

w/b

d



 

48 

 

simulation results based on the pore network model [124]. 

𝐷𝑣

𝐷𝑣0
= 1 +

𝐷𝑠
𝐷𝑣0

−1

1+(
1−𝜑

1−𝜑𝑐
)𝑛

+ (𝜑 − 1)

𝐷𝑠
𝐷𝑣0

−1

1+(
1

1−𝜑𝑐
)
n                                                                      (5.12) 

where 𝐷𝑣,𝐷𝑠 and 𝐷𝑣0are the vapor diffusion coefficient in the cement-based materials with 

RH= φ, 1 and 0 respectively and n is an empirical exponent constant. Eq. 5.12 was applied to 

explain the difference in the dependency of Dv on RH condition. Ds/Dv0 =50 was selected as 

the typical value for the OPC-based concrete with w/b about 0.45, based on both experimental 

results and simulations [26,116,121,124]. n=2 was used as the general exponent constant based 

on the previous percolation analysis in section 4.6.1 (see Table 4.3). The evolution of Dv
Dv0

⁄  in 

hcp with RH is illustrated in Figure 5.2a and b with different critical percolation RH (φc= 80%, 

85%, 90% and 95%).  

It shows that the modelled evolution with φc=80%–85% is close to the change of Dv in OPC 

hcp with RH, whereas and the evolution of Dv in blended pastes follows the modelled results 

with φc=95%. This implies that the percolation of pore solution in OPC hcp occurs under a 

much lower RH condition than that of the blended pastes, which is consistent with lower critical 

volume for the percolation of liquid in OPC than the blended pastes as found in the electrical 

conductivity test (see Table 4.3). The different percolation point of liquid in hcp may be the 

main reason for the big discrepancies in dependency of Dv on RH for different binder systems. 

Figure 5.2c shows that the mild decrease in Dv with the elevated RH may be due to the blocking 

of vapor transport without percolation of liquid flow according to the modeling results in [121]. 

5.3.2 Moisture transport during semi-infinite drying 

Figure 5.3 shows the total moisture transport coefficient (Dw) and vapor diffusion coefficient 

(Dv,s) determined by the semi-infinite drying method. Pastes dried at 75% RH have a lower Dw 

than those dried at 50% RH. The Dw of cement-based materials showed a decrease as the 

saturation degree increase from zero and it reached the minimum value in some middle 

saturation degree (0.5–0.8) [29,125], so the Dw was also saturation dependent. After the liquid 

reached a percolation at the critical saturation point, Dw increased with the increase of moisture 

content. Dw of the blended hcp has a larger difference in 50% and 75% RH compared with OPC 

hcp and this effect is similar to the effect from silica fume [29].  

The increase in w/b brings an increase in Dw. Blending of SCMs presents a significant reduction 

in the Dw in both 50% and 75% RH drying. The normalized factor of Dw at 75% RH stays in a 

range of 0.05–0.18, and the normalized factor has a decreasing trend toward the high w/b except 

for the ternary paste (see solid markers in Figure 5.3c). The ternary paste has the lowest Dw 

among hcp with w/b=0.35. SL binary pastes have the lowest Dw compared with the other pastes 

with w/b of 0.45 and 0.55. The further replacement of LL enhances the moisture transport in 

hcp. The blended pastes drying at RH=50% have a higher normalized factor compared with 

those dried at 75% RH. The normalized factors of FA or SL binary pastes are in a range of 

0.18–0.27, and the FA blended hcp with w/b=0.45 has the lowest factor with 0.18. A further 

blending of LL increases the factor to 0.38–0.54, so that the factors of ternary hcp are almost 

twice as much as the factor of SL binary hcp. 
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Figure 5.3. The Dw and Dv,s of pastes during drying at RH=50% and 75% (20 ℃): a-Dw of all pastes; b-Dv,s of all 

pastes; c-Dw of the blended pastes normalized to the OPC pastes with the same w/b; d-Dv,s of the 

blended pastes normalized to the OPC pastes with the same w/b. 

