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ABS1RACT 

The aim of this study is to evaluate the effects of alkali content in cernent and the molecular 
weight of PNS on the properties of cernent pastes and concretes. Moreover, the dispersing 
mechanism of the PNS superplasticizer and the role of a1kali in the dispersing mechanism are 
also proposed in this study. Six cements, having a wide range of C3A and N~O equivalent 
contents, have been carefully selected for this study. Three commercial PNS superplasticizers, 
having different molecular weights, were selected and were characterized by their molecular 
weight distribution. 

The results obtained from the study of the effects of alkali content show that there is an optimum 
content of soluble alkali with respect to fluidity and fluidity loss, which was found to be 0.4 -
0.5 % N~O soluble equivaient in the cements. It was found that there is nota close relation 
between the total al.kali and the soluble alkali content measured in the cernent pastes having a 
WIC = 0.35. Therefore, it is important to measure the soluble alkali content rather than the total 
alkali content. The addition of a1ka1i sulfate to low-alkali cements significantly decreases the 
tluidity loss of cement pastes, however, this addition increases the tluidity loss of cernent pastes 
made with high-alkali cements. It was found that the three incompatible cements containing a 
low amount of soluble alkalies have a tendency to adsorb a high amount of PNS superplasticizer, 
while the three compatible cements containing a higher amount of soluble alkalies do not, 
leaving a higher amount of PNS superplasticizer in solution. For a given cernent, the PNS 
adsorption capacity of a cement is strongly influenced by the soluble al.kali content. It was also 
found that the addition of aikali sulfate significantly reduces the amount of PNS trapped on the 
interstitial phases by increasing not only the concentration of sulfate ions, but also the pH in the 
interstitial solution, and by decreasing the concentration of calcium ions. As a consequence, it 
improves the tluidity of cement pastes. Therefore, in this study, the competition mechanism 
between PNS and hydroxide as well as sulfate ions was proposed. From the results on concretes, 
it was confirm.ed that the addition of sodium sulfate has a positive effect on the fluidity of 
concrete made with a low-alkali cernent, while the effect is negative in concrete made with a 
high- alkali cernent. The addition of sodium sulfate in the range of 0.4 % - 0.5 % to a low-alkali 
cernent was help:ful in rnaking a high performance concrete. However, an excess addition of 
sodium sulfate to a low-alkali cernent could be deleterious in terms of the late compressive 
strength of the concretes. 

From the results obtained from the study of the effects of the rnolecular weight of PNS, it was 
found that the influence of the rnolecular weight of PNS superplasticizer on the rheological 
behavior of cernent pastes depends greatly on the a1kali content in the cernent; relatively high-
molecular-weight PNS is more effective in fluidizing pastes made with high-alkali cernents th.an 
low-molecular-weight PNS, however, PNS molecular weight has little effect in fluidizing pastes 
made with low-alkali cernents. However, in the study on concretes, the high-rnolecular weight 
PNS is always better in improving the tluidity of concretes than low-molecular weight PNS. The 
tluidity of cernent pastes containing a high rnolecular weight PNS is more affected by the 
addition of Na2S04 because the amount of large molecules remaining in solution is determ.ined 
by the alkali content in the cement. However, low-molecular-weight PNS does not affect greatly 
the tluidity of cement paste when some Na2S04 is added. 
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Résumé 

La recherche présentée avait pour premier objecttt: d'évaluer les effets de la teneur en alcalis d'un ciment 
et de la masse moléculaire d'un pt0lynaphtalène sulfonate (PNS) sur les propriétés rhéologiques de pâtes de ciment et 
de bétons, et pour deuxième objeictïf: de proposer un mécanisme de dispersion des molécules de PNS tenant compte 
du rôle des alcalis. 

Pour atteindre ces deux objectifs, six ciments, ayant des teneurs en C3A et N~O équivalent qui variaient sur 
une assez grande gamme de valeur, ont été sélectionnés ainsi que trois superplastifiants commerciaux ayant des 
distributions moléculaires différentes. 

Les résultats obtenus momtrent qu'il existe une teneur en alcalis solubles optimale qui confère au ciment non 
seulement une bonne fluidité initiale mais aussi minimise la perte de fluidité dans le temps. Dans le cas des ciments 
étudiés nous avons trouvé que cet optimum était de l'ordre de 0,4 à 0,5% de NazO équivalent soluble. L'étude 
menée sur les six ciments a montré en outre qu'il n'y avait pas de relation simple entre la teneur en N11zO équivalent 
total et la teneur en N~O équivalent soluble dans les pâtes de rapport E/C = 0,35. Par conséquent, il est donc très 
important de mesurer la teneur en alcalis solubles plutôt que la teneur en alcalis totaux. 

L'addition d'un sulfate alcalin dans les ciments à faible teneur en alcalis réduit de façon significative les 
pertes de fluidité observées sur ce:s ciments, cependant, l'addition de sulfate alcalin augmente la perte de fluidité des 
pâtes de ciment faites avec des ciments à forte teneur en alcalis. 

