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ABSTRACT 

BINDiNG OF EXTERNAL CHLORIDES 
BY CEMENT PASTES 

Doctor of Philosophy, 200 1 
Hassan Zibara 

Graduate Department of Civil Engineering 
University of Toronto 

Chloride-induced reinforcernent corrosion is the dominant cause of premam deterioration of 

reinforced concrete structures worldwide. The need to quanti@ the durability of new and existing 

structures led to the development of senice life prediction rnodels. This requires a clear 

understanding of the mechanisms of chloride penetration into concrete cover. This research looks 

into chloride binding when chlorides are introduced after the hydration of cernent. 

Highlights of this research include the X-ray diflktion (XRD) results which provide insight 

into some meciianisms of chloride binding. ïhey show that several calcium aluminate hydrates (C- 

A-H). including monosulpbate, convert to Friedel's salt. The rnonosulphate converts to Kuzel's salt 

at low concentrations before transforming into Friedel's salt at higher concentrations. Evidence 

suggests îbat ettringite starts converting to Friedel's salt at high chloride concentration. Friedel's 

sait p d s  kept Uicmsing at chloride exposures above 1 .O M. indicating that chemical binding is not 

exhausted at low chloride concentrations. 

The results indicate the cbloride binding capacity of cement paste results fiorn the 

contribution of hydrates of different cernent phases. The C,A has a strong effect on cbloride binâing, 

especially at high chlonde concentrations (1 .O - 3.0 M). Evidence h m  synthetic compound pastes 

and cernent pastes indicate tbat C,AF, C,S, and C,S bind chiorides and significantly conûibute to 

the binding capacity. The binding isotherms of cernent pastes can be predicted fiom the chernid 

composition of cements. 

The resulîs show that chioride binding isothenns are non-linear. and the Freudich isothenn 



is the best fit in the chfonde concentration range 0.1 M- 3.0 M. In general, the partial replacement 

of cernent with fly ash, growid ,oradated blast furnace slag (GGBFS), or metakaolin. increased 

chloride binding. Partial replacement with silica fùme teduced chioride bindiig. An increase in the 

pH (13-14) of the storage solution reduced chloride bindhg. The presence of sulphate ions in the 

storage solution at 0.1 M concentration reduced chloride binding. Precarbonation of cement pastes 

greatly reduced chloride binding. An increase in temperature between 7°C and 38°C reduced 

chloride binding at 0.1 M chloride exposw, but increased it at 3 M exposure. 

iii 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

The corrosion of steel reinforcement due to penetration of chlorides fiorn marine and de-king sdts 

is the dominant cause of premature deterioration of reinforced concrete stuctures in Canada and 

many other countries around the world (Racheedwrafar et al., 1991: Maage et al., 1995: Thomas 

et al.. 1995: Wood & Crerar, 1995). This enormous problem has mobilized huge efforts by 

govement agencies and the constmction industry to find preventive or remediai measures. 

Numerous advances have been made in concrete technology (Hooton & McGrath. 1995). The use 

of hi& performance concrete (HPC) has been on the rise in an effort to extend the senice life of new 

reinforced concrete structures exposed to severe chloride environrnents (Thomas et al.. 1995; 

Bickley, 2200). HPC mixtures, characterized by bùiary or temary cement systerns (with the addition 

of supplementary cementing materials), low water-to-cementitious materiais ratio (WKM). a 

combination of chernical admixtufe~, have a high resistance to the penetration of chlorides, and will 

supposedly lead to improved durability (Thomas et al.. 199% Bickley, 22000). 

The need to quantifi the durability of new and existing structures has become very important. in 

recent practices emerging both internationally and in Canada clients for new reinforced concrete 

structures are specifying service lives of 100 years or more (Hooton & McGrath. 1995; Wood & 

Crerar, 1995; BicRley, 2000). Owners want to be assured chat the new stucture will achieve the 

required service life. They also want to evaluate the different constuction alternatives tbrough the 

use of life-cycle costing (Gemtick 1994). With such requirernents, diable service life prediction 

models wouid be extremely valuable. For new structures. these madels wodd enable the design of 

concrete mixtures to ensure the designeci life. For existing stuctures, these modeIs wodd permit the 

prediction of the rernaining service Me, and help in the planning of timely and effective maintenance 

and repair (Maage et ai., 1995; Thomas et al., 1995; Wood & Crerar, 1995). 

Many of the modeis cunently king used are overly sinplistic and assume that chloride ingress takes 

place by diffiision alone (Hooton & McGrath, 1995, Thomas et al., 1995). These models are based 

on the assumptions that chlorides penetrate the cover layer by diffusion (a process described using 

Fick's second law of diffiision (Cr& I975)), and that once a threshold chloride concentration is 

reached at the leveI of reinforcement (time determined using Crank's solution to Fick's second law), 

corrosion starts and proceeds rapidly, marking the end of the stnicture's service Lie (Hooton & 
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McGrath. 1995). Thetefore. for a new structure, a knowledge of the diaision coefficient, Da, and the 

chioride concentration at the surface. Cs, would permit the calculation of an estirnated service life. 

In addition to ignoring the corrosion propagation time, which would be significant in the case of 

WC, this approach overlooks several other mechanisms which significantly influence the chloride 

penetration process, including capillary sorption, permeation, wicking, and chlonde binding. This 

shows the need to improve these models through the studying of the processes leading to the 

detenoration of reinforced concrete structures exposed to severe chloride environrnents. 

This work is part of the ongoing research at the University of Toronto to understand the 

physical and chernical processes governing the chioride penetration and corrosion, and leading to 

the deterioration of concrete. It is hoped that this knowledge wouid serve the efforts to develop and 

improve service life prediction models (Bod4 et al., 1999) that describe the chlonde ingress and the 

corrosion proçess in a more accurate way, so that they would be of use to civil engineers. This work 

focuses on chioride binding in hydrated cernent pastes exposed to extemai chlorides. 

Chioride binding bas an important effect on chloride penetration. and hence, on the time to 

corrosion initiation. since only fk chlorides are iikely to move m e r  to the rebats level and initiate 

corrosion. The chioride binding process removes part of the chloride ions fiom the diffusion path 

(chlorides are chemically and physically bound to the cernent hydrates), and consequently reduces 

the concentration gradient that drives the ionic diffusion. As a result. the rate of chioride ion 

penetration is decreased and the tirne for a threshold level to reach the steel surface is increased. 

Hence. it is important to take into account chloride binding as a part of the chloride penetration 

pmess in service life prediction models. To do so. it is important to study the chioride binding 

mechanisrns and the fàctors that affect the chloride biiding process, in order to mode1 it accurately, 

which justifies the present research. 

It is known that chioride ions react with tricalcium aluminate (C,A) to form calcium 

monochioroaiuminate, known as Friedel's salt (Roberts, 1962; Mehta, 1977; Diamond, 1986; 

Taylor, 11990). There is also increasing evidence to suggest that the calcium silicate hydrates (C-S- 

H) bind chlorides (Ramachandran, 1971; Rarnachandran et al., 1984; Blmk et al (1 986); Wowra 

and Setzer, 1997, 2000). The relative importance of the C,A and C-S-H d e s  in chionde binding 

is not well understood. Several other parameters are also known to affect îhe binding capacity. 

including cbioride concentration (Tmtti, 1982; Blmk et al., 1986; Mors). pH (Tritfhrnt, 1989), 

temperature (Arya et al., 1990; Maslehuddin et al. 1996, 1997), wbonation (Swyavanshi and 
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Swamy, I996), suiphate (Hussain ôi  Rasheeduzzi#ar, 1994; Hussain et al., 1991; Xu, 1997), cation 

associated wiîh chlorides (Al Hussaini et al., 1990; A r p  et al., 1990; Wowra & Setrer, 1997. 2000: 

Xu, 1997), (Tritthart, 1989; AI Hussaini et al., 1990; Arya et al., 1990) and supplementary 

cementing materials (SCM) (Arya & Xu, 1995). There is, however. a clear lack of information. both 

quantitative and qualitative, in many aspects of the chloride binding process (especially in the case 

of chlorides penetrating hardeneci conmte h m  extemai sources). The experimental program in this 

work was specifically designed to address some of these issues. 
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1.2 Objecîives 

This work has focussed on studying chloride bindig in the case of extemal chioride exposure. The 

objectives of this research were the following: 

1. To examine the inauence of some factors affecthg chloride binding including: 

a. Environmental factors: study the influence of temperature, carbonation. pH, [sO,'-] 

on the chioride biding capacity of cernent paste. 

b. Cernent composition: investigate the effect of C,A content, C,AF content, SO, 

content, fineness, alkali, WICM, partial substitution with SCMs. and age. 

2. To understand the roles of cernent's mineral phases in chioride binding by: 

a. Studying the importance of C,A, C,AF, (C,S+C,S) in chloride binding, and aiming 

to explain the dierent trends reported in the litetanire. 

b. Attempting to quantify the contributions of the mineral phases to the chloride bindiig 

capacity of cernent. 

3. To explore the possibility of modelling chloride binding through: 

a Examining the nature of the relationship between ûee and bond chloride (chloride 

binding isotherms). 

b. lnvestigating the existence of relationships between the binding capacity and the 

various parameters affecthg chloride binding. 
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t 3 Scope of Work 

This research focuses on the chionde binding properties of hydrated cernent pastes exposed to an 

external source of chlorides (Le. where chiorides are introduced to the system after the cernent has 

hydraied) since this case is more relevant to the chloride reiated deterioration process than admixed 

chlorides. An examination of the literature reveals a Jack of information about chloride binding in 

this case. Most of the research on chloride binding has focused on admixed chlorides (chlorides 

present at the t h e  of mixing), and this was partly due to the fact that CaCI, was used an accelerating 

agent in the 1960's and 197OVs, and pady to the fact that, in some countries. the mixing water and 

aggregates contain chlorides. This underlines the need for more research on this subject and justifies 

the present work, 

This thesis is divideci into six chapters. Chapter 2 is a Literature review of chloride binding. 

It inciudes a definition of chloride binding (chemical and physicai binding), methods used to 

detennine the distribution of chlorides between the hydrates and the pore solution. and an 

examination of various factors that influence chloride binding. A table summarizing the effects of 

the different factors is also included at the end of this chapter. 

Cbapter 3 describes the experimental program and the experimental procedures used in this 

research. It includes a description of the test methods used to detennine chioride binding, mixture 

design, chemical compositions, and sample preparations. 

Chapter 4 presents the results of the different studies done in this research. Each section 

presents the results of a different test and a limited anaiysis and discussion of these results. 

Chapter 5 is a series of discussions regardhg the main issues addresseû in this thesis. and 

based on the d t s  of the diffèrent studies done in thjs researcb, The synthesis of tbe resdts of the 

different studies, related to these issues, gives more insight and a kner understanding of the 

phenornena involveci. Chapter 6 is a summary of the main conclusions of this work and theu 

implications. It also wntains tecornmendations for future research 



CHAPTER 2 

LITERATURE REVIEW 

2.1 Chloride Binding 

2.1.1 Defmition 

Chloride binding involves the processes through which chloride ions in the pore solution of concrete 

are fixeci to different extent on certain cement hydrates. The term "bound chlondes" applies to any 

chloride ions that are not able to move fieely in the pore solution of concrete. Chlonde binding 

processes are generally classified in two categories: 

chernical binding 

physicai binding 

This classification is based on the mechanisms that are believed to be involved in the binding of 

chloride ions. These mechanisms are not well underst006 and the partition between chemicaily and 

physically bound chlorides is not completely known and is a controversiai subject. 

2.1.2 Chernical Binding 

Chernical binding as the narne implies, is the r e d t  of chemicai reactions between chlorides and 

certain cernent phases, leading to the binding of chloride ions. There is no wmplete understanding, 

however, of the nature or the mechanisms of these chemical reactions. It is known that the C,A phase 

in cernent reacts with chloride ions to form calcium chloroaluminate hydrate, C,A.CaC12.10H,0, 

commonly known as Friedel's salt (Roberts, 1962; Mehta. 1977; Diamond, 1 986: Taylor, 1990; 

Rasheeduzzafar, 1992; Neville, 1995; Surymamhi & al., 1996). It is aiso believed that a similar 

reaction between C,AF and chiorides results in the formation of an equivaient pduc t  to Friedel's 

salt. known as calcium chloroferrite, C,F.CaCI,. 1 OHIO (Roberts, 1962; Taylor, 1990; 

Rasheeshrzzafm, 1992: Neville, 1995; Surymamhi et al., 1995). However, the importance of this 

reaction in chloride binding is not known yet. Some mdies showed evidence of the formation of 

Friedel's salt in the case of admixed or extemal chlorides (Diamon4 1986; SOito & Kmamura, 

1992: K o u l o d i  & M s ,  1994; Swyavanshi et al., 1995; Suryavanshi & Swamy, 1996). In the case 

of admixed chlorides. it is commonly beIieved tbat the C,A phase of Portland cernent chemicaily 

reacts with chloride ions during the hydration process to fonn Friedel's saIt (Roberts. 1962; 

Diamond, 1986; Twlor, 1990; Suryavanshi et ai., 1995). However, the presence of sulphates in 
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cement creates a competition for the available C,A between the chloride and the sulphate ions. la 

fact. it is believed that C,A reacts preferentidly with sulphates (Richartz, 1969: Schwiete et al.. 

1969: Mehta, 1977: Enevoldsen et al., 1994). Richartz (1 969) reported that during the hydration of 

Portland cement in the presence of chlorides, ettringite fonned ûrst until al1 the sulphate was 

consumed. then Friedel's salt was formed. Schwiete et al. (1969) reported a similar trend. They 

found that ettringite formed first until the sulphate was consumed, followed by the formation of 

Friedel's salt until the chloride was consumed. followed by the formation of monosulphate fiom the 

ettringite and the rest of the C,A or C,AF. Glasser (1 999) referred to Taylor who quoted Tenoutasse 

as finding that during the hydration of mixtures of C,S and C,A, in the presence of gypsum and 

CaCl,, Friedel's sait formed only &er al1 the sulphate was consumed. 

[n the case of externd chlorides that penetrate the hardened cernent paste, the situation is 

different since most of the C,A phase has already hydrated in the absence of chlorides. Mehta (1 977) 

referred to a study by Lerch et al. in which they found that in a hydrated cernent paste. in the presence 

of chloride solutions (extemal chlorides). the ettringite and monosulphate phases remained 

unchanged. Migdley h filston (1981) found that only unhydrated C,A reacts with penetrating 

chioride ions, but others suggested that certain hydrated C,A phases wiil also react with chloride ions 

to form Friedel's salt (Nagataki et al.. 1993; Glasser. 1999). 

Ben-Yair (1974) explained chloride binding as the result of a direct chemical reaction 

between the C,A phase in the cement and the CaCI,, which was initially added to the mix water. 

leading to the formation of Friedel's salt. in the case of admixed NaCI. he explained the chloride 

binding by the following reactions: 

Ca(Ob_ + 2NaCI a CaC1, + 2Na' + 20H' (1 

C,A + CaCI, + 10H,O -C,A.CaCI2. IOH,O (2) 

More recent studies suggest the ion exchange mechanism to explain the formation of 

Friedel's sait (Yonezawa, 1989; Suryavanshi et al., 1996; Glasser. 1999). The ion exchange 

mechanism suggested, explains chloride bindiig as a replacement of hydroxyl ions present in the 

interlayers of the hydroxy AFm (Al,O,-F-O,-mono) phase by chloride ions present in the pore 

solution or chloride peuetrathg h m  extemai sources as shown in Figure 2-1. This ion exchaoge 

rnechanism leads to the formation of Friedel's salt as expresseci in the following reaction given by 

Suryavanshi et al. (1996): 

R- OH' + Na* + CI- - R-CI- + Na* + OH- 
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where R is the principal layer of the hydroxy-AFm. [CalAI(OK),.nH20]'. and the value of n is 

related to the .pe of hydoxy-AFm. While Yonezawa (1989) explained tbe formation of Friedel's 

sait, as a result of chloride addition to the mix, soiely by the ion exchange mechanism. Suryavanshi 

et al. (1996) who also studied chloride buidmg in the case of admixed chlorides, suggested hat the 

ion exchange meçhanism is responsible for only a minor hction of the bound chlorides. They 

explained that the AFm phases (Friedel's sait king one type of M m )  have layered stnictures deriveci 

h m  the structure of portlandite by the ordered replacement of one Ca'' out of three in a Ca(OH}I 

layer by a AI* which resdts in a charge hbaiance in each principal layer, the formation of Friedel's 

salt results h m  the adsorption of a Cl' in h e  interlayer space between the principal layers to balance 

the charge. Thus, it can be wncluded h m  theu d y s i s  that Friedel's sait is M y  f o d  d h d y  

as an AFm product d u h g  the hydration of cernent in îhe presence of admixed chIoride. and ody a 

minur part of Friedel's sait is formed by the conversion of hydroxy Alin through ion exchange 

between chloride and hydroxyl ions. 
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OH 
1 

Figure 2-1: Schematic showhg the ion exchange beîween the doride ion a d  the hydroxyl 
ion residing in the interlayer spw!s of a hydroxyi A h  phase. From Glaser (1 999). 
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2.1.3 Physical Binding 

Physicai binding is believed to be the resdt of physical adsorption of chiorides on the surface of the 

C-S-H hydrates (Diamond 1986; Blunk et al.. 1986: Tang & Nilsson 1993; Wowra & Setzer. 1997: 

Larsen, 1998). Physical adsorption is due to elecmstatic or Van der waals forces between charged 

particles. in this case it is between the chloride ions and the surface of the C-S-H. The mechanism 

of physical binding, or adsorption. is not well understood. This also includes the extent of physical 

binding . 

Recent studies are pointing to the elecîrical double layer theory, known in the field of 

physical chemistry (Laidler & Meiser. 1 W), to explain the mechanism of chloride adsorption on 

the surface of C-S-H (Nagataki et al., 1993; Wavra & Setzer, 1997; Larsen, 1998). Larsen (1 998) 

explains that the surfaces of the hydrated cernent are negatively charged (Jawed et al.. 1983; Tqlur. 

1992: Chatrerji & Kawumura. 1992). but due to the adsorption of cations (Ca2'. Na-) in the alkaline 

pore solution and the formation of the so-cdled Stem-layer (Laidler & Meiser. 1982). the sdaces 

appear to be positiveiy charged. This lads  to the formation of an electrical. diffise double layer 

(known as the Gouy-Chapman layer), and the adsorption of the negatively charged chloride ions 

takes place in the diffuse double layer to satisfi the electro-neutrality as shown in Figure 2-2. The 

adsorption capacity in the double layer depends on the surface area of the C-S-H, and on the potential 

(zeta potential) on the plane between the adsorbed cations and the diffiise double layer. This 

potentiai is a bction of the valence of the adsorbed cations. temperature, and the concentration of 

ions in the pore solution. According to Larsen (1998), the presence of Ca" in the pore solution is 

decisive for the value and sign of the zeta potential . He refenred to Diamond et al. (1 964) who found 

that the zeta potential of tobermorite gel was initially positive, but became negative at a pH around 

10. following the graduai removai of Ca(OH& by washing the gel with distilleci water. 

In addition to physicai adsorption, it was suggested that chlorides can be bound in other 

forms to the C-S-H accordmg to some d i e s  (Ramachandran, 1971: Diamond 1986). Diamond 

(1 9861, reported to have noticed many times the presence of chiorides within local regions of C-S-H 

when exarnining concretes exposed to chlondes by energy dispersive X-ray analysis in a scanning 

electron microscope. He suggested that some of the bound chlondes are most likely resident within 

the C-S-H (when they are present at the Mie of mkng). Ramachandran (1971), who studied the 

hydration of a C,S paste in the presence of CaCl?, aiso suggested that chioride ions may also exist 
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in the interlayer space of the C-S-H. In addition. he concluded that a major part of chloride ions is 

also chemisorbed by the C-S-H. and some are incorporated in the C-S-H lattice. Chemisorption 

involves the formation of chemical bonds between the adsorbate (chloride) and the adsorbent 

(surface of the hydrates) at some chemically active sites. It should be mentioned that throughout this 

thesis, chemical binding will refer to the binding capacity of aluminate and ferrite hydrates, and 

physical binding will refer to the binding capacity of the C-S-H. 

-- Pmsolu~ioa 
hydrate 

Negativc surface-charge of 

Diffusive 

Figure 2-2 iilu~~ration of the Stern mode1 for the electricaI double Iayer. From Larsen 
(1 998) 
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2.2 Experimental Methods for Determining Chloride Distribution 

Several rnethods have been used for the detemination of chloride distribution between free and 

bound chlorides. However. none of them are standardized and very few of them are comrnonly used 

(IViisson et al.. 1996). The differences between these methods are in general, the way the chlorides 

are introduced (intemal or exteniai), the wikown chloride variable to be determined (fke chlorides 

or total chlorides), and the technique used to determine the unkown chioride quantity. This section 

present a review of some of these methods. The methods are classified based on whether the 

chlorides are admixed or external. 

2.2.1 Methods Dealing with Admhed Chlorides 

2.2.1.1 Pore Solution Expression 

This method is the most commonly used for the determination of chlonde distribution inside paste 

or mortar. in this method. a known quantity of chionde (total chlonde) is introduced during mixing 

and a sample h m  the paste or mortar is squeezed under high pressure in a pore solution expression 

device (Barneyback & Diamond, 1981) after king cured for a certain period of time. The pore 

solution is then analysed for its chloride concentration which is assumed to be the fiee chloride 

concentration in the pore solution. From the knowledge of the quantity of k e  pore water. the bound 

chlonde can be determineci as well. It has been reported that pore solution expression significantly 

overestimates the ûee chioride concentration in the pore solution (Glass & Buenjéd, 1995: 1996). 

It was suggested that the high pressure applied tends to release loosely bound chlonde in the solution 

resulting in the increase of tiee chloride concentration (Glass & Buenfeld 1995; 1996). 

2.2.1.2 Leaching Metbods 

The leaching methods are similar to the pore expression method descxibed above, except that the fiee 

chloride content is determined using leaching instead of pore squeezing. Leaching is based on 

mixing sarnples, ground to powder, with a solvent and measuring the chloride concentration in the 

solution. Several pubiished studies used different leaching techniques to determine the k e  chloride 

content in paste or mortar (Monfore & Verbeck 1960; Richart:, 1969: Ramachandran, 1971). 

These techniques cliffer in the type of solvents (water or aicohol) and the mWng reghes. However, 

some studies have shown that ethyl alcohol, when used as a solvent, is ineffective in leaching 
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chloride and therefore underestimates the free chloride content (Trirthart, 1989: A q a  & Beunfild, 

1987). Arya and Newman (1 990) assessed several leaching techniques using water as solvent. and 

compared these techniques with pore expression: the results showed that no single technique was 

sufficiently accurate over the range of the total chioride studied, and that the choice of an appropriate 

leaching technique depends on the total chlonde content and the cement type. 

2.22 Methods Dealing with Extemal Chlonde 

2.2.2.1 Equilibrium Methods 

Equilibriurn methods are based on storing samples of paste or mortar in chioride solutions until 

equilibriurn is reached between the extemai solution and the pore solutions of the samples. Two 

methods based on this concept are used; in the first one. the concentration of the chioride is kept 

constant until equilibrium is reached. At equilibriurn, the fiee chloride concentration in the pore 

solution is equal to the chloride concentration in the extemal solution, and the total chloride of the 

submerged sarnple can be measured to detemine one chloride binding point. The bound chloride 

content cm also be determined if the capillary porosity is measured. This method has been used by 

Scmdberg di Larsson (1 993). in the second method, the sample is stored in the chlotide solution and 

the decrease in chloride concentration is measured a h  equilibrium is rpached. The buad chloride 

content is then determined h m  the decrease in chloride concentration. and the fiee chloride 

concentration is equal to the chloride concentration in the extemal solution at equilibrium. Figure 

2-3 show resuits obtained using this rneîhod. This method has been used by Blunk et al. (1 986). and 

Mors  (1 986) before Tang and Nilsson (1 993) devetoped its curent fom, which is king used more 

ûequently by mearchers (Dhir et al., 1996; Dhir et (11.. 1997; Wiens & Schiessl, 1997). Glass and 

Beunfeld (1995) suggested that the use of a crushed sampie in this test leads to the overestimation 

of bound chioride since the crushing exposes new binding sites which are otherwise unreachabaie. 

Nilsson et al. (1 996) suggested that the volume of the solution should be chosen in a way to keep the 

reduction in concentration small. because of hysteresis in chloride binding which will cause 

innacuracies if there is a large reduction in the chloride concentration. On the other haad, the 

reduction in concentration should be higb enough to get accurate binding results. 
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O 0 2  0 4  Ph 0 1  I 

Free Chloride (mol/l -solution) 

Figure 2-3: Chloride binding isotherms of OPC pastes and mortars, obtained by using the 
equilibrium method. From Tang & Nilsson (1 993). 

23.23 Metbds Using Pore Expression 

These methods are based on immersing samples in chloride solutions for a certain period of time and 

then pore squeezing the samples to detennuie the k e  chloride content. One method which was used 

by Sergi et al, (1 992) and Yu et al. (1 992) is worth mentioning. It consists of immersing cylinders 

of paste in known chioride solution for a period of tirne and then determining the b e  and total 

chloride contents st different deptbs inside the cylinders. The free chioride content is measured by 

pore squeezing groups of slices taken h m  several cylinders at the same depth, to obtain enougb pore 

solution. The total chloride content is measured as well by dissolving powdered samples in nitric 

acid and measirring the chloride concentration in the solution. The bound chloride content is then 

determineci &er measuring the evaporable water content. The advantage of this method is that it 

tries to sirnulate the chioride diffiision p m s s  and gives data about the apparent diffusion 

coefficient, the total chloride profile, the fke chloride profile, and the chioride binding isothenn. 

The disadvantage of this method is the long tirne it takes to get these data, especially when testing 

mixes containing SCMs. 
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Recently. some studies suggested the use of diffusion ceils (Bigas et al., 1995. Giass et al., 

1998) and migration cells (Arsenault et al., 1995) tests to detennine the chioride binding propetties 

of concretes as additional information &er the completion of these tests. The proposed methods are 

mostly based on the detemination of the total and fiee chloride contents in the test specimen after 

the diffusion or migration test is fished. Glass et al. (1 998) determined the chloride binding 

isotherms h m  difi ion ceIl tests used to determine the steady m e  difusion coefficients. This was 

done by detennining the total chloride profile across the depth of the specimens, and estimating the 

free chloride concentrations by assuming the concentration gradient to be Iinear under steady state 

conditions. Their chloride binding data wefe close to data obtained by other methods. The 

advanrages of this method are the ability to pduce a binding isotherm form a single specimen. and 

the abiiity to produce results on concrete specimens with low WICM ratio. The biggest drawback 

is the long testing time in the case of the diffusion cell tests. Arsenault et al. (1993) suggested the 

use of steady state migration cell tests to determine the chloride binding isothenns. They argueci that 

since the fiee chloride concentration is almost constant across the thickness of the specimen (for 

potentials > 2 volts), the bound chloride can be determined by rneasuring the total chloride content 

and the open porosity. By perfoming the test for different chloride concentrations in the upstream 

celI. a full binding isothenn can be determineci. The advantage of this method is the short testing 

the.  However. the application of an electrical field might affect the binding processes. Castellote 

et al. (1999) suggested that the electrical field codd alter the eiectrical double layer potential and 

affect the interaction between the chloride ions and the surface of the hydrates. Momver, Glms und 

Beunfeld (1 995) found a Lower chloride concentration inside the specimen than in the solutions in 

the upstream and do- cells in migration tests. Obviously. more comparative work should 

be done in the case of the migration ceIl test before adopting such an approach for detennining 

chloride binding, although it would be an advantage to be able to get K i n g  data h m  the migration 

cell test. 
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2 3  Cbloride Binding Isotherms 

Chloride binding isotherms describe the relationships between free and bound (or total) chlorides 

in concrete at a given temperature. They are unique to each cementitious system since they are 

influenced by the components making up that system, such as C,A content. supplementary cementing 

materids. SO, content, and pH of the pore solution. Several mathematical models have been used 

in the published literature to describe chloride binding isotherms, and the following sections present 

a review of these models. 

23.1 Linear Cbloride Bindiag lsotberm 

The linear isotherm is of the following form: 

C ,  = kC, 

where k is a constant. This relationship was proposed by Tuutri (1 982). and was a good fit for his 

reported data. But. he only reported free chioride concentrations lower than 20 gA(0.56 M). This 

relationship is an oversimplification at high concentration. where it will overestimate chloride 

binding. It also underestirnates chioride binding at low concentrations (Niisson et ui., 1996). The 

Iinear relationship seems to be applicable within a limited range of free chioride concentrations 

(Tang, 1996). 

2.3.2 Langmuir Isotherm 

The Langmuir isotherm is of the following form: 

C,=aC, / ( l  + b C J  

where a and b are constants which Vary with the binder composition. The Langmuir isothenn is 

borrowed h m  physical chemistry. and describes the adsorption of gas on a solid surface (Physicai 

Chemishyl. It assumes monolayer adsorption, which explains the shape of the Langmuir c w e  at 

high concentration where the dope of the curve appmaches zero and the curve becomes aimost 

horizontal as the adsorption capacity is exhausted. In the case of chioride biidmg, this means that 

the binding capacity is exhausted at high k chioride concentrations. Pereira and Hegedus (1984 

suggested the use of Langmuir isotherm to describe chioride binding. Sergi et al. (1 992) used a 

langmuir isotherm to account for the non-linearity in the relationship between the fke and bound 



Literature Review 16 

chloride in their experirnental data. Tang and NZsson (1 993) found that the Langmuir isotherm was 

an excellent fit of their binding data at concentrations iower than 0.05 M. 

2 3 3  FreundIich Isotherm 

The Freundlich isotherm is descnbed by the following equation: 

C,=aC,B 

where a and fl are binding constants with values related to the binder composition. The main 

difference between the Freundlich and the Langmuir isotherms is their behaviour at high 

concentrations; while the dope of the Langmuir isotherm approaches zero, allowing only minor 

changes in the binding capacity, the dope of the Freundlich isothem is aiways higher than that of 

the Langmuir isotherm allowing an increase in the binding capacity at high concentration as shown 

in Figure 2-4. Tang and Nilsson (1993), found that the Freundlich equation fits theù data very well 

for fke ctdoride concentrations between 0.01 M and 1 M. They suggested a Freundlich isothem 

at concentrations higher than 0.01 M, and a Langmuir isotherm at concentrations lower than 0.05 

1 2 3 4 5 
Frw Chforide Concentration (M) 

Figure 2-4: Plots of the Langmuir and Freundlich isothems showhg the clifference 
between the slops of these isothenns at high chloride concentrations. 
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M. They argued that their results indicate that a monolayer adsorption occurs at very low 

concentrations (which is better described by a Langmuir isothem), but that adsorption becomes 

more complex at concentrations higher than 0.05 M and is described better by the Freundlich 

isothem. 

Tang and Nilsson (1995) recently attempted to use the modifieci BET theory (multilayer 

adsorption theory) to fit binding data to the BET equations. They found a good correlation between 

the theory and the experimental data up to a free chloride concentration of i moüi. It is not known 

how good the correlation would be for concentrations higher than I mol/l since the authors did not 

have experimental data above this concentration. 
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2.4 Factors Affecting Chloride Binding 

2.4.1 Cernent Composition 

2.4.1.1 C,A: 

It is known and established that the C,A phase in Portland cements plays a significant role in 

chloride binding. The C,A phase in cernent reacts with chlorides to form calcium chloroaluminate 

(Roberts, 1962; Mehta, 1977; Taylor, 1990; Rasheedzizzafâr, 1992). It was earlier bdieved that this 

was the only mechanism for chloride binding, according to Nilsson et al. (1 996). Later investigations 

on the hydration of tricalcium silicate in the presence of CaCI, found that the C,S phase binds a 

significant amount of chloride as well (Ramachan&an. 1971). More recently. a renewed interest in 

studying chloride binding was triggered owiog to the possible role of chloide binding in retarding 

the onset of steel corrosion as mentioned earlier. This has created controvexy on the importance of 

the role of C,A in chloride b d i g .  While some studies show that the amount of C,A in cernent is 

of decisive significance on the chlonde binding capacity of cements (Roberts. 1962: Holden et al.. 

1983; Rasheeduzzpfâr el al., 1992; Sandberg & Larsson, 1995). panicularly in the case of intemal 

chlorides. other studies show a less significant or minor rote for C,A (Bdors et al.. 1986; B ~ o r s ,  

1986 & 1990: Wowra & Setzer, 1997). Opinions range h m  suggesting that the C,A role or 

chemical binding by the formation of Friedel's salt is minor (especially in the case of extemal 

chloride) (Nowa & Serzer, 1997), to suggesting that chemical binding. through the formation of 

Friedel's salt. is mody responsible for chloride binding (Nagaraki et al.. 1993). 

In the case of admixed or intemal chorides. mme studies indicare the beneficial effet of C3A 

on chloride binding (Roberts, 1962; Holden et al., 198.3: Arya et al., 1990; Rasheedmafar et al., 

1991, 1992; Suryavmhi et al., 1995). Roberts (1 962) sntdied an OPC and an SRPC with admixed 

chloride in varying amount, and found that chlonde concentrations in the pore solution of the SRPC 

were significantly higher that those in the OPC for al1 Ievels of CaC- addition. Holden et al. (1983) 

showed that the concentration of chioride in the pore soiution of cernent paste with admixeci chloride 

(0.4% CI- by mass of cement) decreased with the increase in the C,A content of cernent. A similar 

trend was fomd by Rasheeduzzafm et al. (1991, 1992) when they tested four Portland cements with 

C,A content ranging h m  2% to 14% and with different Ievels of chioride addition ( 0.3,0.6, 1.2. 

and 2.4% C r  by mass of cernent). However. they dso found that the beneficial effect of higher C3A 

content diminished as the level of chloride addition increased (Figure 2-5). They attributed this to 

the fact that C,A or other cernent hydrates have a Iimited capacity to bind chiorides and as it gets 
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propssively exhausted, more chlorides would remain in the pore solution. Surymamhi et al. (1 995) 

found that an OPC bound more chlondes than an SRPC at al1 levels of chloride addition. Two 

studies (Blunk et al., 1986; Ramachandran et al.. 1984) compared the binding capacities of C,A 

(mixture of C,A and gypsurn), GS, and OPC pastes, and both showed that the GA-gypsum mixture 

bound much more chiorides than C3S and OPC pastes. 

In the case of extemal chiorides the importance of C,A content in cernent is less obvious. 

Published results suggest different trends. Verbeck (1968) investigated the corrosion resistance of 

reinforced concrete piles made with 22 Portland cernents and exposed to sea water for a long period 

of tirne. The results showed that the average linear cracking due to steel corrosion decreased with 

the increase in C,A content of the cernent. The cracking was three times less for concrete with C,A 

contents of 8 to 1 1 % in the cernent than for those with C,A contents between 2 to 5 %. 

Results by Blunk et al. (1986) showed that a pure C,A-gypsum mixture bound the most 

chloride compared to an OPC and C3S paste when they were treated with chloride solutions of 

varying concentrations. Sandberg & Larsson (1995) fond that an OPC bound more chiorides than 

Figure 2-5: Effect of total chloride content on the ratio of bound to unbound chloride in OPC 
pastes with admixed chloride. From Rasheeduaujïm et al. (1991). 
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an SRPC paste upon treatment with chloride solutions of different concentrations. On the other 

hand. an opposite trend was found by Mors ((1986, 1990) as shown in Figure 2-6, and linle effect 

of C,A content was detected by Aryci et al. (1 990) and Wowra and Setzer (1 997). 

Degerham ûPC (2% VI 
Slitt WC1 25 % PFA 
SiittûPCl1O01. S i 4  

+ L I 1 

3000 20000 80000 
mg CI'/ 1 

7 

Figure 2-6: Chloride binding isotberms of mixes with vaious compositions. The isathenns 
were obtained using the equilibrium method. Note that the cement with lower C,A content 
had a higher binding capacity than the cernent with higher C,A. From Bylors (1986). 
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2.4.1.2 Role of Calcium Süicates 

Unlike the role of C,A, the C3S (and C,S) role in binding cannot be assesseci directly in cement paste 

since the total content of calcium silicates (C,S+C?S) does not vary significantly h m  one cernent 

to another as in the case of C,A. Thecefore, most of the studies on the role of C3S in chloride binding 

used pure C,S. Despite the codicting trends. more results show that C,S has a signifiant chloride 

bindiig capacity (Ramachandran, 1971; Ramachandran et al., 1984; Blunk et al., 1986) than a 

negligible chloride binding capacity. 

Ramachanciran (1 971) studied the role of CaC1, in accelerating the hydration of C,S and 

suggested that a major portion of the chioride ions are rapidly removed from the pore solution and 

are chemisorbed by the C-S-H gel. In addition. he suggested that chloride ions may reside in the 

interlayer space of C-S-H and for larger hydration periods may be incorporated in the C-S-H lattice. 

It should be mentioned that he used ethyl alcohol in his leaching technique to estimate the chioride 

distribution. Arya & Newman (1  WO), and Trirtharr (1 989) have shown the ineffectiveness of ethyl 

aicohol in leaching chlorides. and theu results show that it prossly underestimates the fiee chioride 

content. in latter snidies (Ramachandran et al.. 1984; Beaudoin et al., 1990) it was found that a C,S 

paste binds a significant amount of chlorides (Figure 3-7), although. not as much as previously 

reported (Ramachand~an, 1971). Blunk et al (1986) found that C,S paste bound considerable 

amounts of chioride fiom both CaCI, and NaCl in the case of admixed chloride. It was suggested 

that physical adsorption is mostly responsible for binding in this case 

On the other hand. Lambert et al (1985) did not detect any significant binding capacity for 

a C,S paste (C,S,,AM) which according to them is representative of the C3S phase found in most 

commercial Portland cement. 

In the case of extenial chloride. two studies indicate that C3S has a considerable binding 

capacity. Blunk et al (1986) fond that C,S paste bond considerable amounts of chloride h m  both 

CaCl, and NaCl. It was suggested that physical adsorption is mostly responsible for binding in this 

case. Wowra and Serrer (1 997) obtained similar trends. 
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Figure 2-7: Bound calcium chioride (CaC1.J (expressed as a % of the original amount of 
CaClz added to the cementitiou pastes) in various pastes. The admixed CaCI, was 1.5% of 
the solids. From Ramachandran et al. (1 984). 

2.4.13 Role of C4AF 

The reaction between C4AF and CaCI, leading to the formation of C,F.CaCI, 10H,O is known to 

occur (Roberts, 1962). Yet, there is hardly any smdy related to the role of C,AF in chloride binding. 

However, an examinatiot, of most studies that addressed the mle of C,AF indicate that their mie is 

samndary to G A  if not minor. These studies indicate that G A  content in m e n t  is the major factor 

that detennines which cement has a higher binding capacity regardles of the content of C,AF in thc 

different portland cements. On the other hand, Byjors (1986, 1990) found that a portland cernent 

with low C,A content (2%) bound higher amounts of chlorides than one with higher C3A content 

(8%) as shown in Figure 6. She noticed that in the low GA cernent, the sum of C,AF and C,A was 

higher than in the high G A  cernent and suggested that this might be the cause for the higher biding 

capacity. S~yavanshi et al. (1995) concluded h m  an investigation into the bindiig capacity of an 

SRPC (C3A content of 1.4%) that chlorides were primanly bound through the formation of 

C,FCaCl,-lob0 since the low C;A content couid not explain the Friedel's salt peaks found in the 
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XRD patterns of the paste. This indirectly meant that the C,AF phase was mainiy responsible for 

chloride binding in that case. 

The published results. presented in the previous three subsections. show that the roles of 

cernent phases in chloride binding are not well understood. Nevertheless. some facts can be leamed 

kom those results which M e r  the understanding of the roles of cernent phases. Despite the 

diflerent opinions regarding the role of C,A, the published results indicate that C,A is more likely 

to significantly infiuence the chiocide binding capacity of cernent. Mer  dl. two studies 

(Rrimachandran et al., 1984; Blunk et al.. 1986) showed the high binding capacities of pure C,A 

pastes. Furthemore. most studies. (especially in the case of admixed chloride) indicated that 

cements with higher C,A contents had higher binding capacities. However. those studies that 

showed little inauence of the C,A content on the binding capacity (dl of them in the case of extemai 

chloride) cannot be disregarded. and indicate that the source of chiorides (intemal or external) might 

have a significant influence on the binding capacity of C,A. and hence. on the effect of C,A content 

on the binding capacity. They might a h  indicate the possibility that other factors play significant 

roles in the b i i g  process. The C,S seems to be one of those factors as more than one study show 

that pure C,S pastes bind significant arnounts of chloride in comparison wiîh cernent pastes. As for 

C,AF it is possible that its role is not minor, but more studies are needed to show this role. 

2.4.2 Supplementary Cemenîing Materials 

2.4.2.1 Fly Ash: 

Most published results in the literature indicate a beneficial effect of fly ash replacement on chloride 

binding (Byfors et al., 1986; Byfors, 1986, Arya et al., 1990; A v a  h Newman, 1990; Hussain & 

Rasheeduzzafar, 1994; Arya & Xu, 1995; Dhir et al.. 1997: Maslehuddin et al., 1997: Wiem & 

Schiessl, 1997) as show in Table 2-1. The reasons for this effect are attributed d y  (Jones et al.. 

1993) or partly (Glass et al., 1997) to the bigh alumina content, increase in chlonde adsorption (Aryu 

er al., 1990; Dhir et al., 1 W), or both (Wiens & Schiessl. 1997). 

Dhir et al. (1994) found fly ash concrete (with admixed chloride at 0.1%. and 2% by mas 

of cement) had reduced chloide concentration compared to OPC concrete h m  as eariy as 7 
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Table 2-1 : Surnmary of studies on the effect of cernent substitution with fly ash on chloride binding 

Author type of mix 

I Acya et al. ( 1 990) 
0.5 

Arya & Newman 1 ,1993, pE 

1 Byfors et al. (1986) Paste, 3 Type 1 1 0.6 

Maslehuddin et al. 1 Momr 
0.5 

Holden a al. (1983) 

rdmued Cbloride 

CI- content Replacement Age Effect on 
(% wt cernent) level (%) N ~ Y  s) CI- binding 

Paste 
0.5 

(NaCI ) 

0.5. 1 .O, 2.0 30 28 lncreaçe 
(NaCI, CaCId 
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days of hydration and suggested that chernisorption was an important effect since fly ash concretes 

were not expected to bind chloride at an early age due to their slow pozzolanic reactivity. The results 

of Arya & Xu (1995) also show significantly lower chioride concentrations in the pore solution of 

cement-fly ash paste (35% fly ash. admixed chioride at 1% by mass of cernent) compared to plain 

cernent paste, fiom as early as 4 days of hydration. 

Hussain & Rasheedupufm (1994) found an increase in the chloride binding capacities of an 

ASTM Type I. and Type V cernent5 (admixed chlorides; 0.3%, 0,6%, 1.2% by mass of cementitious 

rnaterials) with the addition of a Class C and Class F fly ash (3Ph replacement level). Their DTA 

results showed that Friedel's salt peak was siightly shallower in the fly ash cernent than in the plain 

cement indicating a reduction in Friedel's salt in the fly ash cernent paste. They attributed this to the 

dilution of C,A in the fly ash cernent. and attributed the increased binding capacity to the higher 

binding capacity of the fly ash itself without explainhg the mechanism. Kouloumbi & Batis. (1 994 

and Wiens and Schiessl (1997), on the other hand, reported an increase in Friedel's sait (XRD 

results) as a result of cernent substitution with fly ash. 

The results that were obtained by Kayyali and Qasrawi (1 992) showed that the beneficial 

effet of fly ash replacement on chloride binding is dependant on the initia1 curinp period and will 

be enhanced with longer initial cwing. This was attributed to increased pozzolanic reaction. 

However. they found that the presence of fly ash was harmful to chloride binding when the fly ash 

cernent pastes were subjected to carbonation. The effect was more pronounced with longer initial 

curing period. In another study Kayyali and Haque (1995) found that the presence of fly ash in 

concretes, containing a superplasticiser, did not have a beneficial effect on chloride binding. Arya 

et al. (1990) noticed that the beneficial effect of fly ash was considerably Iess pronounced in pastes 

subjected to extemal chiondes than in those containing interna1 chionde. 

Wiens and Schiessl(1997), using the Tang and Nilsson equilibriurn method, found that the 

binding capacities of fly ash pastes were dependant on the grain size of the immersed samples. M e r  

a 14 days immersion period, the fly ash pastes had higher binding capacities than the cernent paste 

at a grain size distribution of 0.063-O.lZ mm, and slightly lower binding capacities at a p i n  size 

distribution of 0.5-1 .O mm. They attributed the lower bindiing capacities in the case of the 0.5-1 grain 

size distribution to the fact ttiat some pore spaces and pore walls are not reached during the 14 days 
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Figure 2-8: Chloride binding capacity of cementitious pastes, as a function of chloride 
exposure concentdon and fly ash replacement levels (equilibrium method). From Dhir er 
al. (1 99 7). 

immersion period due to the microstructurai densification in the fly ash pastes. Dhir et al (J997), 

also using the Tang and Nilsson equilibriurn method found the chloride binding capacity to increase 

with the increase in the fly ash replacement level up to an optimum level of 5û?? and then deciine 

at 67% although still higher than that of the plain cernent paste, as show in Figure 2-8. Nagataki 

er al. (1 993), however, found that the addition of fly ash (30%) reduced riie chloride binding capacity 

of cementitious paste in the case of externa1 chlorides. 

2.4.2.2 Slag: 

The published data on the effect of slag on chloride binding show that cernent substitution with 

ground granulateci blast h w e  slag (GGBFS) enhanced the chioride binding capacity in most cases 

(Holden et d., 1983; Arya et al., 1990; Arya & Newman, 1990; Nagataki et al., 1993; Arya & Xu, 

1995; Dhir et al., 1996; Mmlehurtdin et al., 1997; Xu. 1997) as shown in Table 2-2. 
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Table 2-2: Sumrnary of studies on the effect of cernent substitution with GGBFS on chlonde binding 

Admixed Chloride 

Effect on 
CF binding 

Estemal Chlonde 

Some workers suggested that the relatively high aluminate content in GGBFS is one possible reason 

for the higher binding capaciîy (Kouloumbi & Butis, 1994; Dhir et al., 1996; Glass et al.. 1997). But, 

others have indicated that the increase in the amount of adsorbed chloride is responsible for the 

higher binding capacity (Arya et al., 1990; Geiseler et al., 1995; Tang. 1996). 

Dhir et al. (1996) found an increase in chloride binding with increasing GGBFS replacement 

Ievels in the case of pastes exposed to extemal chloride solutions of variuos concentrations. as shown 

in Figure 2-9. The increase was 5 times for the 66.7% replacement level and for an exposure 

solution of 5 moleAitre. The effect of GGBFS was attributed to the increase of the aluminate content 
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Nagataki et al. ( 1993) 

type of rnix 
WICM 

Paste 
0.5 

Paste 
0.5 

Paste 
0.5 

Paste 
0.5 

Mortar 
0.5 

Paste 
0.5 

type of mix 
WICM 

Paste 
0.5 

Paste 
0.55 

Paste 
0.5 

CI' content 
(% wt  cernent) 

1 .O 
(NaCi ) 

0.5, 1.0.2.0 
(NaCl. CaC12) 

1 .O 
(Nacl) 

O .4 
(NaCl) 

0.8 
(NaCl) 

1 .O 
(NaCI, CaC12) 

[CI ' ]  
(rnoleiL) 

0.56 
(Nacl) 

0.1.0.5. 1.0. 
5.0 (NaCl) 

0.54 
vacl) 

Replacement 
level (%) 

70 

33.3.50.0. 
66.7 

30 

Age, Exposure 
(da~s) 

28.28 

42, 14 

28.91 

Replacement 
level (%) 

70 

70 

65 

65 

70 

65 

Age 
(&YS) 

28 

28 

4.7.28.90. 
180 

84 

90 

180 



0.0 1.0 2.0 3.0 4.0 5.0 
Chbride exposure conceniration (M) 

Figure 2-9: Chlonde binding capacity of cementitious pastes. as a function of chloride 
exposure concentration and GGBFS repiacement levels (equilibriurn method). From Dhir 
et al. (1 996) 

of the cernent-GGBFS pastes. leading to an increase in the production of Friedel's salt. Themai 

analysis of some samples (PC & SO%GGBFS) showed an increase in Friedel's sait in the samples 

containing GGBFS. Results by Kouloumbi & Bdis (1 994) also showed an increase in Friedel's salt 

in mortars containing 50% GGBFS. 

Arya and Xu (1 995) studied the chloride binding capacity of cernent pstes with admixed 

chiorides (1% Cr by mass of cement). They found the highest chloride binding in a mix with 65% 

GGBFS replacement level comparai to three other mixes with plain OPC, OPC with 30% FA, and 

OPC with 10°! SF. The higher binding capacity of the GGBFS paste was obvious fiom as early as 

4 days of hydration, and the chloride concenmtion seem to stabilize around 28 days. 

Ava  et al. (1990) found that the OPC with 70% replacement level GGBFS has a higher binding 

capacity both for admixed and external chiorides. However, they noticed that the binding capacity 

is lower in the case of exposufe to external chioride than in the case of admixed chlorides. 