Figure 5.3b and d show the Dv,s and its normalized factor of hcp respectively. The discrepancy 

in Dv,s at different RH is smaller than that in Dw. This phenomenon is more evident in the 

blended hcp mainly due to the higher moisture capacity (dW/dφ) in blended pastes compared 

with OPC (see Table A1 and A2 in Appendix). The logarithm of Dv,s shows an almost linear 

correlation with w/b. The normalized factor of FA hcp has a value in the rage 0.26–0.58. The 

SL binary hcps have the lowest normalized factor in a range of 0.06–0.33 in 50% RH and 0.25–

0.43 in 75% RH compared with the other hcps with the same w/b. The factor for ternary pastes 

is around 0.18–0.39 in 50% RH which is a little higher than SL binary. An increase in the drying 

RH induces a large increase in the normalized factor up to 0.92 (close to OPC) in P335. This 

value declines to 0.47 as the w/b increases to 0.55. The decrease in the normalized factor occurs 

as the w/b increases in the blended hcp. It is consistent with the findings in vapor diffusion 

coefficient. A further comparison between Dv,s and 𝐷𝑣
̅̅ ̅ will be discussed in the final section. 
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5.4  MIP 

MIP measurement was generally used to investigate the pore structure in the hardened cement-

based materials. It should be noted that the pore size measured by MIP is not the actual size of 

pores in hcp, since size in MIP refers to the threshold diameter at the intruded pressure rather 

than a real size. The pore size calculated based on MIP pressure will underestimate the size of 

big pores within “ink-bottle” shape [126,127]. However, the threshold diameters and intrudable 

pore space from MIP provides comparative information between hcp with different proportions 

[117,126]. Figure 5.4 displays comparison of the differential pore size distribution in the hcp 

different proportions. The critical entry pore size (CP) corresponds to the size of pores at peak 

value in dV/dlog(D) curve [117]. It is the inflection point on the curve of intruded volume 

versus pore size. 

 

Figure 5.4. Pore size distribution of pastes measured by MIP: the comparison between pastes with w/b of 0.35 (a), 

0.45 (b) and 0.55 (c); comparison between different w/b for OPC (d), the FA blended (e), the slag 

binary (f) and ternary (g). 

FA decreases CP in pastes with w/b of 0.35 and 0.45 even under the sealed curing condition 

after 390 days. This is different to the reported results of the FA blended pastes cured up to 90 

days in water [15,117]. However, SL increases the CP of pastes with w/b of 0.35 and 0.45. 

Therefore, the much lower Dv (Figure 5.2 and 5.3) of the blended pastes can hardly be ascribed 

to the reduction in CP compared with OPC, which was mentioned as the main reason for the 

low moisture diffusivity in the blended hcp [26,27]. SL might decrease the CP in pastes at later 

age when hcp was cured in water [15], since water curing can supply the sufficient water in the 

big capillary pores. The precipitation of hydration products can fill these big capillaries during 

later hydration of SL. However, the inner RH of the pastes is no more than 95% after 7 days 

even with the dilution effect from 50% SCMs [128] during the sealed curing condition. 
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When the effect from alkali ions on the equilibrium RH has been considered, vapor can only 

condense in the pores with diameter smaller than 70 nm in 95% RH at 20 ℃ [129] according 

to the Kelvin’s equation. Consequently, the later age hydration of FA and SL can only occur in 

the mesopores (<50 nm) and middle capillary pores (50–100 nm) under the sealed curing 

condition. The filling effect from the hydrates at later age only happens in these small pores. 

This may explain the phenomenon that although the volume of small capillary pores (<100 nm) 

in the blended pastes is significantly lower than that in OPC (see Figure 5.4), there still exists 

a certain amount of large capillary pores (>100 nm) in the blended pastes due to the lack of 

liquid water. It might also be the reason to the differences in the effect of SL on the CP between 

water curing in [15] and sealed curing in this study. Although the total porosity in FA binary 

pastes is higher than that in OPC pastes, the main differences stay in the intrudable pores 

smaller than 100 nm.  