Nous avons trouvé que ]es trois ciments incompatibles qui avaient une fiuble teneur en alcalis solubles 
avaient tendance à absorber une grande quantité de superplastifiant tandis que les trois ciments compatibles qui 
avaient une teneur en alcalis solubles plus élevée absorbaient moins de superplastifiant de sorte qu'il restait plus de 
molécules de superplastifiant dans la solution interstitielle. La capacité d'adsorption d'un PNS sur un ciment donné 
est très fortement influencée par la teneur en alcalis solubles. Nous avons aussi trouvé que l'addition de sulfate 
alcalin augmentait de façon significative la quantité de PNS qui demeure dans la phase interstitielle en augmentant 
non seulement la concentration en ions sulfates, mais aussi le pH de la solution interstitielle, tout en diminuant la 
concentration en ions calciums. Toutes ces observations nous ont amené à proposer un mécanisme de compétition 
entre le PNS, les ions hydroxyles et les ions sulfates. 

Les résultats que nous avons obtenus sur béton ont confirmé que l'addition de sulfate de sodium a un effet 
positif sur la fluidité des bétons contenant un ciment à faible teneur en alcalis, alors que cet effet est diamétralement 
opposé dans le cas des ciments ayant une teneur en alcalis élevée. L'addition de 0,4 à 0,5% de sulfate de sodium 
dans un béton fabriqué avec un ciment à faible teneur en alcalis facilite la fabrication d'un béton à haute performance. 
Nous avons aussi trouvé que l'addition d'une trop forte quantité de sulfate de sodium pouvait entraîner une baisse de 
résistance à long terme des bétons fabriqués avec des ciments à faible teneur en alcalis. 

Les résultats des essais effectués avec des PNS de masse moléculaire différente ont encore montré que 
l'effet de la masse moléculaire est aussi lié à la teneur en alcalis du ciment. Un PNS qui a une masse moléculaire 
élevée est plus efficace pour fluidiser des pâtes faites avec des ciments à forte teneur en alcalis qu'un PNS qui a une 
faible masse moléculaire. Cepell!.dant, nous avons trouvé que la masse moléculaire du PNS avait peu d'effet sur la 
fluidification des pâtes faites avec des ciments à faible teneur en alcalis. Une étude sur béton nous a montré qu'un 
PNS de forte masse moléculaire .améliore beaucoup plus la fluidité des bétons qu'un PNS de masse moléculaire 
faible. 

La fluidité des pâtes de cment contenant un PNS de masse moléculaire élevé est affectée par l'addition de 
sulfate de sodium parce que la quaintité de grosses molécules de PNS qui restent en solution est fonction de la teneur 
en alcalis du ciment. Nous avcrns enfin trouvé que les PNS de faible masse moléculaire ne modifient guère 
beaucoup la fluidité des pâtes de ciment quand on y ajoute du sulfate de sodium. 
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CHAPTERl 

INTRODUCTION 

1.1 General 

In usual concrete having a high water/cement ratio that does not contain any superplasticizer, 

rheological properties are mainly controlled by the amount of m.ixing water, the different forms 

of calcium sulfate present in the cernent, and the "reactivity" of the cernent, therefore, slump loss 

problems are relatively rare or accidentai (false or flash set). Usually, the rate of slump loss is 

related to the early hydration rate of cernent. These days, however, concrete technology uses 

many efficient chemical adm.ixtures, especially, superplasticizers in ma.king high-performance 

concrete. In high-performance concrete, which necessarily means superplasticized concrete with 

a low water/cernent or water/binder ratio, the high initial workability is sometimes short-lived 

and is followed by a rapid slump loss. In such cases, the cernent and superplasticizer are said to 

be rheologically "incompatible". In fact, the rheological properties in a superplasticized concrete 

are mostly controlled not only by the superplasticizer dosage, but also by the interaction between 

the cement and the superplasticizer. 

A literature survey [Huynh 1996] reveals that the rheology of superplasticized high-performance 

concrete can be affected by many parameters relating to the cernent, the superplasticizer, or their 

interaction, namely: 

• the chemical and phase compositions of cernent, especially its C3A and alkali contents; 

• the cernent fineness; 

• the amount and the type of calcium sulfate in the cernent; 

• the chemical nature and average molecular weight of the superplasticizer; 

• the superplasticizer degree of sulfonation and nature of the counter-ion; 

• the superplasticizer dosage and addition method. 

Many researchers have already studied the compatibility of cements and superplasticizers, 

however, it is still difficult to predict the rheological properties of a particular cernent paste and 



fresh concrete having a low water/cernent ratio with a particular superplasticizer. The reasons are 

that there are too rnany param.eters affecting their interaction and that the interactions are not 

cornpletely understood. 

The crucial role of sulfates has been underlined in the literature. Severa! studies on cernent and 

superplasticizer incornpatibility [Paillère et al 1985, Basile et al 1987, Dodson et al 1889, Ranc 

1990, Jolicoeur et al 1992, Rollet et al 1992, Vernet et al 1992, and Tagnit-Hamou et al 1992] 

have examined calcium sulfate and superplasticizer interactions. Incornpatibility is usually 

attributed to changes in the solubility rate of so/- ions, which form. ettringite when reacting with 

C3A. Until now, the literature has essentially focused on the effect of the calcium sulfate (form 

and content) on cernent/superplasticizer cornpatibility. 