Andrade and Page (1986) found that GGBFS cements had a higher chloride binding than plain 

cernent both in the case of NaCl addition and CaCl, addition. Xu (1997) concluded that the main 

reason for the higher binding capacity of the GGBFS cernent he tested is because of its lower 
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sulphate content. In other words. the beneficial effect of the GGBFS is caused by the dilution of 

sulphates in the GGBFS cernent mixture. Xu (1997) came to this conclusion afier finding that the 

higher binding capacity of the GGBFS cernent dissapears when its sulphate content is raised to the 

same level as the one in the plain cernent. It is interesthg to note that results by Holden et aL(l983) 

indicate that the addition of sulphates to plain and blended cernents had a significantly more 

negative effect on GGBFS cernent paste than on plain cement paste, and the Free chioride 

concentrations in both pastes were much closer to each other after the addition of sulphate. This 

evidence shows the significance of sulphate dilution. as a result of the GGBFS addition. in 

improving the chloride binding capacity of GGBFS cernent. However. it does not exclude the 

possibility of other important reasons behind the increase in chloride binding, such as the higher 

aluminate content in GGBFS. which might lead 

to higher levels of formation of Friedel's salt. 

2.4.23 Silica Fume: 

Except for a few studies (gifors, 1986; Byfors ei al., 1986: Talib et al., 1994). most studies (Page 

& Vennesland. 1983: Arya et al., 1990: Ava & Newman. 1990; Rasheeduvafar et al., 1991: 

Sandberg & Larsson, 1993; Arya & Xu, 1995) indicate that chloride binding decreases with an 

increase in the level of cernent replacement with silica fume as shown in Table 2-3. 

Page and Vennesland (1 983) found that the replacement of Portland cement by increasing 

percentages of silica t h e  r e d t s  in a progressive demase in chloride binding of the cement pastes 

with admixed chloride ( 0.4 and 1 % by mass of cernent) as shown in Figure 2-10. The authors 

reported that DTA and DTG analysis indicated a regular decrease in the quantity of Friedel's salts 

with the increase in siIica fume content. They amibuted the reduction in chioride binding to the 

increase in the solubility of Friedel's salts due to the reduction of the pH of the pore solution as a 

r e d t  of silica fume addition. However, several studies showed that an increase in the pH of the pore 

solution has an inhibithg effect on chloride binding (Tn'tthart, 1989; W b e r g  and Larsson 1993). 

Rasheeduu-afûr et al. (1991) found a decrease in the binding capacities of pastes with IO0? and 20% 

silica fume respectively (admixeci chloride at 0.6% and 1.2% by mass of cernent) compared to that 

of the plain cement paste. The DTA results showed a reduction in Friedel's salt in the pastes with 

silica fume. 
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Table 2-3: Summary of studies on the effect of cernent substitution with silica fume on chloride 
inding. 
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Ava et al. (1 990) found that the partial replacement of Portland cernent with 1 5% silica fume 

caused a decrease in chloride binding of cement paste both in the case of admixed chlorides and 

external chlorides. However. the resuits in the case of e x t d  chlorides are not conclusive sincethe 
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cernent pastes with 1% (by mas of solids) chloride addition. From Page & Vennesland 
(1 983). 

paste, exposed to extenial chloride solution, when cernent was pariially substituted with 5% siIica 

fiune. Few studies showed thai partial replacement of cernent with silica fume increase îhe binding 

capacity. The results by &@ors (1986, 1990) showed that the addition of 1 W  silica furne to an OPC 

increased its chloride binding capacity when exposed to extemal chloride solution as shown in 

Figure 26.  Byfors et al. (1 986) f o u i  sirnilar resuits in the case of silica firme blended cernent with 

admixeci chloride. They amibuteci this increase to the higher specific surface area of the gel in the 

siiica fume canent paste. Talib et a1.(1994) found a steady increase in chlonde binding with 

addition of silica fume up to an optimum of 1 S%, followed by a decrease for 20 and 25% addition. 

But even at 25% replacement the chloride binding was higher than for the mix with plain cement, 

They a ~ b u t e d  this behaviour to the interactive effect of increased chloride binding and increased 

solubility of Friedel's salt due to the Iowa pH of the pore solution. 

Nilsson et al. (1996) indicated that silica fume addition to cernent influences binding in at 

least t h  ways: 1) the C-S-H content increases which they assume wouid increase binding, 2) the 

pH is reduced which shouid increase bindimg, 3) the C,A content will be lower which should 
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decrease binding They reported resdts obtained by Sandberg that show the binding to decrease with 

the addition of 5% silica fume to cement. while keeping the OH- concentration constant. 

The review of the literature on the eRect of SCM on chloride binding showed that cement 

partial substitution with fly ash and GGBFS generally results in an increase in the binding capacity 

while cernent substitution with silica fume generally results in a reduction in the binding capacity. 

The mechanisms behind these changes are not well understood, as reflected by the different 

interpretations of the observed changes. One of the reasons ofien used to explain the increase in 

binding is the increase in C-S-H leading to an inmase in chloride adsorption. However. the C-S-H 

also increase in the case of silica fume cements. Yet. most results indicate that cernent partial 

substitution with silica fume reduces the binding capacity. Dilution of the CjA is not likely to fiully 

account for the observed reductions. especially at iû% replacemeni !evels. Thetefore. it is possible 

that the C-S-H binding properties depend on factors other than the surface area alone. Larsen (1 998) 

and Wowra & Seizer (2000) suggested that the binding capacity of the C-S-H is dependent. among 

other factors. on the presence of Ca" in the pore solution and the pore solution composition. Also. 

it has been suggested that the adsorptional binding capacity of the C-S-H depends on the C/S ratio. 

with a lower ratio resulting in a lower binding capacity (Beaudoin et al., 1 NU). This might explain 

why. despite the increase in C-S-H as a result of partial substitution with silica fume. the binding 

capacity was reduced in most cases. This argument might also apply in the cases of cernent 

substitution with fly ash or GGBFS. and the assumption that physical binding (adsorption) increases 

as a result of these substitution rnight not nessecarily be tnie in al1 cases. The positive effect of the 

high duminate content in fly ash and GGBFS has been reporteci in some studies (Kouloumbi & Batis. 

1994; Wiens & Schiessl, 1997; Dhir et ai.. 1997). Results by Wiem & Schiessl(1997) (extenial 

chloride) suggest that the high aluminate and ferrite content of the fly ash was responsible for an 

important part of the improvement in binding capacity of the cement-fly a& paste. However, DTA 

tesults by Hussain & Rasheeduzzajàr (1994) (admixed chloride) showed a slightly lower Friedel's 

salt content in the cement-fly ash paste than in the plain cernent paste despite the higher binding 

capacity of the former paste. These results suggest that more than one mechanism are responsible 

for the observed changes in binding capacities, and these mechanisms might be dependent on many 

factors inctuding the fly ash used (since they Vary significantly in composition), the cement type, the 

source of chloride (admixed or extemal)* pore solution composition, and testing conditions. 
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2.4.3 Chloride Concentration 

It is obvious fiom the literature that the chioride concentration in the pore solution is one of the most 

decisive factors in chloride binding. This was show in numerous studies on chloride binding 

(Tuutli. 1982; Blunk et al.. 1986; Byjiors, 1986; Arya er al.. 1990: BySors, 1990; Sergi er al., 1993; 

Tang & Nilsson. 1993; Rasheeduzzafir et al.. 1992; Suryavanshi et al., 1995; Dhir et al., 1996, 

1997; Wiens & Shiessl, 1997: Wowra & Setzer. 1997). Most reported results indicated that the 

amount of bound chlorides increases with an increase in the chloride concentration in the pore 

solution. This was true in the case of admixed chlorides (Tuutti, 1982; Blunk et ai., 1986; Arya el 

ai.. 1990; Rasheeduvafar et al.. 1992: Suryavanshi er al.. 1995) and in the case of externa1 chlorides 

( Blunk el al.. 1986; Bylors. 1986; Byfors, 1990; Sergi er al.. 1992; Tang & Nilsson. 1 993; Dhir er 

al.. 1996, Wiens & Shiessl, 1997; Wowra & Setzer, 1997). However. there is no overall agreement 

on the form of the relationship between bound and fke chlorides (binding isotherms). Some studies 

show a nonlinear relationship (Bflors, 1986; Sergi et al.. 1992; Tang & Nilsson. 1993: Wowra & 

Serzer. 1997). while other studies show a linear relationship (Tuutri. 1982; Arya & ivewman, 1990: 

Dhir el al., 1996). 

Tang and Nilsson ( 1  993) describeci the relationship between fke and bound chioride. to follow the 

Langmuir isotherms at low chloride concentrations (< 0.05 moU1) and the Freundlich isotherm at 

concentrations tügher than 0.0 1 moY1. Sergi er al. (1 992) found a non-linear relationship between 

fiee and bound chiorides. They used a Langmuir isotherm to represent this relationship. The 

solution to the modifieci Fick's second law. taking account of nonlinearity in binding. gave a better 

fit to the expenmental k e  chloride profile than the one obtained with a linear approximation of the 

relationship between fiee and bound chlorides. Byfors (1990) obtained a unique relationship 

berneen fiee and bound chiorides which. despite king non-linear, was different in shape than the 

Langmuirian isotherm. in fact, this relashionship seems to follow a langmuirian shape until a certain 

concentration. then the chloride binding increases markedly at higher concentrations. B'ors (2990) 

attributed this to an increase in chloride adsorption on the pore walls at higher conctration. aiter the 

exhaustion of the chernical binding capacity. 

On the other hand. Tuutri (1982) found a linear relationship and defined a factor K,, which 

is the ratio between k and bound chiorides per unit weight of cernent. Arya and 1Y4wman (1 990) 

also found a iinear relationship between hx and total (or bound) chlorides with an intercept on the 
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total chloride axis. Dhir et al. (1996) found that the best fit for their chloride binding data (for a PC 

with different levels of GGBFS replacement) was a linear relationship. 

While it is not possible to explain with certainty the reasons for the difference in the reponed 

relationships, it is beneficid to mention some factors that might have contributed to the obsewed 

relationship. Among these factors is the range of chioride concentration (or total chloride contents) 

used in the tests, the number of chloride concentrations (or total chioride contents) tested. the 

accuracy of the fit, and experimental error. 

2.4.4 Cation Associated with Chloride: 

Several studies in the published literature indicate that the cation associated with chloride plays a 

significant role in chloride binding (Tuutti. 1982; Blunk er ai., 1986; Tritthart, 1989: Al Hussaini 

et al.. 1990; Arya et al., 1990; Arya & Newman. 1990; BSlfors. 1990; Wowra & Setzer, 1997. 2000; 

Xu. 1997). Most of these studies compare between NaCl and CaCI, since they are the most likely 

cations associated with chloride ions that will affect concrete structures. The results show that more 

chiorides are buund in the case of CaC1, than in the case of NaCl. 

Ben Yair (1974) attributed the reduced chloride binding in the case of NaCl to the fact that 

NaCl has to react first with Ca(OFQt to form CaC- before reacting with the aluminate phases to form 

Friedel's salt. Aryo et al. (1990) who found increased chioride binding in the case of CaCI, 

compared to NaCl for both interna1 and extemal chlorides. expIained that Friedel's salt is more 

readily formed in the presence of CaClz than NaCl 

Tritthart (1 989b) concluded that the associated cations affect chloride binding through their 

influence on the hydroxide concentration in the pore solution. He compared the pore solutions 

compositions of OPC pastes with various admixed chloride saits and chloride salts combinations 

(1% by m a s  of cernent). He found that chloride concentrations in the pore solutions of sarnples with 

otherwise identical composition, but with different chloride saits, were different only when their 

hydroxide concentrations were different. The results showed that the higher the hydroxide 

concentration, the higher the chloride concentration.. and the addition of NaCl resulted in the highest 

chloride concentration. as shown in F i p  2-1 1. It is of interest to notice that while the addition of 

NaCl resuited in an increase in the hydroxide concentration. the addition of CaC1, MgCII. or HC1. 

resulted in a decrease in the hydroxide concentration, and the chloride and the hydroxide 
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concentrations in the pore solutions of pastes coniaining these salts were more or less the sarne. 

Tri~thart (1 9896) attributed the decrease in hydroxide concentration in the case of HCl to the reaction 

between the H' ions of the HC1 and the OH' ions of the pore solution to form H,O. The decrease in 

OH- ions in the cases of CaCI, and MgCl? was attributed to the precipitation of the Ca" and Mg" 

ions as Ca(OH), and Mg(OH), respectively in stongly alkaline solutions (such as that of cernent 

paste). The increase in OH' ions concentration in the case of NaCl was attributed to the cornpetition 

between Cl- and OH- ions for adsorption sites on the surface of cement hydrates. resulting in the 

replacement of some OH' ions by Cl' ions that are adsorbed instead. 

Blunk et al. (1986) found more chlorides are bound fiom CaCl, than fiom NaCl. This was 

true for both admixeci and extemal chlorides. The trend was more obvious at higher concentrations 

than at lower concentrations ( < 0.5% Cl- by mass of cement). It is interesthg to notice that among 

the mixtures studied was a C,S and C,A+gypsum pastes, and that the trend was noticeable for both 

mixtures. The significance of this is that the associated cation influences both chernical and physical 

binding. Wowra & Setzer (1997, 2000) aiso found, in the case of extemal chioride, that C,S paste 

bound more chioride derived fiom CaCl? than that denved fiom NaCI. They attributed the higher 

chloride binding in the case of CaCl, to the increase in anions adsorption (Cl- in this case) in the 

Figure 2-1 1 : Inauence of various chloride salts on the composition of the pore solution of 
OPC pastes with 1% (by m a s  of cernent) chloride addition. From Tritthart (1989b). 
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presence of calcium ions. They explained that the interaction between the calcium ions and the 

surface of the cement hydrates increased the number of adsorption sites and led to a more positive 

surface charge. This led to a possible enrichment of chloride ions (to balance the charge) in the 

elecmcal double Iayer. 

Arya and Newman (1990) investigated pastes of WICM = 0.5 that included SRPC. OPC and 

OPC with FA. GGBFS, and SF respectively. They found that greater proportions of chloride ions 

were bound fiom CaCl, than fiom NaCl for ail mixes. Xu (1997) found a similar trend with OPC 

and OPC + GGBFS (70%) pastes (WlC4.5) and with various levels of chloride treatement . Tuutri 

(1982) found that the amount of bound chiorides derived fiom CaCI, was higher than that derived 

h m  KCI. Diamond (1986) found that for a cernent paste with admixed chlorides (added as CaClz 

and NaCI), NaCl addtion resulted in a moderate reduction in chloride concentration compared to 

CaCI, for chloride treatment level of 0.2% and 0.5% (by mass of cement). NaCl addition resulted 

in a moderate increase when the treatment level was 1%. It should be mentioned that most of the 

other studies used chlorides levels equal or higher than 0.5. 

It is obvious h m  the published results that more chioride is bound fiom CaCI, than from 

NaCI. This fact seems to apply in the case of physical binding (Blunk et al.. 1 986 Wowra & Setzer 

,1997. 2000) as weIl as in the case of chemicai binding (Blunk et al., 1986). Two different reasons 

were given to explain the higher binding fiom CaCl, in the case of physical binding (Trirtharr, 

19896: Wowra & Serzer. 1997. 2000) as mentioned before. and both might hold some truth. 

Tritthart fl W b )  attributed the higher chloride binding fiom CaCI? to the decrease in pH. causing 

a decrease in the competition of OH- ions (with Cr ions) for adsorption sites. Wuwra d Serzer 

(1997) said that the inmase in binding was induced by the adsorption of the Ca" ions on the solid 

surface of the C-S-H. causing a reverse of surface charge (fom positive to negative) or an increase 

in the positive charge of the surface and a consequent enrichement of CI* (and other anions) in the 

electrical double layer. Wowra & Serzer (1 997) considered the decrease in pH in the presence of 

CaClz a direct result of the adsorption reactions, resulting in the adsorption of Ca" ions and the 

release of H' ions as follow: 

SiOH + Ca" * SiOCa + H' 

In the case of chernical binding, there is no pmposed mechanism that explains the higher 

binding fiom CaCl? except the explanation by Ben Yair (1971), as mentioned earlier. Nevertheless, 
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since the use of CaCI, results in a lower pH than NaCI. it would k expected chat more Friedel's salt 

is fomed in the case of CaCl, than in the case of NaCI. since the results by Roberts (1 962) showed 

an increased solubiliîy of Friedel's salt (solubility was assessed by measuring the chloride 

concentration in the host solution) with an increased pH of the host solution. 

2.4.5 Influence of Sulphate: 

The presence of sulphate is another factor that has a significant influence on chloride binding. 

Sulphate. as a cernent component or as an outside agent that permeates into the hardened cernent 

paste, has an inhibiting effect on chloride bhding as the results in the literature suggest (Holden et 

al.. 1 983; Blunk et al., 1 986: Byfors, 1 986. 1 990: Sundberg & Larsson. 1993; Maslehuddin et al.. 

1997: Wowra & Serzer. 1997; Hussain & Rasheedw-~afar, 1994; Hussain et al.. 1994; Xu, 1997). 

Holden et al. (1983) found a significant decrease in chloride binding as a result of sodium 

suiphate addition (1 -5% SOj by mass of cernent) to a series of Portland cernent and blended cernent 

paste (WfC4.5) with admixed chlorides (0.4% Cl by m a s  of cernent added as NaCl). The hydroxyl 

ion concentration increased significantly as well. The authors attributed the decreased chiocide 

binding to the tendency of suiphaie ions to react preferentidly with C,A therefore preventing the 

formation of Friedel's salt. Roberts (1962) found an increased solubility of calcium 

chloroaluminates or Friedel's salts in calcium suiphate solutions. with saturateci lime or without lime, 

compared to water or saturated lime solutions. 

BI& el al. (1 986) examined the influence of equivaient addition (0.1 molekg cernent) of 

sulphates (added as CaSO, and N-SO,) and alkali hydroxide (added as N-O) on the chloride 

concentration in the pore solution of a Portland cernent paste (W/C=0.5.0.4% admixed CI- by rnass 

of cernent). The CaSO, addition caused a slight increase in Cl- concentration whiIe the N-SO, 

doubled the concentration. The addition of N a 0  caused a significant increase in the chloride 

concentration. The authors argueci that since Na,SO, and N+O increased the OH- concentration in 

the same range, the effect of Na_SO, on chloride binding was the result of the action of both OH- 

and S0,- anions, 
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Hussain & Rasheeduzzafar (1994) also observed the negative effect of sulphate addition to 

cements on chloride binding as shown in Figure 2-12. They attributed the increase in the OH- 

concentration in the pore solution fotlowing the addition of N+SO,, to the reaction between N-SO, 

and Ca(OH), which results in the formation of NaOH. The results of differential thermal analysis 

(DTA) and thermo-gravimetric analysis (TGA) showed a decrease in Ca(OH)? and Friedel's sait in 

the sample containing SO, compared to the one without sulphates. They suggested that the increase 

in chiorides in the pore solution due to N-SO, addition might be caused by either an increase in the 

alkalinity of the pore solution or the preferential combination of C,A with sulphate ions. 

Xu (1997) studied the influence of N-SO, and CaSO, addition (2 to 9% by mass of cernent) 

on the binding capacities of OPC and OPC with GGBFS (65% replacement) cement pastes 

(W/CM=0.5) with admixed chiondes (1 % Cl- by mass of cernent added as NaCl or CaClJ. The 

cesults showed a very significant decrease in chloride binding as a result of the sulphate addition as 

s h o w  in Figure 2-13 . The N-SO, addition had a more negative effect on chloride binding than 

Figure 2-12: Effect of sulphates on the fke chloride in the pore solution of cernent pastes 
with 12% (by mass of cement) admixeci chloride. From Husuin & Rasheerhazafm (1994). 
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Figure 2-13: Effect of sulphate on the chioride binding capacity of an OPCpaste with 1% (by 
mass of cernent) chloride denved fiom NaCl and CaCl, From Xu (1 997). 

the CaSO,. The Na$O, and CaSO, had opposite effects on the pore solution alkalinity. NaSO, 

increased the alkdinity while CaSO, reduced it. Xu (1997) suggested that the negative effect of 

N-SO, on chioride binding might be partly due to the increased alkalinity of the pore solution as a 

result of the N+S04 addition. 

Few studies were done on the effect of sulphates on chloride binding in the case of extenial 

chIo, ;des (Byfors, 1986, 1990; Sanàberg & Larsson, 1993; W w a  & Setzer, 1997). Byfors (1 986: 

1990) found a d d  chioride b i g  with increasing sulphate concentration (O - 0.06 M SO,") 

in the host solutions. However, there was a relatively large scatter in her data.. Sandberg & Larsson 

(1993) found the effext of sulphates in reducing chioride binding to be small relative to the 

significant effect of the hydroxyl ions. Wowra and Stzer (1997) investigated the influence of 

sulphate on the chioride bimling capacity of a C,S paste (W/C=3). Their results showed that the 

chionde biding of GS paste was reduced in the presence of sulphate (CaSO,, 0.0074 M) in the host 

solutions. 

The published results cleariy indicate the negative effect of sulphates on the chionde binding 

capacity. Few d t s  show that sulphates negatively affect the chernical (Roberts, 1962) and the 

physical (Wowra & Sefzer, 1997) chioride binding capacties, as mentioned earlier. in the case of 
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chemical binding. and in the presence of chloride and sulphate. many suggest that C,A combines 

preferentiaily with sulphate and Iess Friedel's salt is formed (Roberts. 1962; Holden et al.. 1983; 

Hussain & Rasheeduzzafar. 1994). Even when the ion exchange mechanism is suggested as the 

mechanism by which chioride ions are bound, according to Yonezawa et al. (1989). they reponed 

that sulphate ions are more preferred in tenns of the W t y  between the negative ion exchanger and 

CI*. OH; and ~0,'- ions according to the following equation: 

SO,'- > CI- >> OK. 

In the case of physical bindjng, the presence of S0,'- ions with CI- ions in the pore solution 

would increase the competition for adsorptioi: t i:  the eiectrical double layer. resulting in higher 

amount of ike chloride in the pore solution. 

2.4.6 Hydroxyl Ion Concentration: 

Tritthart (1 989) obtained interesting results regarding the influence of hydroxyl ion concentration 

in the pore solution on the chloride binding. He investigated the influence of several chloride salts 

with different associated cations (NaCi. CaCI2. HCI, MgClJ, on the chloride binding of cement 

pastes with the same composition except for the type of admixed chionde salt. The results showed 

that the chioride concentrations in samples with otherwise identicai composition, but with different 

chloride compounds. were different only when their hydroxide concentrations were different too as 

shown in Figure 2-1 1. Tritthart (1 989) regarded the increase in hydroxide concentration upon the 

addition of NaCl as indicative of an adsorptive binding of CI' and OH- apart fiom a chemical. and 

that Cl- and OH- compete for available adsorption sites. So, for a given total chionde content. the 

more chloride is bound the l e s  hydroxyl ions compete for the adsorption site. which means the 

lower the hydroxide concentration in the pore solution. 

Roberts (1962) showed the negative effect of a higher pH on the solubility of Friedel's At. 

His results indicate that calcium chloroaiuminate and chloroferrite are more soluble in an aikali 

solution saturated with lime than in a saturated lime solution and the solubility increases with an 

increase in the concentration of the alkaii solutions (1 g of Friedel's sait or its ferrite equivaient in 

150 ml solution). Roberts (1962) indicated that the dissolution of Friedel's salt was incongruent 

(sohbiiity was measured througb the equibium chloride concentration in the host solution) and 
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chloride was released into the solution. These results are important since they show the direct effect 

of hydroxide concentration on chemical binding (Friedel's sait). 

BIunker al. (1986) obtained a strong effect on chloride binding as a result of Na,O (0.62% 

by mass of cernent) addition to a cement paste (W/C=0.5). Their data showed a significant increase 

in both Cl- and OH- concentration. indicating a decreased chloride binding with increased 

hydroxide concentration. Hussain er al. (1 995) obtained a similar trend when they added NaOH to 

an OPC paste (WfC4.6). that was treated with three levels of NaCl addition. to increase its originai 

NalO, content fiom 0.65 % to 1.2%, indicating a decreased chloride binding with increased 

hydroxide concentration. 

Few studies were done on the effect of pH on chloride binding in the case of external 

chloride. T r i t t h t  (1989) found a negative effect of an increased pH value on chloride binding , 

when he conducted tests on cernent pastes immersed in chloride solution with different pH. The 

results clearly showed the chioride binding increase with the decrease in pH of the host chloride 

solution as shown in Figure 2-14. 

Sandberg and Larsson (1993) found a reduction in the chloride binding with increasing OH- 

concentration in the case of cernent pastes immersed in synthetic pore solutions. The trend was clear 

chioride concentration of storage sdution ( D P ~ )  - 
storage solution: --- Ca(OH1 - pH: 12.5 

O.ln N&H - pH: 13.0 ---- O.Sn NaOH - pH: 13.7 

Figure 2-14: Chloride binding isotherms of cement pastes exposed to chloride solutions of 
different concentrations, and with different pH. From TriIthart ((1 9896). 
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for al1 the cements studied (OPC. SRPC, and SRPC + 5% SF). Byfors (1986. 1990) obtained a 

similar trend in the case of cement pastes in equilibrium with extemal soiutions. However. the trend 

was clear only up to 0.5 M hydroxide concentration and littie effect was noticed above that 

concentration. It shodd be mentioned that the concentrations studied by Sundberg & Lanson (1 993) 

and Tritthart (1 989) were up to 0.64 M and 1 M respectively. 

It is quite possible. as in the case of SO,'- ion, the OH- ion concentration in the pore solution 

affects both the chernical and the physical binding capacities. The results by Roberts (1 962) showed 

that the concentration of the OK ions affected the solubility of Friedel's salt. and more chloride 

passed into the solution at higher OH- concentrations. Roberrs (1 962) indicated that in al1 the tests 

involving the treatement of Friedel's salt with various solutions (water, calcium Sulfate with and 

without saturated lime. saturated lime. sodium hydroxide and potassium hydroxide with crystalline 

calcium hydroxide) the equilibrium solution was incongnient. and ihat the final solid (at 25 OC) was 

mostly a probabie CjA.CaC12.aq.-C,A.aq. solid solution. sometimes with aluminum hydroxide. It 

is therefore possible that the increase in OH- ion concentration led to the replacement of some Cl- 

ion by OH ion (possibly by ion exchange) and the formation of the solid solution. 

in the case of physical binding, if anions adsorption takes place in the electricai double layer 

as discussed earlier. then it would be expected that al1 anions in the pore solution (including OH') 

to compte for the adsorption sites. An increase in OH- ion concentration would probably result in 

less Cl- ions king buund. 

2.4.7 Influence of Temperature: 

The influence of temperature on chloride binding has been addressed by some workers, but the 

majority of the investigations were made on samples with admixeci chloride. Most of the results 

indicate a decrease in binding capacity with an increase in temperature. 

Roberts (1 962) studied the influence of temperature on both an OPC and SRPC. The tests 

involved shaking mixes of cements and CaC1, (WIC = 1.5, 1.4% Cl' by mass of cement) at 25.50, 

and 90°C. then filtering at specific penods and analysing the filtrates for chioride. He found an 

increase in chloride concentrations in the solutions as the temperature increased in the case of OPC. 

But the effect of temperature was very smdl in the case of SRPC. Roberts (1962) also found that 

the solubiIities of Friedel's salt and its iron equivalent inmase with an increase in temperature. It 
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is interesting to notice that the solubility of Friedel's salt did not increase signiticantly between 25°C 

and 10°C. but almost al1 the chloride passed into the solution at 90°C. The small effect of 

temperature on the binding capacity of the OPC and SRPC might be explained by the possibility that 

high temperature has a significant influence on the chemical binding capacity (Friedel's salt) and 

little influence on the physical binding capacity. Of course. it should also be assumed that the 

binding capacity of SRPC is mostly physical. 

Hussain & Rasheeduzzajàr (1993) examined the effect of temperature on the chloride 

concentrations in the pore solutions of 3 different Portland cements with C,A contents of 2.4.7.6. 

and 14%. Three levels of adrnixed chlorides (fiom NaCl) were studied (0.3.0.6. and 1.2% by mass 

of cernent). The curing temperatures were 20 and 70°C. They found a strong increase in fiee 

chlorides in pore solutions for al1 three cements as the curing temperature was raised fiom 20 "C to 

70 "C as s h o w  in Figure 2-1 5. This effect was more pronounced for the higher C,A cements, which 

was in agreement with Roberts (1962) results. They attnbuted this to the fact that Type 1 cements 

bind significantly more chlorides as Friedel's sait than Type V cernent, and that Friedel's salt 

decornposes at higher temperatures (similar to the interpreiation given earlier). 

Figure 2- 1 5: Effect of temperature on the k e  chioride in the pore solution of cernent pastes 
with 1.2% (by mass of cernent) admixed chloride. From Hursain & Rasheedwzafar (1 993). 
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Maslehuddin et al. (1996, 1997) found a significant decrease in the chioride binding of 

mortars made with 2 OPCs (8.5% and 14.5% C,A). an SRPC (3.5% C,A). and several blended 

cements. when the curing temperature increased fiom 20°C to 40°C. 55 OC. and 70°C. The 

chlorides were added at the time of mixing at a level of 0.8% CI- by mass of cernent. 

Larsen (1 99s') found that an increase in temperature fiom 20 to 80 "C increased the chloride 

concentration in pore solution four times in both paste and mortar. It was not clear whether the 

chlorides were admixed or external. 

Vev few studies found an increase in binding with increasing temperature. Ava ei ai. (1 990) 

examined the eEect of temperature on OPC paste (28 days of age) witfi admixed chloride. and cured 

at temperatures of 8.20. and 38°C. The results showed an increase in bound chlorides as the curing 

temperature increased. The increase between 20 to 38 O C  was relatively srnaII compared to that 

between 8 to 20 OC. The increase in binding was attributed to the faster reaction raies at higher 

temperatures. 

Wowra h S m r  (1997) exarnined the effet of temperatlire (0°C and 20°C) on tfie chloride 

binding capacities of cement (2 types) and C,S pastes. using the equilibrium method (NaCl and 

CaCI, were used in the host solutions). They found an increased chloride binding with increased 

temperature in the case of CaCI, for both cements and the C,S paste. No significant effect of the 

temperature was observed in the case of NaCl, 

2.4.8 Carbonation: 

Very few studies have been done on the effect of carbonation on chloride binding, They show that 

carbonation reduces chioride binding. Kayyafi and Haque f1988) studied the influence of 

acceierated carbonation on the chloride binding of mortar mixes made with Portland cement. with 

and without fly ash (30% replacement level), and with admixed chloride (1% Cl- by mass of 

cementitious material). The results showed a significant increase in chloride concentration in the 

pore solution of ail carbonated mortars compared to the samples that were not carbonated. Longer 

curing periods were significantly beneficial in reducing the negative effects of carbonation on 

binding in the case of fly ash free mortars. But in the case of fly ash cement mortars longer curing 

accentuateci the carbonation effect. This resuit was attributed to the depletion of Ca(OH), due to the 

pozzolanic reaction before the start of carbonation leaving the CO, to react with the more complex 
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hydration products and resulting in the possible release of Cl- which are bound to these products. 

Kayyali and Qasrawi (1992) found similar trends in the case of pastes with and without fly ash (30% 

replacement level) with admixed chlorides (0.4%. 1 .O%. 1.2%. 1.6%, 2.0%. 2.5%). The decrease in 

the chloride binding capacity was attribut& to the increased solubility of Friedel's salt in low pH 

environment caused by carbonation. Suryavanshi and Swamy (1 996) studied the role of atmospheric 

carbonation on the stability of Friedel's salt in chloride contaminateci reinforced concrete slabs. The 

slabs were subjected to 70 cycles of ponding (4% NaCl solution) and drying for a two and a half 

year period and they were lefi to carbonate in the laboratory environment for the same period. The 

results from XRD and DTA analysis showed that the existence and quantity of Friedel's salt was 

dependant on the existence and severity of carbonation. The higher the degree of carbonation. the 

lower the arnount of Friedel's salt. The authors suggested that the stability of Friedel's salt is pH 

dependant. and the drop in alkalinity due to carhnation would cause the reiease of chiorides tiom 

the Friedel's salt. This explanation. however, is in contradiction with the findimgs of Roberts (1 962). 

where Friedel's salt was more soluble in solutions with higher alkalinity. 

2.4.9 WfCM: 

Since the water to cementing materials ratio (WICM) affects the porosity and the arnount of 

hydrated products, it would be expected that the WICM would influence the chloride binding 

capacity . 
While most reported results in the literature show an increase in chionde binding at higher 

WICM (Tuutti. 1982; Tritthari, 1989: Aryu ei al.. 1990; &$ors, 1990: Nagataki et al.. 1993; 

Sandberg & Larsson. 1993: Tang & Nilsson, 1993)' the significance of this effect depends on the 

authors interpreîation of the results. Some workers report a significant increase (Arya et al.. 1990; 

Nagataki et al.. 1993) while others report little or insignificant effect f lr i t tht ,  1989; Byfors. 1990; 

Sandberg & Larsson 1993). It is interesthg to notice a trend shown in three different studies (Arya 

et al.. 1990; Byfors, 1990; Sanàberg & Larsson, 1993) where the clifference in chloride binding was 

si@cant between 0.4 to 0.5 but insignificant between 0.5 and 0.6. Sandberg and Larsson (1993) 

attnbuted the Iower binding capacity of the 0.4 WICM paste to the fact that the mix with WICM of 

0.4 had a lower degree of hydration and concluded that the WICM had little effect on chloride 

bindig. 



Literature Review 46 

Tang and Nilsson ( 1  993) found trends that were similar to those obtained by Tuurri (1 982). 

The W/CM had some influence on the chloride binding isothems of cernent pastes. but little 

influence on those of mortars (Figure 2-4). When they expressed the bound chlorides per mass of 

C-S-H gel, the W/CM had no influence on the chloride binding isothems of the pastes, suggesting 

that the observed di f fame in the binding capacities among the pastes with different W/CM was due 

to the difference in their degrees of hydration (Figure 2-16). 

Midgley and Illston (1 984) and Delagrme et a1.(1994, 1996) found that the formation of 

Friedel's salt (chemical binding) was dependent on the WICM. Midgley and lllston (1 984) tested 

cylindrical specirnens of m e n t  pastes exposed to chloride penetration through their top surface (30 

g/l NaCl, and 150 g/l NaCI). They found that at the sarne depths, significantly lower Friedel's sait 

formed in the 0.23 W/CM paste than in the 0.47 and 0.7 1 W/CM pastes. It is important to mention, 

however, that the observed effect is mostly likely due to the lower chloride contents in the 0.23 

WICM paste at a given deptb due to its lower porosity. Delagrave er al. (1994, 1996) found 

Friedel's salt in cernent paste with 0.38 WlCM stored in NaCl solutions (3% NaCI, pH=8.5) for up 

to 3 years, but did not detect Friedel's sait in cernent pastes with 0.25 WICM even after 3 years of 

J 

O a2 0.4 O 6 0.11 I 

Free Chloride (molIl -solution) 

Figure 2-16: Chlonde binding isotherms of OPC pastes and mortars. The bound chloride 
was expressed in mit mass of C-S-H gel. From Tang & Nilsson (1993). 
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storage in the chloride solutions. They amibuted this to the lower porosity of the 0.25 W/CM paste. 

and that the chloride content was not enough to promote the formation of Friedel's saft. 

In addition to the degree of hydration. another reason to explain the higher chloride binding 

at higher WKM, is the higher porosity at higher W/CM which probably makes potential binding 

sites more exposed and more accessible to chloride ions. 

2.4.10 Desorption Isotherms: 

There are very few studies in the literature on the desorption of chlorides when the fiee chloride 

concentration in the pore solution decreases. Both studies by Tang and Nilsson (1993) and Wiens 

and Schiessl(1997) showed that the chloride binding is not a reversible process with respect to 

chloride concentration. since a significant part of the bound chloride is not released into the pore 

solution when the chloride concentration drops as shown in Figure 2-1 7. Tang and Nilsson (1993) 

argued that this portion of chloride is chemically bound and that it is irreversible. It should be 

noticed that the desorption isotherms in both studies were conmcted by joining the desorption 

results £iom every point on the adsorption curve. A more appropriate and accurate way to do that 

is to start h m  the same initial concentration and get the different desorption points by diluting to 

the different final concentrations. 

2.4.1 1 Chcmical Admixture: 

Little research has been done on the effect of chernical admixtures on chioride binding. The reporteci 

results on the influence of superplasticisers on chioride binding show conflicting trends. 

Mors (1986. 1990) found an increase in the chloride binding of cement pastes made with 

three different types of superplasticisers (melamine. lignosuphonate. and naphthalene) and exposed 

to external chiorides. She athibuted the increase in binding to the good dispersion and hi@ surface 

a m  causeci by the superplasticisers. Glmser (1991) reported the resuits of a study on the infiuence 

of commercial superplasticisers on chioride binding. Al1 three superplasticisers tested, increased 

chloride binding in the mortar specimens with admixed chioride. It was suggested that organic 



Figure 2-17: Chloride binding (A) and desorption (D) isotherms of cernent pastes with or 
without fl y ash. From Wiens & Schiessl(1997). 

groups on the superplasticisers were chlorinated. leading to the decrease in free chioride 

concentration in the pore solution. 

Haque and Kayyuli (1 995a 19956) found that a concrete with a superplasticiser had a lower 

chloride binding than the one without a superplasticizer. However, it should be noted that the two 

concretes had different WICM ratios which rnight have afkted the chloride binding capxity too. 

2.4.12 Source of Cbloride 

Very few studies in the literature attempt to make a direct and relevant cornparison of the effect of 

the source of chlorides (internai or extemai) on the chloride binding capacity. The resuits of these 

studies show confiicting trends. 

Results by Rasheedwzafor et al. (1 992) showed that for cernent pastes having the same 

composition, and at a given level of total chioride content, the unbound chlorides in the specimens 

subjected to extemal chlorides were significantly higher than in those with admixed chloride. It 

should be mentioned that water extraction was used to determine the unbound chlorides in the 
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specimen with extemal chlorides. whereas pore squeezing was used in the case of specimen with 

admixed chlorides. 

The results obtained by Arya et al. (1990) show that the bound chlorides. expressed as a 

percentage of total chiorides, were higher in most pastes exposed to external chiorides than in similar 

pastes with admixed chlorides. despite the fact that the total chloride contents in pastes with extemal 

chlorides were higher than the total chloride contents in the pastes with admixed chlorides. 

Therefore. it can be concluded that the chioride binding was higher in the case of extemal chloride 

than in the case of internal chlorides. 

Tuutti (1 982) concluded that the amount of bound chiorides. for lengthy exposure pends  

(atiowing chernical equilibrium to stabilize). is independent of whether the chlorides are intemol or 

extemal. 

The results of Blunk et al. (1 986) are not conclusive and show inconsistent trends. For 

chlorides that were derived from NaCI. chioride binding is higher in the case of external chlorides 

than in the case of intemal chlorides. For chiorides that were derived h m  CaC1,. most tested pastes 

showed slightly higher binding capacities in the case of internal chlorides than in the case of external 

c hlorides. 

[t should be mentioned that in al1 these reported results. the methods used to determine the 

free or bound chlorides probably had significant effects on these results. especially when different 

methods for detennining the ûee chloride content are used in the cases of extemal chlorides and 

internal chiorides. 
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2 5  Summay 

This chapter included a review of published studies related to chloride binding in cement and 

concrete. The previous sections dealt with relevant topics related to chloride binding such as the 

definition of the chloride binding process. including chemical and physicd binding, the current 

methods being used to determine the distribution of chioride between fiee and bound. and the 

important factors affecting chioride binding, including the binder compostion, the pore solution 

composition, and environmental factors. The effects of several important factors on the chloride 

binding capacity, as suggested by the published results. are sumrnarized in Table 2-4. The 

examination of the published studies revealed the following things: 

Most of the published studies examined chloride binding in the case of admixed chlorides. 

There was a clear lack of available studies on chloride binding in the case of external 

chioride. 

Several methods are being used for determinhg the distribution of chloride between f i  and 

bound. None of those methods is standardized. Each methoci is based on different 

assumptions which might or might not be true. This in tum influences the results obtained 

using those methods, and makes the comparison between the results of the different studies 

difficult. 

More research should be done to address the roles of cernent phases in chioride binding. 

This includes the roles of C,A. C,AF. and C,S (and C,S). The C,A plays a role in chloride 

binding (evidence of existence of Friedel's salt in chloride contaminated paste), however the 

importance and extent of this mle is not fûlly understood. The role of the C,S is 

controvrrsial. although more studies indicate that C,S play a significant (if not important) 

role. There are little evidence of a significant role of C,AF in chloride binding. 

The mechanisms of SCM influence on the binding capacity of blended cernent should be 

M e r  investigateâ. Particularly. the role of the alurnina content in GGBFS and fly asb, and 

the role of the C-S-H fonned as a result of the pozzolanic reactims. 

There are a h o s t  no studies that have examined the effects of carbonation and temperature 

on the chioride binding capacity in the case of extenial chloride. indicating the need to 

address the d e s  of these two important environmental factors. 
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Table 2-4 surnmarizes the effect of the different factors on the chloride binding capacity of 

cernent 

Table 2-4: Effect of different factors on the chloride binding capacity 

Factor Eficet on chloride biading 

(increaseT.decrease 4) a ~ c i t ~  Commeats 
Trend Exception 

the imporiance of the mle of C,A content is 
Ys controversial 

linle evidence of C,AF binding. l a s  effective than 
C A  

role of C,S is conuoversial 

Fly isb (b) ft effect attributed to higher aluminate . M e r s  attributed 

S k  (fi) R 
it to higher surface area 

i 4 1 Ya 1 the wmed effixt of SF on C-S-H mighr mir be mie 
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CHAPTER 3 

3.1 Overview of Experimental Program 

As stated in the objectives. the a h  of this work was to investigate chloride binding in cementitious 

materials (for the case of extemal chlorides) to provide insight into the distribution of chloride 

between k e  and bound, and the distribution of bound chloride among the different cernent hydrates. 

The influences of cernent type and composition as well as internal and external factors such as pH. 

sulphate, carbonation, temperature. and desorption were studied. 

Two methods were used to investigate chloride binding in this program. The main method 

is similar to the one developed by Tang and Nilsson (1993) where cement paste sarnples are 

submerged in chloride solutions until equilibrium is achieved between the host solutions and the pore 

solutions of the submerged samples. The second method is similar to the one used by Sergi et 

ald1992) where cyündrical cernent pastes are submerged in NaCl solutions and only unidirectional 

chloride diffusion is allowed. AAer a specific p e n d  of time. the sarnples are analyzed for fiee and 

total chioride content dong their depth, and bound chloride is detennined h m  the difference 

between total and free chloride. 

Phase 1 of the program had parts. Part 1 A focused on testing a variety of cementitious 

m i m e s  with a water to cementitious materials ratio (WICM) of either 0.3 or 0.5. The mixtures 

with W/CM=0.3 represent typical pmportions used in hi&-performance concrete. The purpose of 

this phase was to study the influence of supplementary cementing materials (type and replacement 

level) on chloride bindig and examine the nature of the chloride binding isotherms. The influence 

of tempe- and age was also studied. In Part 1B. four mixes h m  Part 1A were tested using 

Sergi's ''ponding" method (Sergi et al.. 1992) to compare the results fiom the two testing methods. 

in Part 1C. the reproducibility of results h m  the equilibrium method was examined, and the 

sensitivities of îhe resdts to sample size and solution volume were investigated. 

Phase 2 of the program consisted of two parts. Part 2A consisted of studying the influence 

of the pH of the pore solution, sulphate ion concentration, carbonation, and desorption on chloride 

binding. The effect of temperature was re-examined since the results h m  the tint phase were 

inconcliisive as fâr as temperature influences were concemed. Part 2B focused on the infiuence of 

cernent composition and type. Nine different Portland cements were tested. The aim was to check 

whether it is possible to predict chloride bindiig performance h m  the chemicai and mineral 
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composition, and to examine the role of cernent minerai phases and other cernent components in 

binding. 

Phase 3 of the program had two parts: Part 3A focused on the behaviour of the cernent 

mineral phases by studying individual binding relationships br "pure" phases (C,A, C,S. C,AF. 

C,S). The chloride binding isotherms of the four phases were deterrnined, and the influence of pH. 

sulphate ion concentration. temperature. wbonation, and desorption on the chloride binding of C, A 

and C,S was also examined. It was boped that this study would give some insight not only into the 

role of cernent phases in binding, but dso into the mechanisrns through which the interna1 and 

extemal environmenta1 &tors affect the chioride binding properties of cements. Finally. pure C,A 

and C,AF were added to low C,A and low C,AF cements respectively to check their influence on 

the binding propdes of these cements, and whether their influence would be consistent with their 

behaviour when tested aione. In Part 3B. the influence of SCM's was tùrther studied by testing 

SCM-lime blends including silica fiune-lime and metakaolin-lime mixtures with varying proportions. 

A 100%GGBFS paste was also tested. The purpose of these tests was to examine the chloride 

binding properties of the hydration products of SCM and the factors influencing them. Table 3-1 

summarizes the experimental program. 



Testing various blended cernents with WICM = 0.3 & 0.5: 

Effect of chloride concentration. temperature. WKM. age. 

Equlibriurn M&od Vs Ponding Method: 

Sensitivity of the results to sarnple size and solution volume. 

Effect of environmental factors: 

Testing of SCM-lime blends (SF-lime, MK-lime), 1 oOO/&GBFS. 
Bindig capacitin of hydrates produceci by metaicolin, silica fume, and GGBFS. 
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3.2 Materiab and Mix Preparation 

3.2.1 Raw Materials 

The controi cernent was a CSA Type 20 Portiand cernent and the SCMs used were silica fume. 

metakaolin. blast tiirnace slag, and three fly ashes, one each of CSA A23.5 Types F. CI. and CH. 

covering a range of Ca0  contents. The mixtures included the CSA Type 20 PC with various levels 

of replacement with SCMs including ternary blends. Nine different Portland cements were used. 

They included tbree CSA Type IO, three Type 20. one type 30, and two type 50 cements. Four of 

these cements were actually obtained as ground clinkers. They were part of another research project 

on the optimum sulphate content in Podand cernent. Two of these clùikers (C4. CS) were used as 

is. and the two others (CS, Cd) were already interground with gypsurn to obtain a target of 1.5% SO, 

content as part of the aforementioned research project. It was hoped h t  the use of these chkers  

would clearly show the impact of suiphate on the chloride binding capacity of Portland cernent, 

because of the Large variations in their sulphate content. The Type 50 PCs (Ci. Ci )  were of 

particular interest since one had a very low C,A and the other had a very low C,AF. The pure 

cernent phases were supplied by Lafarge's Centrai Research Labratory in France and were "99% 

pure". Tables 3-2 to 3-4 show the chernical compositions of the different cementitious materiais 

used in this researcb program. Chernical analyses were performed by Lafarge Cernent's CTS 

laborator- in Montreai. The major elements were measured by X-ray fluatesence (XRF). The total 

sulfur content was determined by Leco SC-432. 



Table 3-2: Chernical Composition of the Su lemen Cementin Materials 
r r  

* SO, based on sulphur determined by LEC0 

Amount 

(W 
by wtigbt 

SiO, 

S i i i i  

Fume 

SKW 

94.48 

Metaholia 

52.01 

CCBFS 

Lafarge 

s h  

36.18 

Fly Asb 

Ft. Martin Akghemey 

TYF F 

(FA) 

53.89 

Fly Asb 

Coblimbia 

Typt CI 

(FAI) 

43.07 

Fly Ash 

Col1 Cmk 

TypcCH 

( F m  

40.82 



Cl C2 C3 C4 CS C6 C7 C8 OPC 
T50 Tl0 T30 TI0 T2O Tl0 T20 T20 Control 

T20 

21.41 18.89 18.43 2t35 21.59 20.61 34.49 21.54 21.26 

2.81 5.51 5.36 5.61 425 5.25 1.83 4.27 4.09 

0.14 0.25 024 0.34 0.28 0.27 0.09 027 0 2  

*SO, based on sulphur detmined by LEC0 



3.2.2 Mix Design, Casting, and Curing 

Al1 mixtures used in this research program were pastes containhg cernentitious materials and 

distilled water. The water to cementitious materials ratios. WICM. used were 0.3 and 0.5. A 

superplasticiser was used for the 0.3 WKM mixtures. This superplasriciser was supplied by Masters 

Builden, and is known under the brand name SPN. It was used at a dosage of 6 mVkg of 

cementitious materid. A typical mix design is presented in Appendix A. 

The mixing was cmied out in a high speed blender (Waring heavy ducy blender. 3.8 L 

capacity, stainless steel) under vacuum to minimize air bubbies in the mix. Prior to mixing with 

water. the SCM and cernent powder were mixed thoroughiy with a spoon util the SCM was 

un i fody  distributed in the cernent. The mixing regime used was as  follows: 

step 1- one third of the mix water was added followed by one haif of the cementitious 

materiais. then one third of mix water, then the other half of the cementitious materids. and finally 

the last one third of mix water was added. 