5.5  Electrical properties of hcp 

Table 5.1 presents the measured electrical conductivity of hcp, the conductivity of pore solution 

and inverse of F (1/F) of hcp after sealed curing for 1 year. The conductivity of pore solution 

was calculated by the empirical function in Table 4.1. The conductivity of pore solution in hcp 

stays in a wide range from 165 to 78 mS/cm due to the dilution effect from SCMs. It is apparent 

that the blending of SCMs decreases the conductivity of pore solution mainly due to the lower 

content of dissolvable alkali in SCMs compared with OPC. The increase of w/b from 0.35 to 

0.55 in OPC paste induces the highest increment in the 1/F with a factor about 8 times 

compared with the blended pastes with the maximum factor about 3 times.  

Table 5.1. the measured electrical conductivity of pastes, the calculated conductivity of pore solution and inverse 

of F in pastes at 1 year.  

Sample 
Electrical conductivity (mS/cm) 

1/F 
Paste Pore solution 

P035 0.251 165.9 1.52×10-03 
P045 0.701 131.3 5.34×10-03 
P055 1.249 102.9 1.21×10-02 
P135 0.019 104.4 1.78×10-04 
P145 0.026 96.0 2.71×10-04 
P235 0.075 149.6 4.98×10-04 
P245 0.128 114.5 1.12×10-03 
P255 0.167 111.6 1.50×10-03 
P335 0.070 133.3 5.26×10-04 
P345 0.085 86.9 9.75×10-04 
P355 0.111 78.0 1.42×10-03 

The evolution of pore connectivity index (β) in hcp follows the same trend as 1/F with respect 

to the change of w/b or binder type (see Figure 5.5). The blending of FA induces a large 

reduction in the 1/F with a normalized factor about 1/8.5 and 1/20 in paste compared with OPC 

with w/b of 0.35 and 0.45, respectively (see Table 5.1). SL blended hcps have a normalized 

factor about 1/3, 1/5 and 1/8 in the 1/F of hcp compared to OPC pastes with w/b of 0.35. 0.45 

and 0.55, respectively. The ternary pastes with LL (P3-series) have the similar 1/F or β as the 

SL (P2-series) binary hcp. A significant increase in both 1/F and β can be observed as the w/b 

increases.  
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Figure 5.5. The inverse of F and pore connectivity index (β) of pastes cured for 1 year.  

5.6  Discussion 

5.6.1 Correlation between    and   ,s 

The cup method for measuring the Dv requires a long time to get the equilibrium for a constant 

flux (almost 6 months see Figure 5.1). The semi-infinite drying method is much faster than the 

cup method, but it relies heavily on the initial humidity control of the sample [130]. Dv from 

cup method may be comparable with the value calculated by using moisture content and the 

moisture transport coefficient (Dw) from semi-infinite drying method in certain RH intervals. 

Figure 5.6 presents the correlation between Dv from the steady-state vapor diffusion test and 

Dv,s from semi-infinite drying. Dv in the RH97–50 has a good linear correlation with the Dv,s 

during drying at 50% RH with a line slope of 0.92 and R2=0.96. However, the difference in the 

dependency on RH is evident when Dv and Dv,s at the high RH condition is compared in Figure 

5.6b. The correlation becomes weaker in the blended pastes (see the enlarged part) and the 

slope of the regression line goes much steeper compared with the data in Figure 5.6a. In one 

report from Nilsson [119], it is indicated that the Dv in the RH interval of 85–60% is comparable 

with Dv,s during drying at 50% RH, which is consistent with our result in RH97–50 and drying 

at 50% RH. However, the difference in Dv and Dv,s of the same hcp grows largely at the high 

moisture level (>75%).  
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Figure 5.6. The correlation between average vapor diffusion coefficient (Dv) and Dv,s from semi-infinite drying 

at 50% RH (a) and 75% RH (b).  

5.6.2 Correlation between    and F 

The correlation between Dv in different RH intervals and 1/F of hcp is separately plotted in 

Figure 5.7a–f, since the Dv in hcp is moisture dependent. It shows that there is a good linear 

correlation between Dv at RH97–75 with 1/F of hcp (see Figure 5.7a). This confirms that Dv at 

a high RH interval is determined by the pore connectivity instead of porosity. The enlarged plot 

shows that this linear correlation is general in both OPC and the blended pastes with R2=0.985. 