The effect of alkali sulfate on the rheological behavior of cernent paste containing a 

superplasticizer has received little attention [Jawed et al 1978]. When not used with 

superplasticizers, high-alkali cernents (e.g. Na.iS04 or K2S04) usually exhibit poorer rheological 

behavior than their low-alkali counterparts [Jawed et al 1978]. The rheological properties oflow-

alkali cernent pastes with PNS superplasticizer can be improved if sorne alkali sulfate (N~S04) is 

added to the mix [Nawa et al 1989a, 1989b, 1992]. On the other hand, it has been reported that 

lowering the alkali content enhances tluidity [Rollet et al 1992, Hanna 1992]. The effect of alkali 

sulfate on initial tluidity was studied [Jawed et al 1978], but not tluidity loss (slump loss) with 

time. Moreover, the interaction between alkalies and superplasticizers is not fully understood. 

The effect of rnolecular weight of PNS superplasticizers on the properties of cernent pastes is one 

physicochemical parameter of superplasticizer/cernent interaction that has been thoroughly 

studied [Ferrari et al 1986, Basile et al 1989, Baussant 1990, Nkinamubanzi 1993, Ferrari et al 

1997]. Ferrari et al (1986) detennined that commercial PNS superplasticizer tluidizes best when 

their average molecular weight by gel perm.eation chrornatography is in the 6 000 - 8 000 range. 

At higher molecular weights, the tluidizing effect decreases in C3A-rich cements, but not in 

C4AF-rich cements. The complex relationship between adsorption, zeta potential and molecular 

weights, and the tluidizing effect, however, has been extensively examined by Basile et al (1989). 

Their results showed that the higher the PNS rnolecular weight, the better the fluidizing effect. 
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The above investigations, however, used relatively high-alkali cernents (Na20 eq. 0.68 %-

0.82 %) and did not take into account the alkali content of the cernent. 

It is broadly acknowledged that the fluidity of cernent pastes usually increases when the dosage 

of superplasticizer increases. Collepardi et al (1981) explained this phenornenon. in this way: the 

higher the PNS dosage, the higher the amount of PNS adsorbed on cernent particles, and the 

higher the fluidity of cernent pastes. This explanation was based on the fact that PNS adsorption 

can convey a net negative electrical charge to the surface of cernent particles and short range 

steric hindrance, inducing repulsion forces between neighboring cernent particles and thus 

contributing to increase the dispersion of cernent particles [Daimon et al 1978, 1979, Banfill et al 

1979, Andersen et al 1987, Uchikawa et al 1997]. 

However, the relative importance of electrostatic and steric repulsive forces induced by a 

superplasticizer to contribute to the dispersion mechanism of cernent particles is a topic that is 

still under investigation. Some results [Daimon et al 1978, 1979] have confirm.ed the importance 

of electrostatic repulsive forces induced by superplasticizer; it has been shown that the addition 

of superplasticizer increases the negative zeta potential of cernent particles in pastes, causing 

larger repulsive forces between cernent particles. Banfill (1979), however, suggests that the steric 

repulsive forces induced by superplasticizer molecules are equally important as a dispersing 

rnechanism. More recently, the relative importance of electrostatic and steric effect has been 

considered in particle-particle repulsion by Uchikawa et al (1997). They concluded that 

electrostatic forces play a major role in the dispersion mechanisrn for PNS superplasticizer, while 

steric forces are critical for a copolymer of acrylic acid with an acrylic ester superplasticizer. 

However, according to these two dispersing rnechanisms, a superplasticizer has to be adsorbed on 

the cernent particles in order to develop electrostatic and steric repulsive forces. The role of free 

superplasticizer remaining in the interstitial solution has not been fully considered. 
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1.2 Objectives and Scope of Work 

The objective of this study is to highlight the influence of soluble alkalies and the molecular 

weight of PNS on the compatibility between Portland cements and PNS superplasticizers. The 

interaction between alkalies and superplasticizers having different molecular weights was 

investigated in relation with the fluidity of cernent pastes, the adsorption of superplasticizer, the 

development of the heat of cernent hydration and ionic concentration. Moreover, the relationship 

between the fluidity of the cernent pastes and the amount of PNS adsorbed was studied. A 

possible rnechanism for the rapid slump loss observed in superplasticized concrete having low 

water/cernent ratio is suggested and the role of free superplasticizer rernaining in the interstitial 

solution is explained. Furthermore, the results obtained on cernent pastes have been validated 

with those obtained on concrete. 

This dissertation comprises eight chapters. An introduction is presented in Chapter 1. In Chapter 

2, the previous investigations reported in the literature concerning the compatibility between 

cernent and superplasticizer are reviewed and summarized. Chapter 3 includes the materials used 

in this research. The experimental methods are described in Chapter 4. This chapter also includes 

a detailed summary of the paste mixes prepared and some analysis techniques used for the 

solution and the solid portions of the cernent pastes. 