Step 2- blender was closed and put under vaccuum, and mixing was started at low speed 

( t 0000 rpm) for one minute. 

Step 3- sides and top of the blender container were scraped and the vacuum re-applied and 

mixing was continued for another minute. 15 seconds at low speed and 45 seconds at medium speed 

(1 5000 rpm). 

Step 4- Step 3 was repeated except that in the last 45 seconds, mixing was done at high speed 

(25000 rpm). 

At the end of the mixing cycle, a check was made to ensure there were no lumps of dry 

powder in the mix. if lumps were present. they were crushed and remixed rnanuaiiy. and steps 3 and 

4 repeated. Particulas attention was paid to dumping with mixtures containing silica fime (or 

sometirnes metakaolin) due to increased water demand in these mixtures which make them very 

difficult to mix. Manual pre-mixing was used in this case to ensure that no big clumps of dry 

cementitious materials were lefi and that the mixture was in a plastic state. Only then was the 

mixing action of the blender effective. 

M e r  &in& the paste was cast in 50-mm diameter x 100 mm cylindncal plastic mol& The 

casting was done in two layers, and each layer was tapped sixty times at a rate of 2 taplsecond. The 

top of the molds was covered with a large plastic sheet and a lid was placed on top. Adhesive tape 

was applied amund the lid to m e r  prevent leaking or evaporation. The mol& were then placed on 

a rotating wheel(12 rpm) for 24 hours to prevent segregation. M e r  that, they were cured at m m  

temperature ( 22°C +/-1 ) in seaied containers with srnail amount of water in each container to 

maintain a high humidity. The curing peiods were 2 and 9 months. 

3.2.3 Preparation of Synthetic Cernent Pbases (Pure Pbases) 

The synthetic cernent phases (CSA. C,AF. C,S. C2S) were supplied by Lafarpe's Central Research 

Laboratoty in France. They were obtained h m  Lakge as p u l a r  materiai and had to be ground. 

A steel bail mil1 ( 1 kg capacity) was used for this purporse. It was originally decided to grind the 

clinkers to a target surfàce area of 350 to 400 m'kg. UnfortwiateIy, the C,S was overground to a 

550 m'/kg. So, it was then decided to grind the other three phases to mimd 450 m'kg to lower any 

effect tbat might mise fiom a large ditfeffnce between the surfie area of the phases, while keeping 

the surface area close to the nonnal range found in Portland cernent, 



The C,A pastes were mixtures of C,A. gypsum, and Ca(OH)I. They were proportioned in 

lemis of the molar ratios of C3A, SO,, and &(OH&. Molar ratios of 1 .OC, Al0.8SQ/0.3Ca(OHh and 

I .OC3A/0.4S0,/0.3Ca(0HX_ were used respectively. A mixture of 1 .OC4AF/0.8SQ/O.3Ca(OH~ was 

used to study the binding properties of the C,AF phase. The C3S and GS pastes were 100% GS and 

100% C2S respectively. Al1 pastes had WICM = 0.5, and the mix water used for al1 mixtures had 

NaOH and KOH to simulate the pore solution of cernent pastes. The NaOH and KOH 

concentrations were equal to those found in the pore solution of the OPC control paste. Details of 

the rnix design and of tests performed on the pure pastes are provided in section 3.4.3. 
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3 3  Test Metbods 

33.1 Equiiibrium Method for Determining Chloride Binding 

33.1.1 Sample Preparation 

At the end of the curing period, the pastes were de-molded and ihe centrai portion was saw- cut into 

approximately 3-mm thick discs using a wet diamond blade lubncated with distilled water. The 

sliced samples were vacuum dried for three days in a desiccator containhg silica gel and soda lime. 

They were tfien stored for a month in a glove box kept at 1 1% RH (using saturated lithium chloride 

solution). Soda lime was used to remove the carbon dioxide fiom the air inside the giove box. It is 

assumed that only a monolayer of water remains on the surface of cernent hydrates at 1 1 % RH 

(Ramachmiran et al, 1981). Mer storage, 25-g sarnples were stored in 125-ml plastic bottles and 

placed under vacuum for about two hours. The bottles were filled wiih a specific volume of NaCl 

solutions of varying concentrations (0.1,0.3,0.5,0.7. 1 .O. 2.0.3.0 M CI). The boales were sealed 

and stored in the open laboratory atmosphere (22"C), in a fiidge (7"C), or in an oven (38°C) for 

various periods of time (6 months for paste with WICM = 0.3.5-6 weeks for pastes wiih WICM = 

0.5 or 2) until test. 

33.12 NaCI Solutions 

Reagent type sodium chloride (99% pure) was used to prepare the host solutions. Seven 

concentrations were used throughout this program: 0.1,0.3,0.5,0.7, 1 .O. 2.0, and 3.0 molar NaCl. 

The chloride concentrations were chosen to reflect different realistic exposures. Chloride 

concentrations lower than 1 M would exist in cases of reinforced concrete structures submerged in 

sea water. Higher chloride concentrations (between 1 M and 3 M and even higher) could exist in 

the splash zone or in bridge decks exposeci to de-king salts. in g e n d ,  the chloride solutions were 

also saturateci with calcium hydroxide (3g/l, pH = 12.5) uniess mentioned othenvise. This was done 

to prevent the leaching of calcium hydroxide fiom the sarnples. 

a) Effet of pH 

Four levels of pH were select4 to study the intluence of pH on binding: 13.0, t 3.4.13.7, and 14.0. 

Reagent grade NaOH and KOH were used to obtain the desired pH level. The NaOH to KOH ratio 

was about Il4 which was similar to that of the pore solution of the conml mix. Ca(OH), was not 



used in these chloride solutions. 

b) Effect of [SO,'-1 

Three sulphate ion concentrations were selected to examine the influence of [SO,"] on binding: 0, 

0.0 1. and 0.1 molar. Reagent grade Na$O, was used to obtain the desired concentration. NaOH was 

used to achieve a pH level of 12.5 equivalent to that of a s a ~ t e d  Ca(OH)? solution. No Ca(OH)2 

was used in these solutions. 

C) Effect of carbonation 

The sodium chloride solutions used for testing the cixbonated samples were prepared without the 

addition of Ca(OW2 since it was assumed bat there would be no Ca(OH)2 lefl in the carbonated 

samples. 

33.13 Titration 

AAer equilibrium between the pore solution of the samples and the host solutions was reached the 

host solutions were analyseci for chloride concentration by means of potentiometric titration using 

0.01 molar AgNO, titrant and a silver elect.de. A Mettohm DMS 760 automatic titrator was used 

for this purpose. 

Of the seven chlonde concentrations used in this research. only the 0.1 molar was titrated 

diictly without the need to dilute the solution. The rest of the solutions were diluted 20 to 100 times 

before king titrated. in the case of the O.3,0.5,0.7 molar NaCl solutions. a 1 ml sample h m  the 

solution was diluted 50 times in a 50 ml flask, then a 2.5 ml sample of the diluted solution was 

titrated. in the case of the 1 .O. 2.0, and 3.0 molar NaCl solutions, a 1 ml sarnple fiom the solution 

was diluted 100 times in a 100 ml flask, then a 1 ml sample of the diluted solution was titrated. 

33.1.4 Determination of Binding Isothems 

in the equilibrium method, it is asswned that d e r  equilibrium is reached between the extemal 

solution and the pore solution of the sample, the teduction in the concentration of the host solution 

is attributed to chloride king bound by the cernent. Then, knowing the initial and fhd 



concentration, the volume of the external solution and the dry mass of the sampie, the arnount of 

bound chloride can be calculated according to the following formula: 

C, = 35.453 *v *(C,-CJ/Wd 

where C, : arnount of bound chioride in mg CVg of sample. 

V : volume of the externai solution in mi. 

C, : initial chloride concentration of the external solution in moV1, 

Ce : k e  chloride concentation at equilibrkm of the externai solution in moUl. 

W, : dry mass of the sample in g, and 

35.453 is the molar mass of the chloride ion. 

Tfie W,, mass is caiculated using the following formula: 

Wd = WH (1 -51,) 

where W,, : m a s  of the sample at 1 1 % rh in g, 

E ,  ,: evaporable water content at 1 1% rh 

Each tested chloride concentration represents a point in the binding isothenn. in this case the 

binding isotherms were obtained by plottùig, for every concentration studied. the fiee chloride 

concentration at equilibrium (Ce) against the bound chlorides ( C,). 

33.1 J Desorption Tests 

Desorption isotherms were determined for selected csses. After equilibrium was reached. and one 

point of the chioride binding isothenn was detemiined, the remaining chioride solution was mostly 

removed (using a pipette). The sample was then moved to another bottle. and either 200 ml or 1000 

ml of distilleci m e r  saturated with C a ( 0 Q  (pH = 12.5) was added to the sample. After a storage 

of 4 months to ensure that a second equilibrium was established, the free chloride concentration of 

the solution was measured. ï h e  arnount of bound chioride remaining in the sample. after the second 

equilibrium. was determined fiom the following equation: 

Cb = 35.453 * (V *Ci- V[ *Ce- C2 *(V+V2-VI))/Wd 

where C2 : chIoride concentration aller second equilibrium. mole/lit.e, 

VI : volume of solution taken out. including 6cst titration, ml. and 



V, : voiume of distilled water added, ml. 

C2 and C, (detennined fiom equation (2)) represent one point of the chloride desorption isotherm. 

33.2 Pouding Method for Detenniuiag Chloride Binding 

33.2.1 Sample Preparation 

The specimens were demoulded at the end of the curing period and about 1 cm from the cast end was 

removed by saw-cutting with a diamond blade lubricated with distilled warer: these end pieces were 

discarded. Al1 surfaces were epoxy coated except for the cut one (Figure 3-1). The specimens were 

left for 24 hours exposed to the labratory air to allow the epoxy to harden. They were then mord 

in plastic containers filled with 1 molar NaCl solutions saturated with calcium hydroxide (Figure 3- 

2). The cylindws were venically positioned with the uncoated surface facing the top and covered 

with about 4 to 5 cm of solution. The NaCl solutions were changed every six weeks during the 

storage period. 



Exposed surface 

Figure 3-1 : Cylinders are 
coated with epoxy on al1 sides 
except the exposed surface. 

lmolar NaCl solution 
Saturated with Ca(OH& 

Figure 3-2: The paste cylinders are stored in 1 M chioride solution samted 
with Ca(0W-, with the exposed surface facing u p w d .  



33.2.2 Free Chloride 

A) Slicing 

At the end of the ponding period. one cylinder was taken out and was split open before king sprayed 

with AgbQ solution. The change in colou. due to the reaction between the Cr and AgNO, indicated 

the approximate depth of chlonde penetration. Based on this information, a set of specimens was 

taken out and sliced with a d y  diamond blade. The thickness of the sliced discs was 116th of the 

penetration depth so that discs were obtained fiom every specirnen at six different depths. Each 

group of discs from the same depth were stored together in double plastic bags sealed tightly unti1 

pore squeezing. Another set of specirnens were sliced at the same thickness except that a top layer. 

half the thickness of the discs. was cut off before slicing the discs. This way an overlapping effect 

is created between the two sets of discs and up to twelve free chloride rneasurements were 

determined dong the axis of the specimen. Figures 3-3 to 3-6 sumrnarise the procedure. 

Exposed surface 

Figure 3-3: At the end of the exposure period, discs of specified thickness "'P' are 
cut from the exposed surface inward to the depth of chloride penetration. This depth 
is approximateIy determined by spraying fksbly broken cylinders with a silver 
nitrate solution. 



Discarded disc 

Figure 3-4: Another group of cylinden is sliced, but a top layer of "Tl?" thickness is 
discarded before collecting the rest of the discs. This creates an overlapping effect. 
and more data points are detemined in the chloride distribution profile. 

A Discarded disc 

Free chloride 
concentrations 
detemined at 
these depths 

are 

Figure 3-5: This figure illusmites how the overlapping effkct, 
created by discarding the top part of cylinders fiom group B. 
redts in more data points dong the depth of chloride petration. 



Figure 3-6: sliced discs fiom the same depth are 
pore pressed, and the CI' and OH' concentrations 
are determined by tifration. 

B) Pore Squeezing 

Pore solution expression was done using a device similar to that described by Bameyback & 

Diamond (1 981). The specimens were subjected to increasing pressure at a rate of 2 MPa per second 

up to 160 MPa, where the pressure was sustained for about 1 minute while the pore solution is 

coI1ected under vacuum. The pressure was then released and was allowed to decrease until it reached 

zero. The loading cycle was repeated 2 more times were the maximum pressures attained were 320 

MPa and 480 MPa respectively. The pore solutions were storeci in tightly sealed plastic Mais. until 

testing for chioride and hydroxyl ion concentrations. 

C) Titration 

About f .5 to 3.0 ml sample of pore solution was obtained h m  pore squeezing. A 1 ml sample was 

used to determine the chioride concentration using the titrator mentioned earlier. The samples of 

chiocide solutions obtained h m  depths close to the surface of the specimens had to be diluted 10 

times More king titrated. This included the £Ûst 6 to 7 points. The remahhg sampies obtained at 



depth were titrated directly without dilution. 

0.5 ml or 1 ml samples were used to determine the hydroxyl ion concentration in the pore 

solution. by automatic titration using a 0.05 N H,SO, titrant and a electrode. 

33.23 Total Chloride 

a) Profile Grinding 

At the end of the ponding pend, one cyiinder was removed fiom the NaCl solution. and powder 

samples 1.5 to 3.0 mm thick were ground fiom the exposed surface inwards to depths of 33 to 55 

mm. A milling machine was used for this purpose. Before king mounted on the milling machine. 

the epoxy coated sides of the sample. dong the grinding path were chiselled off so that the epoxy 

layer would not contaminate the ground sample. The specimen was then carefully levelled on the 

bed of the milling machine. Individual layers were ground using a 50-mm diarneter diamond 

irnpregnated core bit. Not al1 layers were collected. as only 6 to 10 points are needed to generate a 

reliable profile. Each layer which was to be analysed was collected on wax papa sheets placed on 

either side of the sample. A small b m h  was used to bnish the powder layer fiom the sample on to 

the paper. The powder sample was then transferred fiom the weighing paper to a glass storage 

container. The depth tiom which this layer was gound was recorded on the glass container. 

in order to prevent cross-contamination between layers, the sample and the m u n d i n g  area 

were cleaned ûrst with a vacuum. and then with compressed air. The ground powder sampies which 

were collected were then dried in an oven at 105 O C  for 24 hours. 

b) Nitric Acid Digestion 

After the ground samples, h m  the different layers. are dried in an oven ( 105 OC).  they are sieved 

(3 15 pm) and around 2g samples are taken for filtering and digestion. Water (35 mi) and nitric acid 

(7 mi) are added to the powder sample and stirred. and the mixture is boiled. The m i x i  is double 

filtered using filter papers (coarse porosity) placed in a h e l  connected to a flask under vaccuum. 

The fïitered solution is coiiected in a beaker. and a sample of this solution is weighed (5-60 g) before 

king transferred for titration. 



c) Titration 

The chloride content in parts per million @pm) of each Iayer was deterrnined using a Metrohm DMS 

760 potentiometnc titrator which uses a 0.01 moK silver nitrate titrant. 

The apparent d a i o n  coefficient was deterxnined tiom the results of the chloride anaiysis. 

Total chioride content versus depth was plotted to obtain a chioride distribution profile. The chloride 

penetration is assumeci to follow Fick's Second Law of Diffusion: 

The following numerical solution of Equation (2-1) was fitted to the chloride profile: 

C = the chioride concentration at a given depth [%f cernent mass] 
Cs = the surface chloride concentration [% of cernent mass] 
x = depth Crom concrete surface [ml 

t = time exposed [s] 
D, = the apparent diffiision coefficient [m2/s] 
erf = error function 

The unknowns in this equation are D, and Cs. Using a c w e  fit software package (Jandell-Table 

Curve). The best fit values of these variables are found by iterations using Ieast squares. 

33.2.4 Bound Cbloride 

The bound chiorides are calculateci h m  the difference between the total and free chlorides at every 

depth. However. since the total cbloRdes and fiee chiorides are obtained in different Wts. values 

need to be converted before a caiculation of the bound chlorides can be done. Cn order to do the 

conversion, a knowkdge of the evaporable water content is necessary (assumifig that the content 

of the pore solution containing the k e  chlorides is equal to tbe evaporable water content): 



WC = (ws - wd)/ wd 
where : w, : evaporable water content, g waterlg sample 

W, : mass of the saturated sample. g 

W, : mass of the dry sample , g 

The bound chlorides are calculated using the following formula: 

C, = C, - 35.453 *w, *Cf 

where: C, : bound chioride, mg CVg sample 

C, : total chioride, mg CUg sample 

C, : fiee chloride. mmoUml 

the binding isotherms can be presented either as free versus bound chlorides. or h e  versus total 

chlorides. 

3 3 3  Evaporable Water Content 

The evaporable water content was determined using the following formula: 

W, = (W, - Wd) / Wd 

where : w, : evaporable water content, g waterlg sarnple 

W, : weight of the saturated sample, g 

W, : weight of the dried sample (in an oven at 105"C), g. 

The evaporable water content was used in the pondiig method to detemiine the fiee chloride content. 

It was assurned that the pore solution containing fiee chiorides is equal to the evaporable water 

content. For each of the tested pastes, a cylinder was taken out of the chloride solution at the end 

of the exposure period, and was sliced across the depth with a dry diamond blade. Four samples (1 5 

to 30 g) were immediately weighed (WJ, and then dried to constant weight in an oven at 105°C 

(Wb. The w, was the average of the four determination fiom the four samples. 

The evaporable water content at 1 1% RH was determined on 20 g to 25 g sample using the 

following formula: 

511 =(WH - Wb/ Wd 



where 6, ,: evaporable water content at 1 1% rh 

W,,: weight of the sample at 11% rh. g 

W, : weight of the dried sample (in an oven at 105 O C ) .  g. 

The W, , was measured at the end of the sarnple's conditioning period at 1 1% RH. W, was measured 

d e r  drying the sample to a constant weight in an oven at 105°C. 

33.4 X-Ray Diffraction 

The sarnpies to be tested were taken out of the chloride solutions. The surfaces of h e  fragmented 

samples were wiped with a dry cloth to cake off the excess solution. The samples were then vacuum- 

dried for three days in a dessicator containing silica gel and soda lime. M e r  drying, the samples 

were removed to a @ove box kept at low RH (1 1%) and containhg soda lime (to absorb the COz in 

the air). They were ground to powder inside the glove box and sealed in vials. The vids were stored 

inside the dessicator until the time of testing. 

The X-ray d i k t i o n  patterns were obtained on a Siemens D5000 X-ray diffictometer using Ni- 

filtered CuKa radiation with a wavelength k = 15.41 8 nm. 



3.4 Program Details 

3.4.1 Phase One 

Part 1A involved the testing of various OPC-SCM blends with different types and repIacements 

levels of SCM. and with WiCM ratios of 0.3 and O.S. The SCM included silica fume, GGBFS, 3 

types of fly ash (Type F. Type CH. Type CI), and metakaolin. The Type F fly ash and the GGBFS 

were used at 25% and 40% replacement levels, while the two other fly ash were tested at 25% 

replacement ievel. The silica fume and the metakaolin were tested at 8% replacement level. T e m q  

blends with silica fume-dag, and silica fume-fly ash were also used at two different replacement 

levels. Table 3-5 shows the compositions and desips of mixtures used in Phase 1. The effect of 

temperature was examined; four mixtures (WfCM = 0.3) were tested at 7°C and 38°C in addition 

to the standard test temperature of 23°C. replicates of these mixtures were tested to check the 

reproducibility of the results. The influence of age (curing paiod) was examined by testing 5 

mutmes (WKM = 0.5) at 2 months and 9 months. Table 3-6 and 3-7 summarize the experimental 

details of Part 1 A 

Part IB focused on cornparhg the results h m  the equilibrium method and the ponding 

methad. Four mixtures with WICM of 0.5 (WC, 8SF, 8MK, 25FA) were tested using the ponding 

method. and the resulting binding isothems were compared with those obtained h m  the 

equilibrium method. Table 3-5 shows the mix compositions. and Table 3-7 summarizes the 

experimental details of Part 1 B. 

In Part 1C. more tests w m  done to evaluate the reproducibility of the results as well as the 

sensiu'viîy of the results to the sample size and host solution volume at W/CM ratio of OS. OPC was 

chosen to study the reproducibility. Four replicate mixtures were prepared and tested at seven 

chloride concentrations. OPC, 8SF, a d  8MK were seiected to check the sensitivity of the results to 

sample size and host solution volume. T k  sample sizes were tested at a 3.0 M chloride 

concentration. T h e  solution volumes were tested at a 3.0 M chloride concentration. Table 3-8 

summarizes the tests. 
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Table 3-6: Summary of Experimental Program in Part 1A (mixtures with W/CM=O.3) 
th 

I I Curing period: 2 mos 

Y 

X  

X 

OPC 

S F  

X X  

X X  

X  

X  



Table 3-7: Si 

Mu 

O I T  

8MK 

8SF 

25FA 

25FA I 

25FA2 

25SL 

Equiübrium mttbad 

Curiog : 2 montbs 

NaCI cancentrrtioa : 

O.l,l ,O, 3.0 M 

1A 

Eqiilibrium mctbod 

Coring : 9 moaths 

NiCl eoaetntntion : 

O.l,OJ, 0.5,0.7, 1.0, 

2.0.3.0 M 

X 

Part 1 B (mixtures with W/CM=O.C 

Part 1B 

Podiag mcthod 

Curing : 2 montbs 

Ponding: 18 mos 

NaCI coaccatratioo : IM 

Table 3-8: Summary of Experiments on the Repeatability and Sensitivity of the Equilibnum 
Method in Part 1C. 

Reprodacibiiii of Raulîs Efïcct of Host 

Cbkridc Coaccetrrtmis (M) 0.1,OS. 0.5,0.7, 1.0.2.0.3.0 3.0 3 .O 

MU studird OPC 

Sampk s k  

OPC, SSF, 8MK 

solatioa voliimt 

OPC, 8SF, 8MK 
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3.4.2 Phase Two 

Table 3-5 shows the mix designs and compositions of the mixnues used in Part 2A. Three mixes 

were chosen for this study: the OPC control rnix. the 8SF. and the SMK. The WlCM ratio was 0.5. 

It was decided that three chloride concentrations were enough to study the effect of the different 

variables since the sfiape of the binding isotherms was already eçtablished fiom Phase One. NaCl 

concentrations of O. 1. 1.0, and 3.0 molar were selected. It was also decided to re-examine the effect 

of temperature der evaporation occured in the samples h m  Phase 1. The bonles were sealed with 

wax this time to prevent evaporation. 

The carbonation study consisted of testing samples cahonated before king tested for 

chloride binding, and samples carbonated &er king tested for binding to check the influence of 

carbonation on the release of bound chloride. The samples to be carbonated were cut up into 3mm 

thick discs. They were laid out on perforated plastic boards and stored in glass containers kept at 

65% RH by using saturated sodium nitrate: this RH is almost optimum for carbonation (Neville, 

I W O ) .  The containers were continuously flooded. at a low rate. with a gas mixture of nitrogen and 

5% carbon dioxide. The method used to check for carbonation consisted of spraying fkshly exposed 

surfaces with an ethanol solution with 1% phenolphthalein indicator. The carbonated areas remain 

colourless while the uncarbonated areas tum violet. 

The control sarnple was carbonated in about three weeks to a month, but the 8SF and 8MK 

samples were not totaily carbonated der two and a half months. The samples were then stored in 

a special chamber where vacuum was applied before the chambet was flood& with the gas mixture. 

The RH was also kept at 65% and the vacuuming and gas purging was applied daily. The samples 

were totally carbonated in about a week. 

To study the influence of sulphate ion three sulphate concentrations were used: 0.0.0 1, and 

0.1 molar. N-SO, was used to obtain die drsired sulphate concentration. while NaOH was used 

instead of saturated Ca(OH), to obtain a pH of 12.5. The use of Ca(OH), would have reacted with 

Na,SO, to fom NaOH and CaSO, The calcium sulphate wouid have precipitated due to its low 

solubility thus preventing the sulpbate ions h m  interacting with the cement hydrates and affecting 

the binding process. 

Four pH levels were chosen to examine the influence of pH on cidoride binding. They were 

13.0. 13.4, 13.7, and 14.0. NaOH and KOH were used to obtain the desired pH level. The 

NaOWKOH ratio was 114, which was simila. to that of the pore solution of the control mix. A 
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sample of the pore solution of the control rnix was obtained using a pore pressing machine. The K' 

and Na- concentrations in the pore solution of the conwl mix were detemiined by anaiysing the pore 

solution using flame photometry Tables 3-9 to 3- 12 surnmarize the experimental detaiis of Part 2A. 

Table 3-9: Summary of Experiments on the Effect of pH in Part 2A 
Ii I il 

- -  - 

WICM; Age; Temperature 0.5; 3 months; 73 O C  I 

Factor studicd 

Mixtures 

Il NaCl conecatntioas testcd I 0.1. 1 .O, 3.0 molar I 

Effect of pH of host solution 

OPC. 8SF. 8MK 

Table 3-10: Summary of Expiments on the Effwt of Sulphate in Part 2A 
I I  - 

I 

1 

Il Chloride solutioa composition 

I 
- - 

0.5: 7 months; 23 OC 

NaCI, KOH. NaOH 

Factor stpdicd 

Mutom 

1 I 

Effèct of sulphate ions in solution 

OPC. 8SF. 8MK 

Chbride solution compositioa 1 NaCI. NaSO,, NaOH 
I 

Factor strdità 1 E K ~  of t e m p e r a  

M u t u m  1 OPC. 8SF. 8MK 

NaCl eaacentrrtioas tcsted 

NaCl caactatntiois tcsted 0.1. 1 .O, 3.0 molar 

0.1. 1 .O, 3.0 molar 

II Chloride solution compositioi I NaCI, Ca(OH), Y 
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Table 3-1 2: Summary of Eqxriments on the Efféct of Carimation in Part 2A 
l3 

II Factor stiidird i Effect of  chnat ion  

Mixturts OPC, 8SF. 8MK 

WICM; Agc; Ttmpcroturc 0.5; 2 months; 23 "C 

NaCl conccntrrtions testcd 0.1. 1.0.3.0 molar 
- 

Cbloridt solution composition NaC 1 

Conditioas ttsteâ Non-carbonated Vs carbonated samples 

in Part 28. nine different Portland cements (Table 3-3) were tested for th& chloride binding 

capacity. This study was conducted to check the influence of cernent composition (C,A, C,AF. C3S. 

SO,, N-O,) on the b indi i  capacity. The effect of the GA content was of particular interest in this 

study, since the published results in the Iiterature do not show a consistent trend regarding the 

influence of the C,A content. or it is likely that the published results indicate that the C,A content 

of cernent is not the only important factor that influence the binding capacity. The C,A content of 

the cements varied between û% and 1 1%. Two of these cements were of particuiar interest since they 

had 0% C,A and close to 0% C,AF. respectively. it was hoped that the behaviour of these two 

cements with respect to the other cements wouid help in k t te r  understanding the d e s  of C3A and 

C,AF in chloride binding. in addition to C,A and C,AF, the SO, and Na,O, contents varied over 

relatively large ranges. Experimental details are summarized in Table 3-13. 

Two cements. C 1 and C4. were used to study the influence of suiphate content on the biding 

capacity. The test involved adding gypsum to the two cernent5 in specified quantities. and 

cornparhg the binding capacities of the resuiting cements with the original cements. The addition 



of gypsum resulted in about 4% SO, and 7% SO, contents (in addition to the SO, content of the 

original cements) in the resulting cements C 1 -430, and C4-7S0, respectively. The specific amounts 

of added gypsum were chosen so that the sulphate content of the resulting cements would be more 

than enough to transfom di the C,AF content into ettringite in the Cl cernent, and enough to 

transfom the C,A and C,AF contents into ettringite and monosuiphte. It was hoped that by 

comparing the binding capacities and XRD results of C 1 and C t -#O,, and C4 and C4-7S0, would 

provide some insight into the influence of sulphates, and the roles of the chemical and physical 

binding capacities in cements. Table 3-14 shows the details of the test. 

The a u e n c e  of cernent fineness was also studied. Cements C2 and C3 were produced at 

the same plant, and had similar chemical composition except that C2 (CSA Type 10) had a surface 

area of 334 m'kg and cement C3 (CSA Type 30) had a surface area of 523 m'kg. Also. cernent 

C4 was ground for an extra two hours to give cement C4'. and the binding capacities of the two 

cements were compared. Table 3-1 5 shows the details of the test. 

Table 3-14: Summary of Expenments on the Effect of Sulphate content of Cernent in Phase= 
f i  - - 

Il Factor studied 1 Effect of sulphate content 8 
WKM; Agc; Temperature 0.5: 2 months; 23 "C I 

II NaCl concrntntioas t a t d  1 0.1. 1 .O. 3.0 molar II 

Table 3-15: S on f e Effet of Cemesmeness in Phase 29 
h d i  

I 

Factor stpdied I E f f i  ofcement fineness 

WICM; Agt; Temperature 0.5; 2 months; 23°C 

NaCl comeentnlioas tcstd 0.1, 1 .O. 3.0 molar 

-- 

Cbbridt solatioi composition 

I Conditions tatcd 1 C2 vs C3, and ~4 vs CC 

- - 

NaCl. Ca(OH), 



3.43 Phase Three 

Part 3A focused on the behaviour of the cement mineral phases by studying the individual chloride 

binding properties of pure phases, C,A, C3S, CJF, and GS. The pure cernent phases were obtained 

h m  Lafarge as granular material and had to be ground. A steel bal1 miIl (1 kg capacity) was used 

for îhis purporse. It was originally decided to grind the clinkers to a target surface area of 3 50 to 400 

m'kg. Unfortunately, the C3S was overground to a 550 m'kg. So. it was then decided to grind the 

other three phases to around 450 m'kg to lower any effect that might arise from a large dserence 

between the surface area of the phases, while keeping the surface area close to the normal range 

found in Portland cement. 

The C3A mix prepared was not 100% pure C,G but a mixture of GA, gypsurn. and Ca(OH),. 

The reason for this was to include the important role sulphates play in chloride binding, and 

particularly in the case of the C,A phase. Two different mixtures were used to study the e&t of 

sulphate content on the binding properties of the C3A phase.. They were proportioned in terms of the 

molar ratios of C,A. SO,, and Ca(OH)?. Ratios of 1.0C3A~0.8S03/0.3Ca(O~I and 

1.0C,A/0.4S0,/0.3Ca(O~HX were used for the two mixtures respectively. Similar to GA. a mixture 

of 1 .OC,AF/0.8SO3/O.3Ca(OH), was used to study the binding properties of the C,AF phase. The C,S 

and C2S mixes were 100% C,S and lW! GS respectively. A WlCM = 0.5 was chosen, and the rnix 

water used for al1 mixes had NaOH and KOH in concentrations equal to those of the conml mix 

(0.085 M. and 0.345 M respectively). Table 3-16 shows the compositions of al1 mixtures, 

Al1 mixtures were tested for their chloride binding capacity at different chloride 

concentrations. Four NaCl concentrations were used: 0.1,0.5,1 .O1 and 3.0 molar. The C3A8 and C,S 



mixtures were M e r  tested for the influence of pH, sulphate ion concentration. temperature and 

carbonation on theu chloride binding capacity. in these tests. pH = 14, [SO,'-] = 0.1 M. and T = 7" 

C and 38" C were used. Three NaCl concentrations were used in these tests: 0.1.1 .O. and 3.0 molar. 

The C,A mix was only tested at T= 38 O C (in addition to 23 O C )  since there were not enough samples 

to test at 7" C and 38 O C. Tables 3-1 7 to 3-2 1 sumarize the tests details of Part 3A. 

Table 3-17: Surnmary of Experiments on the Effect of Chloride Concentration in Part 3A 
L d 

Il Factor studied Efféct of chloride conceniration 

Il Mixtures CjS. C?S, CjA8. CIA4, C,AF Il 
NaCl conccntrrtions t u t d  1 0.1.0.5, 1.0.3.0 molar I 

R 

Table 3-1 8 : S u m m a r y  the Effect ofpH in Part 3A 
Ir Y 

Cbbridc solution composition NaCI, Ca(0H): 

Il 
- -  

NaCl conccntntioas t a t d  I 0.1, 1 .O. 3.0 molar II 

I 

Factor studkd 

Muturu 

NaCl. KOH, NaOH (pH=14.0) 
Chbride solution composition NaCI, Ca(OH)2 (pH= 125) 

Efféct of pH of solution 1 

CS.  C,A8 

Table 3-1 9: S 3 
tb 

Il Factor studied I Efféct of sulphate ions in solution I 
NaCl conecatntioas testcd 0.1, 1.0,3.0 molar 

I I 
Cbbridt solution compoaitioi 

NaCI, N+SO,, NaOH ([S0,2*]=û.l molar) 



Table 3-20: Summary of Experiments on the Effect of Tem rature in Part 3A 
P e i  

II Factor studkd 1 Effect of temwrature II 

Il NaCl concealrstioas testrd I 0.1. 1 .O, 3 .O molar Il 
Il Chbride soluthm composition I NaCI, Ca(OH)? Il 
1 Tcmpcnlures testtd 1 T = (7'C)*, 3 'C.  38'C l 

* The C3A paste was not tested at T = 7°C 

Table 3-2 1 : Sumrnary of Experiments on the Effect of Carbonation in Part 3 A 
r i 1  

Factor stadird 

Mixtum 

NaCl concentrstioas tcsted 

1 1  re-carbonated Vs non&nated samples Conditions testcd 

Efféct of carbonation 

C,S, C,A8 

0.1. 1.0.3.0 molar 

I 

In Part 3B. mixtures of SF-lime and MK-lime were tested for theù chloride bindiig capacity. 

Three different proportions were used for each mixture. They were 112, YI, and 111 by mass 

(SCWime). These proportions were chosen on the basis that up to 30% SF replacement is needed 

to react with al1 the Ca(OH)2 produceci as a result of hydration. Hence. a 3 1  ratio of SF to lime was 

used as an q p e r  lirnit and the other two ratios were spread out in the h o p  that the resulting C-S-H 

hydrates would have different C/S ratios. This would enable us to examine the infiuence of the CIS 

ratio on the binding properties of C-S-H. 

A WICM ratio of 2.0 was chosen d e r  several trials to obtain workable mixes without the 

addition of a superplasticiser. This high WICM was due to the high water absorption of SF and MK 

especially at 2/1 proportions. The mix water contained NaOH and KOH in concentrations similar 

to those found in the control mix. The mixes were cured for 2 months at 38" C to accelerate the 

pozzolanic rea~tions. In addition to the SCM-lime mixtures, a 1 Wh GGBFS mixture (100SL) and 

a SO%OPC-SO%GGBFS (50SL) mixture were tested for their chloride binding capacities. Tables 

3-22 and 3-23 show the mixture compositions and the experimental details. respectively. A 

summary of the experimeutal program is presented in Table 3-24. 

- -~ - - 

Chloride solution composition NaCl 



Mixtures SF12. SF21, SFI 1 ,  MK12, MKI 1. MK21 50% IOOSL 

MK12' 

MKI 1' 

MWI' 

50SL 

lOOSt 

Curing 2 months, 38°C 2 months. 23 "C 

NaCl conccntrrtio~s testcd 0.1, 1.0.3.0 molar 0.1. 1 .O, 3.0 molar 

t The mixing water in the SCM-lime mixtures contained NaOH and KOH in concentrations 
similar to those of the OPC paste. 

2 

- 7 

- 7 

0.5 

0.5 

50 

33.33 

50 

66.66 

50 

100 

66.66 

50 

3333  



Part 1C 

- 

Part 2A 

Part 26 

- -  

Part 3A 

resiing various bkadcd cemeais witb WKM = 0.3 & 0.5: 
8 Influence of SCM type and replacement Ievel (OPC, 8SF. SKM, 25FA. 40FA. 

ZSL, 40SL. 75FA6SF. 40FA4.8SF, 2SSL6SF. 40SL4.8SF, 75FA I.15FM) 
8 Reproducability of results (replicas of OPC. 8SF, ZSFA. 25SL) 
8 Influence of tempetanue (7°C. 23°C- 38°C) (OPC. 8SF, 25FA. 35SL) 
8 Influence of age @nos, 9moç) (OPC, 8SF. 8MK. 25FA. ZSSL) 

Equiübrium mttbod Vs Poadimg metbod: 
Testing some of the above blends using the Ponding rneihod (OPC. BSF. 8MK. 
ZSFA) 

Reproducibili rad sensitiviîy of tbt quüibrium mcthod: 
Reproducibility of the resulis (4 replicas of the conlrol paste) 
Sensitivity of the raults: 

Influence of sample size (OPC. 8SF. 8SF) 
lnfluence of solution voiume (OPC, 8SF. 8SFl 

InChitice of cnvironmtatrl factors: 
Effeci of pH (pH=13, 13.4. 13.7.14) (OPC, 8SF. 8MK) 
Efiect of SO," ( [Sû,']=O M, 0.01 M. 0.1 M) (OPC. 8SF. 8MK) 
Efféct of Temperature (7°C 23°C. 38°C) (OPC. BSF, 8MK) 
Effécî ofCahonation (OPC. SSF, 8MK) 
Desorption isoîherms (OPC. 8SF, SMK, C4) 

laflueart of ccwat composîtiim rad type: 
Binding isMhenns (Cl. C2. C3. C4, C5, C6. C7. CS, OPC) 
Effect of Si& content (Cl Vs C14S0, and C4 Vs C4-7S0,) 
Effect of cernent fineness (C2 Vs C3 and C4 Vs C4 (2hr) ) 

Testiag Pure Phases ( C A  C,AF, C,S, C a :  
Chloride biinding isotherms (C,A8, C,A4, C,AF, C,S. q) 
Effect of pH (pH=14) (C3A8. C,S) 

a Effect of SO," ( [SO,"]=O.I M) (C,A8. C3S) 
EEect of Tempcrature (7"C, 3°C. 38°C) (C,A8, C3S) 
Efféct of carbonation (C,A8, C,S) 
Desorprion (C,A8, C,S) 
Cmm substi~ion with C3A (CI Vs C14C3A and CI-IOC3A) 

O Cernent substitution widi C A F  (C7 Vs C7-7C,AFl 

Tcsthg SCM-limt miaiires: 
SF-lime(SF21, SFII, SF12) 

a MK-lime (MK21, MKI 1, MK12) 
Testing OPCGGBFS blends (SOSL. 100SL) 



CHAPTER 4 

RESULTS AND ANALYSIS 

4.1 PRASE ONE 

4.1.1 Equilibrium Metbod 

4.1.1.1 Analysis of Data 

In the equilibriurn method, it is assumed that &er equilibrium is reached between the extemal 

solution and the pore solution of the sample. the reduction in the concentration of the host solution 

is attributed to chloride king bound by the cernent. Then, knowing the initial and final 

concentration. the volume of the extemal solution and the dry mass of the sample. the amount of 

bound chloride cm be calculated accordiig to the following formula: 

Cb = 35.453 *V *(C,-C3/Wd 

where C, : amount of bound chloride in mg Cllg of sample, 

V : volume of the extemal solution in ml. 

C, : initial chioride concentration of the extemai solution in moV1. 

C, : k e  chloride concentation at equilibrium of the extemal solution in rnoltl. and 

W, : dry mass of the sample in g. 

The W, mass is calculated using the following formula: 

W,=W,, " ( 1  -511) 

where W, , : mass of the sarnple at 1 1 % rh in g, 

cri: evaporable water content at 11% rh 

Each tested chloride concentration represents a point in the binding isothm. in this case the 

binding isotherms were obtained by plotting, for every concentration studied, the k chioride 

concentration at equilibrium (C3 against the bound chlorides ( Q. An example of a typicd chioride 

bioding isotherm is shown in Figure 4-1. 

Desorption isotherms were determined for selected cases. After equiIibrium was reached, 

and one point of the chloride binding isotherm was determined, the remaining chioride solution was 

mody removed (using a pipette). The sample was then moved to another bottle and either 200 ml 

or 1000 ml of distilled water saturated with Ca(OH& was added to the sample. After a second 

equilibrium was established, the free chioride concentration of the solution was measured. The 
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+ 
control mis 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Cbloride concentrations (M) 

Figure 4-1: Chloride biding isotherm of the comrol mix (CSA Type 20 PC) at 
T=23 O C ,  and W/CM=0.5. 

amount of bound chioride remaining in the sarnple, after the second equilibrium. was determined 

fiom the foilowing equation: 

C, = 35.453 * (V *C,- VI *Ce- C, *(l'+VI-VI))/Wd (2) 

where C2 : chloride concentration &er second equilibrium. molehe. 

V, : volume of solution taken out, including first titrafion, ml. and 

V, : volume of distilled water added, ml. 

C? and C, (determineci h m  equation (2)) represent one point of the chioride desorption isothenn. 

The desorption isotherms obtained in this research consisted of three points as described in Chapter 
'I 
3. 
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4.1.1.2 Reproducibiliîy of  the Equilibrium Method 

To test the reproducibility of the results of the equilibrium method, used throughout this reseach, 

several mixtures were replicated. The comparisons included mixtures that were cast and tested at 

different times, and mixtures that were cast and tested during the sarne pend of time and under the 

same conditions (same chioride solutions, same titrant). The results indicated that the repducibility 

of the results was better when the replicas were cast and tested at the same the,  than when they were 

cast and testeci at différent times. The reason for this is likely to do with the errors associated with 

titrator. the titrant. and the pipette. Figures 4-2 shows the chloride binding isotherms of four replicas 

of the control paste, tested at the same the .  and Table 4-1 summarizes the relevant statistics for each 

chioride exposure. The coefficients of variations indicate a very good reproducibility. Note that the 

coefficient of variation of the data obtained at 0.1 M exposure is lower than the other coefficients 

of variation. This is possibly due to the fact that no dilution was needed to determine the equilibrium 

chloride concentrations at 0.1 M chioride exposure. Figure 4-3 shows another example. 

+ 
CoatroU 

+ 
ConirolJ 

* 
Controid 

u.u - - - - - - 

0.0 0.5 1 .O 1.5 2.0 2.5 3.0 
Chloride conceatntions (M) 

Figure 4-2: Chloride binding isothemis of 4 replicas of the control mix. T=23 "C, and 
W/CM=0.5. 
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Table 4-1 : Statistics for the chloride binding data of 4 replicas of the control paste (shown in Figure 

0.0 0.5 1.0 15 2.0 2.5 3.0 
Chloride concentration (M) 

Figure 4-3: Chioride bmding isathenns of 2 replicas of the 8SF(8% silica fbme) paste. WICM = 0.3 
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1.1.13 Influence of Sample Sue 

Three different sample masses were tested: 12.5 g, 25 g, and 50 g. The liquid to solid ratio was the 

same for al1 three sizes. The initial chloride concentration of the host solutions was 3 M. The results 

in Figure 4-4 show no dear trend indicating that the sample size has an influence of on chloride 

binding. The differences between the binding capacities of samples of the same paste were smdl. 

4.1.1.4 Influence of Solution Volume 

Figure 4-5 shows the results of the study on the influence of the host solution volume on the chloride 

binding capacity of cernent pastes. Three different volumes of NaCl solutions were tested: 30 ml. 

40 ml. and 60 mi. while keeping the mass of samples at 25 g (different liquid to solid ratios). The 

initial chloride concentration in the host solutions was 3 M. No dear trend was detectable in these 

resuits. 
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25 50 
Sample size (g) 

Figure 4-4 intluence of the simple sue on the chbride binding capacity of paste. The WICM ratio 
is 0.5 and the chloride concentration of the solutions is 3 M. 

30 40 60 
Chlofide solution volume (ml) 

Figure 4-5: lotluence of the chloride solution volume on the bioding capacity of paste. The WKM 
is 0.5. and the initiai chloride concentration of the solutions is 3 M. 
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4.1.1.5 Time to Equilibrium 

The time to reach equilibriurn between the extemai solution and the pore solution of the paste 

samples was determined by checking the chioride concentration of additional samples prepared 

specifically for this purpose. The initiai chioride concentration of these samples was 3 M since it 

was assumed that the samples with the highest initiai chioride concentration would take the longest 

time to reach equilibrium. The results show chat the tirne to reach equilibrium was a function of the 

W/CM and mix composition as shown in Figures 4-6 and 4-7. In the case of samples with 0.5 

WICM, the chloride concentration starts to stabilize afîer about one to two weeks and becomes 

nearly constant after about three weeks. This was the case for al1 cements used. The mixture with 

silica fume took a longer Ume to reach equilibrium. The chloride concentration stabilized a f h  about 

three weeks and became constant afler mund one month period. Specimens fiom pastes with 0.5 

W/CM ratio were titrated after six to eight weeks of king submerged in chloride solutions. For the 

samples with 0.3 W/CM ratio. the chloride concentration started to level off afler approximately one 

monh and became constant at around two months in the case of the control mixture. The chioride 

concentration in the mixture with silica fume was still decreasing at a very srnail rate afler three 

months. These samples were titrated f ier  six months of exposure to the chloride solutions. 

4.1.1.6 Chlonde Binding tsotberms 

Figure 4-8 shows a typical set of experirnental data for one of the studied mixtures. The X - axis 

represents the free chloride concentration at equilibrium in (molenitre). and the Y- axis represents 

the arnount of bound chloride in (mg of chloride/g of sarnple). As mentioned before, this 

relationship is a chioride binding isotherm. It is clear fiom this figure that chioride binding 

isothem are non-linear. Other researchers aiso found non-linear binding isothems (Sergi et al., 

1 992; Tung & Nilsson, 1993). To illustrate this, both Iinear and non-linear isothenns were fitted to 

the experimental data. An example is show in Figure 4-9 which indicates that the Freundlich 

isotherm best describes the binding relationship. This was the case for aU 11 mixtures. The 

Langmuir isotherm also fitted the da& weU (Table 4-2), but had a lower coefficient of detennination. 

+ . 
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Time (days) 

Figure 4-6: Time required for the chloride concentration to reach equifibrium between the host 
soiution and the p r e  ilution of p a s  with WICM of 0.3. 

+ 
CS cernent 

O 10 20 30 40 
Time (days) 

F i  4.7: The requited to reach the e q u i l i i  chloride concentration between the host solution 
and the pore solution of the CS cernent paste with WKM of 0.5. 
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Figure 4-8: Chloride binding isotherm of the 25FA mix. WfCM = 0.3 and T= 23'C. 

Freundlich 
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Figure 4-9: C w e  nnuig of the experimental chloride ù d h g  &a of the 8MK paste (WICM = 
0.3), using the Freundlich, Langmuir, and k a r  isotherm. 



Results and Analysis 95 

Table 4-2: Coefficients of the Freundlich and Langmuir isotherms (and the corresponding 

The fact that the binding relationship is non-linear is important, since it has been show (IVilsson et 

al., 1993; Mariin-Perez et al., 2000) that the choice of the binding relationship has a considerable 

influence on the results of service-life predictions. This issue is discussed in Chapter 5 ,  

coefficients of determination. i) which were fitted to the-chloride binding data of the mi&s. 
coefficients correspond to unit5 of the binding capacity: mg CUg of sample. W/CM=0.3. T=23"C. 

4.1.1.7 Effect of SCM (WICM = 03) 

Figure 4-10 shows the chloride binding isotherms of al1 the cernentitious mixtures tested at 0.3 

WfCM. These results clearly show that the binding capacity varies considerably with the mixture 

composition. and is ùiauenced by both the type and replacement level of SCM. It is also obvious 

that the control mixture. OPC, has a bigher binding capacity than the majority of the mixtures te& 

This was unexpected since the addition of GGBFS or fly ash (Class F) was expected to increase 

binding judging by the general trends in the literature (Dhir et al., 1996, 1997: Wiens & Schiessl, 

1997). Yet, these results show that GGBFS slightly increased chloride binding at substitution levels 

of 25% while 25% fly ash reduced binding. Even at a replacement level of 40°/0 the fly ash dl 

reduced binding at the lower concentrations (0.1,0.3,0.5 M), but increased binding 

Mixture 

Control 

25FA 

40FA 

2SSL 

lOSL 

8SF 

8MK 

2SFA6SF 

4OFAd.8SF 

2SSL6SF 

10s L4.8SF 

Freundlich Langmuir 

a 

7.60 

6.78 

7.55 

7.93 

8.62 

4.38 

9.84 

4-56 

4.77 

5.59 

625 

a 

3523 

2 1.92 

1914 

41.85 

37.76 

17.78 

29.95 

7.66 

8.9 1 

15.04 

17.68 

B 
0.3 1 

0.38 

0.45 

030 

0.33 

0.33 

0.43 

0.59 

0.55 

0.43 

0.4 1 

b 

3.30 

1.97 

1.35 

3.91 

3 .O5 

2.74 

1.75 

0.58 

0.75 

1.48 

1.61 

$ 

0.999 

0.998 

0.998 

0.993 

0.979 

0.990 

0.998 

0.993 

0.99 1 

0.993 

0.997 

8 

0.9 18 

0.972 

0.978 

0.947 

0.93 1 

0.978 

0.968 

0.982 

0.969 

O .%2 

0.96 1 
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Figure 4-10: Chloride biiding isotherms of the cementitious pastes with W/CM of 0.3. T =23 

at higher concentrations (2.0, 3.0 M). The 8MK (8% metakaolin) mixture exhibited the highest 

chioride binding. and the 8SF (8% silica fume) mix exhibited the lowest binding. ïhe temary blends 

with GGBFS and silica fume addition. exhibited higher binding capacities than the 8SF mix showing 

the beneficial effect of the GGBFS addition. The ternary blends with fly ash and silica fùme 

perfomed better than the 8SF mix only at chioride concentrations higher than 0.7 M. It is of interest 

to notice that tbe binding capacity of the conml mixture at lower chloride concentration (< 0.3 M) 

was among the best. This suggests that at low chioride concentrations the OPC substitution with 

SCMs did not generally benefit the chloride binding capacity. 