Because the pore connectivity in the blended pastes is much lower than OPC pastes, the vapor 

diffusivity in the blended pastes is much lower than that in OPC pastes at the high RH intervals.  

The linear correlation still exists between the 1/F and Dv at RH85–75 as shown in Figure 5.7c 

and d, but the blended pastes deviate from the general trend with a higher slope than the general 
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line. The modelling results in Figure 5.2 indicates that the critical RH (φc) for the percolation 

of liquid in the blended pastes is much higher than that for OPC due to the differences in pore 

structure and alkali concentration in pore solution [24]. φc of OPC pastes is about 80–85%, so 

the volume of water in hcp at RH85–75 is sufficient to reach a percolation of liquid in OPC 

pastes. As the RH intervals decreases to RH97–50, the connectivity of liquid phase in the pores 

evidently declines so that the liquid can not reach a percolation condition. Therefore, the 

moisture transport process seems to be mainly determined by the porosity (see Figure A5-c) 

instead of F.  

The blended pastes have the Dv close to OPC with the same w/b in RH75–50 (see Figure 5.2), 

even though the 1/F or β of the blended pastes is much lower than that of OPC (Figure 5.5). 

The slope of the regression line in the blended hcp increases with the decrease of RH, as the 

major determinant of Dv transits from pore connectivity to porosity. FA pastes with w/b of 0.45 

even deviates from the fitting line of the blended pastes due to its much lower pore connectivity 

compared with the SL blended hcp. 

 

Figure 5.7. The correlation between average vapor diffusion coefficient and 1/F: a and b-Dv in RH97–75; c and 

d-Dv in RH85–75; e- Dv in RH97–50; f- Dv in RH75–50. The hollow scatters are the data of OPC, the 

solid scatters are the data of the blended pastes and the scatters filled with green color is FA blended 

pastes.   
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5.6.3 Relationship between  RCM,    and 1/F 

Although the DRCM and Dv of hcp was measured at different curing ages, we can still observe a 

correlation between Dv in hcp cured for 390 days and DRCM of hcp cured for 90 days in Figure 

5.8. There is no general correlation in OPC and the blended pastes, but the linear correlation is 

clear between DRCM and Dv in OPC pastes in different RH intervals. The enlarged window 

shows that a good linear correlation between Dv at RH 97–50 and DRCM in the blended pastes. 

It implies that some further hydration may occur after 90 days, but the differences in the pore 

connectivity or F of the blended and OPC pastes may maintain in the same magnitude.  

 

Figure 5.8. The correlation between Dv in hcp cured for 390 days and DRCM of hcp cured for 90 days. 

Given that the binding capacity of Cl in the hydration products can be neglected during the 

non-steady-state migration test under the applied electric field, Eq. 5.13 can be used to estimate 

the DRCM based on F. D0 is the chloride migration coefficient in the bulk pore solution, which 

was often assumed to be 2.03×10-9 (m2/s) [110], but it could be smaller than this value due to 

the interaction with other ions in the pore solution.  

𝐷𝑅𝐶𝑀 =
𝐷0

𝐹
                                                                   (5.13) 

Chidiac and Shafikhani [24] developed an similar model to estimate the chloride migration 

coefficient based on the measured electrical conductivity of concrete and the calculated 

conductivity of pore solution. Figure 5.9 shows the relationship between the DRCM and the 1/F 

(calculated from data in Table A3) and the data in [24] normalized to the volume of mortar. 

DRCM of all the pastes generally locates close to the modelled line (dash line in Figure 5.9a), 

but the data of hcp with w/b of 0.35 deviate from the modelled line when we focus on the low 

DRCM region (see Figure 5.9b). The hcp with w/b of 0.35 is far from the saturation state under 

this curing condition. The conductivity of hcp was measured under the sealed curing condition, 
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but DRCM was tested under the nearly saturated condition which might result in a deeper 

chloride penetration depth or higher value of DRCM compared to the sealed curing condition. 