The experimental results are presented in Chapter 5 and 6. In Chapter 7, the results are discussed. 

Chapter 8 contains the detailed findings and the overall conclusions ofthis study. 
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CHAPTER2 

REVIEW OF PREVIOUS INVESTIGATIONS 

This chapter includes two review sections. The first section deals with the parameters a:ffecting 

the compatibility between cernent and superplasticizer, and the second covers the dispersion 

mechanisms in relation with the adsorption of superplasticizer. 

2.1 Compatibility between cement and superplasticizer 

The compatibility between cernent and superplasticizer can be a:ffected by numerous parameters 

which characterize either the cernent, such as its chemical and phase compositions, its fineness 

and its sulfates and alkalies contents, or the superplasticizer itself, such as its chemical nature (or 

rnolecular structure), its molecular weight, its degree of sulfonation, and its counter-ion. In this 

section, the influences of these parameters on the rheological properties of superplasticized 

cernent pastes and concretes are reviewed. 

2.1.1 Cement 

2.1.1.1 Chemical and phase composition 

Hanna et al (1989) have examined the properties of superplasticized cernent pastes. They found 

that the C3A content and the fineness of cernent are the rnost important factors: the higher the 

C3A content and the cernent fineness, the lower the fluidizing e:ffect. These results have been 

confirmed by Boragafio et al (1992). They cornpared the rheological properties ofthree types of 

cernent and found that the fluidizing e:ffect decreases when the C3A/CaSO 4 ratio is increased. 

Burk et al (1981) have shown that a higher dosage of PNS superplasticizer is required for Type I 

and Type III cements than Type II cernent, because the amount of adsorption is in order Type m 
> Type I > Type II. 



Asakura et al (1992) have studied the influence of the phase composition of Portland cernent 

clinker on the fluidity of fresh cernent paste. They prepared six cernents having different ~S/C2S 

or C3A/C4AF ratio and found that the viscosity of cernent pastes rose noticeably in the cernent 

having a low ~S/CiS or low C3A/C4AF ratio when a PNS superplasticizer was used. They also 

found that the apparent amount of PNS adsorbed increases when C3S/CiS or C3A/C4AF ratios 

increase. 

Aïtcin (1998) presented the Marsh tlow time of two different cernents produced by the same 

cernent company in the same cernent plant, one is a Type I, and the other is a modi:fied Type IL It 

is seen that the rnodified Type II cernent, which has a very low C3A and C3S content, has a 

saturation point corresponding to a rnuch lower superplasticizer dosage and lower flow time; 

moreover, the tlow time at 60 minutes is close to that at 5 minutes, indicating a very low initial 

reactivity and the potential for good slump retention. 

Moreover, it has been reported by Aïtcin et al (1991) that the use of a special Portland cernent 

containing less than 11 % of interstitial phase (3.6% of C3A and 6.9 % C4AF) was very 

economical in terms of superplasticizer dosage to rnake almost tluid high-performance concrete 

at a very low water/binder ratio. Using such a cernent, it was possible to produce a high-

performance concrete with a water/binder ratio of 0.17 and 230 mm slump one-hour after mixing. 

Uchikawa et al (1992) have examined the properties of cernent pastes with eight types of cernent 

and a PNS superplasticizer. Their results show that slag cernent (SC), fly ash cernent (FC), 

moderate heat Portland cernent (M), and low heat Portland cernent containing much belite (L) 

have a higher fluidity, while two types of ordinary Portland cernents (OA, OB) and high early 

strength Portland cernent have a low tluidity in the presence of 0.8 solid % of PNS. Moreover, the 

fluidity of ordinary portland cernents (OA) having a lower free lime content (0.3 %) is slightly 

better than that of a cernent containing higher free lime content (1.3 % ). In the case of a white 

cernent containing 12 % C3A, 1 % C4AF, 61 % C3S, and 19 % C2S, the initial tluidity of cernent 

paste is relatively high but its loss is also high. The high tluidity loss of white cement containing 

4.4 % ~A, 1.3 % C4AF, 74.2 % C3S, and 12.5 % CiS has been confirm.ed in a study by 

Matsukawa (1991). 
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2.1.1.2 Fineness 

Hattori (1976) pointed out that the action of the superplasticizer becomes significant when the 

particle size of cernent is smaller than 10 µm. This effect on the fine particles was also studied by 

Nawa et al (1992). They investigated the effect of Blaine fineness of cements on the viscosity of 

cernent pastes and found that the viscosity of cernent pastes increased as the fine fraction c~ 10 

µm) of cernent increased. They explained tb.is results by the fact that the amount of 

superplasticizer adsorbed increases when the fineness of the cernent increases. However, a very 

clear correlation can not be detected when the fineness variation is too small. 

2.1.1.3 Calcium sulfates content and its form 

Basile et al (1987) have found that the fluidity of superplasticized cernent pastes containing 

calcium sulfate dihydrate (gypsum) is much higher th.an th.ose containing hemihydrate as a set 

regulator, although the zeta potential value and the amount of superplasticizer adsorbed is not 

significantly modified with these two different forms of calcium sulfate. These results have been 

partly confirmed by Nawa et al (1989a, 1989b), who found that superplasticized cernent pastes 

containing high al.kali content are much more fluid when dihydrate is used instead of hemihydrate. 