The performance of the Class F fly ash was not expected. The relatively high aluminate and 

silicate content in the fly ash should increase the arnount of C-S-H and C-A-H phases, and 

consequently chloride binding wodd be expected to increase. Furthemore, the substitution with fly 

ash shouid d u c e  the pH of the pore solution, which wouid result in an increase in chlonde binding 

as suggested h m  the reported red t s  in the literature (Tritthart, 19896). On the other hand. only 

reactive alurnina and silica in the glas phase of the fly ash will participate in the reaction, and the 
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fly ash reaction is very slow. The fly ash pastes were two months old when they were exposed to 

chioride solutions, Keeping this in mind, one possible reason for the poor performance of the fly ash 

pastes is that the pozzolanic activity of the tly ash did not develop soon enough for its beneficial 

effect to be realised. especially at a WICM ratio of 0.3 in sealed conditions. Another possibility is 

the use of superplasticiser in the mixes. In this context. it is interesthg to mention that Hague and 

Kuyyali (1995) found that the addition of a superplasticiser to fly ash concretes reversed the 

beneficial effect of fly ash on chloride bindig. This was attributed to the negative charge irnparted 

by the superplasticizer to the cernent particles, resulting in a reduction of chloride adsorption by the 

hydration products. 

4.1.1.8 Effect of Temperature 

Before discussing the resuits h m  this test. it is important to mention that during the testing, the 

measures taken to prevent evaporation for exposure ai 38°C temperature were unfortunatety 

insufficient and evaporation occured as a result. The evaporation rates were close to 10 % of the 

initial volumes of the chioride solutions. Taking that into account. corrections had to be applied to 

the titration results. Two assumptions are made in the comtion process: 1 ) the ratio of the initiai 

and equilibrium voiumes of the host solution is equal to the ratio of the initial and equilibrium 

weight of the host solution, and 2) the evaporation does not &éct the equili bnum between bound 

and h e  chloride. This means that the arnount of chioride in the host solution at equilibrium. is the 

same with or witfiout waporaîion. The correctal chloride concentrations at equilibrium are obtained 

as follow: 

v,, 1 v, = w,, / w, 
Ce *VWI = CE *Va 

C,=C,*V,/V,=C,* W,/W,, 

where V,, : initial volume of host solution(without evaporation). 

V,: vo tume of host solution at equilibrium afkr evaporation occurred. 

W :  initial weigbt of host solution (without evaporation) 

W,: weight of host solution at equilibrium aiter evaporation occured. 

Ce: chioride concentration at equilibrium (without evaporation). 
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C,: measured chloride concentration at equilibrium afier evaporation occurred. 

The assumption that the equilibriurn between ûee and bond chloride remained stable during 

evaporation is not accurate. and the higher the evaporation, the higher the error in the resulting 

estimation of the bound chloride. 

Figure 4-1 1 shows a typical result of the effect of temperature on the binding isothenns (the 

chloride binding isotherm at 38°C was plotted against Ce ). It was expected that an increase in 

temperature would cause a decrease in bindhg similar to the general trend fiom the results reported 

in the literature. This. however, was not the case, at least for part of the concentration range 

examineci. as shown in Figure 4-1 t . Starhg h m  the bwest concentration tested. chloride binding 

decreased with an increase in temperature. This wnd was sustained up to a chloride concentration 

around 0.75 M. However. this trend was reversed at higher chloride concentrations. Because 

evaporation oçcured at 38°C . these resdts were judged inconclusive. and as previousiy stated. it was 

decided to repeat this test for mixtures with a WICM ratio of O S .  

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Cùioride concentration (M) 

Figure 4-1 1 : Effect of temperature on the chioride bhding capacity of the 25FA paste with W/CM 
of 0.3. 
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J.l.l.9 Effect of SCM (WICM = 0.5) 

Figure 4-12 shows the effect of SCM replacement of cernent on the chloride binding capacity. The 

results show again the considerable influence of SCM replacement of cement on the binding 

capacity. This tune however, the mixtures containing SCM exhibited higher binding capacities than 

the ones with a 0.3 WICM and having the same SCM types and replacement levels. This was not 

the case for the control mix which exhibited only slightly higher binding at 0.5 WICM ratio than at 

0.3 WICM ratio. Unlike the case of the 0.3 WICM. the 25FA mix exhibited a higher binding 

capacity than the control mix. in fact, al1 three mixes containing fly ash bound more chlorides than 

the control mix. The 8MK and 8SF mixes bound the most and least amount of chioride respectiveiy. 

Figure 4-13 shows the chioride binding isothenns for mixtures cured for 9 months. Similar 

trends IO those in Figure 4-12 can also be seen in this figure. The ternary mixture containing 25% 

GGBFS and 8% silica t h e  exhibited higher binding than the control mixture. while the ternary 

mixture with 25% fly ash and 8% silica fume only exhibited higher binding at chloride 

concentrations higher than 1 M. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
Chloride concentration (M) 

Figure 4-12: Chloride binding isotherms of pastes made of dSerent cementitious systerns with WICM 
of O S  and 2 months age. 
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Figure 4-1 3: Chloride bindmg isotherms of pastes made of different cementitious systems with a 
WICM of 0.5 and 9 months age. 

The striking aspect of the results show in Figures 4-12 and 4-13 is that the binding capacity 

of the control mixture at 0.5 WICM ranks among the lowest binding capacities. whereas it ranks 

among the highest for mixes at WICM ratio of 0.3. This is due to the fact that mixtures with SCMs 

addition exhibited a noticeable increase in binding capacity compared to the slight increase exhibited 

by the control mixhue, when the WICM ratio was increased fiom 0.3 to O.S. This is probably due 

to the higher hydration rates in the mixes with WICM ratio of 0.5. which also means higher 

pozzolanic activity of the added SCMs. This higher pozzolanic activity in mixes with metakaolin, 

fly ash, or GGBFS addition, will result in the formation of more C-A-H, C-A-S-H, and C-S-H 

phases, and a consequent increase in chemicai and physicd binding capacity. In the case of silica 

firme. it is more difficult to explain why the addition of silica fume to cement causes a reductioa in 

binding. The d t i n g  increase in C-S-H and reduction in pH, should supposedly inmase bkding, 

and the small dilution of C,A alone m o t  possi'bly account for the reduction. It has k e n  suggested 

that the d- in the CIS ratio of the C-S-H d t s  in a reduction of bound chioride (Beaudoin et 

al.. 1990; Glasser, 1993). This would explain why, despite the uicrease in C-S-H, the overall effect 

wouid be a decrease in biding. 
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It is interesting to notice that while al1 three fly ash mixes exhibited higher binding than the 

control mixes. there was no obvious aiteria or factor such as Al,O, or Ca0 content that was decisive 

in the way they ranked among each other, indicating the possibility that more than one factor 

influence the perfomance ofthe fly ash. It should be mentioned in this context. that the 25FA2 paste 

which had the highest binding capacity of the three fly ash-cernent pastes, contained fly ash having 

high dumina content and reiatively high calcium content. Another possible explanation for the 

unpredictability of the fly ash performance is that chloride binding properties of fly ash do not 

depend on the total content of alumina and silica, but on the quantity of reactive alumina and silica 

since only the reactive part of the alumina and silica participates in the pozzolanic activity of the fly 

ash, and consequently the binding reactions. It seems. however, that a higher number of fly ash 

should be tested to be able to determine the important factors affecthg the performance of fly ash 

in fly ash-cement pastes. 

The use of the method describeci by Tang and Nilsson (1 993) to examine the efféct of SCM 

on the chloride binding capacity of SCM-cernent mixtures was reported by other workers (Dhir et 

al., 1994. 1996: Delagrave et al.. 1997). These workers used cnis hed samples instead of discs. whic h 

were used in this thesis. Although. the cementitious material used will have a marked influence on 

the binding capacity. it is reasonable to compare the binding capacities of mixtures having close 

chernical composition. It is generally noticed that the results of other studies are remarkably higher 

than the results of this study for pastes of close mixture design. The differences seem to increase 

with chloride exposure. The results of Dhir et al. (1 994, 1996) represent an extreme case in this 

respect. These resuits show binding capacities for GGBFSçement pastes (33.3%) and fly ash- 

cernent pastes (33%) (see Figures 2-8 and 2-9) that are as much as 70% higher than those of the 

25SL (25% GGBFS) and 25FA (25% fly ash) pastes at 1 M exposures, and are 200% higher at 3 M 

exposures. The results of Dhir et al, (1 991, 1996) indicates that the binding isotherms are linear. 

But. the results presented in this thesis, and those of Delagrme et al., 19Ç7 clearly show non-linear 

binding isothenns. It should be mentioned that Dhir et al, (1 994, 1996) used a different method to 

determine the equilibrium chloride concentrations, which might bave contributed to the observed 

differences. Nevertheless, the differences in sample preparation did contribute to the observed 

differences between the chloride binding capacities. Preliminaty test results at the University of 

Toronto Uidicate tbat ~ushing the samples have a remarkable eEect on the results (see AppendixE). 
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4.1.1.10 Efîect of WICM 

The results of Sections 4.1.6.2 and 4.1.7.4 showed that the blended cement mixtures exhibited 

apparent differences in their chloride binding capacities when tested at 0.3 and 0.5 WICM (Figure 

4-14). These mixtures contained a superplasticiser at 0.3 WICM since it was difficult to produce 

mixtures of reasonable workability at this W/CM without the use of a superplasticiser . The use of 

superplasticiser could have confounded the effect of W/CM ratio. since it has been reported that 

some superplasticisers influence the binding capacity (Mors, 1986; Glasser. 1991; Haque & 

Kayyafi, 1995~). Delagrave et al. (1997). obtained a similar trend when they tested a silica fume- 

cement paste (6% silica fiune) at WICM of 0.25 and 0.45. Their results showed the degree of 

hydrations of the two pastes were markedly different (47% and 62% respectively). The authors 

argued that the low degree of hydration in the paste with WlCM of 0.25 has probably enhanced the 

influence of silica fume on the mean C/S ratio of the C-S-H. since silica fume is still very reactive 

material even in Iow WICM mixtures. According to the authors. the reduction in the CIS ratio of 

the C-S-H would reduce the number of adsorption sites, Their results also showed a marked 

reduction in the Friedel's salt peaks at low WJCM ratio (this was aiso observed in the present 

results), which led them to suggest that the formation of Friedel's salt is not only affected by the mix 

composition but is aiso affected by the porosity of the paste and the pore solution chemistry. It is 

suggested here that the observed Iowa binding capacities. at 0.3 WICM, of mixtures containing fly 

ash, slag, or metakaolin is due in part to the lower fomtion of Friedel's salt. which is governed by 

the porosity and the degree of hydration of the paste. It could also be due to a possible lower 

adsorption capacity of the C-S-H at low WICM ratio. 

Figure 4-1 5 shows the effect of the W/CM on the binding capacity of the control mixture. 

While the difference in bindiig between the mixtures with 0.3 and 0.5 WICM is small but 

noticeable, the differwce between the ones with 0.5 and 0.7 W/CM is negligible. This fact possibIy 

indicates that it is not the WICM per se that is influencinp the binding, but i: is rather the degm of 

hydration, which is influenceci by WICM, that affects the binding capacity. This observation is 

consistent with observations made by other researchers (Sandberg & Larsson, 1993; Tang & Nilsson. 

1993). 
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Figure 4-14: Chloride binding isotherms of the 25FA and 8SF pastes at different WICM ratios. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
Chloride concentration (M) 

Figure 4-15; Chloride b i m g  isotherms of the control mix at dament WICM ratios. 
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4.1.1.11 Effect of Age 

Five mixtures were tested for the effect of the curing period on the chloride binding capacity. They 

were tested at the ages of 2 months and 9 months. The results showed that in most cases there was 

no difference in the binding capacity between the 2 month and the 9 month cured pastes as shown 

in Figures 4-16 and 4-1 7. Of the five tested pastes, only the the 8% silica fume mix exhibited an 

increase in its chloride binding capacity at high chlonde concentrations (1 M. and 3 M) with 

additional curing. This doesn't neccesarily mean that the initial curing period has no influence on 

the binding capacity. But in this case, it is possible that the differences in the degrees of hydraiion 

between the specimens testeci at 2 monihs and those tested at 9 months were not large enough (taking 

into account that the specimens continu& to hydrate while king stored in the chioride solutions for 

6 to 8 weeks before being titrated) to cause differences in the chloride binding capacities that are 

large enough to be detected by the method used. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
Chloride concentration (M) 

Figure 4-16: Effect of age on the chIoride bhding capacity of the control mix and the 8MK paste. 
WiCM = 0.5. 
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Figure 4-17: Effect of age on the chloride binding capacity of the 25FA and 8SF pastes. W/CM=0.5. 

4.1.1.12 X-Ray Diffraction Results 

Figure 4-1 8 shows the XRD patterns of samples of the control paste exposed to different chloride 

concentrations. The main purpose of the XRD patterns was to investigate the fomtion of Friedel's 

sait as a result of exposure to chloide solutions. One of the main probiems of identifiying Friedel's 

salt in XRD patterns is that the maximum intensity peak correponding to Friedel's sait aimost 

coincides with that of the C,AH,, phase. Therefore, it is difficult to distinguish between the two 

peaks. The XRD pattern of the sample that was not exposed to chloride (0 M) showed the existence 

of a small peak at the d spacing 7.9A, which was attributed to the C,AH,, phase in the hydrated 

paste. However. the XRD patterns in Figure 4-1 8 also revealed that the peak at d spacing = 7.9A was 

increasing with inmashg concentrations of chioride in the exposure soiutions This means that the 

increase was the result of the formation of Friedel's salt. since there is no reason to attnbute this 

increase to the formation of C,AH,, as a result of increasing chioride concentrations. In fact, it 

would be expected that the C,AH,, would transfom into Friedel's salt when exposed to ïncreasing 

chloride concentrations. Hence, it was concluded that the peaks at 7.9A are Friedel's salt peaks. in 



Results and Analysis 1 06 

.n D 

2-mau 

Figure 4- 1 8: XRD pattern of sarnples of the control paste exposed to different chioride 
concentrations. E: ettringite. F: Friedel's sakt 

addition. the increase in these peaks with incceasing chioride concentrations indicated an increase 

in the amount of Friedel's salt. Another important fact revealed in these XRD patterns was the 

decrease in the ettringite peaks at 3 M exposure, which probably means that the ettringite was 

partially transformed into Friedel's salt at 3 M exposure. The decrease in etttingite peaks at 3 M 

exposure was also observeci in the XRD patterns of samples of other cements (C 1 and C7), as shown 

later in this chapter 

Figure 4-19 shows the XRD patterns of samples of several pastes that were exposed to 3 M 

chloride solutions. These patterns show the effect of SCM replacements on the intensities of 

Friedel's salt peaks. and therefore. on the amount of Friedel's salt formed. There was a positive 

correlation between the maximum intensity peaks of the Friedel's salt phase and the chioride bindhg 

capacities of the sarnples as shown in Figure 4-20. The higher the binding capacity of a sample, the 

higher the maximum intensity peak of the Friedel's sdt phase in the XRD pattern of that sarnple (the 

higher the amount of Friedel's At). This shows that the increase in the binding capacity caused by 

the partial replacement of cernent with meîakaolm and fly ash is at least partially due to the increase 
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Figure 4-19: Cornparison of Friedel's sait paks in the XRD patterns of speeimens of dinerent 
blended cernent pastes, exposed to 3 M chloride solutions. F: Friedel's sait. 

8.0 12.0 16.0 20.0 24.0 
Bound Chlorides (mg CVg sampk) 

Figure 420: Correlation between ihe maximum ktmity  peak of Friedei's At (d=7.9A) and the 
chbride binding capacity of samples of blended cemmt pastes. eexposed to 3 M chbride solutions. 
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in the chetnical binding capacity due to the high alumina contents of these SCM's. This facr is 

further confirmeci in Figure 4-2 1 which shows the XRD patterns of sampies of the 8MK paste that 

were exposed to different chloride concentrations. At high concentrations, the intensities of the 

Friedel's salt jxaks showed large hcreases in cornparison with ttiose of the control sarnples. At low 

concentration (0.1 M). the maximum intensity peak of the Friedel's salt phase was very small despite 

the demase in the monosulphate peak. It is possible that the monosulphate was partially 

transformed into the C,A2.C&CaC1,.24H,0 phase. although it is difficult to confim that fiom the 

XRD parterns. 

O 

B a 

2-naa 

Figure 4-21 : XRD pattern of samples of the 8MK paste exposed to different chloride 
concentrations. E:ettringite, F: Friedei's sait, S: monosulpbate. 
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4.1.2 Ponding Method 

4.1.2.1 Analysis of Data 

The experimental procedures involved in the ponding method were describeci in detail in section 3.3 

of Chapter 3. M e r  titration, data about the total chloride content, free cidoride concentration and 

hydroxyl ion concentration at different depths of the cernent paste becornes available. The total 

chloride profile is presented as total chloride content (% by mass of cernent) versus depth. Sunilarily, 

the free chloride and hyroxyl ion profiles are plotted as fke chloride and bydroxyl ion concentrations 

(molenitre) respectively versus depth. The bund chlorides are calculated h m  the difference 

between the toiai and free chlorides at every depth. However. since the total chlorides and fiee 

chlorides are obtained in different units. values need to be converted before a calculation of the 

bond chiorides can be done. In order to do the conversion. a knowledge of the evaporable water 

content is necessary (assuming that the volume of the pore solution containing the free chiorides is 

equal to the volume of the evaporable water ): 

We = (W, - Wd)/ W* 

where : w, : evaporable water content, g waterlg sarnple 

W, : mass of the saturateci sample, g 

W, : mass of the dry sample , g 

For each of the tested pastes, a cylinder was taken out of the chionde solution at the end of the 

exposure pend, and was sliced across the depth with a dry diamond biade. Four samples (1 5 to 30 

g) were irnmediately weighed (WJ, and then dried to constant mas  in an oven at IO5 O C  (Wd. The 

w, was the average of the four determination h m  the four samples (Table 4-3). 

The bound chlorides are calculated using the following formula: 

C, = C, - 35.453 *w,*cc 

where: C, : bound chionde, mg CVg sample 

C, : total chioride. mg Ci/g sample 

C, : fke chloride, rnmoVml, 

and 35.453 is the molar mass of the chioride ion, g. 

the binding isotherms can be presented either as free versus bound chlorides. or fiee versus total 

chiorides. 
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Table 4-3: Evaporable water content (w,) of the tested pastes. w, was the average of 4 measurements 

w, o f  4 different measurements (4 diffennt sampks) WC 
1 I I 

1 OPC 1 0.2890 1 0.2991 1 0.3081 1 0.2919 1 0.299 

1 UFA 1 0.3409 1 0.3524 1 03543 1 03509 1 0350 

1.1.2.2 Hydroryl Ion Profiles 

The hydroxyl ion profiles are shown in Figures 4-22 to 4-25. These results show that the hydroxyl 

ion concentration in the pore solution decreases with decreasing depih f?om the exposed surface of 

the specimens. This is due to the ieaching of hydroxide as a result of chloride ingress into the 

cernent. This counter diffusion of hydoxyl ions should be taken into consideration in service life 

prediction models because of the effèct on initiation time. in addition when accounting for chloride 

bindiig in service life modeüîhg, the variation of the pH across the depth of the concrete envelope 

and its influence on chloride binding should be taken into account as well. 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 
Depth ( mm ) 

Figure 4-22: Change of pH with depth m the control paste. pH values were calculated fiom [OH-] 
measurernents. 
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Figure 4-23: Change of pH with depth m the 8SF (8% siiica îùme) paste. pH values were calculated 
fiom [OH-] measurements. 

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 
Deptb ( mm ) 

Figure 4-24 Cbange of pH with depth in the 25FA (25% fly ash) paste. pH values were calcuiated 
fiom [OH-] measurements. 
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Figure 4-25: Change of pH with depth m the 8MK (8% metakaoh) paste. pH values were calculated 
fiom [OH-] rnemements. 

4.133 Free Cbloride Profdes 

Figures 4-26 to 4-29 show the free chloride profiles of the four mixtures. Since in this case, the 

cernent pastes are saturated and submerged in the chloride solution. the chloride ions penetrate the 

cement pastes by diilbsion. This diftiision mechanism is described by Fick's second law. Assuming 

that the diffusion coefficient is constant with depth. Crank's solution to this equation was fitted to 

the experimental data using Equation (2-2). Table 4-4 summarizes the results which inchde the 

apparent diaision coefficients, the coefficients of determination (i), and the surfàce concentrations. 

It can be seen h m  the coefficients of detennination that the solution to Fick's second law provides 

a good fit to the free chloride profiles. It should be mentioned that the use of Crank's solution to 

Fick's second law as presented in Equation (2-2), assumes that chioride binding is linear, an 

assumption that is not accurate as shown earlier in this chapter. An account of the non-linearity of 

chloride binding in Fick's equation should result in even better fits. The four mixtures ranked as 

follows: 

D, (OPC) > Da (25FA) > Da (8MK) > Da (8SF) 
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Figure 4-26: Free chloride profile of the control mix. The data was fit with Crank's solution 
to Fick's second law of dif i ion.  

Figure 4-27: Free chloride profile of the 8SF paste. The data was fit with Crank's 
solution to Fick's second law of diffusion. 
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Figure 4-28: FE chioride pmfde of the 8MK paste. The data was fit with Crank's solution 
to Fick's second law of difision. 

F i  4-29: Free chloride profile of the 25FA paste. The data was fit with Crank's solution 
to Fick's second law of diffiision 
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Table 4-4: The difision coefficient (DJ, surface concentration (CJ, and the coefficient of det.(i) 
of the control, 35FA, 8MK. and 8SF pastes, determined by usinfi the fiee chloride profiles. 

Mixture Dm (m21s) C, 6 

OPC 24.85 x 1 O-'' 1 .O9 0.955 

2SFA 2.71 x IO-'' 1 .O8 0.997 

8MK 1.44 x 10"' 1 .O3 0.986 

8SF 0.99 x 1 O-'' 1.15 0.993 

1.1.2.4 Total Chloride Profiles 

The total chloride profiles of the four mixtures. are show in Figures 4-30 to 4-33. Similar to the 

case of free chloride profiles, Equation (2-2) was fitted to the experimental data. The results are 

surnmarized in Table 4-5. Equation (2-2) provides a good fit for al1 profiles as show by the 

coefficients of detennination (i). The apparent diffusion coefficients obtained for these profiles 

were different fiom those obtained for the free chloride profiies, despite the fact that they are the 

same according to Equation (2-1). This might be partiy due to the assumption in Equation (2-2) that 

chloride binding is linear. The ranking of the diaision coefficients was slightly different this time 

with the 8SF mixture having a higher D, than the 8MK mixture. The ranking of the OPC, 25FA, and 

8SF mixtures. were in agreement with resulîs obtained for concrete mixtures using the same 

cementitious materials and proportions, but with lower WICM ratio (0.4) and shorter exposure 

duration (1 2 monhs) (McGrath, 1 995). 

Table 4-5: The diffusion coefficient 03, surface concentration (CJ, and the coefficient of det.(i) 
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Figure 4-30: Total chloride profile of the control paste. The data was fit with Crank's 
solution to Fick's second law of diffusion. 

0.7 1 

F i i  4-31: Total chloride profile o f  the 8SF paste. The data was fit with Crank's solution 
to Fick's second law of dîfhsion. 



Figure 4-32: Total chloride profile of the 8MK paste. The data was fit with Crank's solution 
to Fick's second law of ditXiision. 

F i  4-33: Total chloride profile of the 25FA paste. The data was fit with Crank's solution 
to Fick's second law of diffusion. 
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4.1.2.5 Chloride Binding Isotherms 

Figure 4-34 shows the chloride binding isothexms of al1 four mixtures tested in thÏs study. With the 

exception of the 25FA mixture. the ranking of the mixtures accordiig to their chloride bindmg 

capaçities was the sarne as the one obtained h m  the equilibriurn test method. The 8MK mixture 

exhibited the highest binding capacity, and the 8SF mixture exhibited the lowest binding capacity. 

The 25FA mixture ranked the segond highest at chioride concentrations above 0.5 M , but was the 

lowest at concentrations below 0.5 M. 

The Freundlich and the Langmuir isothenns were fitted to these chioride binding isotherms. 

Table 4-6 show the resuits presnted as a and coefficient for each isothenn. and the coefficient of 

determination (?) of each fit. The coefficients of determination indicate that both isotherms 

provided good fits for al1 the pastes. This confirms that the chloride binding isothenns are non-linear 

as previously found in the equilibrium test method. The Freundlich and Langmuir isotherms 

provided very close fits in tems of the coefficients of determination. Freundlich isotherm fit was 

slightly better in the case of the 8SF and 8MK mixtures, while the Langmuir isothenn fit was slightly 

better in the case of the control mixture and the 2SFA mixture. 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 
Chloride concentration (M) 

Figure 4-34: Chloride binding isotherms of the control 8SF, 8MK, and 25FA pastes obtained using 
the ponding method. 
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Table 4-6: The coefficients of the Freundlich and Langmuir isotherms (and coefficients of 
detennination. fi of the control, 25FA, MK, and 8SF pastes. The coefficients correspond to units 

Figures 4-35 to 4-38 compare between the chloride binding isothenns obtained fiom the 

pnding and equilibrium testing rnebds. The results show that the binding capacities o&tained h m  

the ponding method are generally higher than the ones obtained h m  the equilibrium method. While 

the agreement was good in the case of the 25FA and 8MK mixtures. the differences were generally 

between 20% to 30% in the case of the control and the 8SF mixtures. Taking into account the 

inaccuracies and assumptions made in both methods, and especially in the ponding method, the 

agreement between the results is considered to be good. It is worth mentionhg that the binding 

isotherms obtained h m  the equilibrium method were obtained at a constant pH. while the binding 

isotherms h m  the ponding method were obiained at variable pH. This pH variation across the 

depth would have affecteci the bindiig isothms obtallied ûon the ponding method, since it is shown 

later in section 42.2.1 that the pH of the pore solution affects the chloride binding. It might have 

also pady contributed to the innacuracies in the cornparisons between the binding isothenns 

obtained h m  both methods. 

of chioride binding capacity: mg CYg sample. 

A 

Freundlicb 

Langmuir 

Mu 

control 

25FA 

8MK 

BSF 

Mir 

cootrol 

25FA 

8MK 

%SF 

a 

10.21 

11.25 

2 1 .O9 

935 

a 

54.94 

23 .O6 

37.36 

58.12 

fi 
026 

0.7 1 

0.7 1 

0.39 

b 

4.42 

0.95 

0.8 1 

5.75 

8 

0,983 

0.96 1 

0.99 

0.985 

8 

0.99 

0.974 

0.98 

I 0.98 1 
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Figure 4-35: Comparison of the chloride binding irotherms of the control mix obtained using the 
Equilibrium method or the ponding method. 

0.0 0.5 1 .O 1.5 2.0 2.5 3.0 
Chloride concentration (M) 

Figure 4-36: Cornparion of the chloride binding iwtherms of the 25FA paste obtained using the 
Equilibrium method or the ponding method. 
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0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Chioride concentration (M) 

Figure 4-37: Comparison of the chloride binding isotherms of the 8SF paste obtained using the 
Equilibrium method or the pondmg method. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Chloride concentration (M) 

Figure 4-38: Comparison of the chioride binding isotherms of the 8MK paste obtained using the 
Equilibrium method or the ponding methad. 
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4.2 Phase Two 

4.2.1 Effect of Cernent Composition 

1.2.1.1 Cernent Type 

As mentioned in Chapter 3.9 different Portland cements and clinkers were used for this series of 

tests. They were chosen to reflect a varïety of C,A, C,AF, sulphate, and alMi contents. It was 

thought that the results wouid reveal important information about the role of these components in 

the chloride bmding pmess. Figure 4-39 shows the binding isotherms of the different cements. The 

results are also presented in Table 4-7. In general. it cm be noticed that cements with higher C,A 

contents exhibited higher chloride binding capacities than cements with lower C,A contents. This 

trend was clear at chloride concentrations of 1 .O M and 3.0 M. A statisticd analysis was performed 

on the data in order to get more information about the effect of cernent cornponents on the chloride 

binding capacity. The analysis was two parts: in part one. a muti-variable linear regression d y s i s ,  

involving cernent components versus the bound chloride. was conducted for each of the tested 

chloride concentrations. 

0.0 0.5 1 .O 1.5 2.0 2.5 3.0 3.5 
Chloride concentration (M) 

Figure 4-39: Chloride binding isotherrns of cement pastes made fiom severai cements with 
different chemicai compositions. WICM = 0.5, age = 2 moatbs. 
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Table 4-7: Chloride binding capacities (mg Ci/g sample) of the tested cernent pastes. at O. 1 M. 1 .O 
M. and 3.0 M chloride concentrations. WiCM = 0.5 

Chloride concrntratioa in tbe b a t  solution 
Cernent C,A (%) 

O.! M 1 1 M 1 3 M 

concentrations (O. 1M. 1 .OM, 3.OM). The independent variables included the C?A content, C,AF 

content. C , S C - S  content, and the SO, content. Table 4-8 shows the values of the different cernent 

components in the cements. The Na@, content was exduded fiom the analysis der  a preliminary 

Table 4-8: Contents of cernent components that were! considered in the correlation study with the 
chloride bindinp capacities of the cements 

I i 

1 1 Cernent componenîs and their contents 1 
mix 

CI 

C2 

(3 w) 
O 

IO79 

C,AF (%) 

13.62 

7.75 

m, (.A) 

2.65 

4.12 

C,S+C,S (Yi) 

78.69 

68.46 

Na,Ot ( O h )  

0.28 

1.19 
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correlation study revealed the Na@, had good correlation with the C,S+C,S content. and some 

correlation between the N+O, and C3A content as shown in Table 4-9. The analysis was done using 

single-, double-, and multi-variables versus the bound chioride. The aim was to obtain more 

information on the roles of the individual components. and on the mutual influence of some 

components (e-g. the influence of SOI on C,A). in part two. a similar analysis was performed, 

involving cernent components versus the a and fi coefficients of the Freundlich isotherms. It was 

hoped that these analyses would provide information on the d e s  of the different cernent components 

in chloride binding, the relative importance of chernical and physical binding, and whether the 

binding isotherms could be predicted from the cernent components. 

Tables 4-10 and 4-1 1 present the results of the first part of the statistical analysis. Table 4-10 shows 

the coefficients of detemination. i. of the different permutations. On a single basis, the results 

show that the C,A content is the ody factor chat correlated well with the binding capacity at high 

concentrations (1 M. 3 M). This indicates that the C,A content is the most decisive factor (on an 

individuai basis) in chloride binding at high concentrations. The low correlation of C,A at low 

chloride concentration indicates ihat other factors have decisive roles in chioride binding rit low 

chloride concentrations. 

On a pairwise basis, the (C,A, C,AF) pair has the best correlation with the binding capacity 

at high chloride concentrations (1 M, 3 M). The contribution of C,AF was notable as show in 

Table 4-10. This indicates that the C,AF content possiily plays a detectable role in binding at high 

chloride concentrations. This also indicates that chemicai binding is a major part of the binding 

capacity at high chioride concentrations. It is interesthg to notice that the pair of C,A and SO, 

contents correlates the best at low chloride concentrations. The results in Table 4- 10 indicate that 

the S03 content has a negative influence on bindiag, and its role is more decisive than the C,A d e .  

Table 4-9: Correlation coefficients (e) among the cernent components. 

C, AF 

0.13 
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0.1 

0.0 1 

O 

CSS+CzS 

0.26 
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0.17 
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C A  

C,AF 

C,S+C,S 

so, 

Na&)e 

C d  
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O. 13 
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O 

0.53 

SO, 

O 

0.0 1 

037 

I 

0.29 

I 

b o *  
0.53 
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0.73 
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Table 4-1 0: Coefficients of determination (?) of various permutations of cernent components versus 

no. of tcsted I 9 coeffiiienîs at different chloride concentmtioas 
Cernent componcnts 

variabks 0.1 M 1 I M 1 3 M  

Table 4-1 1 : Coefiicients of the cernent components in selected multiple linear regression equations 
that correlate the best with the binding capacity at different chloride concentrations. The equations 
have the fom: C, = a+bx, +cxz+..., where a, b, c, ... represent the intercept and the slopes of cernent 
Dmponents respectively. x, x?, ... represent the cernent cornponents. 

I I I l 1 
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The previous results suggest that the SO, has a more negative influence on C3A at low chloride 

concentrations than at high chioride concentrations. 

On a multivariable basis the results show that the group of C,A, C,AF. and C;S+C,S contents 

correlate best with the binding capacity at aimost ail concentrations. The correlation with the 

binding capacity is very good. it is very interesthg to notice the linear regression equations at low 

and high concentrations in Table 4-10; the coefficients of the C,A, C,AF. and C@C+, suggest that 

the C,S+C,S content pkays the major in chloride binding at tow chioride concentrations. and aiso 

plays a major role dong with the C3A and C,AF at high chloride concentrations. The reason for the 

poor correlation between ihe C3S<-S content and the binding capacity is due to the relatively srnail 

variation in the C,S+CzS content of the ciiffereut cements. The good correlation of the C3A content 

with the binding capacity at high chloride concentrations is due to the relatively large variation in 

the C3A content of the different cements. On the other band. the regression equation of the C3A. 

C,AF, and C,S+C7S at I M chloride concentration indicates that the role of the GS+-S is minor in 

comparison with the combineci role of C3A and C,AF, which does not fit well with the results of the 

0.1 M and 3 M concentration. 

Before analyzing the resulîs of part two of the statistical analysis, it is convenient to review 

the influence of the a and parameters of the Freundlich isothemi on the stiape of that function 

which describes the binding capacity at different chloride concentrations. With a Freundlich 

isotherm, C, is a hear fimcuon of a . This means that for a constant p, any change in a affects the 

binding isotherm in a proportional way: if a increases by 1 W h ,  then the binding capacity, at any 

concentration. inmases by 1Wh. Also with a Freundlich isotherm, C, is a non-linear tùnction of 

P : 
for Cr < 1 if $ increases. then C, decreases, 

for Cf> 1 if p increases, then C, increases. 

Within the ranges of values of the a and parameters obtained in this study (Table 4-12). the 

influence of p is minor at chloride concentrations higher than 1 M. The innuence of g is small but 

noticeable at low chloride concentrations. Hence. while a has a decisive influence on the binding 

capacity at aii concentrations, $ has an apparent influence on the binding capacity only at Iow 

concentrations. The binding capacity is proportional to a. and inversely proportional to B. 
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Table 4I2:a and parameters(Freundiich isothm) correspondent to the cements used in this study. 
I I d 

Table 4- 13 shows the coefficients of detennination. 8. of the various permutations of cernent 

components versus the a and fl parameters. The C,A content is the only single variable that 

correlates well with a (positive correlation), and the SO, (negative correlation) content as well as 

the C,S+C$ content (negative correlation) have correlation coefficients with higher than 0.5. On 

a pairwise bais, the C , k  C,AF pair correlates best with a. while the SO,, C,S+C,S conelates best 

with B. These results mean that a is mostly innuenced by C,A and CJF. and PT which affects the 

lower part of the binding isotherm. is m d y  influenceci by SO, and the C3S<-S. The rnutivariable 

analysis shows that the C3A, CJF, SO, group of variables has very good correlations with both a 

and p. Also, the C,A, C,AF, GS+-S group codateci very well with a. These tesuits indicate tbat 

the binding isotherm of a cernent cm be predicted fmm the contents of some of the cernent 

components. If this kding holds tme for other cases. it would be of practical significance, since 

it would enable the detennination of the binding isotherm without the need for binding tests. The 

linear regression equations show that C,A, C,AF, and C,S+C2S have positive infiuence on the 

binding capacity, and the SO, has a negative idluence on the binding capacity. The equation 

correlating C,A, C,AFT and C,S+C,S to the value of the a coefficient is 

a = -12.44 + 0.86*C,A + 0.44*C,AF + 0.16*(C3S+C2S). 

This equation shows that a is mostly sensitive IO the C,A content. and lest  to the C,S+CIS content. 

Cernent 

C 1 

C2 

C3 

C4 

CS 

C6 

C7 

Control 
+' 

Freundlicb parameters 
r 

a 

6.17 

11.1 l 

9.34 

12.05 

930 

11.95 

5.67 

8.15 

B 
0.35 

0.37 

0.39 

03  1 

0.33 

0.32 

0.29 

0.34 
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Table 4- 13: Coefficients of determination (?) of various permutations of cernent components with 
he a and B parameten. - 
nb o f  testtd I Coefficients of determination ( 8) 

Cernent components 
variables a 0 

- ~ ~ ~ - - - - - - - -- 

C4AF, C,S+C2S 

C4AF, SO, 

C,S+C2S, SC& 

C,A, C4AF, C,S+C,S 

C,A, C4AF, S0, 

Table 4-14: Coefficients of the cernent cornponents in selected linear regression equations that 
correiate the best with the a parameter. 

Table 4-15: Coefficients of the cernent components in selected linear regression equations that 
correlate the best with the B parameter. 
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The results of the statistical analysis showed the following: 

1 - The C3A content of cement is a good indicator of the chloride binding capacity at high chloride 

concentrations (e.g. 1 M, 3 M), but not at low concentrations. While this indicates a decisive role 

of the C,A in chloride binding at high cbloride concentrations, it does not necessarily mean that the 

C3A makes a major contribution to the binding capacity. The results of this anaiysis pointed to the 

possibility that the C,S and &S might be responsible for a major part of the binding capacity despite 

its poor correlation with the binding capacity. The poor correlation might be due to the relatively 

smdl variation in the C,S+C,S content among the different cements. resulting in smdl differences 

in their contribution to the bindiig capacity. On the other hand. the relatively large variations in the 

C3A contents of the different cements result in relatively large differences in their contributions to 

the binding capacity, which makes the binding capacity more sensitive to the C3A content. The low 

correlation between the C3A and the bindiig capacity at low chloride concentrations, and the good 

correlation between the C,A, SO, and the binding capacity suggest that the negative influence of SO, 

on the role of C,A is more noticeable at low chioride concentrations. 

2- The good correlation of the C3A. C,AF pair with the bindhg capacity at high chloride 

concentrations but not at low concentration. suggests that the role of the chernical binding capacity 

is more pronounced at high chloride concentrations than at low concentrations. 

3- More tban one cement component affects the chloride binding capacity, including C3A, C,AF, 

C,S+C,S. SO,, and probably other factors that were not addressed here 

4- The bhding isotherms (a and of the F r e d c h  isotherm) can be reasonably predicted h m  the 

cernent composition (as the rdts  of the second part of this anaiysis indicate). The a coefficient can 

be predicted by either of the following equations, based on Bogue cdcdated compounds: 

a = 0.86 *C3A + 0.44 *C,AF + 0.16*(C3S+C2S) - 12.44 (6 = 0.94) 

a = 0.65 *C,A + 0.24 *C,AF - 0.35*SO, + 3.38 (fz = 0.94) 

The coefficient can be predicted by the foiiowing equation: 

B = 0.003 *C3A + 0.005 *C,AF + 0.0 19 *S03 + 0.23 (6 = 0.94) 
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Because of the small size of the sarnple (number of tested cements) tested in this analysis, 

it is not known how general these prediction equations are. To check these prediction equations. an 

anempt was made to predict the chloride binding isotherms of two cements that were used by 

Delagrave et al. (1997). The two Portland cements were ASTM Type ï and Type V. Table 4-16 

shows the Bogue composition. SO, content. and fineness of the two cements. and of the control 

(OPC) cement used in this thesis. Table 4-17 presents the predicted biiding capacities. using 

equations 4-6 and 4-8, and the experimental binding capacities, obtained fiom the Freundlich 

isotherms that were fitted to the experimental data. The chloride binding capacity of the control 

cement paste is also presented in Table 4-1 7 for the purpose of the discussion. 

Table 4-1 7: Predicted and experimental chioride bindiing capacities of the two tested cements. The 

Table 4-16: Mineralogical composition SO, content. and fineness of the two cements (and the 
control mix) used to check the equations for predicting the constants of the Freundlinch isothem. 

binding capacities of the control mix (OPC) are also included. 
1 I 1 

* Values presented in this table were obtained b m  the Freundlich isottierms that were fined to the 

Blainc (m21kg) 

462 

j80 

376 

experimekl chloride bincüng data 

While the experimental binding capacities of the two cernent pastes were almost the same. 

C,S (%) 

68.7 

54.9 

57.6 

C,AF (%) 

5.1 

13.3 

8.8 

TYP 1 
I 

TYP V 

OPC (control) 

the predicted binding capacities of the paste made with the Type I cernent was oniy slightly higher 

C,A (%) 

7.4 

1.8 

5.9 

(10%) than those of the paste made with the Type V cernent. This slight diffaence (despite the 

C,S (Oh) 

5.8 

72.5 

17.6 

SO, (Oh) 

3.5 

-.- 7 7 

1.8 
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considerable dierence in the C,A contents) reflects the fact that the C,AF content is emphasised in 

Equation 4-6 (the slope of C,AF is haif that of the C,A). The predicted binding capacities were 

generally lower than the experimentaily obtained ones. The differences increased at higher 

concentrations (20.5 M). and were between 20?/i25%. However, these differences were not totally 

due to the prediction model. The data of &lagrme et al. (1997) were obtained fiom powdered 

samples, while the data in this research were obtained f?om broken discs. As mentioned earlier. 

powdered samples tend to give higher bindiig capacities than samples made fiom discs. especiaily 

at higher concentrations. Data in Table 4- 17 show the higher binding capacities of the Type 1 cement 

paste (obtained with powdered sarnptes) compared to those of the control paste (obtained with 

samples made h m  discs), despite their close chernical composition. However. the predicted 

tiindiig capacity of the Type 1 cernent paste is almost the same as the binding capacity of the control 

paste. Hence. part of the observed differences is possibly due to the differences in the experimental 

procedures. It seems that the prediction of binding isothenns of cernent pastes is possible. But. more 

work is needed to be able to produce a diable prediction model. Since the experimental method 

used to produce binding data will influence the prediction models, it is important to elaborate a 

method that would produce chloride binding data that are ciose to what will be obtained under 

realisitc conditions. Also. the more is the number of cements tested. the more likely it is to cover 

the different factors that affect the chloride binding capacity. Finally, a very important criterion in 

the development of a prediction model. is the choice of factors that are considered influenciai in the 

binding capacity. Some factors were ornitteci in the present attempt and need to be considered in 

future ones. 



Rcsuits and Analysis 132 

4.2.1.2 Effect of  Sulpbate Content 

As mentioned in Chapter 3. cements Cl and C4 were chosen to study the effect of sulphate content 

on the chioride binding capacity of cement. About 4% and 7 % SO, were added (as gypsum) to C 1 

and C4 respectively. It was assumed that the added SO, wouid convert the C,AF of the C 1 cernent 

(0% C,A, 14% C,AF) into ettringite (assuming that they totally react together), and the C,A and 

C,AF of the C4 clinker (1 1% C,A. 7% C,AF) would be mostly converted into ettringite. Thus. it 

was also assumed that any observed reductions in the chloride binding capacities were the results 

of decreases in the chernical binding capacities. Figures 4-40 and 4 4 1  show the effect of suiphate 

content on the chloride binding capacities of the two cernent pastes. These resuits show large 

reductions in the bindiag capacities of the two cements as a result of the SO, additions. Four 

observations can me made regarding these resuits. First, the increase in the SO, contents of the two 

cements had an imporiant (negative) impact on their binding capacities. This conîïrms the finding 

in the previous section regarding the negative role of suipinte in chloride binding. It shouid be k q t  

in rnind however. that the suiphate contents in this study were much higher than the normal sulphate 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Chloride concentration (M) 

Figure 4-40: Chloride binding isotherms ofthe Cl paste (0% C 3 4  13.6% C,AF) and the C MSO, 
paste. The increase in the S03 content of the Cl-4S03 paste caused a large reduction in its biding 
capacity . 
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0.0 0.5 1 ,O 1.5 2.0 2.5 3.0 
Chloride concentration (M) 

Figure 4-4 1 : Chloride bindig isotherrns of the C4 paste ( 1  1.1% C,A) and the C4-7S0, paste. 
The uicrease in the SO, content of îhe C4-7S03 paste, caused a large decrease in its binding 
MPW 

contents in cements. Hence. the actual effect of the SO, content on the binding capacity is not as 

smng as the r d t s  of this section show. Second. the large decrease in the binding capacity of the 

C4 cernent is an indirect proof of the importance of the chemical binding capacity of that cement. 

and consequently the importance of tbe C,A in chloride binding. Third, the decrease in the binding 

capacity of the Cl cernent is an indication ofthe ability of this cernent (with 0% C,A) to chemically 

bind chlorides. and that the C,AF most likely bhds chlorides and plays a noteworthy role in chloride 

binding as indicated in the ptevious section. Finaily, the fact that these nvo cernent pastes still had 

considerable capacities to bind chlorides, especially in the case of the C 1 cement. is an indication 

of the existence of other mechanisms of chloride binding (8ssulILing that ettringite does not bind nor 

is ttatlsfonned into Friedel's salt), particularly physical binding. 
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43.13 Effect of Cernent Fineness 

Figure 4-42 shows chloride binding isotherms of the C2 and C3 cements. These two cements were 

h m  the same source. and had very similar compositions except that they haâ different fineness. C2 

was a CSA Type 10 cement with a surface area of 407 m'kg and C3 was a CSA Type 30 cement 

with a &ce area of 523 m'kg, and with 0.3% more SO,. The resuits show that C3. which had a 

higher surface area than C2. had a lower binding capacity. The difference between their binding 

capacities was small(< 20%). Part of this diffetence might be attributed to the small differences in 

the C,A and SO, contents. To avoid any other innuences than the surface area another test was 

conducted where the binding capacity of the paste. made with C4 clinker (320 m'kg). was compared 

to that of a paste. made with othetwise the sarne clinker, except that the clinker was ground for extra 

two hours (41 1 m'kg) before mixing. The results showed that the pastes had similar chloride 

binding capacities as shown in Figure 4-43. The d t s  of these two tests indicate that the influence 

of the cernent fineness is likely small. but the added gypsum. in the case of C3 cernent. to control 

higher heness. may have a negative impact on binding. 

0.0 0.5 1 .O 1.5 2.0 2.5 3.0 
Cbloridc concentration (M) 

Figure 4-42: Cbride binding isothenns of the C2 paste and the C3 paste. The two cements are fiom 
the same source and are othenivise similar except that C2 is CSA Type 10 and C3 is CSA Type 30. 
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0.0 0.5 1 .O 1.5 2.0 2.5 3.0 
Cbloride concentration (M) 

Figure 4-43: Chloride binding isotherms of the C4 paste and the C4' paste. Both pastes were made 
from the same cernent (C4), except that the cernent of the C4' paae was ground for an extra two 
hours before being cast and tested for chloride binding. 

43.2 Infiuence of Environmental Factors 

12.2.1 Effect of pH 

The results of this study show that an increase in the pH or hydroxyl ion concentration of the host 

solution will result in a reduction of the chlonde binding capacities of the three tested mixtures. 

These resuits are in agreement with the Literature (Tritthart, 1989b). Figures 4-44 to 4-46 show the 

effect of pH on the binding capacity of the OPC. 8SF. and the 8MK pastes respectively. In generd, 

the effect of pH is rather negligible between pH=13 and pH=13.4, and the effect is small but 

significant between pH=13 and pH=13.7. The eflect of pH varies with the chlonde concentration- 

While it is signifiant at low chloride concentration. it is almost insignificant at higher chloride 

concentrations (especidy at 3 M) as shown in Figure 4-47. It is important to mention that the pH 

values shown in the previous figures represent the initial hydroxyl ion concentrations in the host 

solutions. These values changed &er equilibrium was established between the pore solutions and 

the host solutions, which resuited in a tnluction in the pH of solutions with initial pH=14 and in an 

Ulcrease in the pH of solutions with initial pH=13. 
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0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Cbloride concentration (M) 

Figure 4 4 k  Efféct ofthe pH of the whrtion on the chloride binding capacity of the control mix with 

0.0 0.5 1.0 1 .S 2.0 2.5 3.0 
Cbloride concentration (M) 

F ' i  4-45: E f W  of the pH of the solution on the chioride biodiig c p i t y  of the 8SF paste with 
W/CM of OS.  
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pH=13.7 
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Cblondt concentration (M) 
Figure 4-46: Effst  of the pH of the solution on the chioride binding capacity of the 8M.K pane 
WICM of O S .  

with 

Cbloridt txposun OM) 

Figure 4-47: Effect of the increase m the pH of the host solutiom (fiom pH= 13 to pH=14) on the 
chloride birtding capacities of pastes at different cbloride exposures. WICM = 0.5. 
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The redis  reveal a stronger effect of pH on chioride binding when they are presented as a function 

of equilibrium pH, as shown in Figures 4-48 to 4-50. It is interesting to notice that the effect of pH 

on the binding capacity of these pastes is linear over the range of pH studied. This fact rnakes it 

easier to predict the binding capacity at other pH levels. 