The data from [24] at 84 days and 1 year also locate close to the modelled line. Therefore, the 

pore connectivity or F of hcp should be a key controlling factor on the chloride migration in 

the OPC-based materials under an applied electric field.  

 

  
Figure 5.9. The correlation between chloride migration coefficient and 1/F: a- data in this study at curing time of 

28 and 90 days; b- data in [24] was used and adopted after some calculation. 
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5.7  Summary  

Dv of hcp is dependent on moisture content due to the condensation of water in the porous 

structure of hcp. The φc for the percolation of liquid in blended pastes is almost 95%, which is 

much higher than that of OPC with about 80%. Because the blended pastes have a more 

complex pore structure and the lower alkali ions in pore solution than OPC pastes. This causes 

a relatively stable Dv of the blended pastes in the RH lower than 85%.  

FA lowers the CP of pastes after 390-day curing, but SL have no reducing effect on the CP of 

the pastes. Both FA and SL have a great reducing effect on the pore connectivity in the pastes 

after a long-term curing. The ternary pastes with LL have the similar F with the SL blended 

pastes after 1 year. The higher w/b produces more water for the later age hydration of FA and 

SL, so that their refinement effect on pore structure becomes more evident. Therefore, an 

increase in w/b augments the effect of SCMs on the moisture transport and chloride migration 

coefficient in hcp. 

Dv is comparable with Dv,s of hcp drying at the low RH condition (~50%), but the difference 

largely expand at a high RH. Both F and porosity of small pores (middle capillary and 

mesopores) determine the moisture transport properties in the hcp. However, F is the major 

determinant for the moisture transport process at a high RH interval. The porosity of small 

pores stands for the major determinant at a low RH interval. A highly simplified model was 

developed to estimate the chloride migration coefficient with only one measurable parameter 

F of hcp. This model is valid to calculate the DRCM of both plain and the blended pastes/mortars.  
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6 Conclusions and future research work 

6.1  Conclusions 

The presences of alkali salts and SCMs in binders influence the bottom-up structure building 

process during hydration. The effect of SCMs on water accessible porosity and pore 

connectivity in hcp can be detected in the change of electrical conductivity hcp. Therefore, an 

in-situ monitoring of electrical conductivity in pastes is an effective way to determine the 

structure growth in hcp during hydration. The moisture and chloride transports are mainly 

controlled by the pore structure in hcp. The formation factor (F) calculated based on the 

conductivity test provides a more effective index for estimation of the moisture transport 

properties at high RH conditions than the parameters of pore structure by MIP. 

The precipitation of hydration products for building up the initial structure is a nonclassical 

nucleation of C-S-H. It starts with nucleation of primary globule flocs and is then followed by 

the growth from particle attachment. The presence of Al ions and alkali salts influence the 

attachment of flocs. KOH and K2SO4 have an impact on the size of primary flocs and growth 

of C-S-H strips, so that they change both the chemical structure and pore structure in hcp after 

long-term hydration. A five-stage hypothesis can clarify the mechanism for the early hydration 

process, that is: Stage I, Fast dissolution; Stage II, Approaching dissolution equilibrium; Stage 

III, New surface equilibrium; Stage IV, Surface nucleation; and Stage V, Attachment to growth. 

The electrical conductivity in pastes is determined by the change of ion concentration in pore 

solution and structure build-up during the chemical reaction process. The w/b has a large effect 

on the conductivity of pastes. The results indicate that the differences in F of hcp mainly derive 

from the huge differences in the pore connectivity. The conductivity of pore solution in hcp can 

effectively be calculated based on the chemical composition of binders and content of Epw in 

pastes. An increase in w/b reduces the conductivity of pore solution, but it increases the 

connectivity of pore solution to reduce the F. The growth rate of F is a good index for indicating 

the reactivity of SCMs. SCMs reduce the conductivity of paste at the early age mainly due to 

its dilution effect. SL has a weaker reduction in conductivity of pore solution than FA. SCMs 

refine the pore structure to lower the connectivity of pores in hcp. LL increases the connectivity 
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of pores, but its filling effect is evident after a certain age.  