However, in a low alkali cernent, the difference in fluidity caused by the two forms of calcium 

sulfate forms is negligible. In the case of cernent pastes containing some anhydrite, the fluidity 

obtained is in between the values observed with dihydrate and hemihydrate, but in a cernent with 

a very low al.kali content the fluidity of cernent paste is much lower. 

Dodson et al (1989, 1990) have reported that natural anhydrite with Portland cernent clinker can 

produce rapid set in paste, mortar, or concrete in the presence of calcium lignosulfonate. 

Ranc (1990) carried out a study of the rheological properties of three cements prepared from the 

same clinker. Each was ground to the same fineness and contained the same total amount of 

calcium sulfate added in di:fferent forms i.e. anhydrite, hemihydrate or gypsum. The results show 
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that the cernent pastes containing a mixture of a few hemihydrate and excess gypsum has a better 

fluidity in the presence of superplasticizer than those containing a mixture of gypsum and 

anhydrite or gypsum and a high amount of hemihydrate. 

Jolicoeur et al (1992) have studied the rheological properties of cernent pastes with 18 cements 

having different compositions using the Marsh cone test. They found that the cements having 

relative gypsum/hemihydrate/anhydrite contents of 60/20/20 and 70/30/0, respectively presented 

a high initial fluidity and small loss ofthis fluidity over a 1-2 hour period. 

Rollet at al (1992) have shown that incompatibility, which means a significant slump loss, occurs 

in cernent having abnormally high anhydrite content in the presence of a superplasticizer. This 

problem was solved by the replacement of the cernent with a new cernent having a normal 

gypsum content and/or a PMS superplasticizer. 

Vernet et al (1992) indicated that flash set is related to the formation of a C3A-PNS compound 

during hydration. This formation is reduced when the diffusion of sulfate in C3A increases. In 

order to obtain this result, it is not necessary to increase the solubility of the calcium sulfate, but 

rather its dissolution rate. Th.erefore, the addition of hemihydrate is more suitable than that of 

anhydrite. They have also proposed a competition mechanism between sulfate ions and sulfonate 
sites of PNS to explain the fluidity loss. 

Tagnit-Hamou et al (1992, 1993) noted that the dissolution rate of calcium sulfate, as well as its 

form, should be considered when the rheological properties of cernent pastes are under study. 

They also found that there is an inverse relationship between the sulphurization degree of the 

clinker and the flow time measured with a Marsh cone for undersulfated cernent. When the 
hemihydrate content increases up to 1 %, the fluidity of the slurry improves in the cernent pastes 

containing 1 % superplasticizer at W/C = 0.40. 

2.1.1.4 Alkalies 

Nawa et al (1989a, 1989b) have found that the addition of NaiS04 significantly decreases the 
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viscosity of cernent pastes having a low soluble aikali content (0.22 % NazO soluble eq) and 

anhyàrite, but that an addition ofNazS04 greater than 1 % increases the viscosity. They concluded 

that there exists an optimal alkali sulfate level with respect to the fluidity of cernent paste 

containing a superplasticizer. 

Matsukawa (1991) also found that a PNS superplasticizer having a residual high alkali sulfate 

content is more efficient in fluidizing a white cernent paste than a superplasticizer that has a low 

residual alkali sulfate content. A similar result was found by Kurdowski et al (1997). They 

examined the influence of K2S04 addition to a low alkali cernent (0.4 % NazO eq) on its 

rheological properties in the presence of a PMS or PNS superplasticizer. In the presence of a 2 % 

liquid PNS superplasticizer dosage, the plastic viscosity was decreased with the addition of 0.5 % 

K2S04 compared to the reference grout, but began to increase when the K2S04 addition :further 

was increased, on the contrary, in the presence of a PMS superplasticizer, the plastic viscosity of 

the cernent paste was increased when the addition of K2S04 increased from 0.5 % to 2 %. This 

behavior was found to be independent of the dosage of the superplasticizer. With a 3 % dosage of 

PMS and PNS superplasticizer, the addition of K2S04 has less influence on the plastic viscosity. 

Tagnit-Hamou et al (1997) studied the effect of alkalies on the fluidity of cernent paste in two 

ways: first, different amounts of alkali sulfate and calcium sulfate were added at constant S03 

content, and second, different alkali sulfate forms combined with mixtures of gypsum and 

hemihydrate were added at constant alkali contents. At a constant S03 content, calcium 

langbeinite cernent wi1:h PNS superplasticizer shows very good slump retention, which was equal 

or better than that obtained with hemihydrate or gypsum cements. They explained this result by 

the fast release of S04
2
• and Ca+2 ions into the solution. At constant alkali content (1.2 % Na.iO 

eq), calcium langbeinite (2CaS04 • K2S04) cernent presents better fluidity than arcanite (K.2S04) 

and aphthitalite (NaiS04 • 3K2S04) cements without addition of calcium sulfate, while the 

cernent paste containing alkali sulfates mixed with calcium sulfate has high slump loss and is not 

dependent on the form of alkali sulfate. 
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2.1.2 Superplasticizer 

2.1.2.1 Nature of the superplasticizer 

Superplasticizers are broadly classified into four groups: polymelamine sulfonate condensate 

(PMS); polynaphthalene sulfonated condensate (PNS); modified lignosulfonates (MLS); and 

others including sulfonic acid esters, polyacrylates (PA), polystyrene sulfonates (PSS), etc. 