It is known that in concrete structures subjected to chioride ingress. a counter diffusion of 

OK results fiom the difiùsion of Cl-. This results in variation of the pH across the depth of the 

concrete cover. The results of this section show that this variation in pH affects the bùiding capacity. 

Hence. the use of chlotide binding isothems, detennined in the laboratory at constant pH, will 

results in errors when used in service life prediction models. 

13.0 13.2 13.4 13.6 13.8 14.0 
pH at quiiibrium 

Figure 4-48: Muence ofthe pH of the ho% solution (at equilibrium) on the chloride biding capacity 
of the control mVc at different chloride exposures. WICM = 0.5. 
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13.0 13.2 13.4 13.6 13.8 14.0 
pH at quilibrium 

Figure 4-49: Muence of the pH of the host solution (at equilibrium) on the chloride binding capacity 
of the 8SF paste at different chloride concentrations. W/CM = 0.5. 

0.0 J 

13.0 13.2 13.4 13.6 13.8 14.0 
pH at quüibrium 

Figure 4-50: intluence of the pH of the hast solution (at equiiibrium) on the cidoride bi- capacicy 
of the 8MK paste at different chioride concentrations. WICM = 0.5. 
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1.2.2.2 Effect of Sulphate Ion Concentraîion 

An increase in sulphate ion concentration in the host solution led to a reduction in the bindmg 

capacities of al1 three mixes studied. This trend is in agreement with the reported results in the 

literahue (ESfors, 1986: Sandberg & Larsson, 1993). Figures 4-51 to 4-53 show typical results of 

the influence of sulphate ion on the binding capacity of the OPC. 8SF. and 8MK pastes. At a 

concentration of 0.01 M, the influence of sulphate ion is negligible and this is tme for al1 three 

mixes. But, at a 0.1 M concentration the effect is rather strong, as shown in Figure 4-54. The two 

sulphate concentrations chosen in this study represent moderate and extreme exposure conditions 

in tems of seventy according to the British Standard BS8110. While this classification is related 

to soils containing sulphates and is addresseci to the problem of sulphate attack. this study is more 

concerned with the presence of sulphates in environments where chloride attack is the main 

durability issue. This is the case of marine structures exposed to sea water. whece the presence of 

sulphates is another environmental factor that will affect chloride bindinp. in this case the amount 

of sulphates in sea water is more pertinent to the problem. and this amount happens to fa11 in the 

severe and very severe 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Cbloride concentration (BQ 

Figure 4-5 1 : Effect of the dphate ion concentration of the host solviton on the chloride bindiog 
capacity of the conuol mix. WICM = 0.5. 
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0.0 0.5 1 .O 1.5 2.0 2.5 3.0 
Chloride concentration (M) 

Figure 4-52: influence of sulphate ion concentration of the hon solution on the chbride bindimg 
capacity of the 8SF paste with a WICM of O S .  

F i i  4-53: influence of the sulphate ion concentration of the hon solution on the chloride b i g  
capacity of the 8MK paste with WlCM of OS.  



Results and Analysis 142 

Figure 4-54: Decrease in the chloride binding capacities of pastes as a result of an increase in the 
sulphate ion concentration of the host solution fiom O M to 0.1 M. WKM = 0.5. 

category according to the above mentioned classification. in other words. it is between the two 

chosen concentrations. and as an example, the SO, content of the Mediterranean sea is 3.06 (gL) or 

0.032 M (Eglinron, 1998). Judging fiom the results of this study, it is appropriate to assume that 

sulphates in a d  exposure conditions have a negative effect on chloide binding. It is , however. 

worth mentioning that the rate of sulphate penetration into the concrete will be Iower than that of 

the chloride penetration. 

42.23 Effect of Temperature 

The d t s  h m  tbis study confimi the trend found in the case of the mixes with WiCM of 0.3: the 

effect of temperature on binding is concentration dependent. Figures 4-55 to 4-57 show the effect 

of temperature on the biiding isotherms of the OPC, 8SF. and 8MK pastes. The binding increases 

with a decrease in temperature at 0.1 M and 1 M concentrations. But at 3 M concentration, this trend 

is reversed and the binding capacity increases with an increase in temperature, 
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0.0 0.5 1 .O 1.5 2.0 2.5 3.0 
Cbloride concentration (M) 

Figure 4-55: Effect oftemperature on the ctdoride binding capacity of the OPC control mix. WICM 
= 0.5. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Cbloride concentration (M) 

Figure 4-56 EEkt of temperature on the chloride binding capacity of the 8SF (8% silica tùme) paste. 
WICM = 0.5. 
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0.0 0.5 1.0 l .S 2.0 2.5 3.0 
Cbloride concentration (M) 

Figure 4-57: Effect of temperature on the chloride binding capacity of the 8MK (8% metakaolin) 
paste. WICM = 0.5. 

The temperature effect is small at 0.1 M, but it is minor at 1 M. It is interesthg to mention that 

Roberts (1962) found no noticable increase in the solubility of pure Friedel's sait, stored in a 

saturated Ca(OH)? solution, between 25" C and 55" C. AIso, results by ~Maslehuu'din et al. (1 997) 

showed a relatively srnail decrease in the binding capacities of mortar pastes, made with plain and 

blended cements, when the tcmperahue was raised form 25" C to 40" C. 

As mentioned before, most of the published results in the literature show that chioride 

binding dmases with an increase in temperature (Roberts, 1962;Hursain & Rasheedtczafir, 1993; 

Maslehuddin et al., 1996, 1997; Larsen, 1995). Al1 reported results however, come from situdies 

using admixed chiorides. A closer look at these results show that the free chloride concentration 

in the pore solution is at maximum around 1 M. None of these studies involve a case were the k e  

chioride concentration is considerably higher than 1 M. The resuits of this study agree with the 

results found in the literature shce they show the same trend for chloride concentrations of up to 1 

M. At high chloride concentrations (3 M), these resuits show that chioride binding increases with 

an increase in temperature. A possible explanation for tbis behaviour is that the major mechanism 
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conttolling bindiig at high chloride concentrations is positively affected by an increase in 

temperature, leading to an increase in the binding capacity. 

4.2.2.4 Effect of Carbonation 

The experimental resuits h m  the study of the effect of carbonation on the chionde binding capacity 

of cementitious pastes show that pre-wbonation of the cementitious pastes has a negative effect on 

chloride binding. Figures 4-58 to 4-60 show the effect of carbonation on the binding capacities of 

the OPC and 8SF and 8MK pastes respectiveiy. These pastes were carbonateci before king exposed 

to chioride solutions. It is obvious that &nation greatly reduces the bindimg capacity of al1 

mixtures. The carbonated sarnples had their binding capacities reduced by more than 90% in a h o s t  

al1 cases compared to the non-carbonated sampies. This very negative effect of carbonation is 

probably due to the fact that CO, reacts with and eventuaily decomposes al1 of the cement hydrates. 

forming calcium carbonate (MUSSCLIT~, 1998). The binding capacity of the carbonated OPC paste 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
Cbloride concentration (M) 

Figure 4-58: Eflect of carbonation on the chionde binding capacity of the OPC control paste. WKM 
= 0.5. 
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1 Carbonated paste 

n 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

Chloride concentration (M) 

Figure 4-59: Efféct ofwbonation on the chloride bidiog capacity of the 8SF (8% silica nime) paste. 
WICM = 0.5. 

Non-carbonated 

Carboaated paste 
* 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
Cbloride concentration (M) 

Figure 4-60: Effect of carbordon on the chloride binding capacity of the 8MK (8% metakaolin) 
paste. WICM = 0.5. 
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was higher than those of the carbonateci 8SF and 8MK pastes, especiaily at a concentration of 3M 

in the host solution. This might be explained by the f a t  that these mixes were exposed for a longer 

tirne to the C O  gas mixture than was the OPC paste. as explained in Chapter 3. The longer exposure 

period had probably led to the transformation of more cernent hydrates (calcium aluminate hydrates 

and calcium silicate hydrates), responsible for binding, in the 8SF and 8MK pastes than in the OPC 

paste. This might have resulted in the lower binding capacities of these pastes . 

4.2.23 üesorption Isothems 

Five different mixes were tested for desorption. Two samples (25 g) fiom each mix were exposed 

to 200 and 1000 ml of distilled water (saturated with Ca(OH),-. pH = 12.5) respectively. The 

samples were initially exposed to 3 M NaCl solution (at T= 23 OC) for about one year before the start 

ofthe desorption tests. Table 4-18 summarizes the results of this test. At 200 ml dilution. al1 four 

mixtures retained amund 80% of their initiaily bound chlorides. The chloride concentrations at 

equilibrium were between 0.1 M and 0.14 M for the four mixtures. This indicates the existence of 

hysteresis in chioride binding and desorption. It should be mentioned that the higher binding 

capacity observed during desorption is partiy due to the ciifference in the pH of the solutions d u ~ g  

adsorption and desorption. The pH of the solution in the desorption tests was around 12.5 while it 

was around 13 in the adsorption tests. The lower pH increases the chioride biiding capacity as 

shown in section 4.2.2.1). At 1000 ml dilution, the average amount of retained chloride was around 

40 %. The equilibrium chloride concentrations were close to O M, and varied between 0.02 M and 

0.03 M. An interesting f a t  to notice about these mults is the strong non-linearity of the desorption 

isothemis at low chlonde concentrations indicaihg the possibility that most of the bound chlorides 

may be released at 0.0 M chionde concentration. Figures 4-61 to 4-64 show the desorption 

isotherms of the 4 tested pastes. 
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Table 4-18: Results of the d t on samples of several cementitious pastes. 

laitial ctt Ct, 
Exposur Water Added Fiaal [Ctl Before After % remaining min 

e (ml) (pH=12.5) (mg Ch! (mg Cug bouad 
( M l  sam ple) sample) 

Control 3.0 200 0.123 1 1.43 8.73 76 

8MK 3 .O 200 0.138 22.82 19.21 84 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Chloride coacentratioa (M) 

Figure 4-61: Chlonde bindiig and desorption isotherms of the control paste. WICM = O.S. 
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Figure 4-62: Chloride bdmg and desorption isothems of the 8MK paste. WlCM = 0.5. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Ciahride concentration (M) 

Figure 4-63: C M d e  bind'mg and desorption isothe~ll~ of the C4 paste. WKM = 0.5. 
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Figure 

1.2.2.6 X-Ray Diffraction Results 

Figures 4-65 and 4-66 show the XRD patterns of samples of the C 1 and C7 cements. The reduction 

in the etüingite peaks at 3 M chioride concentration is a h  observed in these two pastes indicating 

more the possibility that ettringite starts to transform into Friedel's salt at 3 M concentration. More 

interesthg obsirrvations were also made h m  the XRD patterns of the C 1 paste. The C 1 cernent did 

not contain C,A (according to the Bogue caiculation). However, the XRD patterns of samples of this 

paste. exposed to different chlonde concentrations. showed the existence of Friedel's salt peaks. 

These peaks appeared at 0.1 M chloride exposure, and exhibited an increase in intensity at 3 M 

chloride exposure. This meant that these peaks were those of the iron equivaient of the Friedel's salt 

phase, C,F.CaClz.lOHzO, since the CJF content of the Cl cernent was 13.6% by rnass of cernent. 

These peaks provide direct proof of the infiuence of the C,AF phase in chioride binding- 

Figure 4-67 shows the XRD patterns of samples of the C6 paste exposed to different chloride 

concentrations. At O M concentrations, two mLximum intensity peaks of interest were identified; 

the first was that of the monosulphate phase. and the second was that of the monocarboaluminate 
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Figure 4-65: XRD patterns of samples of the C l  paste exposed to diaerent chloride 
concentrations. E:ettringite, F*: iron equivalent of Friedel's salt. 

Figure 4-66: XRD patterns of sampies of the C7 paste exposed to diaerent chloride 
concentrations. E:ettriugite, F: Friedel's sait. 



Results and Analysis 152 

1 . 
2 - m a  

Figure 4-67: XRD patterns of wnples of the C6 pane exposed to dinerent chloride concentrations. 
C: monocaboaiuminate, E:ettringite, F: Friedel's sait, K: Kuzel's salt, S: monosulphate 

phase. C,A.CaC0,.24Hz0. The monowboaiuminate phase was probabiy fonned during mixing or 

hydration (the cernent may have contained CaCO,), since carbonation was unlikely to occur during 

sample preparation because of the steps taken to minimize carbnation. The monocarboaluminate 

peak and the monosulphate peak dissappeared at 0.1 M chloride exposure. Two new peaks appeared 

at this exposure; one was identified as a Friedel's salt peak. and the other was identified as that of 

the C&2.CS.CaC&.24&0 phase. In fact. the maximum intensity peak of the G&.CS.CaC& - 2 4 5 0  

phase was the closest match to the second peak, although it was nota perfect match. Taylor (1992) 

mentioned the existence of The C&.CS.CaCI2.24&0 phase, and Ghser  (1999) named it Kuzel's 

salt a h  its discoveter. Glaser (1999) obtained this phase by reactiag monosulphate and Friedel's 

sait (111 molar ratio), and fomd that its crystal structure was different than those of Friedel's salt and 

monosulphate. The important thing about the possible formation of this phase is the fact that 

Friedel's salt was not the only compund responsible for the chernical buidmg of chloride. An 

equally important phenornenon revealed in these XRD patterns is the contribution of the 

monosulphate phase to the binâing of chloride t h &  the possible transformation into the 
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C,A,.CS.CaC1,24HI0 compound at 0.1 M exposure, and into Friedel's salt at 1 M and 3 M 

exposure. Simiiarly to the case of the control paste. the Friedel's salt peaks increased with an 

increase of chloride concentrations in the exposure solutions. 

Figure 4-68 shows the XRD patterns of sarnples of the C2 paste. Unformately. there was 

no background sample unexposed to chloride solution to compare with the exposed samples. Still, 

the cornparison of the XRD patterns of the samples exposed to diiffint chloride concentrations was 

revealùig. The C2 paste had the hiiighest sulphate content ofall the cements used in this research. and 

evidence of this was seen in the sample exposed to 0.1 M chloride solution were the etûingite and 

monosulphate peaks wete still dominant arnong the calcium aluminate hydrates. It was hard to 

c o n f i  the existence of Friedel's sait at this concentration without a background sample. espesially 

since the Friedel's salt maximum intensity peak was very small at this concentration and could have 

easily been that of the C,AH,, phase. One peak was of particular interest at the 0.1 M exposure, 

since it had a d-spacing very close to that of the maximum intensity peak of the 

C&.CS.CaC12.24H,0 phase. But once again. it was difficult to confirm whether this peak was in 

Figure 4-68: XRD pattern of sampies of ttae C2 paste exposed to different chloride 
concentrations. E:ettringite, F: Friedel's salt, K: Kuzei's salt, S: monosulphate. 
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fact that of the C6A,.CS.CaC12.24H20 phase without the XRD of a background sarnple. The 

fornation of this phase was associated with a decrease in the intensities of the monosulphate peaks. 

indicating the transformation of a part of the monosulphate into the C , A ~ . C S . C ~ C I ~ . ~ ~ H ~ O  phase. 

as was shown in the XRD patterns of the sample of the C6 paste exposed to O. 1 M chioride solution. 

It was not possible, however, in the case of the C2 paste to c0nib-m that a decrease Ui the maximum 

intensity peak of the monosuiphate phase took place at 0.1 M exposure, despite the fact that this peak 

almost dissapeared at 1 M exposure, indicating the contribution of this A h  phase to chloride 

binding. Figure 4-68 clearly shows the increase in the intensities of the Friedel's salt peaks with the 

increasing chloride concentrations of the exposure solutions. This trend was also seen in the XRD 

patterns of samples of the C4 paste, as shown in Figure 4-69. The C4 cernent was not interground 

with gypsum when it was in clinker form, and had the lowest sulphate content of al1 cements. This 

is why there was no signs of the maximum intensity peaks of either ettringite or monosulphate in the 

XRD pattem of the background sample (O M chloride exposure). in fact. it was the peaks of other 

calcium aluminate hydrates that were dominant in the XRD pattern of the C4 background sample. 

1 

x Q 

2-lma 

Figure 4-69: XRD patterns of samples of the C4 paste expsed to different chloride 
concentrations. F: Friedel's salt. 
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ïhese peaks decreased in the sample exposed to 0.1 M chloride solution, and Friedel's sait peaks 

appeared, indicating the transformation of these phases into Friedel's salt. It is interesting to notice 

that the maximum intensity peak of the Friedel's salt phase at 0.1 M exposure had the highest 

intensity cornpared to the ones in the rest of the cement pastes at 0.1 M exposure. The MU) results 

of the C4 paste. together with those of the C6 paste provided clear evidence of the formation of 

Friedel's sait at the low 0.1 M exposure. 

Figure 4-70 shows the MU) pattems of samples of the C4-7S0, paste that were stored in 

different chloride concentrations. The first thing to notice in these patterns is the large maximum 

intensity peak of the ettringite phase which was the result of the sulphate addition to the C4 clinker. 

This phase was non-existent in the C4 paste before the sulphate addition. This confirms that most 

of the C,A and C,AF was transformed into ettringite, and that the reduction in the binding capacity 

was mostly due to the reduction in the chernical binding capacity. A cornparison between Figures 

4-50 and 4-51 shows the large reduction in the intensities of the Friedel's salt peaks of the C4-7S0, 

samples compared to those of the C4 samples. Neverthekss. srna11 Friedel's salt peaks were present 

O 

a ao 10 

2-Rieta 
Figure 470: XRD patterns of samples of the C4-7S0, paste exposed to dEerent chloride 
concentrations. E:ettringite, F: Friedel's salt. 
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at 1 M and 3 M chloride expsure, and the ettringite peaks exhibited a small reduction at 3 M 

chloride exposure. This indicates that despite the large decrease in the binding capacity, a part OF 

that binding capacity of the C4-7S0, paste, at these concentrations. was due to chemical binding. 

This indirectly prooves that the binding capacity of the C4 paste was largely a chemical binding 

capacity at high concentrations (1 M , and 3 M). At 0.1 M concentration. there was no trace of 

Friedel's salt. This reinforces the earlier suggestion that the C-S-H might play a appreciable role. 

at least at low concentration. 

Figure 4-71 shows the XRD patterns of samples of the control paste which were stored in 

chloride solutions (3 M) ûaving different pH levels @H=13 and pH=14). These XRD patterns show 

that the intensities of Friedel's salt peaks are almost the same in both samples. This was not 

unexpected since the change in the chloride binding capacities of the two samples is small(<20%) 

which probably makes it dificuit to observe any c h g e  in the intensity of the Friedet's sdt peaks. 

it is also possible that the observed change in the binding capacity is caused mostly by physical 

binding, since the higher O H  concentration at higher pH increases the cornpetition for adsorption 

sites on the surface of the C-S-H. 

Figure 4-7 1 : XRD pattern of samples of the control paste exposed to chloride solutions (3 
M) with different pH values (13, 14). F: Friedel's At, P: portlandite. 
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Figure 4-72 shows the MU) pattems of samples of the control paste which were stored in 

chlonde solutions (3 M) with different sulphate ion concentrations (O M and 0.1 M). These patterns 

show that there is a reduction in the intensities of the Friedel's sait peaks of the sample exposed to 

0.1 M sulphate ion concentration. This result indicates that the presence of sulphate in the host 

solution had a negative effect on the chernical binding capacity of the control paste. 

Figures 4-73 and 4-74 show the MU) pattems of wbonated and noncartronated samples of 

the control paste and the 8MK paste. Tbe XRD pattems of the carbonated samples of both pastes 

show the prevalence of calcite and vaterite in these samples. They also show the absence of Friedei's 

salt peaks in cornparison with the non-carbonated samples. These XRD patterns explain the ver- 

low binding capacities of the carbonated pastes. The transformation of the cernent hydrates into 

carbonated products neutralises the ability of the carbonated cernent paste to bind chlorides. 

Figure 4-72: XRD pattern of samp1es of the control paste exposed to 3 M chloride solutions with 
dinerent Surphate ion concentrations (0.0 M, 0.1 M). F: Friedel's sait, H: Halite (NaCi), P: 
prthndite ( Ca(OFO2 ). 
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Figure 4-73: XRD patterns of samples of the control paste that were either carbonated or 
non-carbonated before king exposed to chloride solutions (3 M). CC: calcite, F: Friedel's 
salt. V: vaterite. 

Figure 4-74: XRD patterns of samples of the 8MK paste that were either carbonated or non- 
carbomted before being exposed to chloride solutions (3 M). CC: calcite, F: Friedel's salt, 
V: vaterite. 
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Figures 4-75 and 4-76 show the XRD patterns of sarnples of the control paste and the 8MK paste that 

where subjected to leaching desorption, after king stored in 3 M chloride solutions until 

equilibrium. The XRD patterns show that the peaks of Friedel's salt decrease with a decrease in 

chioride concentration. indicating that chemical binding decreases with the decrease in chloride 

concentration. However. these XRD pattern also show that the Uitensity ofthe Friedel's salt peaks 

&er the decrease in chionde concentration are still higher than those of samples initially stored in 

chlonde concentrations of comparable levels. This observation applies to both the control paste and 

the 8MK paste. it is intersethg to notice in Figure 4-76 the formation of a new peak in the XRD of 

the sarnple of the 8MK paste diluted in 1 O00 ml distilled water (saturated with lime). This peak was 

attributed to the Kuzel's salt phase. because of its close proxirnity to the maximum intensity peak 

of this phase. If this suggestion is me. it might indicate that the chemical binding process is 

reversible. 

N 4 
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Figure 4-75: XRD patterns of simples of the control paste that bave been exposed to diierent 
volumes of chioride fk solutions (saturated with lime), aiter b e i i  exposed to 3 M chCoride 
solutions. F: Friedel's salt. 
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F i  4-76: MU) patterns of samples of the 8MK paste that have been exposed to different volumes 
of chloride fie solutions (saturated with lime), d e r  king exposed to 3 M chloride solutions. F: 
Friedel's salt, ? = Kuzel' s salt (probably). 



Results and Analysis 161 

4 3  PHASE TELREE 

4.3.1 SCM-Lime M~tures 

43.1.1 Chloride Binding Isotherms 

Before discussing the results of the SF-lime mixes. it is worth mentioning again that the reason for 

this study was primarily to investigate the binding properties of silica fume. and to try to better 

understand why the chioride binding capacity decreases when silica fiune is added to cernent. The 

results of this study should provide information not only on the binding capacity of the silica fume 

as a Vider. but should also give an idea about the binding capacity of C-S-H in general since, due 

to the vety high SiOz content of silica h e ,  the hydrates formed in this case would be C-S-H. The 

different ratios of SFAime were chosen to represent regular to extreme replacement levels of silica 

fume in cernent. and aiso to try to influence the C/S ratio in the C-S-H. The reason for this was to 

try to check the validity of the argument mentioned before that ascribes the decrease in binding to 

a reduction in the C/S ratio of the C-S-H. 

Figure 4-77 shows the binding isotherms of the three SF-lime mixtures. While the SFI 2 

(silica fumeAirne = 112) paste exhibited a capacity to bind chloride. the SFI 1 (silica fume/lime = 111) 

exhibited a very small binding capacity, and the SF2 1 (silica fumeAirne = 3 1 )  paste had no binding 

capacity. Since these pastes had a high W/CM and were cured at 38°C for two months. they would 

have a high degree of hydration and they would be mostly composed of C-S-H. The XRD results 

(Figure 4-80) showed the fonnation of C-S-H as the main hydration product in the SF12 and SF21 

pastes. which means that C-S-H most probably formed in the SFI 1 paste as well. The XRD pattern 

of a sample of the SF2 1 paste revealed that ail Ca(0i-i). was consumed in the reaction with silica 

Fume. as shown in Figure 4-78. A semi-quantitative MU) analysis showed that the SF12 sample 

containeci around 20% Ca(OmZ This meant that 70% of the original Ca(OH)? had reacted with 

siiica fine. Assuming that al1 the silica fume had reacted, then the average C/S ratios in the C-S-H 

of the SF21 and SF12 pastes would be 0.42 and 1.24 respectively. A h ,  the amount of C-S-H in the 

SF2 1 paste would be higher than those in the SF12 paste. However, the assumption that ail the silica 

fiime had reacted. might not be true in the case of the SF2 lpaste. since the resulting C/S ratio (0.42) 

is too low. Values of C/S ratio as low as 0.65 were reported in low lime C-S-H in silica fume-lime 

mixtures disperseci in water (waterlsolid = 200) (Gnrtreck et al., 1989). While the C/S ratio in the 

SF21 paste might not be 0.42. it is most likely lower than the CIS ratio in the SF12 paste. 
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Figure 4-77: Chloride binding isothems of the SF-lime pestes. The paaes were cuied for 2 months 
at 38°C and had a W/CM = 2. 
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Figure 4-78: XRD patterns of samples of the SFl2 paste and the SRI  paste that were 
exposed to i M chhride solution. P q d a d t e ,  H: hahe (NaCi), X: containerr reflection 
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The XRD pattern of the SF21 paste indicated that ail the Ca(OH)? reacted with the silica 

fume, and formed C-S-H. Yet this paste had no binding capacity. This resuits indicate that the 

obsewed differences in the chloride binding capacities of the SF-lime pastes are not due to 

differences in the arnounts of the C-S-H in the different pastes. Instead. they rnight be attributed to 

the possible differences in the properties of the C-S-H fonned in the different pastes. The differences 

in the chioride hinding capacities of the C-S-H might be related to the differences in their CIS: the 

higher the CIS ratio of the C-S-H. the higher the binding capacity of the C-S-H. This is in agreement 

with suggestions in the litmture (Tuthill, 1978: Beaudoin et al., 1990) as mentioned above. 

Nilsson et al. (1 996) suggested that the partial replacement of cernent with silica ftme will 

have 3 main effects that will influence the binding capacity. 1) a reduction in the pH of the pore 

solution which will increase chioride binding, 2) a dilution of C,A which will reduce binding. and 

3) an increase in the amount of the C-S-H which shouid increase binding. It is aiso known that this 

replacement results in the formation of C-S-H with lower CIS than the C-S-H formed without the 

presence of silica fbme (Massmza. 1998). It is not likely that the diiution of the C,A can solely 

explain the obsewed reduction in the binding capacity as a result of the partid replacement of 

cernent with silica fume. The results of this section show that C-S-H can have different binding 

capacities, and suggest that a lower CIS (in the C-S-H) will lead to a lower binding capacity. 

Therefore, it is possiMe that despite the increase in the arnount of the C-S-H as a result of the partial 

replacement with silica fiune, the net effect would be a decrease in the amount of bound chloride by 

the C-S-H. This e k t .  in addition to the C3A dilution. would explain the reduction in chloride 

binding obsewed in the 8SF paste. 

Figure 4-79 shows the binding isotherms of the three MK-lie pastes. The first thing to 

notice about these results is the much larger binding capacity of the MK-lime pastes compareci to 

their equivalent SF-lime pastes. The metakaolin chernical composition is about 52% S i 0  and about 

45% Al,03. nie productà of hydration of the MK-lime mixtures are C-S-H. C-A-S-H. and C-A-H. 

It is therefore expected that the calcium aluminate hydrates and the C-S-H would contribute to the 

bindhg capacity. Fmm a consideration of the mix proportions and molar ratios of the C/S and CJA 

in the MK-lime mktms. it is possible that the C/S ratio of the C-S-H to be higher in the MK-lime 

mixtures than in the SF-lime mixtures with similar proportions. Hence. the binding capacities of the 

C-S-H in the MK-lime pastes might possibly be higher than the binding capacities of the C-S-H 
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Figure 4-79: Chioride binding isotherms of the MK-lime pastes. The pastes were cured for 2 months 
at 38 " C. and had a WICM = 2. 

in the equivaient SF-lime pastes. This means that the obsented differences between the binding 

capacities of the MK-lime pastes and the SF-lime pastes are not only due to the high dumina content 

of the metakaolin. but may aiso be due to the higher binding capacity of the C-S-H in the MK-lime 

pastes. 

There are also large differences in the chioride binding capacities of the MK-lime pastes. The 

binding capacities were larger, the higher the mass ratio of Ca(OH), to metakaolin (Ca(OH)-$X) 

of the pastes were. The MK12 (metakaolin/iime = 112) paste. which had the highest Ca(OH)#K 

ratio. exhibited the highest chioride bindiig capacity and the MK21 (metakaolinIlime = 31) paste, 

which had the lowest Ca(OH),/MK ratio exhiiited the lowest binding capacity. The XRD results 

(Figures 4-80 and 4-81) revealed the differences in the types and amounts of hydration products of 

these pastes, resulting h m  the different Ca(OH)2/MK ratios . This seems to bave affècted the 

chemicai binding capacities (and probably the physicai binding capacities) of these pastes. 

Therefore. it is suggested that the Ca(OH),/MK ratio did probably influence the bhding capacities 

of the MK-Lime pastes through its influence on the type of hydration products of these pastes. 
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Figure 4-80: XRD patterns of sarnpies of the MK12 paste that were exposed to daerent 
c hloride concentrations. C: monocarboaluminate, F: Friedel's salt, H: NaCl. Ks: katoite 
(dication) P: ponlandite, St: stratlingite. 

Figure 4-81 : XRD patterns of samples of the MK21 paste that were exposed to difierent 
chloride concentrations. F: Friedel's salt, H: NaCl St: stratlingite 
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The d t s  of the GGBFS-cernent mixtures were also interesting. The 50SL (50% GGBFS) 

paste had a higher binding capacity than the 100SL (1Wh GGBFS) paste. The lOOSL paste (cured 

for 6 months) had even a lower binding capacity than the control paste as shown in Figure 4-82. 

This indicates the existence of a critical GGBFS replacement leve1 above which the binding capacity 

of the resdting mixture wodd be lower than that of the conml paste. These results and those of the 

MK-lime mixtures suggest that the C/A and C/S are important factors beside the aiumina content 

that determine the binding capacity of SCM-cernent mixtures. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
Chioride concentration (M) 

Figure 4-82: Chloride binding isotherms of pastes with various GGBFS replacement levelq and 
the control paste. 
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43.1.2 X-Ray Diffraction Results 

Figure 4-80 shows the XRû patterns of samples of the MK12 paste exposed to O M. 0.1 M. 1 .O M, 

and 3.0 M [NaCl]. At O M chloride exposure. several hydration products were identified. They 

included portlandite, stratlingite. C-S-H. Ca,Ai,(SiO,)(OH&~ and Ca,AlFe(SiO,)(OQ. In addition 

to these compounds. the largest intensity peak was identified as corresponding tu the AFm 

compound, C,A.CaCO,. 1 1 HIO, known as monocarboaluminate. This phase is known to occur as 

a hydration product in pozzolana-lime mixtures (Mmsazza, 1998). 

At 0.1 M exposure, there was no major change in the XRD pattern except the disappearance 

of the peaks of C,A.CaCO,.l 1H,O. and the appearance of peaks which were identified as those of 

Friedei's sait. This meant that monocarboaluminate transformed into Friedel's salt. It is interesthg 

to notice that this result and that of the C6 cernent indicate that the monocarboaluminate phase is 

transformed to Friedel's salt at low chloride concenaatiùns (< 0.1 M). 

At 1 M expure, the maximum intensity peak corresponding to Friedel's salt increased 

substantially, indicating the formation of Friedel's salt. The peaks of the stratlingite compound 

decreased substantially, in addition to those of the Ca,AII(SiO,)(OH), and Ca,AiFe(SiO,)(OH), 

compounds which showed a decread as well. These reductions indicated that these compounds 

likeIy did conhibute to the formation of Friedel's sait. 

The XRD pattem of the sample exposed to 3 M was very similar to that of the sample 

exposed to 1 M. indicating that no changes occured between the two exposures. The Friedei's salt 

peaks had similar intensities. This is consistent with the binding capacities of the two samples 

which were also very simiIar as shown in Figure 4-79. These results point to the possibility that 

chemicai binding, through the formation of Friedel's salt, is mody responsible for the binding 

capacity of the MK12 paste. The large intensities of the Friedel's salt peaks in the samples compared 

to those in the sampies of tbe cernent pastes, relliforce this possibility. 

Figure 4-8 1 shows the XIUl patterns of samples of the MK2 1 paste exposed to 0.1 M, and 

3.0 M [NaCl]. The hydration products of the MK21 pasre were diffant tban those of the MK12 

paste as shown in the XRD pattern of the O M sample in Figure 4-80. The main peaks were those 

of stratiingite in addition to C-S-H. Beside the stratlingite, thete were no clear signs of other AFm 

compoimds or calcium aluminate hydrates. There was no sips of portlandite either. Tbis ciifference 

in the bydration products beniveen the MK12 and the MK21 pastes is related to the mass ratio of 

metakaolin to Ca(OH),. 
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At 0.1 M exposure, there was no major change in the XRD pattern compared to the one at 

O M. There was a vely srnall pak at 7.8 A d spacing, which was identifïed as represnting Frie&l's 

sait. This was consistent with the relatively smaller binding capacity of the MK2 1 paste (cornpared 

to that of the MK12 paste ) at 0.1 M concentration. The Friedel's salt peaks becarne more obvious 

at 3 M exposute, although, they were still very srnail compared to those of the MK12 paste. The 

increase in Friedel's salt peaks was cuupled with a smail reduction in the stratlingite peaks. The 

persistence of a large part of the strathgite peaks at 3 M chioride concentration indicated that most 

of the süatlingite phase was still present at 3 M chloride concentration. This observation rnight be 

significant in relation to the influence of cernent replacement with silica fume. on the chloride 

binding capacity; it is expected that C-A-S-H would form (as product of hydration of the calcium 

aluminate) in the case of cernent replacement with silica fume. Since the previous results indicate 

that C-A-S-H tend to persist at higher chioride concentrations without fully transforming into 

Friedel's salt. it is suggested that the expected reduction in the chemical binding capacity is not only 

due to dilution of the C,A content (and C,AF content), but it is also possibly due to the formation 

of C-A-S-H which would probably cause a m e r  reduction in the binding capacity. 

The binding isotherms and the XRD patterns of the MK12 and MK21 pastes showed a 

correlation between the chloride bindiig capacity and the Friedel's salt content (as reflected by the 

highest intensity peaks). The MK12 paste had a much higher binding capacity and a much higher 

Friedel's salt peaks than the MK21 paste. This indicates a main role of the chemicai binding 

capacity in the overall binding capacity of the MK-lime pastes. However. it does not necessarily 

mean a minor role of the C-S-H in the overall bindiig capacity, since it is possible that the binding 

capacity of the C-S-H to be higher in the MK-lime pastes than in the SF-lime pastes (of similar 

SCM/iime proportions). owing to the higher C/S ratio in the MK-lime mixture (although, this does 

not automatically mean that the CIS ratio of the C-S-H that forms is higher than that in the equivalent 

SF-Lime mixture, owing to the cornpetition between the alumina and silica for calcium). It is also 

possible that the binding capacity of the C-S-H is higher in the MK12 paste than in the MK21 paste. 

due to the higher CIS ratio in the MK12 mixture. Hence, while the chemical binding capacity 

certainly contributed to the higher binding capacity of the M . 1 2  paste (compared to that of the 

MK21 paste), it is possible îhat the C-S-H also contributed to the higher bMng capacity of the 

MK12 paste. It is very inteteStiLlg to notice that the MK21 paste, which contained a higher amount 

of aiumina than the MK12 paste, had a lower chemical binding capacity. This resuit means that the 
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alumina content (or the metakaolin content) of the mixture is not the only factor that affects the 

chemicai binding capacity. but the Ca(OH)2/metakaolin ratio is also important. The different 

Ca(OH)I/metakaoiin ratios of h s e  two mixtures influenced the calcium aluminate hydrates (types 

and amounts), and this seems to have influenced their chemicai binding capacities. 
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43.2 Pure Pbasea 

43.2.1 Chloride Binding Isotbenns 

Figure 4-83 shows the chioride binding isotherms of the pure phases. As mentioned in Chapter 3 (see 

Table 3-16), the C,A pastes contained mixtures of pure C,A. gypsum, and &(OH),. Two gypsum 

to C,A molar ratios were tested: 0.4 and 0.8. The C,AF paste was of  simiiar composition with a 

gypsum to C,AF ratio of 0.8. As expected, the C,A4 paste had the largest binding capacity, since 

it had the largest C,A content. The C,S and GS pastes had much lower binding capacities han the 

C,A and C,AF pastes. Another ttiing to notice in Figure 4-83 was the binding capaciiy of C,AF paste 

which despite king lower than b t  of C,A8 paste at 0.5 M and 1 M chloride concentrations was 

comparable at the other concentrations. This means that C,AF in pure form at least. has a substantial 

ability for chloride binding. But this fact may not necessarily hold tnie for the C,AF phase in 

Portland cernent since the f&te hydrates rnay actually have a range of compositions of which the 

C,AF is only a~ average one. in addition. this phase cm contain up to 13% of impurities (Tcyior. 

1992). Nevertheless. these results favour the possibility of an effective role king played by C,AF. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Chloride concemtration (M) 

Figure 4-83: Chioride bding isothems ofthe C,A4, C,M, C,AF, C,S, and C$ pastes. WlCM = 
O.S. 
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The C,A4 paste had a hi& binding capacity than the C3A8 paste. This was. of course. partly due 

to the lower C,A content in the C,A8 paste. But, the higher gypsum content in the CjA8 paste did 

most likely contnbute to this effect as well. When more dphate  is used such in the case of C,A8 

mixture. more sulfoaluminate products are formed and less calcium aluminate hydrates would be 

available for reaction with chioride ions. It would have been very interesting to test more 

gypsdC,A ratios to determine the Limits of the bindiig capacity of the C,A and correlate ihe resdts 

with the binding capacities of different types of Portland cements. Udortunately, the quantity of pure 

C,A was very limited. 

Another important fact revealed by these results, was the relatively significant binding 

capacity of the C,S paste in comparison with the conml cernent paste as shown in Figure 4-84. This 

is in agreement with the results found by Blunk et al. (1 986) and Wowra and Setzer (1 997. 2000) 

who found the C,S paste had a noticeable binding capacity for extemal chlorides. It is interesting 

to note the difference in the binding capacities of C,S and C,S. From a consideration of the 

hydration reactions of the C,S and GS paste (Equations 4-1 and 4-2). it would be expected that the 

C,S paste would bind more chlorides on a mass bah.  The results. however. show that the CjS paste 

had a higher binding 

2C1S -t 4H + C3S2H3 + CH (4- 1 ) 

2C,S + 6H -t C,S,H, + 3CH (4-2) 

capacity than the C,S paste. These results might be attnbuted to the lower degree of hydration of 

C,S compared to C,S, &er a 2 months hydration pend (Figure 4-85). This means lower a m o u .  

of C-S-H king fonned and conseqwntly lower adsorption sites in the C,S paste. 



Results and Analysis 1 72 

0.0 0.5 1 .O l .S 2.0 2.5 3.0 
Chloride concentration (M) 

Figure 4-84: Cornparison b e w e n  the chloride binding capacities of the control. C,S. and C2S 
pastes. WlCM = 0.5. 
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Figure 4-85: Comparisun of the XRD pattern of the C,S paste with those of the C,S paste and the 
unhydratecl C,S powder. The XRD pattern shows the existence of unhydrated lamite (C+SiO,) m 
the C2S paste. X: larde. 
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43.23 Effcct of pH and Sulphate Ion 

Figures 4-86 and 4-87 show the effect of hydroxyl ion and sulphate ion concentration in the pore 

solution on the binding capacity of the C3A8 paste. An increase in the concentration of any of these 

two ions resuits in a decrease in the binding capacity of the C3A8 paste. In the case of hydroxyl ion. 

these results agree with those of Roberts (1962) who found that a quantity of Friedel's salt was 

partially decornposed when it was exposed to a solution that had a higher pH than the original 

solution in which it was stored. One possible reason for t h .  is that the increase in OH- 

concentration will increase the cornpetition between the OH- and CI' ions for chemical reactions 

with the unhydrated C,A or for ion exchange sites in the AFm phases, which will result in lower 

chloride binding than in the case of a lower pH. 

The decrease in binding capacity as a result of an increase in sulphate concentration might 

be due to the cornpetition between sulphate and chloride ions for chemical reaction with the 

unhydrated C,A and the calcium aluminate hydrates. So. the more sulphate ions there are. the less 

Friedel's salt will fonn. 

0.0 0.5 1.0 1.5 2.0 2.5 
Cbloride concentration (M) 

Figure 4-86: Innuence of the pH of the host solution on the chloide binding capacity of the C,A8 
paste. W/CM = 0.5. 
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Figure 4-87: Innuence of the sulphate ion concentration of the host solution on the chloride binding 
capacity of the C3A8 paste. WICM = 0.5. 

The effects of hydroxyl and sulphate ion concentration in the external solution on the binding 

capacity of C,S are show in Figures 4-88 and 4-89. Sirnilas to their effect on CA. an increase in 

the concentration of these ions reduces the binding capacity of C,S. Since chloride binding by the 

C,S occurs through physical adsqtion on the surface of the C-S-H, the reduction in both cases is 

probably due to the increased cornpetition between the hydroxyl or sulphate ions and the chloride 

ions for adsorption sites on the surface of the C-S-H gel, in the elecmcal double layer. 
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Figure 4-88: Inûuence of the pH of the host solution on the chloride binding capacity of the C,S 
paste. WICM = 0.5. 
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Figure 4-89: Influaice of the sulphate ion concentration of the host solution on the chloride bimding 
capacity of the C,S paste. WICM = 0.5. 
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43.23 Effect of Temperature 

Figure 4-90 shows the effect of tempentture on the binding capacity of the C,S paste. For the rmge 

of temperatures tested, this effect seems to be small and almost negligible at low chioride 

concentrations. Nevertheless. it is interesting to note that, unlike the behaviour by cernent pastes, 

when tested at diBerent temperatures, the binding decreased with an increase in temperature for al1 

the concentrations studied; there was no iimiting concentration above which this trend was reverseci. 

In the case of the C,A8 paste, the resuits in Figure 4-91 show a similar behaviour to that of 

the cernent pastes. However, it is hard to tell with confidence whether this was a real trend or the 

resuit of a small error. since the difference in binding between 23 "C and 38°C at 3 M chloride 

concentration is so small. if a third temperature was tested. it would have been easier to judge. But. 

unfortunately there were not enough sarnples to test at 7"- 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Chloride concentration (M) 

Figure 440: Iatùence of temperature on the chloride binding capacity of the C,S paste. W/CM=O.S. 
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Figure 4-91: influence of temperature on the chloride bindimg capacity of the C3A paste. W/CM=0.5. 

4.3.2.4 Effect of Carbonation 

Cahnated samples of C3A8 showed no signs of any binding capacity as shown in Figure 4-92. This 

probably means that ail calcium aluminate hydrates able to react with chloride or incorporate 

chloride ions in their structure were transformecl by the reaction with CO," ions to form CaC03 and 

other products. The carbonated C3S samples, bound very small arnounts of chioride as show in 

Figure 4-93. There was a 90% or more decrease in theu bindimg capacities. These results are 

consistent with those of the cernent pastes, and show that the carbonation of cernent paste before 

exposure to chioride solutions, greatly reduces its chemicai and physical binding capacities. 
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Figure 4-92: Influence of carboriation on the chlonde hding capacity of the C,A8 paste. W/CM=0.5 
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Figure 4-93: Muence of carbonation on the chioride binding capacity of the C,S paste. W/CM=0.5 
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4.3.2.5 Desorption Isotberms 

Two samples were chosen for the desorption test. The C3A8 sample was originally exposed to a I 

M NaCl solution with a pH of 14. while the C,S sample was originally exposed to the standard 1 M 

NaCl solution (pH = 12.5). One litre of distilled water saturated with Ca(OH), was used for 

desorption. The C3A8 sample was diluted around 230 tirnes and the C,S sarnple was diluted around 

160 times. The equilibrium concentrations afler dilution were close to zero being 0.0079 M in the 

case of C3S sarnple and 0.01 M in the case of the C3A8 sample (Table 4-19). Figures 4-94 and 4-95 

show the resdts of the desorption test for both samples. While 25% of the originally bound chioride 

remained bound &er desorption in the C3A sample. aimost al1 of the bound chiorides were desorbed 

in the C3S sample. The total desorption of chioride fiom the C3S paste. with the reduction in 

chloride concentration to almost O M. is typical of physical adsorption; at equilibriurn. the amount 

of adsohed chloride is quai to the amount of desorbed chioride. and there is an equilibrium between 

the adsorbed chionde and the fiee chioride concentration in the pore solution. When the chlonde 

concentration drops. chloride desorption becornes higher than chloride adsorption. unul a new 

equilibrium is esbblished. These results conîkn that chlorides that are physically adsorbed can be 

desorbed through dilution. 

Althought a major part of the bound chioride. in the C3A paste. was released in the solution. 

the process of chloride binding by the C,A paste was not reversible. and the desorption result 

indicates the existence of hysteresis in this process. The release of bound chloride h m  the C3A 

paste was not unexpected. Roberts (1 962). who studied the solubility of Friedel's salt in saturated 

lime water. found that chloride was always present in the equilibrium solution, and the amount of 

chloride released into solution was a function of the solution~solid ratio (or the chloride 

concentration in the solution). The higher the solution~solid ratio (or the lower the concentration) 

was. the higher the amount of chloride released into solution. He noticed an incongruent solubility 

of Friedel's salt and that the M solid consisted mostly of a C3A.CaCl,.aq-C,A.aq solid solution. 

in another test. he added CaClz to a solution containhg C,A.19H20, a C,A.CaCI,.aq-C,A.aq solid 

soiution was formed, and the molar ratio CaCl2/AlzO, of the solid solution increased with the 

increase of eqdibrium CaClz concentration. He suggested that the formation of the solid solution 

involved the replacement of OH- ions in the original structure of C4A.19H,0 with Cl- ions, and that 

this replacement was dependent on the chloride concentration of the solution. These resuits by 

Roberts (1962) might explain the observed behaviour of the C,A8 paste when exposed to 1 litre of 



Results and Analysis 180 

C3AS paste 

* 
Binding Isotherm 
-* 
Desorption lsotherm 

0.0 O. 1 0.2 0.3 0.4 0.5 0.6 0.7 
Chloride concentration (M) 

Figure 4-94 lntluence of the decrease in the chioride concentration of the hoa solution (&er 
equiliirium) on the chioride binding capacity of the C,A8 paste (pH=14). W/CM=O.S 

+ 
Binding Isotherm 
0 

Desorption lsotherm 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Chloride concentration (M) 

Figure 4-95: Muence of the decrease in the chioride concentration of the host solution (after 
quilibrium) on the chloride binding capacity of the C,S paste. W/CM=O.5 



Rmlts and Analysis 181 

saturated lime solution. The large reduction of the chioride concentration of the exposure solution 

might have resulted in the release of bound chloride so that a new equilibrium was established 

between the free and bound chloride. It is possible that the released Cl- ions were repfaced by OH- 

ions through an ion exchange mechanism. It is interesthg to note that the C,A8 sample lost more 

chlorides than the cement samples. This might be due to the fact that it was diluted more than twice 

than these samples and this might have caused more dissolution of the Friedel's salt and the 

chemically adsorbed chiorides. 

4.3.2.6 Effect of C,A Addition to Cl Cernent 

Figure 4-96 shows the effect of C,A addition on the b W g  capacity of the C 1 cernent. The binding 

inneases substantially with the inmase in the level of cernent substitution with C3A. The data fiom 

this test present a more usefiil picture of the role of the C3A in the chloride binding capacity in 

cement. since they show the behaviour of the pure C,A in an actual cernent environment. The 

increase in binding at each substitution leve1 might be used as a rough measure of the binding 

capacity of C,A in a cernent with similar composition to this synthetic cernent. These results 

reinforce the argument that C,A content is a major factor uifluencing the binding capacity of 

cements. As mentioned in Chapter 3, the two levels of substitution (6.3% and 10%) were used to 

simulate Type 20 and Type 10 Portland cements. The results of this test are, however. higher tIian 

those of the Types 20 and 10 cements. This might be partially due to the much higher C,AF content 

in the synthetic cements, andor the Iower $04 (C,A+C,AF) mass ratios in the synthetic cements. 

Table 4-19: Results of the desorption test on samples of the C,S and C,A8 pastes. 
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of the 

13.2.7 Effect of C,AF Addition to a Low C,AF Cernent 

The addition of C,AF to the cernent low in iron oxide increased the binding capacity as shown in 

Figure 4-97. The data of this test provide a more usefùl picture about the d e  of C,AF in chloride 

binding in cernent paste, since they show the behaviour of the pure C,AF phase in an actual cernent 

environment. These redts add to the series of tindings pointing towards the possibility of a role 

king played by the C,AF. It is very intereshg to note that the increase in binding due to the addition 

of C,AF is lower than that due to the addition of an equivalent amount of C3A to the low C3A 

cernent. This result codirms that C,AF binds less chloride than C,A. Consequently, its role is less 

important than that of C,A. 
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0.0 0.5 1 .O 1.5 2.0 2.5 3.0 
Cbloride concentration (M) 

Figure 4-97: Muence of cement replacement with pure C,AF on the chloride binding capacity of the 
C7 cernent. W/CM = 0.5. 