An extended percolation theory is effective to describe the relationship between volume of 

evaporable water (Epw) and F. It provides the theory support for analyzing the data from a 

real-time monitoring of electrical conductivity in cement-based materials. his study provides a 

cheap but valid method to detect the meaningful data for the prediction and simulation of 

moisture and chloride transports in concrete during its service life with a continuous long-term 

hydration. 

The moisture transport properties in hcp are RH dependent due to the gradual condensation of 

water with the increase of RH. The critical RH (φc) for the percolation of liquid phase in 

blended pastes is much higher than that for OPC pastes. Because the blended pastes have a 

refined pore structure and the modified pore solution, Dv in the blended pastes keeps almost 

constant in the RH lower than 85%. The critical entry pore size from MIP (CP) is not the 

controlling factor for the vapor diffusion in hcp. Although FA decreases the CP in pastes after 

long-term curing, SL have no such effect on the CP of the pastes. Both FA and SL have a great 

reducing effect on the pore connectivity, so they bring huge decrease in the Dv of pastes at high 

RH condition. A further replacement of LL has no reducing effect on the pore connectivity in 

hcp. An increase in w/b supplies more content of water for the later age hydration of FA and 

SL, so the refinement effect on pore structure becomes more evident at the higher w/b. This 

phenomenon is also obvious in its effect on the moisture transport and chloride migration 

coefficient. 

Both the tube method and the semi-infinite drying can test the moisture transport in hcp. Dv is 

comparable with Dv,s when the hcp was dried at the low RH condition (~50%), but the 

differences between Dv and Dv,s will expand at the high RH condition. The connectivity of 

pores is the major determinant for the moisture transport in hcp at a high RH, but the percentage 

of small pores controls the vapor diffusion at a low RH. The highly simplified model developed 

in this study is valid to model DRCM of both plain and the blended pastes/mortars.  

6.2  Future research work 

The electrical conductivity test is a very effective method to measure the moisture distribution 

in hcp. The main purpose of the project is to develop a method for assessing the moisture 

transport in the blended concrete, and a device based on the conductivity monitoring may fulfill 

this target. Therefore, a clear correlation between the moisture content and conductivity in 

concrete is one main topic in further research based on the theory applied in this study.  

The later age hydration of SCMs makes impact on their refinement effect on the pore structure 

in hcp, thus inducing different level of effect on the moisture and ion transport. Therefore, it is 

significant to perform a further investigation on the pore structure and spatial distribution of 

hydration products in hcp cured at different conditions. This will be studied by the experimental 

measurements (such as, SEM, BET and TGA) to reveal the differences in the phase assemblage 

and pore distribution in hcp with SCMs after different long-term curing. 



 

61 

 

Experimental results in this study provide the abundant data to build the model for moisture 

transport based on pore size distribution or pore network in the blended pastes. The moisture 

transport and fixation model based on pore structure is another topic for the future research, so 

that the moisture content and diffusion in modern concrete can be predicted based on pore 

structure. 

One target of this project is to describe the chemically bound water and its stability in the main 

hydration products in the blended pastes, so the modelling of structure feature of C-A-S-H with 

different Ca/Si and H2O/Si ratio is also one of the main future works from fundamental research 

aspect. 
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Appendix 

Figure A1 presents the weight loss of FA blended pastes versus root of time during drying at 

50% and 75.5%RH up to 64 days. Figure A2 shows the weight loss of all 11 samples during 

the vapor diffusion test in RH 97-75. We can observe that the slope of P035 keeps decreasing 

until it reached a rather stable constant from 156 to 227 days. Fig. A3 illustrates the typical 

fitting results of mass loss during drying. 

Figure A4 shows the relationships between CP and Dv,s of pastes and Figure A5 presents the 

correlation between porosity and Dw (a), Dv.s and Dv respectively. Table A1 and A2 illustrates 

the calculated parameters of 3 parallel tubes of different samples during drying at 50% and 75% 

RH. Table A3 demonstrates the conductivity of pastes and pore solution at 28 and 90 days, 

respectively. 