[Ramachandran 1995]. Recently, some polycarboxilic acid based superplasticizers (PC) have 

been developed in Japan [Fujiu et al 1985, Fukuda et al 1990, Yamakawa et al 1990]. 

Andersen et al (1987) have found that although the adsorption of PNS is higher than that of PMS 

and PSS, the zeta potential of PSS-treated cernent has a larger negative value than that of PNS 

and PMS in cement suspension. These results indicate that the polymer which is the most 

effectively adsorbed is not necessary the one that gives the largest negative zeta potential. 

However, the molecular weight (Mw) of the three polymers was quite different (15 000, 19 000, 

and 70 000 for the PNS, PMS and PSS respectively) and therefore the different zeta potential or 

adsorption characteristics cannot be ascribed directly the molecular weight of these 

superplasticizer and only to the different chemical nature of the polymers. 

Malhotra et al (1978) have found that in order to obtain a slump of about 260 mm from an initial 

value of 50 mm, it is necessary to add 0.6 % of a PMS or a MLS superplasticizer, while this 

could be accomplished with 0.4% of a PNS superplasticizer. These results indicate that the PNS 

superplasticizer outperformed the PMS. Similar conclusions were drawn by Lessard (1990) and 

Zakka et al (1989). 

Mini-slump tests with two cements containing a Na-PNS or a Na-PMS were done by Jolicoeur et 

al (1993). The results indicate that Na-PNS is more efficient than Na-PMS. 

Uchikawa et al (1992) have compared the effect ofPNS and lignosulfonate (LS) on the properties 

of cement pastes with eight different cements. They found that PNS superplasticized cement 

pastes had much better rheological properties than cernent pastes containing LS because of the 
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high affinity of PNS on adsorption to cernent particles. 

Uchikawa (1994) studied the rheological properties of cernent pastes superplasticized with four 

different types of superplasticizers such as a PC, a PNS, a LS, and an aminosulfonic acid-based 

(AS). He showed that after mixing with water, the yield value of the cernent paste containing the 

AS superplasticizer is the lowest and increases in the order of PNS, PC, and LS, the respective 

dosages being 2.0 %, 1 %, 1 %, 0.25 %. The change of the yield value of the cernent paste with 

time increases in the order of AS, PC, PNS and LS, however, the plastic viscosity of cernent 

pastes with PNS and LS are higher than those with PC and AS. 

2.1.2.2 Molecular weight of superplasticizer 

The influence of the molecular weight of superplasticizers on the properties of cernent pastes is a 

major physicochemical param.eter when studying the superplasticizer/cement interaction and has 

been thoroughly studied in some published literature. Ferrari et al (1986) detennined that a 

commercial PNS superplasticizer fluidizes best when its average molecular weight is in the 6 000 

- 8 000 range, at higher molecular weights, the fluidizing effect decreases in C3A-rich cernent, 

but not in C4AF-rich cements. 

Collepardi et al (1981) have found that a PNS polymer having high Mw (Viscosity ~ 7 

centistokes at 28 % solution) is more effective than low Mw polymer (Viscosity = 3.5 

centistokes) in increasing fluidity of cernent pastes. These results were confirmed in another 

paper [Collepardi et al 1980] showing that monomers of naphthalene sulfonate neither affect the 

cernent hydration nor influence the fluidity of cernent paste. However, an addition of PNS 

polymer increases the fluidity of cernent pastes and retards cernent hydration. These results were 

explained by the facts that polymers adsorb significantly and modify the zeta potential of cernent 

particles, while monomers are negligibly adsorbed and the zeta potential does not significantly 

change. These results were confirmed by several other authors [Basile et al 1989, Vichot 1990, 

Yilmaz et al 1992, Piotte 1993, Pierre et al 1988, Pierre et al 1989]. 

Anderson et al (1988) have studied the effect of the Mw of a PSS superplasticizer in the range of 
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4 000-70 000 weight average on the zeta potentiaL They found that the higher the Mw, the higher 

the value of zeta potentiaL However, the rheological measurement had not been carried out in 

order to confirm the assumed relationship between large negative zeta potential and high 

fluidizing e:ffect. This assumption does not agree with other results obtained by Biagini et al 

(1982) showing that too high a Mw (over than 50 000 average weight) of PSS causes a decrease 

in the fluidizing effect. This drop at a higher Mw of PSS could be due to flocculation of solid 

particles caused by the bridging effect of a single long-chain polymer adsorbed on di:fferent 

cernent grains. 