13.2.8 X-Ray Diffraction Results 

Figures 4-98 and 4-99 show the XRD patterns of samples of the C,A4 paste that were exposed to 

chlonde solutions of different concentrations. At O M VaCl] exposure. the largest peaks were 

identified as those correspondmg to the calcium aluminate sulphate hydroxide hydrate, 

Ca,Ai40,,SO~OH),24H@. There is no agreement in the literature on whether this phase is a 

distinct compound or a solid solution between hydroxy AFm and sulphate AFm, although there is 

an agreement that OH' can replace about half of the SO," in sulphate M m  according to Glasser et 

al. (1 999). The second targest peaks were identified with the Katoite phase, Ca3A12(OH) ,= or 

C 3 W .  There was also a relatively mal1 peak which was identified with the CJH,, phase. At O. 1 

M [NaCl] exposiire, there was a decrease in the intensities of peaks correspondhg to the C 3 m .  and 

a decrease in the intensity of the peaks co~~psponding to the Ca&&O,,SO,(OHX_24&0 phase. The 

reduction in those peaks waç accompannied by the appeartance of new peaks which were identified 

as those of the Friedel's salt and the calcium alumine chlonde sulphate hydrate, 

C%,A1,0,2C&S0,24%0. This means that Friedel's salt and the C+Ai,qlC\ SQ24H O phase were 
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2 - m  

Figure4-98: XRD patterns of samples of the C,A4 paste that were exposed to 0.0.0.1, and 0.5 M 
chloride soiutions. The patterns are labeled with the equilibriurn chloride concentrations of the 
correspondhg samples. A: katoite (C3Aki6), F: Friedel's sait, K: Kuzel' s sah, SH: solid solution 
sulphate-hydoxide A h  

w l i l  

3 w m 

2-TMa. d.gna 

Figure4-99: XRD patterns of samples of the C3A4 pane that were exposed to O, 1 .O, and 3.0 M 
chloride solutions. The patterns are labeled with the equiliium chloride concentrations of the 
correspondii samples. T: thenardite. 
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formed due to the presence of chloride in the solution. The Friedel's salt is at least partly forxned by 

the conversion of the C3A& There is also a good possibility that the C,AH,, was converted too. 

although it is not possible to codmn that by XRD test since the peaks of both phases are coincident. 

The Ca.&0,2C1,S0,.24H,0 phase was fomed as a result of a reaction between the 

CqAi401,S0,(OW),.24H@ phase and chioride. 

At 0.5 M [NaCl] exposure. there was a sharp decrease in the maximum peak of the 

Ca8A1,0,,S04(OH),.24H,0 phase and a sharp increase in the maximum peak of the 

Ca8Ai,0,$I,S0,.24H20 phase. The maximum peak corresponding to Friedel's salt increased 

slightly, and no noticeable change was observed in the peaks of the C3AH, phase. These changes 

mean that the Ca&OI2SO,(OH),.24H@ phase has transfomed into the Ca,Al,0,,ClzS0,.24H,0 

phase indicating that the OH- was replaced by the Cl'. 

At 1 M [NaCl] exposure. the maximum peak of the C~A1,Ol,S0,(OH),,24HO phase 

disappeared, while the peaks of the C~AI4O,,C1S0,.24H,O phase and Friedel's salt increased as 

shown in Figure 4-99. It is interesthg to notice that the increase in the peaks of Friedel's sait 

occured with the disappearence of the Ca&i40,,SO4(Oki&.24~O peaks. This probably means that 

the formation of Friedel's salt at 0.1 M and 0.5 M exposms was due to the conversion of the C,A& 

and the C,AH,, phases and not the C%&O,,SO,(O~-.24~0. The increase in the intensities of the 

Friedel's salt peaks at 0.1 M exposure was probably due to the conversion of the 

CqAi40,,CI,S0,.24HI0 phase into Friedel's sait by replacing the SO," with CI'. 

At 3 M FaCl] exposure. tbere was a huge decrease in the maximum intensity peak 

representing the C~Ai40,,CI,S0,.24H,0 phase. It was difficult to tell whether this peak has 

completely disappeared or not. There was also a substantial increase in the maximum intensity peak 

corresponding to Friedel's salt, This indicates the almost total conversion of the 

Ca&OI,Cl2S0,.24H@ phase into Friedel's sait at 3 M exposure. 

Figures 4-100 and 4-1 01 show the MU) patterns of samples of the C,A8 paste exposed to 

severai chloride solutions concentrations. The similady between the XRD patterns of the C3A8 and 

the C,A4 pastes can easily be noticed. But there are differences as well, that are related to the 

compositions of the two mixnires. The nrst difference to notice is the absence of peaks reptesenting 

the C,A& phase, indicahg the absence of this phase in the GA8 paste. in addition, the main peaks 

at O M [NaCl] exposure correspond to the sulphate AFm, or monosulphate phase, 

3CaO.Ai,O,.CaSO,. 12w, as opposed to the C ; b ~ 0 , 2 s 0 4 ( o ~ - . 2 4 & o  phase in the GA4 paste. 
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The reason for this diffierence is related to the higher CaSO, / C,A molar ratio in the ÇA8 paste than 

in the C,A4 paste. 

At 1M exposure. the peaks of the monosdphate phase almost disappeared, and the largest 

intensity peak was that of the Ca&140,.JI,S0,.24H,0 phase. This indicates the transformation of 

the monosulphate phase into the Ca&0,1C1,S0,.24H0 phase through the partial replacement of 

the S0,'- with Cl-. It is very interesting to notice the almost inexistence of peaks corresponding to 

Friedel's salt at 1M exposure. so that the chexnical binding of chloride is happening almost entirely 

through the formation of the CqA1,0,2C1,S0,.24H,0 phase and not through the fornation of 

Friedel's salt. Another interesting thing to notice is the inctease in the peaks of ettringite. It is not 

known if the formation of etûingite was the tesult of the transformation of the monosuiphate into the 

Ca,A1,0,~I~0,.24HI0 phase and the consequent release of S o l -  into the pore solution. This, 

however. did not happen in the case of the C,A4 paste where the sulphate content was half of that 

in the C3A8 paste. It is important to mention in this context that the samples of the C,A8 exposed 

to chloride concentrations higher than 0.5 M partially disintegrated and tumed into powder. This 

reinforces the possibility of ettringite formation as a result of exposure to chloride solutions. 

At 3 M exposure. there was almost no peaks representing the monosuiphate phase or the 

Ca,Al,O,,CI~0,.24H,O phase. and the largest intensity peak was that of Friedel's salt. This 

indicated the transformation of the monosulphate into Friedel's sait through the full replacement of 

$0,'- with Cl-. Peaks corresponding to the ettringite phase were also present. but with lower 

intensities than those found at 1 M exposure. indicating that the amount of ettringite formed at 3 M 

exposure was less than that fomed at 1 M exposure. In addition, there was also peaks representing 

the thenardite phase, indicating that the SQ'* released in the transformation of the monosulphate to 

Friedel's salt were ais0 incorporated in thenardite (Na$O,.lOH,O) in addition to ettriugite. 

Aithough it is hard to judge fiom one case, the possible reason for the difference in the amounts of 

ettringite at 1 M and 3 M exposure, is the same as  in the case of the cement pastes; the ettringite 

becomes less stable at 3 M [NaCl] exposure. and when equlibriurn is reached. less ettringite is 

formed at 3 M exposure than at 1 M exposure. 
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Figure 4-100: XRD patterns of samples of the C,A8 paste that were exposed to 0,O.j. and 1 M 
chioride solutions. The patterns are labeled with the equilibrium chioride concentrations of the 
correspondhg samples. E: ettringite. K: Kuzei's salt, K*: Variation of K. S: monosulphate. 

C3A8 paste 

Figure 4-101: XRD patterns of samples of the C3A8 paste that were exposed to O, 1, and 3 M 
chioride solutions. The patterns are labeled with the equiiiium chloride concentrations of the 
cotrpsponding simples. E: ettrhghe, F: Friedel's At, K.: kuzei's sait, S: mowsulphate, T: thenardite. 
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Figure 4-102 show the XRD patterns of samples of the C,AF paste exposed to O M and 3 M 

chloride solutions. The dominant peaks at O M exposure were those of the femte equivalent of the 

monosdphate phase, C3F.CaS0,. 12-0. T'here was aiso a presence of peaks correspondhg to other 

calcium dumino-ferrite hydrates including those of the C3FH, The monosulphate peaks almost 

disappear at 3 M exposure, and the most dominant peaks were those of the femte equivaient of 

Friedel's salt. C3F.CaC1,.10H,0, indicating the transformation of C,F.CaSO,.I2H,O into 

C,F.CaCII. IOH,O. 

Figure 4- 103 compares the XRD patterns of samples of the C3A8 paste that were exposed 

to 3 M NaCl solutions with different pH levels. As rnentioned before. the composition of the 

exposure solutions were different. While one solution was saturated with Ca(OH)? to obtain a pH 

of 12.5, NaOH was used in the other solution to obtain a pH of 14. ïhe  main difference between the 

two patterns is îhat the peaks of the C~A140,,C1,S0,.24H@ phase were still present in the XRD 

pattern of the sample exposed to the solution with the higher pH. This means that this sample was 

still less saturated with chloride than the one exposed to the lower pH solution. It also expiains its 

Figure 4- 102: XRD patterns of samples of the C,AF paste that were exposed to 0.0 and 3 ,O M 
chloride solutions. A: katoite (C,AHJ, F: Friedel's salt (uon equivalent), S: monosulphate. 
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C3A8 paste 

Figure4-103: Cornparison between XRD patterns of samples of the C3A8 paste exposed to 3.0 M 
chloride solutions with dBerent pH values. E: ettringite, F: Friedel's salt, K: Kuzel's salt, T: 
thenardite. 

lower binding capacity compared to that of the sample exposed to the lower pH solution. It is not 

k n o w  however. why the higher pH of the exposure solution did cause the Ca&O,,C&S0,.24&0 

phase to persist more at high chloride concentration, and not transfomi to Friedel's salt. 

Figure 4-104 compares the XRD patterns of samples of the C3A8 paste that were exposed 

to 3 M NaCl solutions with different sulphate ion concentrations. As mentioned before. the 

composition of the exposure chloride solutions were different W l e  the chloride solution with 0.1 

M [SO,"] had Na2S0, to get the desired sulphate concentration, and NaOH to get the desired pH, 

the chloride solution with O M [SO:-] was saturated with Ca(OH), to get the desired pH. This 

difference in composition might have had an influence in addition to the influence of sulphate ion 

concentraion. It is unfortunate that there was not enough materials for an extra sample to be 

prepared with a chloride solution containing NaOH instead of Ca(OH),. 

The main difference that might explain the lower binding capacity of the sarnple exposed to 

0.1 M [SO,"], is the presence of peaks of the Ca&l,0,2C12S0,.24H20 phase in its MU) patterns. 

This indicates that it is less saturateci with chloride than the one exposed to O M [SO,"], since the 
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Figure 4-104: Cornparison between )[RD patterns of sarnples of the C3A8 paste exposed to 3.0 M 
chloride solutions containhg no sulphate or 0.1 M sulphate ion concentrations. E: ettringite, F: 
Friedel's salt, K: Kuzel's salt, T: thmardite. 

XRI) pattern of the latter shows that the monosulphate phase has alrnost totally converted into 

Friedel;'~ salt. The persistence of the CqAI,0,1CI,S0,.24&0 phase at 3 M w l ]  exposure in the 

case of the sample exposed to 0.1 M [SOP] is probably due to the high sulphate ion concentration 

in the solution, which makes this phase more stable at 3 M NaCl concentration. 

Figure 4-105 shows the XRD patterns of samples of the PCl-lOC,A paste exposed to 

several chloride concentrations. At O M exposure, the maximum peak of the monosulphate phase 

is the most noticeable of the calcium aluminate hydrates. This peak was substantially reduced at 0.1 

M exposure, and new peaks appeared. It was hard to confirm the existence of Friedel's sait at 0.1 M 

exposure since the correspondmg peaks did not increase compared to those at O M exposure. 

Therefore, these peaks could have been those of the CaAH,, phase. A group of the newly f o d  

peaks at 0.1 M exposure were very close. in terms of theu d spacing, to those of the 

Ca,Ala0,~IS0,.24H~0 phase, but with a slight shifi to the le& Since the monosulphate's 

maximum intensity peak was reduced following the sample's exposure to chloride solution, the 

monosuiphate phase was most probably transfonned into a chloride bearing phase. In addition, the 
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Figure 4-105: XRD patterns of samples of the Cl-10C,A paste that were exposed to digerent 
chloride concentrations. F: Friedel's salt, K: Kuzel's salt, S: monosulphate. 

resuits of the XRD patterns of the C,A pastes showed the formation of this phase at lower chloride 

concentrations before the eventuai formation of Friedel's salt. Since there is no known phase 

containing sulphate and chloride ions 0 t h  than the Ca&0,,C&S04.74&0 phm. it is reasonable 

to assume that those peaks are in fact those of the Ca&0,2C12S0,.24H,0 phase, dthough there is 

no explanation for the slight shifi. The fact that these peaks did not appear at 0.5 M expure  is 

another indication that ihey correspond to a phase containhg chloride other than Friedel's sait. This 

phase did not fom at 0.5 M exposure, and instead, Friedel's salt was formed. Tbe Friedel's sait 

peaks were relatively large at 0.5 M exposure, and there were no signs of the monosulphate peaks 

indicating that the monosuiphate phase was transformeci into Friedel's salt Similar obsemüions can 

be made of the XRD pattern at 1 M exposure, except that the Friedel's sait peaks were larger than 

those at 0.5 M exposure. 

At 3 M exposure, there was a decrease in the ettringite peaks in addition to the submtial 

decrease in the monosuiphate peaks. There was also an increase in the Friedel's sait peaks compared 

to those at 1 M exposure. The reduction in the ettringite peaks is consistent with earlier observations 

of this reduction in the XRD patterns of other cement pastes at 3 M exposure. 
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Figure 4-106 compares betwm the XRD patterns of samples of the C7 and C7-7C4AF pastes 

thai w m  exposed to 3 M chloride solutions. These panems show that the maximum intensity peak 

of Friedel's salt was slightly higher in the C7-7CJF sample. indicating the effect of the pure C,AF 

addition on the binding capacity. 

Finally, there were no diffmnces noted between the XRD patterns of samples of the C,S 

paste that were exposed to chloride solutions of d i i n t  compositions, as shown in Figure 4-107. 

l 

I 
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Figure 4-106: Cornparifon between the XRD patterns of samples of the C7 paste and the C7- 
7C,AF paste that were exposed to 3 M chloride solutions. F: Friedel's salt. 
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Figure 4-107: Comprison between the XRD of sampk of the C,S prvte exposed to chloride 
solutions of dif5erent concentrations or different compositions. P: portlandite, H: Halite. 



DISCUSSIONS 

5.1 Mechanisms of C htoride Binding 

This discussion focuses on the chioride binding mechanisms through chernical reactions between 

the cement hydrates and the chlorides. By re-examining the XRD results of the cernent pastes and 

the C3A pastes, and analyzing the important transfomations or phase changes that took place, we 

reach a better understanding of the mechanisms involved in chemicai chloride binding in cement 

pastes. First, the XRD pattern of the C3A4 and the C3A8 pastes are re-examined. This is followed 

by highlighting the main observations h m  the XRD patterns of some of the tested cement pastes. 

Then, a cornparison is done between the findings fiom both sets. Finally, some observations are 

made regarding the chloride binding process. It is the author's opinion that the listed observations 

in this discussion represent one of the most significant contribution of this thesis to the subject of 

stud y. 

Figures 4 - 1 0  to 4-102 of the XRD patterns of the C3A4 and C3A8 pastes showed the gradua1 

changes in peaks that took place with the increase in chloride concentration. ïhese changes reflected 

the phase transformations that took place, in which the C-A-H converted into chloride bearing 

phases as the chloride concentration increased. These phase transfomations are presented in Figures 

5- 1 and 5-2. In these figures, the data points for each phase were obtained using the "maximum 

intensity peak" corresponding to that phase, and presenting it a s  a percentage of its highest value in 

the concentration range tested. Based on the above mentioned figures. the following observations 

can be made: 

a) Many C-A-H phases were involved in binding chlorides. There was clear evidence of the 

transformation of several phases into Friedel's salt (C,A.CaCl,.IOH,O). includig C,AH,, 

C,ASH,~ (or C&CS.12H20), and C,AH, These phases transfonned at different rates 

depending on the chioride concentrations. 

b) Contracy to what is commoniy believed, the monosulpbate phase started to transfomi in the 

presence of chiorides. This transformation was graduai and concentration dependent. The 

transformation started a low chloride concentrations. and the C&CS.CaCI2.24H20 phase 

(Kuzei's sait) was formeci and not Friedel's salt. The formation of the C&CS.CaC1,24UO 
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Figure 5-1: Phase transformations in the C,A4 paste with increasing chloride concentration in the 
host solution. 

0.0 0.5 1.0 1.5 2.0 
Cbloride concentration (M) 

Figure 5-2: Phase transfomtions m the C,A8 paste with bcreasing chloride concentration m the 
host solution. 
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phase continued at higher chloride concentrations (0.4 M in the C,A paste), and it seems 

that the monosulphate fully transforms into the C , A ~ C S . C ~ C I ~ . ~ ~ H ~ O  phase before the 

ha1 transformation into Friedel's salt at hi@ concentration. 

C) Friedel's salt formed at very low concentrations in the C,A4 paste, and gradually increased 

with increasing concentrations. However. the C6~,.CS.CaC1,.24H,0 phase had a dominant 

presence, in both the C,A4 and the C3A8 pastes, in the lower chloride conceniration range. 

In fact, there was almost no presence of Friedel's salt in the C,A8 paste at chloride 

concentrations as high as 0.4 M. Hence. the C,A~.CS.C~CI~.~~H~O phase was a major 

compound incorporating chiorides at low concentrations. 

d) There was evidence Fom the MU) patterns of the C,A8 pastes to suggest that the ettringite 

phase might partiaily transfonn into Friedel's salt in the presence of chlorides at high 

concentrations (>2 M). 

The results of the C,A pastes revealed very interesthg facts related to chemical binding, but 

they dso indicated the need for more testing to help in better understanding the chemical binding. 

in particular, it is recommended that two extreme cases should be exarnined: a pure C,A paste (1 ûû?! 

C3A), and a pure ettringite paste (1 Wh ettringite). The testing of the GA paste (100% C,A) would 

provide information on the binding capacity of C-A-H not containing sulphate (C3Ak&, C,AH,,) 

including their rate of transformation into Friedel's salt as a function of chloride concentration. It 

could also provide infomiation on whether these phases would be fiilly converted (maximum binding 

capacity) below 3M chioride concentrations. Testing of the ettringite paste wouid provide important 

information on the binding capacity of ettringite as a function of chloride concentration. It might 

also provide important information on whether the chemical binding capacity is limited to the 

farmation of chemical compounds bearing chiorides, or aiso involves other mechanisrns such as 

chemisorption. in addition, a larger number of chionde concentrations shouid be tested in the O M - 
3 M concentration range, especially at the higher concentrations. to provide more detailed 

information about the transformations that occur during chloride binding. 

The XRD patterns of several cernent pastes, examined in Chapter 4 (Section 4.1.7.10), 

showed that many of the phenornena that were observed in the CjA4 and C3A8 pastes were also 

obsewed in some of those cernent pastes. They are su-d in the following: 

d) In addition to many C-A-H phases which were involved in chloride bindiig, the 



monodphate phase started binding chloride at low chioride concentrations as can be seen 

in the XRD patterns of the C6, 8MK, and Cl-10C3A pastes (and probably the C4 paste) 

(Figures 4-67, 4-21, 4-96, 4-69). There was also some evidence of formation of the 

C , A ~ . C S . C ~ C ~ ~ . ~ ~ H ~ O  phase at low concentrations in the case of the C6 paste and the C 1 - 
lOC,A paste (and probably the C4 paste) (Figures 4-67,4-96,4-69). 

e) Friedel's salt fonned at low chloride concentration (0.1 M exposure). This was clear in the 

case of the C4 and C6 pastes (Figures 4-69,467) which had low SO, contents. However, 

fiom XRD patterns, it was not possible to know with certainty whether small amounts of 

Friedel's salt had formed in other pastes. At higher chloride exposures. the formation of 

Friedel's salt was clear as in the case of the control and the C 1 pastes (Figures 4- t 6.4-65). 

Friedel's salt increased with the increast: in chloride concentration in al1 the examined 

cernent pastes. This indicates that the chemical binding capacity was concentration 

dependent. A h ,  the chemical binding capacity was still unexhausted at high concentrations 

(> 1 .O M). 

f) There was enough evidence to suggest that the ettringite phase did become unstable at hi& 

concentrations (> 2.0 M) and partiaiy decomposed to give Friedel's salt. This was clearly 

seen in the case of the controi. C 1, C7, C 1 - lOC,A. and C4-7S0, pastes (Figures 4-65.4-66. 

4-96.4-70). 

These results show that despite the differences in composition between the pure C,A pastes 

and the cernent pastes, there were many sirnilarities in their behaviou. regarding the chemical 

binding of chiorides. The XRD of the C3A pastes proved to be invaluable to the understanding of 

some of the processes involved in the chemical binding of chiorides. It clearly revealed some of the 

transformations, aiso observed in the cernent pastes, that led to the chemical binding of chlorides. 

These results. dong with those of the cernent pastes, provide insight into some of the mechanisms 

of chloride binding. The following observations are made regarding the chloride binding process: 

h) The chemicai binding capacity (fonnation of chloride products) was a gradua1 proces that 

was a function of the chloride concentration. The dependence of the chemical binding 

capacity on chloride concentration stems h m  the fact that several C-A-H phases (including 

monodphate and ettringite), involved in chloride binding, transformed to Friedel's salt at 



different rates and in different chioride concentration ranges. The increase in the peaks of 

Friedel's salt between 1 .O M and 3.0 M exposures (al1 examined pastes) indicated that the 

chemicd binding capacity was not exhausted at low concentrations and kept increasing at 

concentrations above 1 .O M in a similar way to the total binding capacity. 

i) The sulphate content of cernent played an important role in the chernical binding capacity at 

low chloride concentrations. Higher contents of sulphates in cements led to the formation 

of more monosdphate or ettringite or both. This reduced the amount of Friedel's salt. 

because of the lower chloride binding capacity of these phases at low chloride concenttations 

(ettringiîe had seemingly no binding capacity and monosulphate transformed to the 

CJ2.CS.CaC1,.24H@ phase at low chloride concentration). This might explain the results 

of the mutivariable analysis in Chapter 4 (Section 4.2.1.1 ) which revealed a poor correlation 

between the C,A content and the binding capacity at low chioride concentrations. while there 

was a good correlation b e w n  a combination of the SO, and C,A and the binding capacity 

of cernent. It can also explain why the C2 and C3 pastes (high SO, contents) had lower 

binding capacities than the conml and CS pastes at 0.1 M despite having higher C,A contents 

than those pastes. At higher chioride concenmtions (eg 1.0 M, 3.0 M), the influence of 

sulphate decreased since the monosulphate transfonned into Friedel's sait and ettringite 

m e d  to transfonn at high concentrations (between 2.0 M and 3.0 M). This might explain 

the good correlation between the C3A content and the binding capacity of cernent at high 

concentrations (eg 1 .O M. 3.0 M). Hence, it is suggested that the importance of C3A in 

relation to the chloride binding capacity is concentration dependent. While it is generally a 

decisive factor at high chloride concentrations, its importance at low concentration is related 

to the SO, content of cernent. When the SO, content is lower, the C,A content becomes 

more influentid on the biiding capacity, and when the SO, content is higher. the C3A content 

becomes less influential. 
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5.2 Roles of Cernent Phases in Chloride Binding: 

5.2.1 Introduction: 

The results of tbis research as presented in Chapter 4, provide a good background for the following 

general discussion about the d e  of the individual phases in chioride binding. This discussion is two 

parts. In part one, the roies of the individual cernent phases are examined in the light of the results 

of the various parts of this research, including those of the pure phases and the cernent pastes as well 

as other results that are relevant to the discussion. In part NO, an attempt is made to quantifjr the 

roles of the different cernent phases. This is done by using the binding capacities of the pastes made 

of the pure phases to predict the contribution of the individuai cernent phases to the binding capacity. 

5.2.2 Role of C,A: 

Regarding the d e  of the C,A phase, there was a lot of evidence indicating that the C,A content of 

cernent plays an important role in the chloride binding capacity. The pastes produced with "pure" 

C3A (C,A4 and GA8) exhibited substantiai binding capacities which were much higher than those 

produced with "pure" C,S and C,S pastes as shown in Figure 5-3. However. while these results 

showed the substantiai binding capacity of the pure C,A phase. they did not provide a redistic 

estimate of the contribution of the C,A phase in cernent to the chloride binding capacity. The 

reasons for this were the high C,A contents in the C,A pastes (63% in the C,A8 paste and 75% in 

the C3A4 paste). That is why the substitution of the Cl cernent (0% C,A content) with 6% andlO% 

pure C,A was a more realistic test for determining the role of C,A phase in the bindiig capacity of 

cernent. The d t s  of this test showed the large increases in the binding capacities of the resulting 

cements. C 1 -6C3A and C 1-1 &A. in cornparison with the C 1 cernent (Figure 4-96). Table 5- 1 

shows the percentage increase in the binding capacities at different chioride concentrations. The 

contributions of the pure C,A phase to the binding capacities were estimated by assurning that the 

inmases in the biding capacities of the C 1-6C,A and C I-1OC,A pastes were due to the pure C3A. 

These resuits showed an important contribution of the C3A phase to the binding capacities of these 

pastes (45% and 60% respectively). The resuits of Section 4.2.1.1 on the binding capacities of 

several cernent pastes showed the good correlation between the C,A content of cement and the 

chloride binding capacity at high chloride concentrations. In fact. the C3A content was the only 

single parameter that comlated well with the biidirrg capacity at high concentrations. 



* The contribution of the C,A phase was estimated by assuming that the increase in binding was due 
to the C,A substitution. 

Table 5-1 : Cornparison between the chioride binding capacities of the C 1, C 1 -6C,A, C 1-1 OC,A 
pastes at different chioride concentrations. 

This. however, was not the case at low concentrations. The C,A content had a poor correlation with 

the binding capacity. But, a combination of the C,A and SO, contents correlated well with the 

binding capacity, suggesting an inûuence of the SO, content on the effectiveness of the C,A phase 

in binding chlorides. especially at low concentrations. The XRD results of the cernent pastes and 
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Figure 5-3: Chloride binding isotherms of pastes made tiom pure cernent phases 

Bound Chloride 

(mg CVg srmple) 

Cl  + 

IO%C,A 

6.75 

15.34 

22.70 

C l  

2.80 

6.20 

9.08 

% Coutribution o f  C,A 

to Binding* 

I n c m  in Binding 

(mg CVg umple) 

Cl+ 

6%C,A 

5.05 

11.18 

16.35 

C I  + 

6%C,A 

44.6 

44.5 

44.5 

C I  + 

6%C,,4 

225 

4.98 

727 

% incrcuc in Binding 

Comprred to C I  

C l  + 

IO%C,A 

58.5 

59.6 

60.0 

CI  + 
IO%C,A 

3.95 

9.14 

13.62 

C l  + 

6%Ca 

80.3 

803 

80.1 

Cl + 

IO./.C,A 

141.1 

147.4 

150.0 



Discussions 20 1 

the C,A pastes confkned the effect of the SO qn the binding capacity of the C 4 at low 

concentrations. The MU) r d t s  of the cementitious pastes also showed the correlation between the 

maximum intensity peaks of the Friedel's sait phase and the chloride binding capacity at high 

concentrations as shown in Figure 5-4, conk ing  the results of the statistical study that showed the 

importance of the C,A p k  at high concentrations. Finally, the results of Section 4.2.1.2. on the 

effect of the SO, content on the binding capacity of cement, showed a large reduction in the binding 

capacity of C4-7S0, paste, compared to that of the C4 paste, resulting from the substitution of the 

C4 cement with 7% SO, (Table 5-2) This reduction was attributed mostly to the chernical bindiig 

capacity (mostly wused by the C,A content), since it was assumai that the sulphate would initially 

combine with the C3A and the C,AF phases to form ettringite and monosulphate prior to chloride 

exposure. The XRD resuits of the C4-7S03 paste (Figure 4-70) showed the formation of a large 

maximum intensity peak correspondhg to the ettringite phase. These XRD results also showed the 

formation of Friedel's salt peaks at 1.0 M and 3.0 M chloride exposures, indicating a contribution 

of the chemicai binding capacity to the bindiig capacity of the C4-S03 paste. This was expected 

since the added suiphate was not enough to combine with al1 the C,A and C,AF phases to form 

emingite. These resuits showed the major role of the C3A phase in the binding capacity of the C4 

Pm=- 

Table 5-2: Cornparison ktween the binding capacities of the C4 and C4-730, cernent pastes. 

NaCl sol Conc. 

(Ml 

b a n d  Chloride 

(mg C h  -pk) 

I CJ CJ-7s0, 

7 

% Dcemsc in Binding 

Compared 10 C4 
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* II I 

Figure 5-4: XRD patterns of various cernent pastes, placed h order of increasing binding capacities 
(bottom to top), show a correlaîion m e e n  the binding capacity and Friedel's salt peaks (especially 
peaks different than the maximum intensity peak) 

5.23 Role of C,AF: 

in the case of the C,AF phase, there was evidence indicating that the C,AF plays a notable d e  in 

chloride binding. The pure C,AF paste had a very high binding capacity as shown in Figure 5-3. 

The substitution of the C7 cernent with 7% pure C,AF resulted in a d l  but significant increase in 

the chloride bindiig capacity of the resulting paste over that of the C7 paste as shown in Table 5-3. 

The best evidence. however, of an effective role of the C,AF phase in chioride binding came h m  

Table 5-3: Cornpison between the binding capacities of the C7 and C7-7C,AF cement pastes. 
b I 
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tests performed on the C 1 cernent. The MU) patterns of sarnples of the Cl paste, exposed to 

different chloride concentrations (Figure 4-65), showed the formation of Friedel's salt peaks. 

However. since the C3A content of the C 1 cernent was 0% (Bogue calculation), it was suggested that 

these peaks were those of the iron equivalent of Friedel's sait C,F.CaCl,. 10H20. This was the most 

direct proof of the role of C,AF in chloride binding. The results of the test of the effect of the SO, 

content on the binding capacity of C 1 cernent (Section 4.2.1.2) showed that the substitution of the 

Cl cernent with 4% S03 (added as gypsum) reduced the the binding capacity of the resulting 

mixture. Cl -4S03, try half compared to that of the C 1 cernent, as shown in Table 5-4. This reduction 

is mostly attributed to the reduction in the chernical binding capacity of the C 1-4S03, since it was 

assumed that the sulphate would combine with al1 the C,AF phase to fom ettringite prior to chloride 

exposure, eliminating the chernical binding capacity. Hence. the reduction noted in Table 5-4 is an 

indirect measure of the chernical binding capacity of the C 1 cernent, which in this case, is the binding 

capacity of the C,AF phase. This showed the important role of the C,AF phase in the binding 

capacity of the Cl cernent. 

Table 5-4: Cornparison between the binding capacities of the C 1 and C 1 -&+O, cement pastes. 

53.4 Rok of CSS,C2S 

The role of the silicate phases (C3S, C,S) in chlonde binding was more difficult to elucidate since 

it is very dijtFcult to prove the existence of that role through direct evidence h m  cernent pastes, It 

is ûelieved tbat these phases biid chloride mostly by physical adsorption on their surfaçes, but there 

is no experimental procedure to prove that this adsorption is taking place, unlike the case of the 
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C 1 
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calcium aluminate-ferrite phases where the existence of chemical chioride buiding can be proved by 

the presence of Friedel's sait througb XRD and DTA tests. The use of SEM is unreliable since the 

sarnple preparation involves drying, and this results in the deposition of any chlorides, that were in 

the pore solution, on the surfaces of the CSH gel. Thus, the distinction between adsorbed or 

deposited chioride becomes very difficuit. That is why the study of the pure C3S and GS phases was 

the main source used to examine the role of these phases in chloride binding in cement phases. î l e  

resuits of Section 4.3.2.1 showed that the C3S and C?S pastes bind noticeable arnounts of chloride. 

but their binding capacities were much lower than those of the C,A pastes and the C,AF paste as 

shown in Figure 5-3. But, it should be kept in mind that the hydrates of the silicates phases 

constitute 80% to 90% of the amount of cement hydrates. Therefore. assuming that the C,S and CIS 

phases in cernent have the same binding properiies as the pure C,S and GS phases. this contribution 

is relatively meaningful when the actual binding capacities of the different cements are taken into 

account. The results of Section 4.2.1.2 (Table 5-4) may have possibly provided the best proof of a 

significant (and maybe a major role in the case considered) role of the C3S (and C-S) phase in 

chioride binding. As mentioned in the previous paragaph it was assumed that the chemical binding 

capacity of the Cl-4S03 paste was mostly eliminated as a result of the sulphate substitution and 

formation of ettringite. This meant that, unless the ettringite can bind chioride in foms other than 

Friedel's salt. the chioride binding capacity of the C1-4S03 paste was mostly the C3S (and C$) 

binding capacity (at least until 1 .O M concentration). The results in Table 5-4 show that this binding 

capacity was indeed important, and was about 504/0 of the binding capacity of the C 1 paste. 

5.2.5 Estimation of tbe Contribution of CA, C,AF, and (C,S, Cl$): 

In the second part of this discussion, an attempt is made to quantifi the roles of the cernent phases. 

The contribution of the different cernent phases to the chioride bindiig capa~ities of 4 cernent pastes 

were estimated. The chosen cernent pastes represented a wide range of phase compositions. The 

following assumptions were made in order to estimate the contribution of each phase: 

a) the chloride binding capacity of a cernent is the sum of the chloride bmduig capacities of 

the different cernent phases 

b) the behavior of the cernent phases is the same as the behavior of the correspondent pure 
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phases 

c) the amounts of hydrates (% by m a s )  produced by the C3S and C,S phases are equal to 

their respective contents (% by mas) in the cernent, 

d) the amounts of hydrates produced by the C,A and C,AF phases is estimated fiom their 

respective contents (% by mass) in the cernent and the pure mixtures (see Appendix D) 

e) the chloride binding capacity of each phase is estimated fiom the Freundlich isotherm of 

the corresponding pure phase. 

The results of these estimations are shown in Table 5-5. It is interesting to notice that the predicted 

binding capacities at 0.1 M chloride concentration were very close to the actuai ones. while the 

predicted binding capacities at 3 M were higher than the actual ones. The estimates of the 

contribution of the C,AF phase were considered particulary high at 3 M. when taking into account 

the results of this research regarding the role C,AF. This was partly responsible for the observed 

diffmces between the predicted and the actual binding capacities at high chloride concentration. 

These inaccuracies were kept in mind when interpreting these results. 

It was obvious that these results revealed more interesthg information about the cernent 

phases than the simple examination of the binding isotherms of the pure phases. One of the more 

i n t e h g  observations shown in TaMe 5-5 is that the combined contribution of C,A and C,AF to 

the binding capacity at O. 1 M cannot account for the total binding capacities of the cement pastes. 

This supports earlier results that indicate a noticeable contribution of the C-S-H to the binding 

capacity of cement. According to these estimations, the contribution of the calcium silicate phases 

to the binding capacity was signifiant in n o d  Portland cements. In cements with low aluminate 

and f d t e ,  the calcium silicate phases had major contribution to the binding capacities. There was, 

however, no large variation in the amounts of bound chiondes (by the C,S and GS phases) amongst 

the various cements. This was the result of the relatively small biiding capacities of the C3S and GS 

pastes, and the relatively smdl variations in the contents of the the calcium silicate phases of 

cements. This might explain the poor correlation between the silicate phase content and the binding 

capacity of cernent that was seen in Section 4.2.1.1. On the other hand, due to the hi& binding 

capacities of the pure C,A pastes, and the relatively large variations in the C,A contents of the 

cements. the estimated amounts of chloride, bound by the C,A phase, showed large variations 

amongst the different cernent pastes. These variations were decisive in determining the ranking of 

the overall bhding capacities of the cements. This might possibly explain the good correlation 
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between the C,A content and the biding capacity at high concentrations as shown in Section 4.2.1.1. 

The estirnates of the rates of contribution of the silicate phases to the binding capacity varied 

between 20% to 55%. These rates were bigber, ihe lower were the bind'ig capacities of the cements. 

It is Uiteresting to notice that the rates of contribution of the silicates to the binding capacity of the 

Table 5-5: Estimated contributions of the cernent phases to the chloride bind'ig capacities of various 

$The bindmg capacities are calculatcd h m  tbe bindiag imhcrms (Fmmdiich isotherms) of the different cements. 
*The % contribution of the differrnt phases are caIculated witfi rrspect to the acîual bmding capacities of cements 



Discussions 207 

C 1 cernent were close to those obtained in Table 5-4. suggesting that these numbers might be close 

to the actual contributions of the silicate phases to the binding capacity of the Cl paste. The 

contribution of the C,A phase varied between 0% and 70% with the average between 40% and 55% 

for the normal cernent compositions. 

As mentioned earlier. these estimations were made possible as a result of the several 

assumptions stated in the begining, and hence, these estimations are not accurate. When C,S 

hydrates in the presence of alumina or sulphate in cernent pastes, and C3A hydrates in the presence 

of silica, it would be expected that the resdting hydrates wouid be influenced by the presence of 

these components. Also the actual cernent phases differ from the pure ones, especially in the case 

of CJF, which contains up to 13% impurities (unlike the "pure" C,AF which is 99% pure). 

Nevertheless, these estimations provide approximate distributions of chiorides among the different 

phases in cements. They are also helpfiil in further analyzing the results of the 'pure" pastes in the 

light of other results obtained in this research. by revedig infornation which is dificult to detect 

by simply looking at the binding isotherms of the .'purew pastes. 

To sumrnarize. The resuits indicate that the contributions of the chemical (C3A, C,AF) and 

physical binding capacities (C3S, GS) to the chloride binding capacity of cernent are dependent on 

the chloride concentration and cement type, but are signiscant in most cases. The C3S (and GS) and 

C,AF phases bind noticeable amounts of chloride, and al1 four minerai phases contribute to the 

chloride binding capacity. The chloride binding capacity of the C,AF phase is markedly lower than 

that of the C,A. in general, the C,A content (and chemical binding capacity) of cernent play a 

decisive mie in the chloride binding capacity at high concentrations, but not at low concentrations. 

The reason for this behaviour at low concentrations is partially linked to the effect of sulphate 

content of the cernent. These 6ndings represent another very signifiant contribution of this thesis 

to the subject of chioride binding. 
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53 Role of Sulphates in Cbloride Binding: 

The results of this research show that the presence of sulphates, whether in the chioride host 

solutions or as part of the cernent composition, has a negative effect on the chloride binding capacity 

of cernent. Sulphates in the cernent mainly influence the chernical binding capacity of the cernent. 

E x t e d  sulphates. on the other band, influence both the chemical and the physical binding 

capacities. The rnechanisms of influence of sulphates that are part of the cernent composition differ 

fom those of external suiphates that enter in the pore solution of the hardened cernent pastes. 

Section 5.1 provided a discussion of how the sdphate content in cernent intluences the type 

and quantity of the calcium aluminate hydrates that are produceci, and how this in tum infiuence the 

chemical binding capacity of cernent especially at low chloride concentrations. In the case of 

external sulphates. the results of this research shows that the effect on chloride binding depends on 

the concentration of sdphates in the solution: the effect is minor at 0.01 M, but it is appreciable at 

0.1 M. The results of the pure C,A8 and pure C,S pastes show that the binding capacities of these 

pastes are reduced in the presence of sulphates in the chloride solution (Figures 4-87.4-89). This 

indicates that the presence of sulphates probably affects both the chemical and the physical binding 

capacities of cernent pastes. The XRD results in Figure 4-72 showed that less Friedel's sait was 

formed in the control paste in the presence of sulphates in the chloride solution. thus, indicating the 

negative effect of sulphates un the chemical binding capacity of cernent. As for the effect of 

sulphates on the physical binding capacity of cernent, the results of the C,S paste are the only 

indication of the possible negative effect of sulphates on the physical binding capacity. Still, the 

presence of sdphates in the pore solution will likely lead to a cornpetition between the SO,?' and C1' 

ions for adsorption sites on the surface of the C-S-H. Consequently, fewer chloride ions are 

physically bound in the presence of sdphate ions in the solution. 
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5.4 Effect of pH on Chloride Binding: 

The resuits in Section 4.2.2.1 showed that an increase in the pH of the pore solution of cernent paste 

wifl decrease the chloride bindmg capacity. This was the case for the three pastes tested including 

the conml. SF8. and the M K S  (Figures 4-44 to 4-46). Al1 three pastes showed similar trends in their 

response to the increase in the pH of the storage chloride solution. The influence of pH on chloride 

bmding was concentration dependent. The effect was higher at 0.1 M chlaride exposure, than it was 

at 1 M and 3 M chioride exposure (Figure 4-47). 

The testing of the C,A8 and C,S pastes showed that the pH affect the chloride binding of both 

pastes (Figures 4-86.4-88). This indicates that both chemical and physicd binding capacities of a 

cernent paste are probably affkcted by a change in the pH. The binding capacities of both pastes 

were reduced as a result of an increase in the pH of the host solutions. 

The XRD patterns of samples of the OPC pastes exposed to chiocide solutions of different 

pH values, did oot unfortunately show any evidence of the effect of pH on chemical binding, through 

their infiuence on the Friedel's salt peaks, as shown in Figure 4-71. This was somehow expected, 

since the variation in chloride binding at high concentration was too smail to be detected in the 

peaks. The only evidence of this nature was provided by the XRD patterns of samples of the C,A8 

paste exposed to chloride solutions (3 M) with diffcrent pH values. as shown in Figure 4-103. The 

maximum intensity peak of the C&CS.CaC&.24H2O phase was d l1  present in the sample exposed 

to the chloride solution with the higher pH, whereas it dissapeared (converted to Friedel's salt) in 

the sample exposed to the solution with the lower pH. Roberts (1962) found that a sample of 

Friedel's salt had a higher solubiiity in an alkali solution saîurated with lime than in a saturated lime 

solution. and the solubility increased with increasing alkali concentration. This might explain the 

lower binding capacity at higher pH. 

The reduction in ihe chloride binding capacity of the C,S paste, as a result of the increase in 

the pH of the chloride solution, was probably caused by the increased cornpetition between the 

chlonde and hydroxyl ions for adsorption sites on the surface of the C-S-H. 
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5.5 Effect of Temperature on Chloride Binding: 

The results of this research indicated that the efXect of temperature on chioride binding is 

concentration dependent (Section 4.2.2.3). At 0.1 M chloride concentration. an increase in exposure 

temperature fiom 7" C to 38" C causes a decrease in chloride binding. At 3 M chloride 

concentration. an increase in exposure temperature h m  7" C to 38" C causes an increase in chioride 

binding (Figures 4-55 to 4-57). While these results seem to partly disagree with the published resuits 

in the literature. a closer look at the published results show that the h e  chloride concentrations used 

in these previous studies were equal or lower than 1 M. In this chloride concentration range, the 

resuits of this study are consistent with previously published findings. There are no published data 

showing the effect of temperature on chloride binding at higher chloride concentrations (eg. 3M) that 

contradict with the results of this study at 3 M chloride concentration. 

The results of the pure pastes (C,A8 and C,S) regarding the effect of temperature on chloride 

binding were interesting. Those of the C,S paste clearly show that its chloride binding capacity 

increases with a decrease in temperature fiom 38" C to 7" C at al1 tested concentrations (0.1 M. 1 

M.3 M). aithough the effect of temperature was very small (Figure 4-90). Those of the C3A8 paste 

were arnbiguous at high concentrations (3M) (Figure 4-91). This indicates that the observed trend 

in the cernent pastes at 3 M is probably not caused by physical binding. and rnight be caused by 

chemical binding. This suggestion makes sense since chemicai binding is expected to account for 

the major part of chloride binding at 3 M, and the effect of temperature on chioride binding at 3 M 

will reflect the effect on chernical binding more than the effect on physical binding. 

In this context, it is interesting to refer to results by Classer (2000). which showed that 

ettringite cured in 1.5 M NaCl solution remains stable at 25" C but decomposes and forms Friedel's 

salt at 55" C as s h o w  in Figure 5-5. The study, however, did not include testing at NaCl 

concentrations higher than 1.5 M. The red t s  of this research show that ettringite in cernent pastes 

does decompose and f o m  Friedel's salt at chloride concentrations around 3 M and at 22" C. From 

the results of both studies it is suggested that at 3 M NaCl concentration and at 40" C. the 

decornposition of ettringite into Friedel's salt is probably accelerated and chioride binding is 

increased. This can explain the observed effect of temperature on chloride binding at 3 M NaCl 

concentration. 

At 0.1 M and 1 M NaCl concentrations, both chernical and physid binding were Uitluenced 

the same way by temperature, as can be seen h m  the results of the C,A8 and the C,S pastes (Figures 
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Figure 5-5: Solubility of ettringite in sodium chloride solutions at différent temperatures. Values in 

boxes are S04'- in rnmoles~l. (Glasser, 2000) 

4-90,4-9 1). However, the effect of temperame on the chloride binding capacities of the two pastes 

is smail. The results on the effect of temperature for the cement pastes tend to agree with those of 

the pure pastes; the influence of temperature is insignificant at 1 M, and g e n d y  small at 0.1 M. 
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5.6 Effect of Carbunation on Chloride Binding: 

The tesults of this research indicate that fully carbonated cementitious pastes have no ability to bind 

chlorides. Al1 t h m  tested pastes, control, M W  and SF8, exhibited no noticeable capacity to bind 

chlorides when they were carbouated (Figures 4-58 to 4-60). Similarly, carbooated C,A8 and C,S 

pastes hardly had any chloride binding capacities, indicating that carbonation probably destroys the 

chernical and the physical binding capacities. It is known that the C O  eventuaily react with and 

decompose ail the cernent hydrates, forming caicium carbonate (Massuzza, f 998). Only calcium 

carbonate, silica hydrates, aiwnina hydrates, and femc oxide hydrates, are stable in the cement- 

water-carbon dioxide system (Verbeck, 1958)). This explains the severe e E i t  of carbonation on 

the binding capacity. The XRD patterns of samples of fiilly carbonated cernent pastes submerged 

in chloride solutions. clearly showed that the main phase was calcium carbonate (calcite and vaterite) 

(Figures 4-73, 4-74). They aiso showed no signs of the formation of Friedel's salt despite the 

disappearance of the monosulphate and etüingite peaks orighdly found in the non-carbonated MK8 

paste and control paste respectiveiy. 

Tests involving the carbonation of samples a f k  being submerged in chloride solutions were 

not completed. These tests are more practically interesthg than those mentioned above, since in real 

conditions carbomtion occurs after the concrete has been exposed to chlorides. Nonetheless, it is 

expected that the effect of CO2 on the bindiig capacity will be the same as in the iüst case, and al1 

phases containing calcium will be eventually transformed into calcium carbonate. This suggestion 

is supportecl by the redts of a study by Surymanshi & Swamy (1996), whete they investigated the 

effect of carbonation on the stability of Friedel's salt by exposing reinforced concrete slabs (made 

with different W/CM ratios and with âiflierent cementitious systems) to the laboratory environrncnt 

for 3 years, d e r  being exposai to multiple cycles of chloride pondhg (4% NaCl) and drying. The 

MU) patterns showed that Friedel's salt was either absent or present in srnail amounts in the top 

layers of the slabs, depending on the severity of carbonation. However. the presence of Friedel's salt 

was clear at the bottom layers which were either siightly carbonateci or not carbnated. 
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5.7 Chloride Desorption: 

The results of the desorption tests show& that when sarnples of cementitious pastes previously cured 

in sodium chloride solutions were submerged in lime saturated distilled water, part of the bound 

chloride was released into îhe solution (Section 42.2.5). in other words, the reduction in the chloride 

concentration in the pore soiution of a cementitious paste resulted in the partial release of boünd 

chloride. This meam that chloride binding is not an irreversible prwess, and that a portion of the 

chloride ions that have been bound by the cement hydrates and rendered passive may be released 

later in the pore solution. 

The resuits of the desorption tests of the C,A8 and C,S pastes indicaied that both chemical 

and physical binding might be affectecl by the reduction in chloride concentration in the pore solution 

of cernent pastes (Section 4.3.2.5). It is interesting to notice that while the sample of C,S pasre 

released al1 bound chlorides. the specimen of the C,AS paste still retained around 25% of the 

originally bound chloride. at a very low concentration storage solution. The amount of chlorides 

retained by the C3A8 paste is higher than what would be bound at that same concentration. indicating 

that part of the bound chlorides in the C,A8 paste is irreversibly bound. 