 

Figure A1. The weight loss of P1 tubes during its semi-infinite drying: a-under 50% RH; b-under 75% RH. 
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Figure A2. The weight change of 11 samples by tube method test in the RH interval from 97.6% to 75.5%: a-

w/b=0.35; b-w/b=0.45 and c- w/b=0.55. 
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Figure A3. The typical fitting results of mass loss and square root of drying duration (P1 sample dried at 75.5% 

RH and 20 ℃): a-w/b=0.35; b-w/b=0.45. 

 

Figure A4. The relationships between CP and Dv of pastes. 
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Figure A5. The correlations between porosity and Dw (a), Dv.s (b), Dv in the intervals of 97-50% and 75-50% (c) 

and in the intervals of 97-75% and 85-75% (d).  
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Table A1. The calculated parameters of 3 parallel tubes of different samples during drying at 75% RH. 

Samples kw(Kg/(m2s1/2)) dW(kg/m3) DW(m2/s) logDw Dvs(m2/s) Log Dv.s 

P035 

4.95E-05 25.64 2.92E-12 -11.53 2.06E-08 -7.69 

5.42E-05 25.64 3.51E-12 -11.45 2.48E-08 -7.61 

4.61E-05 25.64 2.54E-12 -11.60 1.79E-08 -7.75 

P045 

1.79E-04 56.58 7.84E-12 -11.11 1.17E-07 -6.93 

1.79E-04 56.58 7.84E-12 -11.11 1.17E-07 -6.93 

1.76E-04 56.58 7.58E-12 -11.12 1.13E-07 -6.95 

P055 

8.11E-04 149.83 2.30E-11 -10.64 9.06E-07 -6.04 

7.93E-04 149.83 2.20E-11 -10.66 8.68E-07 -6.06 

7.84E-04 149.83 2.15E-11 -10.67 8.47E-07 -6.07 

P135 

8.16E-05 102.26 5.00E-13 -12.30 1.35E-08 -7.87 

8.01E-05 102.26 4.82E-13 -12.32 1.30E-08 -7.89 

7.06E-05 102.26 3.74E-13 -12.43 1.01E-08 -8.00 

P145 

1.30E-04 129.31 7.89E-13 -12.10 2.68E-08 -7.57 

1.29E-04 129.31 7.79E-13 -12.11 2.65E-08 -7.58 

1.21E-04 129.31 6.92E-13 -12.16 2.35E-08 -7.63 

P235 

4.13E-05 50.84 5.18E-13 -12.29 6.93E-09 -8.16 

4.13E-05 50.84 5.18E-13 -12.29 6.92E-09 -8.16 

4.26E-05 50.84 5.51E-13 -12.26 7.37E-09 -8.13 

P245 

9.71E-05 107.92 6.35E-13 -12.20 1.80E-08 -7.74 

9.85E-05 107.92 6.55E-13 -12.18 1.86E-08 -7.73 

1.15E-04 107.92 8.87E-13 -12.05 2.52E-08 -7.60 

P255 

1.81E-04 127.56 1.58E-12 -11.80 5.32E-08 -7.27 

1.81E-04 127.56 1.59E-12 -11.80 5.33E-08 -7.27 

1.84E-04 127.56 1.63E-12 -11.79 5.45E-08 -7.26 

P335 

5.80E-05 75.90 4.59E-13 -12.34 9.17E-09 -8.04 

5.13E-05 75.90 3.59E-13 -12.44 7.17E-09 -8.14 

5.55E-05 75.90 4.21E-13 -12.38 8.40E-09 -8.08 

P345 

1.54E-04 148.04 8.51E-13 -12.07 3.31E-08 -7.48 

1.44E-04 148.04 7.47E-13 -12.13 2.91E-08 -7.54 

1.53E-04 148.04 8.42E-13 -12.07 3.28E-08 -7.48 

P355 

3.50E-04 158.28 3.83E-12 -11.42 1.60E-07 -6.80 

3.57E-04 158.28 4.00E-12 -11.40 1.67E-07 -6.78 

3.45E-04 158.28 3.73E-12 -11.43 1.55E-07 -6.81 
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Table A2. The calculated parameters of 3 parallel tubes of different samples during drying at 50% RH. 