Sebok et al (1986) found that all molecular weight fractions of PMS superplasticizer adsorb 

similarly on cernent particles. However these results do not confirm those of Cunnigham et al 

(1989), indicating that the higher Mw fractions of a PMS preferentially adsorb onto cernent 

particles and lower molecular weight (less than 7 000) does not adsorb on the cernent particles at 

all. 

The complex relationship between adsorption, zeta potential and rnolecular weight, on the one 

hand and the fluidizing effect, on the other, has been extensively examined by Basile et al (1989). 

They studied the performances of different PNS made with di:fferent periods of polymerization 

time: 2, 4, 10, and 14 hours. The four PNS were characterized by Mn (number average rnolecular 

weight), the rnonomer content and Gel Permeation Chromatography (GPC). Apparently, the 

higher the PNS molecular weight, the better the fluidizing effect. However, an increase in Mn is 

accornpanied by a reduction in the monomer content, therefore, it is difficult to conclude whether 

the increase in the fluidizing effect is caused by the Mn increase or by the monomer reduction. In 

order to evaluate which of these parameters (Mn or rnonomer content) play the more important 

role in the fluidizing effect, two polymers with di:fferent Mw and monomer contents have been 

treated by an ultrafiltration process. This treatment causes a decrease of the content of monomers 

and low molecular weight fractions, and an increase of the high molecular weight fractions. The 

results show that the impact of the treated and untreated polymers on the :fluidizing effects, after 

ultrafiltration, even if the two polymers have different Mn (435 and 735 number average), is the 

same. Moreover, the 14 hours reacted PNS has di:fferent Mn, before and after the ultrafiltration 

process (635 and 735 of Mn) but it shows the same effect. These data indicate that the 
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effectiveness of a PNS depends more on the content of mono mers and lower molecular fractions, 

rather than on the Mn value of the PNS. 

Baussant (1990) found that the PNS molecules not only disperse cernent particles, but are 

involved in the hydration, leading to changes in the morphology of the hydrates. He observed 

that in the absence of a PNS superplasticizer, well-crystallized ettringite was found, while in the 

presence of PNS superplasticizer, ettringite was modified to a spheroidal form. In addition, the 

higher the molecular weight of the PNS, the smaller the dimension of the crystals. 

Eight commercial PNS samples were analyzed with High-Performance Liquid Chromatography 

(HPLC) by Costa et al (1992). They identified 20 different Mw fractions. It was found that the 

oligomers, which correspond to the first two peaks, are not adsorbed at a11 on the cernent 

particles. The maximum adsorption occurred in the intermediate Mw fractions of PNS. 

Jolicoeur et al (1994) studied the SP effect in terms of non-specific (physical) and specific 

(chemical) effects with reference to fluidification of Ti02 slurries. The SP fluidification effect 

was found to depend markedly on the molecular parameters of the polymer, in particular, their 

size or molecular weight. Low molecular weight polymers are much less effective than those of 

intermediate or high molecular weights for the fluidification of Ti02 suspensions. They also 

investigated the fluidizing effect of a commercial PNS and a cernent. A very similar behavior is 

observed in the cernent pastes by the mini-slump test with the low and high molecular weight 

fraction extracted from the same commercial product. They also found unexpected trends on the 

hydration thermograms showing that low Mw PNS appears to be more effective in reducing 

surface hydration than one with high Mw. The initial heat of hydration is decreased with the low 

Mw PNS, while the initial heat of hydration is not modified by the addition of a PNS having a 

Mw higher that lOOkD. They strongly suggested that the hydration kinetics are controlled by 

specific surface site-polymer reactions as opposed to non-specific polymer-particle interactions. 

Such reactions would be analogous to those involving the sulfate, and it is highly probable that 

PNS (bearing a S03 group) and S04 species compete for the same reactive sites, particularly on 

C3A. In such surface reactions, a larger number of small polymers can yield a more complete 

coverage of individual surface sites, and more compact surface packing, than a small number of 
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larger polymers. Hence, for a given amount of PNS, low Mw polymers can be more effective for 

blocking hydration reactions at speci.fic sites. 

Uchikawa et al (1994) investigated the effect ofmolecular weight of the PC superplasticizers on 

the fluidity of cernent pastes. They found that PC superplasticizers have an optimum Mw for 

optimizing the fluidity at a given W/C ratio. The slump flow for PC-A (Mw = 25 000), at a W/C 

ratio 0.50, is bigher than that of PC-B (Mw =21 900) and PC-C (Mw=16 000), but the difference 

in fluidity is small. At a W/C ratio of0.30, however, the_ slump flowwith PC-Bis extremely bigh 

but at a W /C ratio of 0.20, the slump flow with PC-C is relatively bigher than with the two others. 

Vovk et al (1997) studied the hydration kinetics of different cernent systems (~S, ~A and 

cernent) with PNS having different polymerization degrees (Mn) ranging from 2 to 17. Their 

results showed that the retarding effect of PNS on C3S increases linearly with Mn value, while 

for ~A the retarding effect is more pronounced for PNS having a Mn of 1 400. However, they 

did not measure the molecular effect of PNS on the fluidity of cernent paste. 