The XRD patterns of sarnples of the connol mixture and the MK8 mixture revealed that the 

intensities of Friedel's salt peaks decreased with the decrease in chloride concentrations. But at the 

same tirne, the XRD panems also showed that Friedel's salt peak remained in both sarnples at very 

low concentrations (Figures 4-75.4-76). This codhns that chemical binding is not irreversible. but 

a portion of the chemically bound chlorides is ~ v e r s i b l y  bound. It is interesting to notice that the 

MU) pattern of the sample of the MKg paste cieariy revealed the formation of a new peak 

accompanying the decomposition of Friedel's salt (Figure4-76). This peak was identified as 

ptobably that of the C , A ~ C S . C ~ C ~ ~ ~ ~ H ~ O  phase, since it coincided well with the maximum 

intensity peak of that phase. 
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5.8 Influence of SCM on Cbloride Binding: 

The results of this research relating to the influence of cement substitution with SCM on the chloride 

binding capacity were generally consistent with the main trends found in the literature. Cement 

replacement with 8% silica h e  resulted in the reduction of the binding capacity. Replacement 

with metakaolin (8%) or GGBFS (25%. 40%, 50%) increased the binding capacity. which also 

increased with the increase in replacement levels of the GGBFS. Three types of fly ash (Type F, 

Type CH, and Type CI) (25%, W/CM=0.5) increased the binding capacity at high chlonde 

concentrations (1 M, 3 M), but their effects were generally minor at low concentration (O. 1 M). The 

effect of SCM substitution on the chloride binding capacity was apparently infiuenced by the W/CM. 

The metakaolin, GGBFS, and fly ash had less positive influence on the binding capacity at a WICM 

of 0.3 than at a WICM of O S .  The cernent substitution with 25% fly ash (Type F) has even resulted 

in a smdl reduction of the binding capacity. The influence of the WICM is possibly due to the lower 

degree of hydration and to the denser microstructure of the SCM-cernent pastes with WlCM of 0.3. 

This would result in a lower number of reactive sites for chloride binding. 

The XRD of samples of the MK8, FAI, and FA2 pastes showed an increase in the peaks of 

Friedel's salt (Figure 4-19), dearly indicating that the positive influence of those SCM on the 

bindiig capacity is at least partly due to theù high alumina contents. 

The results of the SCM-lime mixtures (Section 4.3.1) revealed interesting facts which helped 

in the interpretation of the resuits of the SCM-cement mixtures. and in better understanding of the 

possible mechanisms of influence associateci wiîh the SCM substitution. The results of the SF-lime 

pastes indicated that the differences in the bindiig capacities of those pastes were mainly caused by 

the type of C-S-H in those pastes. The C-S-ff of the different SF-lime mixtures had different C/S 

ratios, as suggested by the results of XRD and binding capacity tests. The SF12 paste, which 

contained C-S-H with the highest U S ,  had the highest binding capacity, and SF21, which contained 

C-S-H with the lowest C/S, had no binding capacity. This indicated that the binding capacity of C-S- 

H is funciion of the C/S, decreasing with the decrease in the C/S. This supports the suggestions by 

some workers (e.g. Glas et al.. 1997) that the observed reduction in the binding capacity, bmught 

about by the cernent substitution with silica fume, is due to the lowering of the C/S of the C-S-H. 

The XRD patterns of the MK21 paste, whkh showed that straetlingite was still present at 3 M 

chloride exposure, point to the possibility that the influence of cernent substitution with silica fume 

on the biiâing capacity of GA is more ttian a simple dilution effect, and the formation of C-A-S-H 
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might m e r  reduce the binding capacity of the C,A. 

The results of the MK-lime pastes were very interesting. The three pastes (MK 12, ml!, 

MK2 I), which contained different proportions of metakaolin and lime, had considerably different 

chloride binding capacities (Figure 4-79 ). The XRD results of the MK 12 paste and the MK.21 paste 

revealed differences in the type and proportions of the C-A-H between the two pastes (Figures 4-80. 

4-81). Furthemore, the intensities of peaks of Friedel's salt were much larger in samples of the 

MK12 paste than in those of the MK21 paste, despite the fact that the metakaolin (and alumina) 

content of the MK21 mixture was twice as much as that of the MK12 mixture. These results 

indicated that the binding capacity of these pastes was not only dependent on the alumina (and 

probably the silica) content of the mixture, but also on the CIA (and probably the US) of the mixture 

which infiuenced the type and proportions of the hydrates, and consequently the binding capaciv 

of the mixture. The XRD results suggested that Stratlingite (which has lower C/A ratio) has lower 

binding capacity than C,Ai-4, or GAi-&. The results of the SF-lime pastes suggested that the C-S-H. 

with lower CIS ratio. have a lower binding capacity than C-S-H with hi&er C/S ratio. It is. therefore. 

suggested that when thc CIA and C/S of an SCMçement mixture decrease. calcium silicate hydrates 

(C-S-H), and calcium aluminate silicate hydrates (C-A-S-H) (such as süaetlingite (C,ASH,)) with 

lower C/A and CIS ratios. forms in higher proportions. These hydrates seem CO have lower binding 

capacities than C-A-H and C-S-H with higher CIA (such as C,AH,,, and C,AH,) and C/S ratios 

respectively, which tend to fom more when the CIA and C/S of an SCMcement mixture increase. 

This suggestion can explain why the binding capacity of the SLl00 (1WA GGBFS) paste (which 

has high alurnina but low calcium content) was smaller than that of the control paste as shown in 

Figure 4-1 01. It can also explains why the 25FA2 paste, made with FA2 fly ash (which have high 

alumina and high calcium contents), has a higher binding capacity than the other fly ash-cernent 

pastes. This finding is considered another valuable contribution of this thesis to the knowledge of 

chloride binding in cernent paste. The practical implications of this finding is that tbe continuous 

increase in the replacement level of an SCM does not necessarily result in an automatic increase in 

the chloride binding capacity of the SCM-cernent mixture. Instead. it is suggested that every SCM- 

cernent mixture has an optimum replacement level at which the binding capacity reached a 

maximum. and a critical replacement level above which ihe biding capacity is lower than thaâ of 

the control paste. Results by Dhir et al. (1997) showed the existence of an optimum fiy ash 

replacement level (50%) in a fly ash-cernent mixture. 
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To surnrnarize. The net effect of SCM on the bindiig capacity of the SCM-cernent mixture 

seems to mainly depend on the resulting types and amounts of C-A-H, C-S-H. and C-A-S-H in the 

SCM-cement paste. These hydrates are influenced by the C/A and C/S ratios (of the SCM-cernent 

mixture), which. in tum, are influenced by the chernical composition of the cementitious materials 

and the SCM replacement level. The results of this research showed that the substitution of cernent 

with SCM, having high alumina content, generally increase the binding capacity of the resulting 

mixture. 'Ihere was evidence of an increase in Friedel's salt in the SCM-cement pastes, indicating 

that the hi& alumina content of the SCM is partly responsible for the the increase in the binding 

capacity. There were, however, some doubts concerning the alleged positive effect of SCM 

replacement on the binding capacity of the C-S-H, at least in the case of silica fime substitution; 

Tests of silica fume-lime mixtures revealed that the binding capacity of C-S-H is function of US, 

and a lower C/S results in a lower binding capacity. Also, the reduction in the binding capacity of 

C,A, as a result of the silica fume substitution. might be more than a simple dilution, since the 

formation of C-A-S-H might cause a further reduction in the bindimg capacity of the C,A. 
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5.9 Ponding Metbod Vs Equilibrium Method: 

The results of the binding capacities of four mixtures, determined by ushg the ponding method and 

the equilibrium method, were generally close. Taking into account the differences in the 

assumptions in both methods. in the conditions of exposure, and in the expenmental procedures for 

deteminhg bound chloride, it was expected to see differences in the results of the two methods. It 

is interesting to notice that the binding capacities obtained by the ponding method were generally 

higher than those obtained by the equilibrium method. This was unexpected, since some published 

results showed that the pore solution expression generally overestimate the fiee chloride 

concentration in the pore solution flritthart, 1989a; Lorsson, 1993). Also. the use of evaporable 

water content as representing the pore solution, in which chloride ions are dissolved. is doubtful. 

The results by Mangat h Molioy (1 995) suggest that ody a part of the evaporable water is fiee pore 

water. Nilsson et al. (1996) suggest the use of empty porosity at 11% or 45% RH as a better 

alternative for the amount of pore solution than the evaporable water. This means that the binding 

capacities detemiined using the ponding method could be underestimated. Despite this. the results 

showed that the binding capacities obtained by the ponding method were generaily higher than those 

obtained by the equilibrium method, especially at high chlonde concentrations. While it is not 

unlikely that this might be due to experimental m r .  it is possible that the reason or reasons for these 

results might be due to some of the underlying assumptions in these two methods. 

in the case of the pondiag method, one of the assurnption is related to the determination of Çee 

chloride concentration at different depths. When slicing the cyiinders with a dry saw, evaporation 

occurs. and the chloride concentration increases. It was assumed that by slicing the samples, for 

measuring evaporable water, in a similar manner, the effect of evaporation on the chioride 

concentration would be cancelled. But. it is not necessary mie that evaporation would result in an 

equivalent increase in the cbioride concentration of the expressed pore solution, since only a smdI 

W o n  of the pore solution is extracted. Hence , ushg the evaporable water. determined h m  sliced 

samples, might be underestimating the fiee chloride content. However, even if the values of the 

evaporable water, determined h m  crushed samples. are used, the binding capacities of the ponding 

method are still higher 

in the case of the equdbrium method, it is unlikely that an experirnental enor is responsible for the 

observecl results, since the biiding capacities were repmduced more than once and at different times. 

One tacit as~llfllption is that the chloride solution absotbed by the sample acts as a solvent. If it is 
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suggested that not al1 the evaporable water content is ûee pore water (1 1% to 45% is adsorbed), it 

might be possible that part of the host solution that is absorbed into the sample becomes adsorbed 

to the pore walls and cease king a part of the bulk pore solution. If this suggestion is me, this wi!! 

lead to a rise in the equilibrium chlonde concentration, and the binding capacity will k 

underestimated. 

In any case, more investigation is re~uired to determine whether the observeci behaviour was 

simply the result of experimental error or is related to some underlying assurnptions in these 

methods. One beneficial suggestion is to also compare the Tang and Nilsson method to another 

equilibrium method, where a sarnple is stored in a chloride solution of fixed concentration and the 

total chloride content of the sample is determined (at equilibrium). giving one binding point at the 

expsure concentration. Fmm the knowiedge of the evaporable water. the binding capacity can be 

determined. This way, the determination of the binding capacity will be limited to the measurement 

of the total chloride content and evaporable mer, and potential experimental m r s  will be reduced 

in comparison with the ponding method. The tiee chioride concentration can also be determined 

by pore squeezing the sample. This would enable the comparison between the concentration h m  

pore squeezhg to the concentration of the exposure solution. Moreover, this method allows for more 

similar exposure conditions to the Tang and Nilsson method (duration. static binding capacity) to 

minimize the factors that might affect the resuits. The comparison between these two methods wouid 

help in identifjing the sources of dimences in the d t s .  and detemiine whether some assumptions 

affect the accuracy of the results. 
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5.10 Cbloride Binding and Service Life Prediction: 

The significance of chloride binding in the chloride penetration process was mentioned in the 

Uitroduction. This significance stems h m  the fact that the biding of chlondes dong the 

penetration paîh retards the penetration process and increases the time for corrosion initiation. 

Therefore, it is essential to account for chloride binding in models that describe the penetration 

process, in order to obtain more accurate service life precüctions. 'Inis section discusses the impact 

of the considered cbioride binding relationship on the predicted tirnedependent chloride profiles and 

service lives. Although many transport mechanisms may be involved in the chloride penetration 

process, this discussion focuses on the case where diffusion is the sole chloride transport mechanism, 

assurning the concrete cover is hlly saturated. In this case. chloride ions penetrate the concrete by 

diffusion due to the concentration gradient between the exposed concrete surface and the pore 

solution of the cement maûix (diffusion driving force). This pmess is described by Fick's first law 

of diffusion. in which the chlorides flux is proportional to the concentration gradient dC$x (Crank 

1975), and is given by: 

where J, is the flux of chloride ions (kgM.s), De is the effective dif i ion coefficient (m2/s), w, is 

the evaporable water content (m3 evaporable waterim3 concrete), and Cf is the fiee chloride 

concentration 0cs/rn3 of pore solution) at a depth x (m). The negative sign in equation 5-1 indicates 

that the diffusion occm in the opposite direction to that of increasing chloride coacentration. It is 

assumeci here that the evaporable water content, w, is the water in which chloride diffLsion occurs. 

By applyiag the law of mas conservation to difîusing chiorides, the following equation is obtained: 

where C, is the total chloride concentration (kg/m3 of concrete), and t is the t h e  (s). By substituthg 

Equation 5-1 in Equation 5-2, we obtain the equation governing the mechanisrn of chloride diffusion 

in concrete (Fick's second law), which is given by: 
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By t a h g  into account chloride binding, expressed by the following equation: 

C, = C, + w,Cf (kg/m3 of concrete) (5-4) 

and by substituting equation 5-4 into equation 5-3, the following modified Fick's second law results 

with 

w h m  Ru is the apparent diffusion coefficient (m21s), and dC,/dC,- is the slop of the chlonde binding 

isothem. 

This equation cannot be solved without using numerical methods, because of the dependency 

of D, on Cf in the case of non-linear chloride binding isotherms. It was solved numerically in space 

as a boundary-value problem and in time as an initial-value problem using one-dimensional finite- 

difference (Cd-Nicolson scheme). The set of sirnultaneous equations resulting h m  applying the 

finite-diffmce scheme to Equation 5- 1 was solved in time steps until a specifid chloride threshold 

was attained at the level of rebars. The initiai and boundary conditions used for the numerical 

aaaiyses were the following: 

for r = O Cr = Co at x>O 

fort>O Cf = Cs at x=O 

Cr = Co at x=L 

where t is the tirne, Co is the background chloride concentration in the concrete pore solution before 

the penetration of chlorides , Cs is the chloride concentration of the solution in contact with the 

concrete surface. and L is the thickness of the reinforceci concrete mernber. The thickness was 

assumed to be much larger than the penetration depth. A value of L = 0.2 m was used in the 

numerical analyses. 
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The analyses were performed with a computer model. Three cases were considered: one in which 

chloride bindiig was neglected, a second one where a linear chloride binding isotherm was assumed. 

and a third case in which a Freimdlich bindiig i sothm (non-Iinear binding) was considered. The 

three studied cases and theu influence on the apparent diftiision coefficient and on the diffusion 

equation (5-5) are presented in the following: 

No binding: 

Linear chloride binding isotherm: 

Freundlich chioride biiding isothem: 

Note that in the case of the non-linear Freundlich isotherm. Du is dependent on the free chioride 

concentration. but it is constant in tfie case of no bmding or linear binàing isotherm. The chloride 

binding data of the 40SL (40% GGBFS. W/CM = 0.3) paste (Figure 5-6) was used to calculate the 

chloride binding parameters required for performing the analyses. Other parameters were also 
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(a) Langmuir isotherm 

F ree chlorides, Cfi (kglm3 of pore solution) 

1 Langmuir isothem 

* ,  . . ' '. Freundlich isothem 

(a = 1.05, j3 = 0.36) 

Linear isothem 
( a = 0.07) 

0 20 40 60 80 100 

Free chlorides, Cf i  (kg/m3 of pore solution) 

Figure 5-6: Chloride bindiag data of the 40SL (4W OOBFS) pane, fitted with a Fredich, 
Langmuir, and Lineu isutherm for two &emt e x p o m  conditions: (a) C, = 0.5 M and (b) C, = 
2.5 M. 

assumed in order to tramlate the bindhg data fiom cernent paste to concrete. It was assumed that 

the wncrete evapomble water content w, was 8 %, îhe binder content was 450 kglm3 of mncrete, and 

the effective W o n  coefficient De was 1.0 x m2/s. Two m h e  chloride concentmtios were 

chosen: 0.5 M and 2.5 M . The first simulates submersion in sea water, and the second simulates 

conditions of marine structures in the splash zone or bridge de& exposed to de-icing dis. 
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Figures 5-7 and 5-8 show the predicted firee chionde profiles and totai chloride profiles d e r  

5 years and 50 years exposure periods for the 0.5 M exposure. When non-linear binding is 

considered the predicted fiee chloride concentration at a given depth is lower than when linear 

binding or no binding is assumed (Figure 5-7). The diffèrence becomes more pmnounced at p a t e r  

depths as the t h e  of exposure increases. This indicates that the nature of the chloride binding 

relationship is more significant at low chioride concentrations, where the reduction in the apparent 

diffusion coefficient becomes more pmnounced for the Freundlich isotherm. The total chloride 

profiles in Figure 5-8 show that when chloride binding (linear or non-linear) is accounted for in the 

diffusion equation, the predicted total chlonde concentrations are higher than when no binding is' 

assumai. and this is txue for most of the penetration depth except at low concentrations (due to the 

retardation effect of binding). The higher chlonde concentrations. when binding is taken into 

account. sirnply mean that more chlorides king bound dong the diffusion path. The differences 

between the fiee chloride profiles and the total chloride profiles emphasize the importance of 

detïning the nature of the chloride threshold, i.e., in terms of fiee or total chlorides. The choice of 

the threshold results in noticeable differences in service life predictions. It seems more appropriate 

to define the threshold value in ternis of fiee chlorides, since fiee chlorides are the ones that penetrate 

and initiate corrosion. Of course. some of the bound chlorides could become h e  if conditions 

change, and present a risk for corrosion. But. defining chloride threshold in tenns of total chloride 

is not the better solution. Attempting to account for factors that would affect chloride binding 

(adsorption and desorption) during the penetration process (pH, temperature. wetting and drying ...) 

would be more appropriate. 

Figure 5-9 shows the predicted service lives for the three chloride binding cases considered 

in this discussion. and for the two d a c e  exposures. Two difFerent concrete covers were considered 

(40 and 60 mm), and a !?ee chloride threshold of 0.09% by m a s  ofcementitious materials (5.0 kg/m5 

of pore solution). The results clearly show the considerable effect of chloride binding on the 

predicted times to steel depassivation. In the case of the 0.5 M chloride exposure. the predicted 

times to steel depassivation, when no binding is coasidered, are 3 times lower than the times 

predicted when a freundlich binding isothenn is considered. Even the nature of the binding isotherm 

has a considerable effect on the predicted values. It is worth mentioning again haî the results of this 

research clearly showed the non-linear nature of the chloride binding isotherms. Therefore. it is 

împonant not only to account for chloride binding in service-life prediction niodels, but to also 
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account for the accurate representation of the chloride binding relationship. It should be noted that 

the case of no binding considered in this exarnple does not reaily represent service-life modek which 

do not explicitly account for chloride binding in the diEusion equation; the difhrsion coefikient used 

in these models is the apparent diffusion coefficient D, and not the effective diffusion coefficient De, 

Chloride binding is implicitly included in the apparent diffusion coefficient considered in these 

models. This is equivalent to the case w h e ~  a linear bindig isothem is considerd in the diffusion 

equation. 

- - - - Linear binding 

Concrete cover (mm) 

O 10 20 30 40 50 60 
Concrete cover (mm) 

Figure 5-7: Predicted free chloride concentration promes at (a) 5 years and (b) 50 yesn for 0.5 M 
exposure conditions. 
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Concrete cover (mm) 

+NO binding 

ai 4 - Linear binding 
Y - Freundlich binding t! 

O 1 O 20 30 40 50 60 

Concrete cover (mm; 

Figure 5-8: Predicted total chloride fonceutration profiles at (a) 5 years and (b) 50 years for 0.5 M 
exposure conditions. 
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Figure 5-9: Predicted SeTvice-Iives for ttnce cases considered, and foi diffmnt concrete covm 
assuming a chloride threshold value of O.Wh by mass of thder (5.0 kghd of pne solution) and for 
two dinerent exposure conditions: (a) C, = 0.5 M and (b) C, = 2.5 M. 

E 
m Threshold value = 0.09Oh (bl 
ai 

5 125 
e 

(by mass of binder) - -  
Conwete -ver 



CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Coaclusioas 

The previous two chapters presented the results and analyses of the various studies perfomed in this 

research. These studies provided much needed data about the binding of chlorides in hardened 

cement pastes. Wbile ail the obtained resdts are considered useful to the field of studies. some are 

more important because of the insight they provide in some areas andor because of the new 

questions they arouse. prompting research to move into new directions. 

The most significant findings of this thesis were related to the chernical binding in cement 

pastes, the influence of SCM, the roles of cement mineral phases. and to service life predictions. 

These findings were reached h m  the analyses of the resuits of different studies. aithough. the resuits 

of the XRD tests were crucial. These findings are listed in the following section in relation to the 

different aspects of the chloride binding problem. 

6.1.1 Important Findings 

1 .  Chernical binding 

A. The monosdphate phase does react with chiorides. The reaction starts at chloride 

concentrations below 0.1 M. The products are concentration dependent. At 

low chioride concentrations. Kuzel's salt forms (previously unknown to form as a 

reaction products containhg chlorides) and persist for a noticeable chloride 

concentration range (O M c Cf< 1 M). At high chioride concentrations, Friedel's sait 

forms. The monosulphate seems to fully transform into Friedel's salt at chloride 

concentrations below 1 M. 

B. Evidence h m  severai cernent pastes suggest that even ettringite starts to transform 

into Friedel's salt at high chioride concentrations (2 M < Cf < 3 M). 

C. Several othm C-A-H react with chlorides. including C,AH, Cl&, 

monocarboaluminate. and stratlingite. The transformation and stability of al1 the 

above mentioued C-A-H phases in the presence of chlorides are concentration 

dependent. explaining the dependence of the chernical binding capacity on chloride 



Conclusions and Recomrnendations 228 

concentration. Some phases seem to Mly transform to Friedel's salt at low 

concentrations (C,AHJ, while others partially transform and persist at chloride 

exposure of 3 M (Le. stratlingite). 

D. Friedel's salt peaks increase with increasing chioride concentrations, even at 

concentrations above 1 M. indicating that the chemicd binding capacity is not 

exhausted at low concentrations. 

E. Friedel's salt starts to decompose when chioride concentration is reduced (desorption 

tests). There is evidence suggesting that Kuzel's salt might re-form following the 

reduction of chioride concentration and decomposition of Friedel's salt 

2. Influence of SCM 

ïhe eff~ect of an SCM on the chloride binding capacity of the SCMcement mixture depends not oniy 

on the alumina content of the SCM. but also depends on the overall CIA and C/S ratios of the SCM- 

cernent mixture, which seem to influence the type of the C-A-H and C-S-H products, which in turn 

infiuence the chioride binding capacity. There are indications that when the C/A and CIS ratios of 

a mixture become lower. more stratlingite (C2ASH,) and C-S-ff (with lower C/S ratio) form. 

Stratiingite seem to have lower binding capacities than C,w, or and C-S-H, with lower C/S 

ratio. seem to have a lower binding capacity than C-S-H with higher C/S ratio. 

3. Roles of cernent phases 

The results indicate that the contributions of the chemical (C,A. CJF) and physical binding 

capacities (C,S, C,S) to the chloride binding capacity of cernent are dependent on the chloride 

concentration and cernent type, but are significant in most cases. The C,S (and C2S) and C,AF 

phases bind noticeable amounts of chioride, and al1 four mineml phases contribute to the chloride 

binàing capacity. The chioride binding capacity of the C,AF phase is markedly lower than that of 

the C , k  in generai, the GA content (and chemicai bindïing capacity) of canent play a decisive role 

in the chioride binding capacity at high concentrations, but not at low concentrations. The reason 

for this behaviour at low concentrations is partiaiiy linked to the effect of sulphate content of the 

cernent. 

4. Service life modeiiing 
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Taking chioride binding into account in mathematical models, aiming at predicting chloride 

penetration and service life, will have a significant effect on the predicted durability. Even the type 

of the relationship considered (linear or non-linear) will have a significant effect on the predictions. 

The use of non-linear biiding isotherms results in significantly longer senice-lives than when linear 

binding isotherms are used. The results in this thesis clearly show the the chloride bindiig isothem 

are non-linear and best fit a Freundlich isotherm of the fom Ch = aCJ. Finallyl the criteria for 

definhg the chloride threshold (Le., free or total chioride concentration) will result in totally different 

predictions of service life. 

The foiiowing subsections present more detailed conclusions related to the different aspects 

of tbe chloride binding process. 

6.1.2 Effect of Cernent Composition on the Chloride Binding Capacity 

6.1.2.1 C,A 

The C,A piays an important role in the chioride binding capacity of cernent, as indicated by the 

results fiom diierent studies in this research. The pure C3A paste had the highest chloride binding 

capacities, the partiai substitution of cernent Cl with pure C3A lead to large increase in the biading 

capacity, the addition of sulphate to the C4 cernent and the resulting reduction in the chloride binding 

capacity indicated tbe importance of the chemical binding capacity (mostly due to C3A) to the 

binding capacity of the C4 cement, and the C3A content was the only single variable that correlated 

well with the binding capacity of cement at high concentrations. 

Because of the high binding capacity of C,A and the relatively large variation in the C,A 

content in cernent, The C3A content, is a good indicator of the bhdiig capacity of cernent in the 

high chloride concentration range (1.0 M - 3.0 M). but at iow concentrations (0.1 M), the C,A 

content is not a good indicator of the chloride binding capacity. It is suggested that its effect on the 

binding capacity is related to the sulphate content. The higher the sulphate content is, the lower the 

effect of C3A. 

6.1.22 C,AF 

The C,AF play a signüicant role in the chloride binding capacity of cement. Strong &dence found 
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in this fesearch support this conclusion. The C,AF phase, in pure fom, had a hi& chlonde binding 

capacity, and the partial substitution of the C7 cernent with pure C,AF resulted in a significant 

increase in the chloride binding capacity. XRD patterns of samples of the Cl cernent paste (0% C,A) 

showed the formation of the iron equivaient of Friedel's sait, C,F.CaC12.10H20. The partiai 

substitution of the C 1 cernent with sulphate (to convert al1 the C,AF into etühgite during hydration) 

resulted in a decrease in the binding capacity, a decrease that was considered as the approximate 

contribution of the C,AF phase to the binding capacity of the C 1 cernent paste. The binding capacity 

of the C,AF phase is lower than that of the C,A phase. Results fiom this research suggest that the 

binding capacity of C,AF is probably about one third of the biding capacity of C,A 

6.1.23 C,S, C2S 

The C,S (and GS) generally play a significant role in the chloride binding capacity of cernent- This 

conclusion is based on the results of different tests. The pure C,S paste bound significant amount 

of chloride in cornparison with the control paste. The partial substitution of the Cl cernent with 

sulphate (to make the chernical binding capacity inert) and the resulting binding capacity indicated 

that the physical binding capacity was significant. if not important, since it was assumed that the 

binding capacity of the resulting cernent represented maidy the physical binding capacity of the 

original Cl  cernent. From the results in this research. it is estimateci that the contribution of C,S to 

the binding capacity could possibly range fiom 25% to over 50%. 

6.1.2.4 SO, 

The sulphate content of cernent has a negative influence on the binding capacity. It significantiy 

affects the chemicai binding capacity especiaily at low chloride concentration (0.1 M). Sulphates 

react with C,A and C,AF to fonn monosulphate and ettringite. This d u c e s  the chemicai binding 

capacity. As the chloride concentration increases, the monosuiphte slowly transforms into Kuzel's 

salt lïrsr, and then into Friedel's salt at higher concentrations. The ettringite starts to transform at 

higher concentrations (3 M). These transformations explain why the sulphate content is more 

influential at low chioride concentrations. 
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6.1.2.5 Supplementa y Cementing Materials 

Silica Fume 

The partial substitution of OPC with 8% silica fume caused a significant reduction in the chloride 

binding capacity. This reduction was observed at different WlCM (0.3. OS), different exposures, 

and different chloride concentrations. This reduction cannot be explained by the dilution of the C,A 

alone. Testing of silica fume-lime mixtures showed that the C-S-Cf produced by the different 

mixtures had different chioride binding capacities, and this was attributed to the difference in the 

average CIS ratios of the C-S-H . The lower the average C/S ratio was, the lower the binding 

capacity of the C-S-H. It is suggested that this fïnding might explain the reduction in the chloride 

binding capacity resulting h m  the partial substitution with silica fume. 

Fly ash 

Blended OPC-fly ash pastes (25% fly ash. WICM = 0.5). containing a Type F. a Type CH, and a 

Type CI fly as& respectively, genedly had higher chloride binding capacities than the OPC paste. 

XRD results of samples exposed to high chloride concentrations (3.0 M) provided evidence that the 

high alumina contents of the fly ashes were partly responsible for the observed increases in the 

chloride binding capacities of their comsponding pastes. There was no clear correlation between 

the chloride binding capacity and the calcium or alumina content of the fly ash. 

At a WICM ratio of 0.3. the Type F fly sh did not perforrn as well as it did at a WlCM ratio of O S .  

At 25% replacement level it reduced the chloride binding capacity, and at 40% replacement level it 

increased the biiding capacity only at high chloride concentrations (above 1 .O M). It was suggested 

that this behaviour rnight be relaîed to the degree of hydration andor the microstructure of the OPC- 

fly ash paste. 

CGBFS 

The partial replacement of OPC with GGBFS (25%, 40°/0, at WICM = 0.3; 25%, 50% at WICM = 

0.5) lead to an increase in the chloride binding capacity. This increase was observed at different 

WICM ratios, and at several chloride concentrations. Also. the chloride binding capacity increased 

with an increase in the teplacemnt levels of GGBFS. However, the binding capacity of a 100% 
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GGBFS paste was significantly tower than that of the OPC paste. This result indicates the existence 

of an optimum GGBFS replacement level where the binding capacity reaches a maximum, and a 

higher GGBFS replacement level, above which ihe chloride binding capacity will be lower than h t  

of the OPC paste. 

Metakaolin 

The partial substitution of OPC with metakaolin (8%) increased the binding capacity. The increase 

was obsewed at different WICM ratios (0.3, OS),  different exposures, and different chlonde 

concentrations. The increase in the binding capacity was higher at the higher WlCM ratio. XRD 

tests provided evidence of an increase in the amount of Friedel's salt at high chloride concentrations 

(1 .O M, 3.0 M) in the presence of metakaolin. This showed that the high alumina content of the 

metakaolin was partly responsible for the increase in the binding capacity. The testing of the 

metaicolin-lime mixtures showed that the binding capacity decreased with an increase in the 

metakaolin to lime ratio (by mass). The XRD results revealed that the hydrated metakaolin-lime 

pastes had significant differences in the types and amounts of C-A-H (and probably the CIS of the 

C-S-H), which significantly aEected the chemical binding capacity (and probably the physical 

binding capacity). It is therefore suggesîed that in cement-metakaolin mixtures, an hcrease in the 

metakaolin replacement level does not neceswily mean an automatic increase in the binding 

capacity. The lime to metakaolin ratio of the mixture is a significant factor to take into account in 

addition to the metakaolin content. 

6.13 Pore Solution 

6.13.1 Hydroxyl Ion Concentration 

An increase in the hydroxyl ion concentration of the host solution (1 3.O,l3.4, 13.7. 14.0) reduced 

the binding capacities of the three tested cement pastes. The effect was more pmnounced at low 

chlonde concentration (0.1 M) than at high chioride concentrations (1 .O M, 3.0 M). The effect was 

insignificant for small variations in the pH. but it was significant for relatively large variations in the 

pH. The binding capacities of the pure C,A and C,S pastes were reduced as a result of an increase 

of the pH of the host solutions, suggesting that the chemical and physical binding capacities are 
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negatively affected by an increase in the hydroxyl ion concentration of the host solutions. 

6.1.3.2 Sulphate Ion Concentration 

The presence of sulphate ions in the host solution had a negative effect on the chloride binding 

capacities of the three tested cernent pastes. The effect was insigdicant at 0.01 M [SO,'-1, but it was 

signifiant at 0.1 M [SO,"]. The results h m  the study of the pure C,A and C,S pastes suggest that 

the presence of suiphate in the pore solution negatively affects both the chernical and the physicai 

binding capacities. 

6.1.4 Environment 

6.1.4.1 Tempenîure 

An increase in the exposure temperature fiom 0°C to 23 OC to 38°C reduced the chloride binding 

capacities of ail three tested mixtures at 0.1 M and 1 .O M chioride concentrations. The reductions 

in the chioride binding capacities of the different mixtures were, however, small, especially at 1 .O 

M chioride exposure. A similar trend was obsewed in the pure C,S and C,A pastes. 

At 3.0 M chloride concentrations, an incrpase in the exposure temperature h m  0°C to 23 OC 

to 38°C resulted in an increase in the binding capacities of al1 three tested pastes. This trend was not 

obsewed in the case of the pure C,S paste, and the results of the C,A paste were not conclusive. It 

is suggested that the etiringite phase transforms into Friedel's salt at a faster rate at 3.0 M chioride 

exposure, which might explain the observed behaviour of the three pastes at high chionde 

concentrations. 

6.1.4.2 Carbonation 

Carbonation has a very severe negative effect on the chioride binding capacity of cement pastes. 

Three different precarbonated pastes that were exposed to chioride solutions of different 

concentrations had ahost no chloride bindiig capacity. The prewbonation of these pastes resulted 

in the transformation of C-S-H and C-A-H into CaCO,, which led to the l o s  of their chloride 

binding capacities compared to the equivalent non-carbonated pastes. Since carbonation is 
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accompanied with a sharp reduction in the pH of the pore soiution, the simultaneous occurrence of 

carbonation and chloride attaçk mate the most favourabie conditions for corrosion initiation. 

6.1.5 Chloride Binding and Desorption Isotherms 

The chloride binding isotfims are nonlinear. The Freundlich isotherrn (C, = a C! ) is the best fit 

for the chloride binding isotbenns. Desorption isothenns show the existence of hysteresis in the 

chloride binding process. Chloride binding is largely reversible. Desorption tests of pure pastes 

(C,S, C3A8) indicates thaî physical binding is fully reversible, and chernical binding is largely 

reversible. 
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63 Recommendations 

The chioride binding properties of the hydrated C,A phase should be M e r  investigated. 

While the study of the C3A paste provided important information on the chioride binding 

process, some questions were left unanswered. The binding properties of a C,A (100%) 

paste should be investigated. Several concentrations ( h m  low to high) should be testai to 

check the dependence of the chloride binding capacity on the chloride concentrations, and 

to know when the binding capacity is exhausteci. Also, the binding propetties of an ettriagite 

paste (100%) should be investigated, to check if this paste can bind chloride, at low 

concentrations, without the formation of Friedel's salt, and to confirm the transformation of 

the ettringite paste into Friedel's salt at high chioride concentration. The resuits of this 

investigation would show whether the addition of sulphate to Portland cernent, to transform 

the C,A and C,AF into ettringite, is an appropriate method to investigate the approximate 

distribution of chioride between the C-S-H and the C-A-H. 

2. The resuit of the statistical analysis, showing that the chioride binding capacity can be 

predicted h m  cernent composition are promising. More investigation should be done to 

check the validity of the predictions. This could be done by testing new cements fiom 

diffmnt sources and comparing the results of the tests and the predictions from the 

relationships obtained in this research. Ultimately. the binding capacity of blended cernent 

should be able to be predicted h m  the composition of the mixture. More testing of blended 

cements is needed before this is possible. 

3. The influence of SCM substitution on the chloride binding capacity of cement should be 

investigated more, to better understand the mechanisrns of influence of SCM on the binding 

capacity. The effect of C,ASH, formation (when cement is partially substituted with silica 

fume) on the chloride binding capacity of C3A, in the silica fûme- cement system. shouid be 

investigated by testing silica finne-C,A mixtures. The exact mie of the C-S-H (formed h m  

the pozzolanic reactions) as a fùnction of chioride concentrations and SCM replacement 
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Ievels should be investigated in the cases of fly ash, GGBFS, and metakaolin substitutions. 

Similady, the mie of the C-A-H at hi& SCM replacement levels should also be investigared. 

To be able to mode1 the chloride binding capacity of cernent-SCM system, an attempt shouid 

be made to correlate the chloride bindiig capacity of the cernent-SCM system with variables 

related to the basic mixture components such as the ove& C/S ratio, C/A ratio. and alumina 

content of the cement-SCM mixture. The tests should include several fly ashes (including 

Class F, Class CI, and Class CH), more than one GGBFS and silica fume. Several 

replacement levels (especially in the case of fly ash and GGBFS) and severai chioride 

concentrations should be tested too. 

4. The effect of temperature should be further investigated, especially at high chloride 

concentrations (2.0 M, 3.0 M). The validity of the explanation, provided for the behaviour 

of the tested pastes at high chloride concentrations (3.0 M), couid be checked by testing a 

cernent like C4 (ground clinker without the addition of gypsurn). More temperatures should 

be tested, including temperatures below zero and as high as 70°C. A h ,  dif3erent types of 

cernent shouid be tested (e.g. CSA Type 10 and Type 50 with large differences in the C,A 

contents). 

5. The resuits of this research indicate that carbonated pastes (prior to chloride exposure) bave 

no capacity to bind chloride, irrespective of their compositions. A more practical situation, 

however. is when pastes are carbonated after chloride exposure. A study of carbonation after 

chloride binding would provide information about the kinetics of deterioration of the binding 

capacity, particularly the chernical bindig capacity. 
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Appendù A 

Results of Phase One 

A.1 Introduction 

The results presented in this appendix are referred to in Section 4-1. Table A-1 shows the chernical 

compositions of the SCM used in this research. and Table A-2 presents the proportioning of the 

cementitious mixtures used in Phase 1. 

Table A- 1: Chemical Composition of the Supplementary Cementing Materials 
Ir 1 1 1 1 1 I il 

Amount 
(%) 

SiQ 

A m  

TiOz 

PLOS 

F a  

Ca0 

S r 0  

Mg0 

Mn203 

Na203 

K2O 

N%ot 

WJ* 

LOI@ 1000 

Silica Fume 
SKW 

94.48 

0.14 

0.0 1 

0.14 

0.63 

0.44 

0.02 

0.38 

0.03 

0.16 

1.01 

0.82 

0.36 

2.87 
* 

Metakaolin 

52.0 1 

44.72 

1.6 

0.09 

0.58 

0.00 

0.02 

0.00 

0.0 1 

0.32 

0.19 

0.45 

O. 11 

0.9 

S03 based on 

CCBFS 
Lafaw 
S k  

36.18 

10.07 

0.67 

0.0 1 

0.50 

35.49 

0.04 

0.66 

13.58 

0.43 

0.50 

0.77 

1.51 

1.72 

sulphur determined by LEC0 

Fly Ash 
Ft. Martin 
A,qheney 
TYV F 

FA 

53.89 

24.65 

1.14 

0.7 1 

8.63 

4.37 

O. 16 

0.83 

0.05 

0.6 

2-14 

1.07 

0.6 1 

1.53 

Fly Ash 
C o d  Creek 

Type CH 
FA2 

40.82 

1 1 .O9 

0.47 

0.10 

6 3  1 

19.89 

0.30 

4.4 I 

0.06 

1.14 

1.71 

2.26 

2.17 

1.30 

Fly Ash 
Colombia 

Type CI 
FA 1 

43.07 

70.78 

1.10 

0.67 

5.4 I 

17.72 

0.54 

4.18 

0.17 

1.46 

0.75 

1.95 

2.17 

7.57 
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A.2 Results of mixtures with WICM = 0.3 

Tables A-3 to A25 present the results of mixtures with WICM ratio of 0.3. The chloride binding 

capacities of pastes. tested at 38 OC. are corrected to take into account the effect of evaporation. The 

correction factors are calculated fiom the initial and final weights of the host solution. Two 

assumptions are made in the correction process: 1) the ratio of the initial and equilibriurn volumes 

of the host solution is equal to the ratio of the initial and equilibrium weight of the host solution. and 

2 )  the evaporation does not affect the equiiibrium between bound and free chloride. This means that 

the amount of chioride in the host solution. at equilibrium, is the same with or without evaporation. 

The corrected chloride concentrations at equilibriurn are obtained as follow: 

v, /v ,=  WJW, (A- 1 ) 

C,*V, = C,*V, (A-2) 

C,=C,*V,/V,=C,*W,lW, (A-3) 

where V, initial volume of host solution (without evaporation). 

V,: volume of host solution at equilibrium d e r  evaporaiion occurred. 

W,: initial weight of host solution (without evaporation) 

W,: weight of host solution at equilibrium afier evaporation occured. 

Ce: chloride concentration at equilibrium (without evaporation). 

C,: measured chioride concentration at equilibrium afler evaporation oçcurred. 

The correction factors in Tables A-6. A-1 0, A- 14. and A- 19. are equal to the W, / W, ratios of the 

different samples. nie  corrected equilibrium chloride concentrations (CJ presented in these tables 

are the obtained using equation A-3. 

The accuracy of the corrected chioride birPding capacities obviously depends on the accuracy of the 

2 previously rnentioned assumptions. in fact, both assumptions results in errors. While the first 

assumption does not have significant effect on the results, The second assumption significantly 

oversetimates the chioride binding capacity at low concentrations (eg 0.1 M. 0.3 M). Nevertheless, 

the obsewed effects of temperature at high chloride concentrations are true effect. 
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Control, W/CM = 0.3, curing: 2 months 
Table A-3: Chloride binding capacity of the control paste. 
L 

Solution Volume D y  sampk mrss Initial Conc. Equilibrium Conc Boond Chloride 

v, w d ci ce c, 
(ml) (fi) (moVI) (moUI) mg CUg Spk 

33.745 2 1.882 0.101 0.047 2.93 
27.399 21.901 0.304 0.198 4.69 

Control, W/CM = 0.3, curiog: 2 months, T = 7°C (storage temperature) 
Table A-5: Chloride bindi 

C'ontrol (replica), WICM = 0.3, curing: 2 months 
rable A-4: Chlonde bindinp, capacity of a replica of the control paste. 

Bound Cbbridc 

G 
mg CVg Spk 

3.17 
6.02 
6.45 
7. 14 
9.08 

lzpp 

Eqrüibrium Conc. 

Ce 
ImoW 

0.047 
0.364 
0.539 
0.777 
1.737 
2.677 

Solution Volume 

V, 
Im 1) 

37.702 
27.438 
24.274 
20.224 
70.875 
11.310 

Dy sampk mas 

W, 

22.787 
3 3 3 9  
2.750 
$3.008 

22.62 1 
?7 774 

lnitul Coic. 

Ci 
( m m  

0.101 
0.508 
0.709 

,. 1 .O06 
2.0 15 
7 070 
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the rnekured chloride concentrations and the correction factors shown between parantheses. 

Control, W/CM = 0.3, curing: 2 months, T = 38°C 
Table A-6: Chloride binding capacity of the control paste. stored at 3 8 T .  

%SF(replica), WICM = 0.3, curing: 2 months 

Bound Cbloride 

CL, 
mg CVg Spk 

2.48 
3.97 
4.35 
5.18 
619 
9.55 
l0.q 

ISF, WICM = 03. curing: 2 months 
rable A-7: Chloride binding capacity of the 8SF paste. 

*The equilibriurn chhide concentrations. shown in Table A-6. are the adjusted concentrations, usin 

Equilibrium Conc 

Ce 
( m m  
0.056 (0.969)' 
01 19 (0.966)* 
0.398 (0.%3)* 
0.566 (0.95415 
0.808 (0.955)' 
1.720 (0.953)' 
7 695 ~a943* 

Solution Volume 

V, 
(mi) 

34.83 1 
29.1 19 
25.456 
2 1 245 
20.503 
18.749 

q'&j 

Bound Chloride 

c, 
mg CVg Spk 

I .58 
2.55 
3 -50 
3.85 
4.36 
5.12 

Dy sampk mus 

Wti 
Id 

2.436 
22,187 
22.778 
20.876 
2.86 I 
10.553 
73 132 

Equilibrium Conc. 

ce 
(moU1) 

0.073 
0.749 
0.422 
0.592 
0.876 
1.856 

Initial Conc. 

Ci 
ImoW 

0.101 
0.304 
0.508 
0.709 
1 .O06 
2.015 
3.030 

Initial Conc. 

c, 
(molIl) 

0.101 
0.504 
0.508 
0.709 
1 .O06 
2.015. 

Solution Volomr 

v, 
(ml) 

35.778 

30.375 
25.936 
20.806 
20.474 

20569 

D y  mmpk m m  

w, 
(19 

1.719 
23.273 
22.58 1 
22.489 
21.621 
2.655 
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8SF, WICM = 0.3, curing: 2 months, T = 7°C 

8SF, WICM = 03, curiag: 2 months, T = 38°C 
Table A-10: Chioride binding capacity of the 8SF paste, stored at 38OC. 

*The equilibrium chlonde concentrations. shown in Table A-6. are the adjusted concentrations, usin 
the measured chloride concentrations and the correction factors show between parantheses. 

Ioitul Conc 

ci 
(moVI) 

0.101 
0.304 
0.508 
0.709 
1 .O06 
2.0 I 5 
3 070 

Eqrilibnum Conc. 

ce 
(moW 
0.070 (0.936). 
0241 (0.926). 
0.421 (0.920). 
0.588 (0.9 15). 
0.853 (0.90 1 )* 
1.84 1 (0.9 1 0)' 
3,788 (39 13). 

. 
Solution Volume 

v, 
(mi) 

35.08 1 
29.782 
26.790 
23.378 
20243 
20.569 
70 313 

Bound Chbride 

Cb 
mg cug ~ p k  

1.69 
1.85 
3.78 
4.35 
4.84 
5.72 

7 97 

D y  sampk mrss 

w 4 

(g) 
22.793 
23255 
2 1 -778 
23.033 
22.70 1 
22.1 19 
3 1.898 
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25SL (replica), W/CM = 0.3, curing: 2 months 

25SL, WICM = 0.3, curing: 2 months 
Table Al  1 : Chioride binding capacity of the 25SL paste. 

25SL, WICM = 0.3, curing: 2 months, T = 7°C 

Bound Cbloride 

Ch 
mg CVg Sple 

3 .O7 
4.64 
6.15 
6.55 
7.52 
8.78 

10.90 

Equilibrium Coac. 

CE 
(mol4 

0.047 
0 203 
0.356 
0.526 
0.777 
1,749 
7 690 

Solotioo Volume 

Vs 
(mi) 

37.1 14 
30.4 15 
26.976 
23.719 
21.851 

Dry sampk mas 

Wd 

(g) 
23 375 
23.544 
23.695 
23.535 
23.563 

Initial Conc. 

Ci 
(mou) 

0.101 
0.304 
0.508 
0.709 
1 .O06 
2.015 
3.030 

21.971 i 23.620 
21 570 73 1104 
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40SL, W/CM = 0.3, curing: 2 months 

25SL, W/CM = 0.3, curing: 2 months, T = 38°C 
Table A-14: Chloride binding capacity of the 25SL paste. stored at 38°C. 

25FA, WfCM = 0.3, curing: 2 montbs 
Table A-16: Chloride binding capacity of the 25FA paste. 

*The equilibrium chlonde concentrations, shown in Table A-6. are the adjusted concentrations. using 
the measured chloride concentrations and the correction factors shown bctween parantheses. 

Equilibrium Conc. 

Ce 
(moW 
0.049 (0.973)' 
0.199 (0.966). 
035 1 (0.959)* 

0.520 (0.958)* 
0.756 (0.95 1)' 
1 A96 (0.957)' 

1 .030, .oQP59\*  7 

Initial Conc. 

Ci 
( m m  

0.101 
0.304 
0.508 
0.709 
1 .O06 
2.015 

Solution Volume 

Vs 
(ml) 

37.932 
29.188 
25.230 
33.242 
21.004 
20.086 

4 556 

Bound Chloride 

Ctu 
mg CUg Spk 

2.93 
4.79 
6.0 1 
6.63 
8.19 

10.60 
13 3 3 

Dry sampk mass 

Wd 
(9) 

23.902 
12.660 
23.403 
23.554 
22.736 
2 1 A28 
-3.450 7 

Solution Volume 

v, 
(ml) 

33.366 
28.635 
23 -003 
21.001 
24.846 
18.554 

Equilibnum Conc. 

ce 
tmoUI) 

0.062 
O223 
0.382 
0.554 
0.8 19 
1.765 
7 7L3 

Bound Cbbridc 

c, 
mg CUg Spk 

2-18 
3.72 
4.68 
5.6 1 
6.33 
8.2 1 

, 1O-OJ 

Dry simpk mas 

Wd 
(9) 

2 1297 
22.012 
2 1 -955 
20355 
26.006 
20.066 

1 8 . 5 6 3 3  

laithl Conc 

Ci 
(m0UI) 

0.101 
03û4 
0.508 

0.709 
1 .O06 
2.015 

3030 
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!5FA (reptica), W K M  = 0.3, curing: 2 months 

!SFA, W/CM = 03 ,  curing: 2 montbs, T = 7°C 
rable A-18: Chloride binding capacity of the Z F A  paste, stored at 7°C. 

Solutioa Volume D y  sampk mrss la i t i l  Coac. Equiübrium Coac Bound Cbloridt 

Vs W, Ci C e  C, 
in9 (g) , ( m o w  mg CUg Spk 

34.83 1 2 1.485 0.101 0.053 7.78 
19.386 2 1.673 O304 0.2iO 4.50 
74.926 21.476 0.508 0.378 5.37 

25FA, W/CM = 0 3 ,  cuiing: 2 months, T = 38°C 
Table A-1 9: Chloride bidinp; capacity of the 25FA paste, stored at 38 O C .  