Samples kw(Kg/m2s1/2) dW(kg/m3) DW(m2/s) logDw Dvs(m2/s) Log Dv.s 

P035 

2.44E-04 88.35 5.99E-12 -11.22 6.52E-08 -7.19 

2.24E-04 88.35 5.06E-12 -11.30 5.51E-08 -7.26 

2.42E-04 88.35 5.90E-12 -11.23 6.42E-08 -7.19 

P045 

6.03E-04 134.05 1.59E-11 -10.80 2.62E-07 -6.58 

6.54E-04 134.05 1.87E-11 -10.73 3.09E-07 -6.51 

6.35E-04 134.05 1.76E-11 -10.75 2.91E-07 -6.54 

P055 

1.51E-03 243.07 3.02E-11 -10.52 9.04E-07 -6.04 

1.52E-03 243.07 3.06E-11 -10.51 9.16E-07 -6.04 

1.41E-03 243.07 2.66E-11 -10.58 7.95E-07 -6.10 

P135 

2.46E-04 186.57 1.36E-12 -11.87 3.13E-08 -7.50 

2.49E-04 186.57 1.40E-12 -11.85 3.22E-08 -7.49 

2.49E-04 186.57 1.40E-12 -11.85 3.22E-08 -7.49 

P145 

5.15E-04 269.93 2.86E-12 -11.54 9.52E-08 -7.02 

5.58E-04 269.93 3.35E-12 -11.47 1.11E-07 -6.95 

5.21E-04 269.93 2.92E-12 -11.53 9.71E-08 -7.01 

P235 

2.30E-04 185.09 1.21E-12 -11.92 2.77E-08 -7.56 

2.23E-04 185.09 1.13E-12 -11.95 2.59E-08 -7.59 

2.19E-04 185.09 1.10E-12 -11.96 2.51E-08 -7.60 

P245 

4.47E-04 185.09 4.58E-12 -11.34 1.04E-07 -6.98 

4.35E-04 185.09 4.33E-12 -11.36 9.87E-08 -7.01 

4.24E-04 185.09 4.11E-12 -11.39 9.38E-08 -7.03 

P255 

6.93E-04 217.80 7.96E-12 -11.10 2.13E-07 -6.67 

7.14E-04 217.80 8.44E-12 -11.07 2.26E-07 -6.65 

7.16E-04 217.80 8.48E-12 -11.07 2.27E-07 -6.64 

P335 

2.92E-04 151.31 2.93E-12 -11.53 5.46E-08 -7.26 

3.07E-04 151.31 3.23E-12 -11.49 6.02E-08 -7.22 

2.92E-04 151.31 2.93E-12 -11.53 5.46E-08 -7.26 

P345 

6.07E-04 216.25 6.19E-12 -11.21 1.65E-07 -6.78 

6.37E-04 216.25 6.81E-12 -11.17 1.81E-07 -6.74 

6.02E-04 216.25 6.08E-12 -11.22 1.62E-07 -6.79 

P355 

1.03E-03 224.82 1.63E-11 -10.79 4.52E-07 -6.34 

9.65E-04 224.82 1.45E-11 -10.84 4.00E-07 -6.40 

9.63E-04 224.82 1.44E-11 -10.84 3.99E-07 -6.40 

Table A3. The conductivity of pastes and pore solution at 28 and 90 days. 

Samples 
Pastes (mS/cm) Pore solution (mS/cm) 

28 d 90 d 28 d 90 d 

P035 0.576 0.424 165.641 165.641 

P045 0.940 0.826 131.308 131.319 

P055 1.221 1.244 102.947 102.950 

P135 0.334 0.049 104.180 104.387 

P145 0.536 0.082 88.549 92.612 

P235 0.185 0.140 145.392 148.188 

P245 0.280 0.184 110.835 113.472 

P255 0.392 0.225 93.125 102.234 

P335 0.143 0.108 115.272 123.082 

P345 0.205 0.132 83.155 85.470 

P355 0.265 0.172 69.834 74.487 

 