J 

Bound Cbloriâe 

ct! 
mg Cllg Spk 

1.73 
326 
4.15 
4-73 

. 6.02 
8.68 

*The equilibrium chlonde concentrations, shown in Table A-6, are the adj& concentrations, using 
the measured chloride concentrations and the correction fàctors shown between parantheses. 

Solution Volume 

v, 
(ml) 

33.097 
27.953 
23.494 
32.423 
1 6.420 
17365 

initial Coac. 

ci 
(molll) 

O. 10 1 

0304 
0.508 
0.709 
1 .O06 
2.015 

Dry simple mus 

Wd 

(s) 
2 1 .O8 1 
2 1 -767 
22.49 1 
Y .529 
18.252 
2 1.937 

Equitibrium Coac. 

c, 
(main) 
0.070 (0.969)' 
0232 (0.962). 
03% (0.955)* 

0.575 (0.955)* 
0.8 17 (0.939)' 
1 -706 (0.948)* 
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40FA, W/CM = 0.3, curing: 2 months 
Table A-20: Chioride binding capacity of the 40FA paste. . 

Solutioa Volume Dry sample masr Initial Conc Equilibrium Conc. Bound Chlaride 

V, W, Ci Ce Ch 
(mi) (n) (moW (mom) mg CVg Sple 

3 1.741 19.376 0.101 0.065 2.12 

8MK, W/CM = 0.3, curing: 2 montbs 

2SSL6SF, W/CM = 03, curing: 2 months 
Table A-22: Chloride binding capacity of the 25SL6SF paste. . - 

Soloîion Vdumt D y  simpk mus Initial Conc Equilibrium Coac hund Chloride 

v, Wd ci ce Ch 
(mB (SI mm ( m m  mg CVg Spk 

35.699 22.982 0.101 0.070 1.72 
31.008 23.103 O304 0.240 3 .O6 
25358 23.010 0.50% 0.408 3.89 
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4ûSLSSF, W/CM = 0.3, curing: 2 montbs 

QOFASSF, WICM = 03, curiag: 2 months 

25FA6SF, WICM = 03, curing: 2 montbs 
Table A-24: Chloride binding capacity of the 25FA6SF paste. 

Table A-25: Chioride binding capacity of the 40FA5SF paste. 
I 

Solution Volume D y  wmpk miss lniîbl Con& Equilibrium Coac Bound Chbride 

v, Wd ci ce Cb 
(ml) (d (moW (QOW mg C V ~  spk 

34.941 _ 23.4 19 0.101 0.078 1 . 3  

Bouad Chbride 

C, 
mg CVg Spk 

1.2 1 
1 .% 
7.57 
3.39 
4.53 

Solirtion Volume 

Va 
(ml) 

35.679 
3 L ,908 
25.927 
23.573 
30.686 

laithl Conc. 

Ci 
(maW 

0.101 
0.304 
0.508 
0.709 
I.006 

Dry sanpk mass 

W, 
Is) 

73330 
2.053 
22.922 
23.090 
22.1% 

Eqailibriam Coae. 

C c  
(moW 

0.079 
0764 
0.444 

0.6 15 
0.869 

20.820 2.0 15 22.689 1.826 / 6.16 
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A 3  Results of mixtures witb WICM = 0.5 

Tables A-26 to A-39 show the chloride bindiig isotherms of pastes with WfCM ratio of O S .  Some 

of the pastes were cured for 2 months ( Tables A-26 to A-3 1) before k ing  exposed to chloride 

solutions, while the other pastes were cured for 9 months (Tables A-32 to A-39) More king 

exposed to chloride solutions. 

Control, W/CM = 0.5, curing = 2 montbs 
Table A-26: Chloride bind 
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8MK, W/CM = 0.5, curing = 2 months 

2SFA, WlCM = 0.5, curing: 2 months 

25FA2, W/CM = 0.5, curing: 2 months 
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25FA1, W/CM = 0.5, curing: 2 months 
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Control, WICM = OS,9 months curing 

25FA, WICM = 0.5,9 months curing 

ZSSL, W/CM = O.5,9 months curing 
Table A-34: Chloride binding capacity of the 25SL paste. 

Solution Volume 

Vd 
ml) 

29.5 1 

Dry Simpk Mws 

W., 
(8) 

22.82 

Iiitîml Coac. 

Ci 
(moU1) 

0.101 

Equilibnum Conc. 

C e  
(moW 

0.035 

Baund Chbride 

Ch 
mg C V ~  ~ p k  

3 .O3 
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2SFA6SF, W/CM = OS,9 months curing 
rable A-35: Chloride binding capacity of the 25FA6SF paste. 

Solution Volume Dry Samplt Miss IiitiaI Cosc Equilibnum Conc. Bound Chloride 

Vd w , ci ce Cb 
(ml, (6 (moi) (molli) mg cug s pie 

28.19 22.80 0.IOI 0.06 1 1.76 

25SMSF, W/CM = O.5,9 months curing 

8SF, W/CM = O.5,9 months curing 
Table A-37: Chloride bindmg capacity of the 8SF paste. 

Sdutkn Voluim Dry Sampk M m  initial Conc. Equilibrium Conc. Bwnd Chloride 

v, w* c, c, Cb 

mil (SI ( m m  (mow mg CUg Sple 
27.99 22.96 0.101 0.055 1.98 
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Control, W/CM = 0.5,9 mootbs curing 
Table A-38: Chloride b i i g  capacity of the control paste. 

8MK, WfCM = 0.5,9 months curing 
Table A-39: Chloride binding capacity of îhe 8MK paste. 

Bound Chlodde 

Cb 
mg CVg Sple 

2.80 
7.79 

1 1 . k  

Solution Volume 

V d  
(mi) 

29.14 
29.1 8 

Y 79 30 

Bound Chloride 

Cb 
mg CUg Spk 

3.38 
13.91 
71.57 

Solution Volume 

v, 
(mi) 

28.92 
29.70 
29.03 

J 

Initial Conc. 

c, 
(ml 

0.101 
1 .O08 

1 

Dry Sampb Mess 

w, 
(9) 

23.56 
23.74 
23.01 

Equilibrium Cone. 

c* 
(mouil 

0.037 
0.829 
2.777 

Dvy Sampb M m  

Wd 
(9) 

22.85 
23.06 

Iniüal Conc. 

CI 

0.101 
1.008 
3 mi 

Equilibrium Conc. 

c. 
(mow 

0.026 
0.703 
7 547 
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A.4 Reprodueibiliîy (control paste) 

Tables A-40 to A-43 show the chloride bindig isotherms of four replicas of the control paste. 

Control (replica l), WICM = OS,  curing: 2 months 

Control (replica 2), WICM = O S ,  curing: 2 months 
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Zontrol (replica 3), W/CM = 0.5, curing: 2 months 
:able A-42: chloride binding capacity of the control paste (replica 3). 

Control (replica 4), W/CM = 0.5, curîng: 2 months 

Soluüon 
Mau 

Solution 
Dsniity 

Solution 
Volume 

Sampk 
Ma88 - Initial 

Conc. 
Equilibfium 

Conc. 
&und 
Chloride 



Results of Phase One 264 

A.5 Influence of sample size 

Tables A-44 to A 4 6  show the results of the influence of sample size on the chloride binding 

capacities of the control, 8SF, and 8MK pastes. 

Control, WICM = 0.5, curing: 2 months 
control paste. 

8SF, W/CM = 0.5, curing: 2 months 

l 4g.791 mu1 lm1 59.611i1 3 n 7 d  

8MK, WICM = 0.5, curing: 2 months 
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A.6 Influence of solution volume 

Tables A 4 7  to A 4 9  show the results of the influence of host solution volume on the chlonde 

binding capacities of the control, 8SF, and 8MK pastes. 

Control, WfCM = 0.5, curing: 2 months 
Table A-47: Influence of the host solution volume on the chloride binding 
capacity of the control paste. 

SSF, WICM = 0.5, curing: 2 months 
Table A-48: Infiuence of the host solution volume on the chloride binding 
capacity of the 8SF paste. 

I 

8MK, W/CM = 0.5, curing: 2 moaths 
Table A-49: Influence of the host solution volume on the chlonde binding 

2.767 1 
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A.7 Results o f  the ponding tests 

A.7.1 Hydrosyl ion profiles 

Tables A-50 to A-53 show the hydroxyl ion concentrations, or the pH values, across the depth of the 

specimen of the 4 tested pastes. 

Control, W/CM = 0.5, curing: 2 months, ponding: 16 months 
Table A-50: pH values and OH' ion concentrations across the depth of the control paste. 

Dtpth trom the Sudace Hydmxyl Ion Coaccntratioa PH 
(mm) (moW 

< 

8SF, W/CM = 0.5, curing: 2 months, ponding: 16 months 
Table A-5 1 : pH values and OH- ion concentrations across the depth of the 8SF paste. 

Dcpth hm the Srdacc Hydmsyl Ion Coiccntntion PH 
lm@ (moVI) 
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8MK, WICM = 0.5, curing: 2 months, ponding: 16 months 
Table A-52: pH values and OH' ion concentrations across the depth of the 8MK paste. 

Dcptb fmm thc Surface Hydmxyl loa Coaccnlratioioa PH 
(mm) mm 

1.5 0.067 12.83 
5 0.055 12.74 

7.5 0.095 12.98 
1 O 0.180 13.25 

ZSFA, WICM = 0.5, curing: 2 months, ponding: 16 months 
Table A-53: pH values and O K  ion concentrations amss the deph of the 25FA paste. 

Ocptb fmm the Sorf~ce Hydroxyt Ion Coiircatrrtion PH 
(mm) (QOM) 
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A.73 Free cbloride profiles 

Tables A-54 to A-57 present the free chloride concentrations across the depth of specimen of the 

tested pastes. 

Coatrol, W/CM = 0.5, curing: 2 months, pondiag: 16 months 
Table A-54: Free chloride concentrations across the depth of the control paste. 

ûepth h m  the Surfoce F m  Chlofide Concentration Free Chloride Concentntion 
(mm) (ml (rnoUI) 

5.0 34697.0 0.979 
10.0 33249.0 0.938 
15.0 29369.0 0.828 
20.0 2601 1 .O 0.734 

8SF, WlCM = 0.5, curing: 2 months, ponding: 16 months 
Table A-55: Free chloride concentrations across the de& of the 8SF pase. 

I 

I Depn-mrsu*w (mm) 
Fias Chloride Conuntmîh 

(ppml 
F m  Chloride Concentration 

(moW 
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2SFA, WICM = 0.5, curing: 2 months, ponding: 16 months 

8MK, W/CM = 0.5, curing: 2 montbs, ponding: 16 months 
Table A-56: Free chloride concentrations across the depth of the 8MK paste. 

Table A-57: Free chloride concentrations acrosse dep& of the 25FA paste. 

Free Chloride Concentration 
(molil) 

0.862 

Depîh fiam the Surface 
(mm) 

2.5 

F m  Chloride Concentration 
( P m  

30574.0 
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A.73 Toîal chloride profiles 

Tables A-58 to A-64 show the total chloride content across the depth of specirnen of the 4 tested 

pastes. Except for the 8SF paste, 2 specirnen of each of the other pastes (control, 8MK, 25FA) were 

analysed for their total chloride contents. Originally, 3 specimen of each paste were selected to be 

analysed for their total chloride profiles. However, dificulties were encountered in scaing up the 

specimen for grinding, and some of the specirnen broke under pressure during the grinding process. 

Control, WICM = 0.5, curing: 2 months, ponding: 16 months, specimen 1 
Table A-58: Total chlonde contents across the depth of the control paste (specimen 1 ). 

hpth from the Sudace Total Chloride Content Total Chloride Content 
(mm) (Oh ma- cernent poste) (mmoUg cernent paste) 

Control, WICM = 0.5, curing: 2 months, ponding: 16 months, specimen 2 
Table A-59: Total chloride contents across the depth of the control paste (specimen 2). 

Depth from the Surface Total Chloride Content Total Chloiide Content 
(mm) (% mars cement pas*) (mmoUg cement p t e )  

L 

2.29 2.069 0.584 
7.1 1 2.022 0.570 

1 1.68 1 .926 0.543 
16.26 1.855 0.523 
20.83 1.739 0.440 
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8SF, WKM = 0.5, curing: 2 montbs, ponding: 16 months 
Table A-60: Totai chloride contents across the depth of the 8SF paste, 

1 bpth fmm aie Suriace Total Chloride Content Total Chloiide Content 
(mm) (% mars cernent pnts) (mmoUg cement paste) 

2.29 1 364 0.554 
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8MK, W/CM = 0.5, cnring: 2 monttis, ponding: 16 months, specimen 1 

8MK, WlCM = 0.5, curiag: 2 months, pondiog: 16 montbs, specimen 2 
Table A-62: Total chioride contents across the depth of the 8MK paste (speçimen 2). 

bpth h m  th Surface 
(mm) 

L 

1.91 
4.95 
8.00 

1 1 .O5 
14.10 
17.15 
20.19 
23.24 
26.29 

Total Chladde Content 
{% m a u  wment paste) 

3.002 
2.380 
1.473 
0.996 
0.739 
0.51 1 
0.298 
0.134 
0.042 

Total Chloride Content 
(mmdlg cement paste) 

0.847 
0.671 
0.41 6 
0.281 
0.209 
0.144 
0.084 
0.038 

- 0.012 
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ZSFA, WICM = 0.5, curing: 2 months, ponding: 16 months, specimen 2 
Table A-64: Total chiocide contents across the depth of the 25FA paste (specimen 1).  

Oepai from the Surhce Total Chlwiâe Content Total ChlorMe Content 
(mm) (% m m  cernent -te) (mmoUg cemet parte) 

25FA, WICM = 0.5, curiag: 2 months, ponding: 16 months, specimen 1 
Table A-63: Total chioride contents across the depth of the 25FA paste (specimen 1). 

Total Chloride Content 
(mmollg cement paste) 

0.639 
0.593 
0.524 

L 

Depth from the Surface 
(mm) , 

2.03 

Total Chloride Content 
(% m l u  cernent p t e )  

2.266 
5.08 
8.13 

2.1 02 
1 .a59 
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A.7.4 Chloride binding isotherms 

Tables A-65 to A-7 1 show the chloride binding isotherms of the four tested pastes, using the ponding 

method. Except for the 8SF paste, the binding isothenns of the three other pastes were detemined 

fiom the two total chloride profiles. 

Control, W/CM = 0.5, curing: 2 months, ponding: 16 months 
Table A-65: Chloride binding capacity of the control paste. fiom the pondinp method. 

1 48.26 1 10.881 1 0.348 1 7.19 1 
Resuits from specirnen 2 

Control, W/CM = 0.5, curing: 2 months, ponding: 16 months 
Table A-66: Chlotide bindine, capacity of the control paste, fiom the ponding method. 

Depth 
(mm) 

2.79 
7.87 

12.95 
18.03 
23.11 
28.19 
33.27 
38.35 
43.43 
48.51 

' Resuts from specirnen t 

F m  Chloride Concentration 
(mow 

1 .O39 
0.948 
0.859 
0.773 
0.690 
0.61 1 
0.536 
0.467 
0.403 
0.345 

3 

Total Chloride Contenr 
(mg CUg cement paste) 

22.448 
20.987 
19.81 1 
18.198 
16.087 
15.846 
14.134 
13.333 
1 1.804 
11.160 

Bound Chloride 
(mg CU9 cement paste) 

9.58 

D@I 
(mm) 

2.29 

Bound Chkride 
(mg CUg cement -te) 

11.44 
10.93 
10.70 
10.00 
8.77 
9.37 
8.45 
8.38 
7.53 
7.50 
6 54 , 

Total Chloride Contenr 
(mg CUg cement paste) 

20.692 

F m  Chloride Concentration 
(mou) 

1 .O48 
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8SF, WKM = 0.5, curing: 2 montbs, ponding: 16 months 
Table A-67: Chlonde binding capacity of the 8SF paste, from the ponding method. 

h p t h  Total Chloiide Content FM Chloride ConcenWon Bound Chloride 
(mm) (mg CVg cement mte) (mow (mg CU9 cement paate) 
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8MK, W/CM = 0.5, curing: 2 months, ponding: 16 months 
Table A-68: Chloride binding capacity of the 8w paste: fiom the ponding method. 

Total Chloride Content. F m  Chloride Concentration 1 Bound Chloride 
(mg CUg cement parte) (mow (mg CUg cernent paste) 

8MK, WICM = 0.5, curing: 2 months, ponding: 16 months 
Tabie A-69: Chloride binding capacity of the 8MK paste. h m  the ponding method. 

Depth Total Chloride Content Free Chloflde Concentration Bwnd Chloride 
(mm) (mg Cllg cernent paste) (moU1) (mg CUg cement paste) 

20.57 5.149 0.081 4.22 
24.38 2.688 0.038 2.25 
28.19 1.168 0.016 

Resurts from specimen 1 
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25FA, WICM = 0.5, curing: 2 months, ponding: 16 months 
Table A-70: Chloride binding capacity of the 25FA paste, from the ponding method. 

1 Denth 1 Total Chloride Content 1 Free Chloride Concentration 1 Bound Chlofide 1 
- -T  

(mm) 
1.91 
6.48 

11.05 

25FA, W/CM = 0.5, curing: 2 montbs, ponding: 16 moatbs 
Table A-71: Chloride binding capacity of the 2 paste. fiom the pondinp method. 

Bound Chloride 

33.9t 1.244 
7 

1 29.46 1 2.695 1 0.077 1 
Resuîts from specimen 1 

(mg-Cllg cernent paste) 

23.206 
18.930 

: 14.498 

0.037 ( O. 79 
0.010 1 0.74 

Reçuk from specimen 2 

(mol/!) 
0.975 
O. 739 
0.528 

(mg Cllg cernent paste) 

11.11 
10.76 
7.94 
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0.0 0.5 1 ,O 1.5 2.0 2.5 3.0 
Cbloride concentration (M) 

Figure A-1 : Chloride binding isothems of 2 replicas of the control paste. WICM = 0.3. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Cbloride concenîration (M) 

Figure A-2: Cbloride bindhg isotherms of 2 replicas of the ZSSL paste. WICM = 0.3. 
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0.0 O S  1.0 1.5 2.0 2.5 3.0 
Cbloride concentration (M) 

Figure A-3: Chloride binding isotherms of 2 replicas of the 2SFA paste. WWM = 0.3. 
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0.0 0.5 1 .O 1.5 2.0 2.5 3.0 
Chloride concentration (M) 

F i p  A-4: Chionde binding isotherms of the conml paste at temperatmes: 7°C. 23 OC. and 

0.0 0.5 1.0 I ,5 2.0 2.5 3.0 
Chlonde concentration (M) 

Figure A-5: Chloride biiding isotberms of  the 25SL paste at temperatures: T C ,  23 OC, and 38°C. 
W/CM = 0.3. 



Remlts of Phase One 281 

Figure A-6: Chloride biodig irotherms of the 2SSF paste at temperatures: 7°C. 23 OC, and 38OC. 
W/CM = 0.3. 



Appendix B 

Results of Phase Two 

B.l Introduction 

The resdts presented in his appendix are referred to in section 4-2. Table B-1 shows the chemical 

composition of the different cements used in Phase 2. The chemicai compostions of the metakaolin 

and silica fime. used in Phase 2. are show in Table A-l of Appendix A. The mix proportions of 

the 8SF and 8MK are presented in Table A-2 of Appendix A. 

Table 6-1 : Chernical Composition of Portland Cements 

Amount CI C2 C3 C4 CS Cd C7 OPC 
(Oh) Control 

SiO, 21.41 18.89 18.42 21.15 21.59 10.61 14.49 21-26 

A m  2.8 1 5.5 1 5.36 5.6 1 4.15 5.25 1.83 4.09 

TiO, 0.14 O .U 0.14 0 3  4 028 0.27 0.09 0.1 

P P s  0.17 0.3 0.28 O. 18 0.07 0.13 0.13 0.07 

F m  4.48 7.55 1.64 2.24 3 .O8 2.06 0.27 2.89 

Ca0 6577 62.38 61.33 67.56 62.71 63.87 68.84 63.58 

S r 0  0.1 1 0.3 0.28 0.15 0.08 0.09 0.13 0.12 

M@ 0.98 2.75 2.6 1 1 6  3.77 2.73 0.6 2.47 

Ma@, 0.12 0.1 1 0.1 0.07 0.08 0.06 0.03 0.06 
-- 

O. 12 0.5 1 0.49 028 0.2 1 0.3 1 0.21 0.17 

KA) 0.24 I .O4 1 .O6 0.3 0.66 1 .O9 0.07 0.62 

N a A  0.28 1-19 1.19 0.48 0.64 I .03 0.29 0.58 

SO,* 2.65 4.12 4.43 0.32 I .44 135 1.14 7.79 

LOI@ iooo 1 -46 I .02 2.44 0.34 1.5 1.94 17 0.99 

(%) BOGUE COMPOSlTION 

c,s 70 57.9 572 71.6 54. 1 612 75.3 57.6 

cg 8.6 10.5 9 -7 7 212 13 13.5 17.6 

C a  O 10.3 9.7 11.1 6.1 10.4 4.4 5.9 

C,AF 13.6 7.7 8 6.8 9.4 6.3 0.8 8.8 

30, based on sulphur determineci by LEC0 
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6.2 Results of the cements test 

Tables 8-2 to B-8 present the results of the chloride binding capacities of different cernent pastes. 

C2, W/CM = 0S,2 months curing 

15.87 1 

C3, WlCM = OS,  2 months curing 

1 25171 33.301 1 - 1 1 5 ( 1  23.74r 3.0211 
-- - 

2.71 1 1 13.79 1 

C8, W/CM = 0.5,2 months curing 
Table B-4: Chloride b 

Wll w,, 4 v, w, ci c. Cb 

(9) (glmi) (ml) (9) (moUI) (moUI) p ~ g  CUg Spb 
+ 25.06 32.22 1.003 32.12 23.52 0.101 0.0431 2.80 
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CS, WICM = 0.5,2 months curing 
Table B-5: Chloride binding capacity of the CS paste. 
s 1 

w,, w,, d, V* W d  ci 
a (9) mi) (mi) (0) (moffl) (91 
24.01 30.W 1.003 30.54 22.74 0.101 0.043 1 2.78 

C6, WICM = 0.5,2 months curing 

C4, WICM = 0.5,2 months curing 
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C7, WICM = 0.5,2 months curing 

19.98 1 27.91 ( 1.0401 26-84 1 18.57 1 1.010 1 0.899 1 5.71 
I 3.030 l 2.884 1 7.59 

Cl, WICM = O.5,2 months curing 
Table £3-8: Chloride binding capacity of the C 1 paste. 

(~nipio 
Ylu - 

Iniîjai 
Coric. 

SoIution 
YIrt 

Equilibriurn 
Cmc. 

ûound 
Chloiid. 

~oiut im 
Dlcrrlty 

r 

sduîian 
Vdunn 2w - 
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B.3 Results of tests on the effect of cernent fineness 

Tables B-10 and B-11 show the results of the effect of cernent fineness on the chloride binding 

capacity of pastes. Cement C4 was ground for an extra 2 hours. and the binding capacity of the 

resulting cement was compared to that of cement C4 without the extra grinding. Also. cements C2 

and C3 are produced from the same plant and are of similar composition except for their fmeness. 

Their binding capacities are shown in Tables B-2 and B-3. 

C4, WICM = O S ,  2 months curing 
Table B-10: Chlotide binding capacity of 

Sunpk Solutiaci solwor, Sdutli 
Mau Yass DmiHv Vdunn 1 -! 

C4, WICM = O S ,  2 months curing 

C4 (2 extra hours grinding), WICM = 0.5,2 months curing 
Table B-1 1 : Chloride binding capacity of the C4 paste, made with C4 
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B.4 Results of tests on the effect of SO, content of cements 

Tables B-12 and B-13 present the results of the effect of SOj content of cements on the chloride 

binding capacity. 

C4-7S03, W/CM = 0.5,Z months curing 

2508 1 32.12 1 1.040 1 30.89 1 23.31 1 1.008 1 0.902 1 4.98 
1 34.701 1-1151 31.131 ~1 30371 2.819 1 

Cl-4S03, WICM = 0.5,2 months curing 

- -  - -- 

1 22.49 1.008 0.954 1 2.69 
1 23.78 3.Q27 2.915 1 5.15 
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B.5 Results of tests on the effect of pH 

Tabies B-14 to B-25 show the results of the effect of pH of the host solution on the chiotide binding 

capacity of pastes. The pH of the host solutions at equilibrium are also show in these tables. 

Control, WICM = 0.5, curii 
Table B-15: Chloride bindine caa 

Control, WICM = 0.5, curing: 2 months, pH = 13.0 (host solution) 
Table 8-14: Chionde binding, capacity of the Control paste. The host solution pH=13. 

~nths, pH = 13.4 (host solution) 
he Control paste. The host solution pH=13.4. 

I I 1 

Control, WICM = 0.5, curiog: 2 months, pH = 13.7 (host solution) 

L 

Soluüon 
M u 8  

w* 
. (91 

31.78 
32.93 

Solution 
Volunn 

v* 
(ml) 
31.51 
31.53 

Solution 
Dmïlsity 

d, 
(glml) 

1.009 
1.044 

Smpk 
Ma88 

w,, 
(9) 
24.80 
24.76 

1 

- 
Wd 

(9) 
23.26 
23.23 

initial 
Cocic. 

Cl 

(moW 
0.101 
1.007 

~quilibrium 
Canc. 

c, 
(moW 

0.047 
0.842 

Chlofid~ 

c, 
mg CUg SPI0 

2.61 
7.93 

EquUlbrium 
PH 

PH 

13.31 
f 3.42 
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Control, WICM = 0.5, curing: 2 montbs, pH = 14.0 (host solution) 
Table B-17: Chloride binding capacity of the Control paste. The host solution pH=14. 

SSF, WICM = 0.5, curing: 2 months, pH = 13.4 (host solution) 

8SF, WICM = 0.5, curing: 2 months, pH = 13.0 (host solution) 

Equiliôrium 
PH 

PH 
- 

13.91 
13.89 

Table B-18: Chloride binding capacity of the 8SF 

& 
Wd 

(g) 
23.09 
23.38 

Onipk 
Maas 

W,, 
(01 
24.62 
24.93 

I 

sollllon 
Ma88 

w,, 
, (9) 

32.94 
34.08 

Faste. The host solution pH=13. 
b 

Solution 
M#, 

w, 
, (9) 

33.65 
34.20 

1" 
Cmc. 

c, 
m o w  

0.101 
1.Ot 1 

S d i M  
0.nrity 

ds 

( g m  
1.044 
1.078 

Equiliklum 
PH 

PH 

13.21 
13.25 

Equilikium 
C m .  

c. 
(molli) 

0.067 
0.886 

wution 
Volume 

V, 
(ml) 
31.54 
31.62 

Baud 
Chloddr 

Cb 
mg C h  Spb 

1 .n 
6.03 

EqulllMum 
Conc. 

c, 
(moW 

0.069 
0.870 

Dy - 
w, 
(9) 
22.96 
23.17 

ampin 
Ylu 

w,, 
(9) 
24.80 
25.03 

Solution 
DonsiQ 

4 
( a W  

1.009 
1.044 

llMd 
Chlorida 

Cb 
mg CUg S P ~  

1 .56 
6.74 

Initial 
Cane. 

Cl 
(moW 

0.101 
1.007 

Solution 
VValunn 

v, 
(ml) 
33.36 
32.75 
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8SF, W/CM = 0.5, curing: 2 months, pH = 14.0 (host solution) 
Table B-21: Chloride binding capacity of the 8SF paste. The host solution pH=14. 

~olution Solution ~o~uüon ~ m p k  DY Initial ~qui~ibrium ~ound ~qui~ikium SlmW ~onc.  ~onc. IY#f Dlirrky Volume M.u Chloildr PH y, 

w,, d, V d  Wll Wd ci c, Cb 
(9) ( g W  (ml) (g) (9) (moW (moW mg CUg S P ~  PH 

33.26 1.044 31.85 24.89 23.04 0.101 0.079 1.1 t 13.86 

8SF, WJCM = 0.5, curing: 2 months, pH = 13.7 (host solution) 
Table B-20: Chloride binding capacity of the 8SF paste. The host solution pH=] 3.7. 

EquiliMum 
PH 

PH 
13.60 
13.57 

Solulon 
Mau 

W d  
, (9) 

32.51 
33.81 

8MK, W/CM = 0.5, curing: 2 montbs, pH = 13.0 (host solution) 
Table 8-22: Chloride binding capacity of the 8MK paste. The host solution pH=13. 

EquilMum 
PH 

PH 
I 

13.28 
. 13.41 

Sdution 
Mm8 

w, 
(al 
32.09 
33.22 
35.73 

Sduîim 
ûamtty 

ds 
(@ml) 

1.023 
1.057 

EquiliWni 
Conc. 

Ce 
(moW 

0.075 
0.903 

Sdi#on 
D.cilitr 

d, 
(@mi) 

1.009 
1.044 
1.119 

Baind 
Chlorida 

C, 
mg CUg Sple 

1.26 
5.55 

innia 
Conc. 

Cr 
(moW 

0.101 
1.012 

Solution 
V d w  

V 
(ml) 
31.79 
32.00 

Sdution 
Vduim 

V, 
(mi) 
31.81 
31.81 
31.94 

Onip* 
Wiu 

Wii 
(g) 
24.96 
24.26 

s::w - 
Wd 

îg) 
23.11 
22.46 

Bound 
Chlarldi 

Cb 
mg CU9 S P ~  

2.72 
12.33 
23.71 

Smph 
Ylu 

4, 
(O) 
24-70 
23.72 
74 72 

Inioil 
Conc. 

Ci 
( m W  

0.101 
1.007 

Ory - 
Wd 
(QI 
23.10 
22.19 
73 17- 

EqulllMum 
Conc. 

c e  

(-1 
0.045 
0.764 
2.544 
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8MK, WICM = OS, curing: 2 months, pH = 13.7 (host solution) 

34.07 1 1 .O57 1 32.24 1 23.33 1 21.82 1 1.012 1 0.798 1 11.24 1 13.68 
37.601 1 .13~ I  ~1 7 7 ~ 5 1  2@ w5I 76151 22.55 1 lm 

8MK, W/CM = 0.5, curing: 2 months, pH = 13.4 (host solution) 
Table B-23: Chloride binding capacity of the 8MK paste. The host solution pH=13.4. 

EquiNbriun 
PH 

PH 

13.45 
13.54 
13.45, 

8MK, W/CM = OS,  curing: 2 montbs, pH = 14.0 (host solution) 
Table B-25: Chloride binding capacity of the 8MK paste. The host solution pH=14. 

Solution 
Mas8 

w, 
(9) 

, 32.31 
33.39 
- - 

35.43 

SoMion 
Ur# 

w, 
(91 
33.21 
34.15 

Solution 
Vdunn 

V, 
(ml) 
31.89 
31.79 

- - -. 

3 u 3  

Solution 
ümsity 

ds 

(glml) 
1.013 
1.050 

- - - 

1 .A74 

Smpk 
M a u  

Wll 
(9) 
24.24 
24.37 
24.M. 

solution 

ds 
(ml) 

1.044 
1.078 
1.151 

~ound 
Chlorlck 

Cb 
mg CUg S M  

2.01 
10.52 

mpk Dy - 
W., 
(9) 
22.67 
22.79 

WuLion 
Vduni. 

V d  
(ml) 
31.80 
31.68 
3125 

EquiliMun 
PH 

PH 

13.9t 
13.92 

Initial 
Conc. 

Ci 
(mou!) 

0.101 
1 .O08 
3.019 

Sm* 
y.U 

W,, 
(9, 
24.69 
24.68 

Equilibrium 
Conc. 

c. 
(moUI) 

0.054 
0.774 
3544 

Qnr* 

Wd 

(91 
23.09 
23.08 
73 40 

initial 
Cw. 

Cl 
(-1 

0.101 
1.01 1 
3.027 

Bound 
Chloride 

Cb 
mg CUg Sple 

2.33 
1 1.56 
32 75 

~qui~ikium 
Conc. 

c. 
( m m  

0.060 
0.795 
2.578 
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B.6 Results of the effect of sulphate ion eoncentratioa 

Tables 8-26 to i3-54 show the results of the eRect of sulphate ion concenûation. in the host solution. 

on the chloride binding capacity of pastes, 

Control, W/CM = 0.5, curing: 2 moaths, [so:~ = O M (host s ,oh tion) 
n the host solution. 

, curhg: 2 montbs, \SO:-I= 0.01 M (bost solution) Control, W/CM = 0.5 
Table 5-27: Chloride binding cap&ity of the con& [SO,"]= 0.0 1 M in tbe host solution. 

I I 1 I 

Contml, WlCM = 0.5, cunng: 2 months, [SOI-] = 0.1 M (hosi t solution) 
[ in the host solution. 
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8SF. WlCM = 0.5, curing: 2 months, [SO:-] = O M (host solution) 
e host solution. 

BSF, WlCM = 0.5, curing: 2 months, [SOI') = 0.01 M (host solution) 
the host solution. 

BSF, WICM = 0.5, curing: 2 months, [SOI'] = 0.1 M (host solution) 
the host solution. 
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8MK, W/CM = 0.5, curing: 2 montbs, [SOI-] = O M (bost solution) 
e host solution, 

8MK, W/CM = 0.5, curing: 2 montbs, [SOI'] = 0.01 M (host solution) 
in the host solution+ 

BMK, WICM = 0.5, curing: 2 montbs, [SO:] = 0.1 M (bost solution) 
the host solution. 
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B.7 Results of the effect of temperature 

Tables 8-33 to B-43 show the results of the effect of temperature on the chloride binding capacity. 

The specimen were stored at 3 different temperatures: 7" C. 23 OC. and 3 8 O C .  

Control, WICM = 0.5, curing = 2 months, T = 7°C 
rature is 7°C. 

Control, WICM = 0.5, curing = 2 months, T = 23°C (storage temperature) 
Table B-36: Chloride binding cap& of the control paste. The storage ter 

Control, WICM = 0.5, curing = 2 months, T = 38°C 

perature is 23 OC. 

perature is 38°C. 
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8SF, WICM = 0.5, curing = 2 montbs, T = 7°C 
Table B-38: Chloride binding capacity of the control paste. The storage tem1 

8SF, WICM = 0.5, curing = 2 months, T = 23°C 
turc is 23°C. 

35.47 1.1 15 31.83 ( 24.85 1 23.31 1 3.015 1 2.832 1 8.86 
751 24.641 23-11! 3.015) 2.8551 7.94 

8SF, WICM = 0.5, curing = 2 mooths, T = 38°C 
h 
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8MK, WICM = 0.5, curing = 2 months, T = 7°C 
ture is 7°C. 

8MK, WICM = 0.5, curing = 2 months, T = 23°C 

1 22.931 3.0151 2.5541 22.82 

8MK, WICM = 0.5, euring = 2 montbs, T = 38°C 
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B.8 Results of the effect of carbonaiion 

Tables 844 to 846 presenr the results of the effect of pre-carbonation of pastes on the chloride binding capaciiy of 

pastes. 

Control, WICM = 0.5, curing = 2 montbs, pre-carbonated 
Table 8-44: Chloride bhding capacity of the pre-carbonated control paste. 

I 

8SF, W/CM = 0.5, curing = 2 months, precarbonated 

8MK, WICM = 0.5, curing = 2 montbs, precarbonated 

23.901 34.80 1 1.115 1 31.22 
74.93 1 34.79 1 1.115 1 31 72 7 a  3.021 7 979 la 

2253 3.015 
-~ 

2.982 1 -62 
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Results of Phase Tbree 

C.1 Introduction: 

The results presented in this appendix are referred to in section 4-3. The chernical compositions of 

the pure phases are presented in Table C- 1. and the mixtures design of the pastes made with pure 

phases, are presented in Table C-2. The mixtures design of the SCM-lime pastes are presented in 

Table C-3. 

Table C- 1 : Chernical Composition of the Pure Phases 
I l  

Amount 
(%) 

SiO2 

Pure 

Cs 

33.79 

Pure 
c g  

24.05 

Pure 
C A  

0.04 

Pure 
C,AF 

0.33 
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Table C-3: Proportioning of Mixtures Used in Phase 3B 

1 1  I Compositiom (Oh maes) 

MU 

C S  

C,S 

C,A8 

C,AJ 

simiIar to those of the OPC paste. 

75.57 20.98 3.46 

WIC M 

0.5 

0.5 

0.5 

O .5 

Composition ( % ) 

OPC SF MK CCBFS 

Ca(OH)z 

5 2 

6.18 

SFIZt 2 

SFllf 2 

SF21t - 7 

C g  

1 O0 

3333 

50 

66.66 

MK12' 

C A  

63.33 

75.08 

Cs 

1 O0 

- 7 33.33 

MKIIt  

MK21t 

50SL 

C,AF 

t The mkbg water in the SCM-l ie  mixtures contained NaOH and KOH in concentrations 

66.66 

50 

33.33 

66.66 

50 

66.66 

Gypsum 

31.57 

18.74 

IOOSL 0.5 

- 7 

1 

0.5 50 

1 O0 

50 

50 

33.33 
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C.2 Results of the SCM-lime pastes: 

The following results in Tables C-4 to C-9 are referred to in subsection 4.3.1. and represent the 

binding capacities of the SCM-lime pastes. Tables C-10 and C-1 1 show the binding capacities of 

the 50SL and l OOSL pastes. 

MK11, W/CM = 2, curing: 2 months at 38°C 

MK21, WlCM = 2, curing: 2 months at 38°C 

MK12, W/CM = 2, curing: 2 months at 38°C 

7 7  1 
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SF11, WICM = 2, curing: 2 months at 38°C 
Table C-7: Chloride binding capacity of the SF11 paste. 

(9) (@ml) (ml) (g) (g) (moiil) {moUI) h g  CUg Spk 
115.70 71.10 1.003 70.88 22.56 0.102 0.105 -0.35 
125.37 80.43 1.040 77.35. 22.45 1.014 1.009 0.61 

SF21, WlCM = 2, curing: 2 months at 38 O C  

SF12, WICM = 2, curing: 2 montbs at 38°C 
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SOSL, W/CM = 0.5, curing: 2 months 

100SL, W/CM = 0.5, curing: 6 months 
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C.3 Remlb of the pure phases: 

The resuits presented in the following tables (Tables C-12 to C-28) are those of pastes made with 

pure phases. and are referred to in subsection 4.3.2. 

C,A4, WICM = 0.5, curing: 2 montbs 

19.84 1 28.021 1.040 ( 26.951 17.051 1.0101 0.238 1 43.24 
911 30,371 1.1151 27.251 17.11I 3.0341 1.549 1 

C,A8, WICM = 0.5, curing: 2 months 
Table C- 12: Chloride bind 

1 9 9 2 ~  
19.71 
19.98 31.21 1.115 3.034 1.931 5- 

1.040 
1.115 

27.83 
30.57 

26.76 
27.43 

18.25 
18.08 

1.010 
3.034 

0.372 
1.916 

33.21 
60.18 
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C,AF, W/CM = 0.5, curing: 2 months 

19.85 1 28.62 1 1 .Mû 1 27.52 1-17.87 1 1 .O10 0.552 25.05 

CIAS, W/CM = 0.5, T = 38"C, curing: 2 montbs 
solution at 38 C. 

1 19-90 1 31.07 1 1.173 1 26.49 1 18.24 1 3n97 1 -37 
-- 

C,A8, WICM = 0.5, [sol'] = 0.1 M (host solution), ciring: 2 months 
ost solution). 
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C3A8, W/CM = 0.5, pH = 14 (host solution), curing: 2 montbs 

C,A8, WKM = 0.5, curing: 2 months, Pre-carbonated 

Cl-6C,A, WlCM = 0.5, curing: 2 montbs 
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Cl-lOC,A, WfCM = 0.5, curing: 2 montbs 

C7-7C,AF, WlCM = 0.5, curing: 2 months 

.ts.i~sT 27.80 1 7.040 26.74 1 18.58 1 1.010 1 0.878 1 6.77 
20.411 30.371 1.115 27.251 19.00.11 2 838 1 9.74 
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C,S, WKM = 0.5, curing: 2 months 

19.93 1 30.34 1 1.040 29.18 19.18 1 1 .O10 1 0.974 1 1.97 

C3S, WICM = 0.5, curing: 2 moaths 

19.59 27.69 1.040 26.63 18.11 1.010 0.938 3.78 
19.74 30.21 1.1 15 27.1 1 18.25 3.034 2.925 5.73 

C3S, WICM = 0.5, curing: 2 months, T = 38°C (storage temperature) 
st solution. 
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C3S, WfCM = 0.5, curing: 2 months, T = 7°C (storage temperature) 
solution. 

C,S, WICM = 0.5, curing: 2 montbs, pH = 14 (host solution) 
n). 

C3S, WlCM = 0.5, curing: 2 montbs, [SO, "1 = 0.1 M (bost so1ution) 
st solution). 
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C,S, W/CM = 0.5, curing: 2 months, pre-carbonated 

3.031 1 
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C.4 XRD results of "purew phases: 
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Appendix D 

Contribution o f  Cernent Pbases 

D.l Example of estimation of eontribntions of the cernent mineral pbases to the chlaride 

binding capacity: 

The contributions of the mineral phases of the C7 cernent to its chloride binding capacity are 

estimated in this example. The following assumptions are made in order to estimate these 

contributions: 

1. The chloride binding capacities of these phases are assumed to be equal to the chloride 

binding capacities of the corresponding 'pure" pastes. 

2. The distribution of hydrates in 1 g of cernent paste is assurned to be similar to the distribution 

of their corresponding mineral phases, detennined according to Bogue composition. In the 

case of the hydrates produced by C,A and C,AF. the SO, content of the cernent is also added 

to the C,A and C,AF contents according to their respective molar content. 

3. The chloride binding capacity of the cernent is assumed to be the surn of the binding 

capacities of the di fferent mineral phases. 

Table D-l shows the chloride binding capacities of the pure pastes and Cl cernent at 

equilibriurn chloride concentrations of O. 1 M and 3.0 M. These binding capacities were calculated 

tiom the chloride binding isotherms (obtained by fittüig Freundlich isotherms to the experimental 

data) of the pure pastes. The a and P coefficients of the Freundlich isotherms are also presented in 

Table D- 1. 
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Table D- 1 : Coeficients of Freundlich isothems and bindine ca~acities of the Dure aastes. 

Table D-2 shows the mineral composiiion of the C7 cernent along with the SO, content. 

Pure Pute 

Ca 

C s  

Table D-2: Mieral comwsition of cernent C7. 

The distribution of the SO, between the C,A and C,AF phases is determined as follow: 

Molar content of C,A = 4.4 1 270.2 = 0.0163 mole/100 g cernent 

Molar content of C,AF = 0.8 / 486.0 = 0.0016 mole/ 100 g cernent 

The amount of SO, that combines with C,A = 2.14 * 0.0163 1 (0.0163+0.0016) = 1.95 %= 1.9 % 

The amount of SO, that combines with C,AF = 2.14-1.95 = 0.19 % = 0.2 % 

The amount of hydrates produced by C,A = 4.4% + 1.9% = 6.3% 

The amount of hydrates produced by C,AF = 0.8% + 0.2% = 1 .O% 

The amount of hydrates produced by C,S = 75.0% 

The amount of hydrates produced by C,S = 13.5% 

Cocfiicienîs o f  Freundlicb Isothtrm 

Cernent 

C7 

a 

3.818 

1.81 1 

Chloride Biading Capaciîy 

b 
0.334 

0,136 

0.1 M 

1.77 

1.32 

75.0041 

3.0 M 

5.5 I 

1.10 

c8 
13.5% 

C344 

44% 

C, AF 

0.8% 

m 
2.14% 
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To decide whether the binding capacity of the C3A8 or that of the C3A4 paste represents the 

biiding capacity of C ,A in the C7 cement, the molar ratio of SO, to C ,A is calculated: 

Molar ratio (S0,/C3A) = (1.9 / 80) / 0.0163 = 1.46 

Since the molar ratio is closer to that of the C,A8 paste. the binding capacity of the C3A8 paste is 

used to estimate the contribution of the C,A phase. The binding capacities of the different phases at 

0.1 M chloride concentration (equilibriurn) is calculated as follow: 

binding capacity of CjS + C2S = (75.0 * 1.77 + 13.5 1.32) / 100 = 1.5 mg CVg paste 

binding capacity of C3A = 6.3 19.00 / 100 = 1.2 mg CVg paste 

binding capacity of C,AF = 1.0 * 8.43 / 100 = 0.1 mg CVg paste. 

The estimated chloride binding capacity of the C7 paste = 1.5 + 1.2 -i 0.1 = 2.8 mg Cltg paste. 

The contributions of the various phases (calculated with respect to the actual binding capacity of the 

C7 cement) are as follow: 

contribution of C,S + C2S = 1.5 / 2.98 * 100 = 50% 

contribution of C,A = 1.2 / 2.98 * 100 = 40% 

contribution of C,AF = 0.1 / 2.98 * 100 = 3% 
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Effect of Partick S i e  in the Equilibrium Method 

E.1 Introduction 

The results presented in this appendix were obtained fiom chioride binding tests performed on the 

OPC control (CSA Type 20) cernent and the Cl cement (CSA Type 50). The equilibrium method 

was used to detemine the chloride binding capacity. The purpose of these tests was to investigate 

the intluence of the particle size of the paste samples (stored in chioride solution) on the chlonde 

binding capacity. 

E.2 Experimental Procedures 

The cements were mixed at a WlCM of O.S. and the pastes were cured for 2 months at a temperature 

of 23 "C. For eac h of the cernent pastes. 2 sets of smples were prepared. The first set of samples 

were prepared following the procedure described in Chapter 3 (Section 3.3.1). The second set of 

samples were prepared in a simiiar way except that the paste sarnples were wet crushed and water 

sieved to 0.25-1.5 mm particle size instead of king sliced into discs (50 mm diameter by 1-3mm 

thick). Three chloride concentrations were tested : 0.1. 1 .O. and 3.0 M. 

E3 Results 

Figures E-l and E-2 show the resuits for the OPC and the Cl pastes respectively. The results are 

aiso presented in Tables E-1 to E-4. These results indicate that powdered samples have between 

15% to 25% higher chloride binding capacities than samples made tlom discs. 
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7 

T2O (powder) 
0 

T20 (discs) 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Chloride concentration (M) 

Figure E-1: Chloride binding isotherms of the OPC control paste. obtained h m  powdered 
sarnples and fiom samples made from discs. 

T50 (powder) 

T50 (discs) f 
0.0 0.5 1.0 1.5 2.0 2 5  3.0 

Chloride concentration (M) 

Figure E-2: Chioride binding isotherms of the C 1 cernent paste, obtained h m  powdered samples 
and h m  samples made h m  discs. 
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OPC (Control), W/CM = 0.5,2 months curing (samples made from discs) 
Tabie E-1 : Chloride binding capacity of the OPC control paste. 

Cl Cernent, WICM = 0.5,2 months curing (samples made from discs) 
Table E-2: Chloride binding capacity of the C 1 cernent paste. 

Solution Volume 

Vd 

(ml) 
28.63 
28.45 
1 

OPC (Control), WICM = O.S,2 montbs curing (crusbed samples) 
Table E-3: Chloride binding capacity of the OPC control paste. 

Equilibrium Conc 

Ce 

(moW 
0.049 
0.85 1 
3 

Bound Chloride 

C, 

mg CVg Spk 
1.28 
5.04 

Cl Cernent, WICM = O.5,2 months curing, (crushed samples) 
Table E-4: Chloride bindiig capacity of the C l  cernent paste. 

Bound Chloride 

Ch 

mg CUg Sple 
1.60 
8.00 

9 

Dry Sompk M a s  

Wd 

(8) 
23 -04 
23.27 

Equilibrium Conc. 

Ce 

(mom 
0.056 
0.918 

Solution Volume 

VA 

(ml) 
28.57 
28.65 

Solutioe Volume 

v, 
(ml) 

29.48 
27.99 
27.67 

Initial Conc. 

Ci 

(moW 
0.108 
1 .O35 

7 

Eqoilibrium Conc. 

c, 
(mom) 

0.04 I 
0.8 17 
2.74 1 

Boaad Cbloriâe 

C, 

mg CVg Spk 
2.65 
629 

1 028 

Dry Somple M a s  

W 4 

(9) 
23-10 
23.61 

Bound Chloride 

c, 
mg CVg Spk 

3-03 
936 

12.97 

Dry Sompk Mus 

Wd 

(8) 
23.08 
23 .O9 
23.10 

Equilibrium Conc. 

Ce 

(moVi) 
0.050 
0.899 
2.807 

L 

Solution Volame 

V a  

(ml) 
29.18 
29.56 
27.62 

Initial Conc. 

Ci 

(mou) 
O. 108 
1.035 

Initial Conc. 

c, 
(moVI) 

0.108 
1 .O35 
3.045 

Dry Sampk M a u  

Wd 

(8) 
22.62 
72.68 
22.70 

Initial Conc. 

Ci 

(moV1) 
0.108 
1.035 
3.045 