2.1.2.3 Counter Ion and Impurities 

The affinity of a polyelectrolyte is dependent on the counter-ion. Simard et al (1993) showed that 

the Ca sait of PNS is less effective than Na sait of PNS. The above results have been explained 

by Fukaya et al (1986) and Pierre et al (1989), indicating that calcium ions are adsorbed on the 

C-S-H gel and ettringite and thus increase the adsorption of the superplasticizer. Calcium ions 

decrease the negative charge of the superplasticized cernent particles. 

Piotte (1993) studied the effect of Ir, Na+, Ca++, TEA, MEA, Mg++ as counter ions of a PNS 

superplasticizer on the rheological properties of cernent pastes. The results showed that the 

cernent pastes containing a Ca-PNS have a high initial viscosity and present a high fluidity loss. 

The dispersive e:ffect of Mg-PNS is only marginal. MEA-PNS superplasticizer has more 

dispersive e:ffects than others. 
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2.2. Mechanism of Dispersion by a Superplasticizer 

The dispersing action of a superplasticizer is related to its interaction with unhydrated and 

hydrated cernent compounds. A study of the rate and amount of adsorption of various 

superplasticizers during hydration provides information on the rheological properties of cernent 

pastes. In this section, the influence of the parameters of the cernent and superplasticizer on the 

adsorption properties are reviewed and the dispersing mechanism of cernent particles by a 

superplasticizer proposed by some researchers is presented. 

2.2.1. Adsorption Characteristics 

The adsorption of a superplasticizer at the :first stage of hydration has been considered as an 

important topic. This topic has been investigated by several researchers because it sheds light on 

the dispersing mechanism of the superplasticizer. 

Young (1972) carried out an extensive review on the mechanism ofretardation. He indicated that 

ad.mixtures in general are preferentially adsorbed onto the aluminates phases in the early stage of 

the cernent hydration. However, C3S and CiS adsorb organic molecules from aqueous solution 

but not so strongly. This result has been confirmed by several other researchers [Blank et al 1963, 

Ramachandran 1983]. Ramachandran (1983) studied the adsorption of a PMS superplasticizer. 

He found that the adsorption of such a superplasticizer on C3A occurs in substantial amounts 

even, within a few seconds, and that hexagonal aluminate adsorbs irreversibly large amounts of 

PMS. He explained the retardation of conversion of hexagonal to cubic form in the system C3A-

H20-PMS by the formation of complexes between PMS and the hydrating C3A. 

As already mentioned in the previous chapter, Burk et al (1981) showed that a higher dosage of 

PNS superplasticizer is required for Type I and Type III cements than for Type II cernent because 

the amount of adsorption is in order Type m > Type I > Type II. They noted that the C3AJS03 

ratios in the cements also followed the same trend. The adsorption of superplasticizer which is 

mainly dependent on the C3A content becomes more obvious because, in order to obtain the same 
workability, a higher dosage of superplasticizer is required for a Type I than Type ill cernent. 
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Blank et al (1963) investigated the adsorption with salicylic acid and their results showed that the 

amount of adsorption onto the different cernent minerais were in the order of ~A>C4AF>>~S. 

Asakura et al (1992) studied the influence of the phase composition of Portland cernent clinker 

on the adsorption of a PNS superplasticizer. They prepared six cements having different C3S/~S 

or C3A/C4AF ratios and found a strong dependence of the silicate phases ratio (C3S/CiS) and 

aluminates ratio (c;A/C4AF) on the rate and amount of adsorption. They have also indicated that 

the apparent adsorption amount of saturated PNS increases when C3S/CiS or ~A/C4AF ratios 

increase. 

Nawa et al (1992) also studied the adsorption isotherm of PNS on synthesized C3A, C4AF, and 

~S. Their results showed that the saturated adsorption amounts of C3A and C4AF were vezy high, 

about 300 mg/g, while that of ~S was only 2 mg/g. 

Suzue et al (1981) also compared the adsorbed amount of a superplasticizer in a suspension of 

each cernent minerai in the presence or absence of gypsum. Their results showed that the amount 

of superplasticizer adsorbed onto ~A and C4AF in the absence of gypsum was about ten times as 

large as with gypsum. 

Some researchers tried to verify whether the adsorption of a superplasticizer occurs in anhydrous 

or hydrated products. Rossington et al (1989) found that the adsorption of superplasticizer occurs 

on the hydrated rather than on the anhydrous phases. An attempt to examine suspensions of ~A, 

ettringite, and monosulfate in a non-aqueous solution of dimethylsulphoxide (DMSO) was done 

by Massazza et al (1980). They observed that the adsorption isotherms of superplasticizers 

showed considerable adsorption on calcium sulfoaluminate phases but little adsorption on C3A. 

Similar results were found by Ramachandran (1983) when examining a C3A-gypsum-H20 system. 

However, these results were not confirmed by Uchikawa et al (1994). They measured the amount 

of four different superplasticizers adsorbed on synthesized cernent compounds and cernent 

hydrates. Their results showed that the amount of PNS adsorbed on C3A and C4AF is greater than 
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that on ettringite. That is, when a 100 mg/g of PNS was added, the amount of PNS adsorbed on 

C3A, C4AF and ettringite is 94.3, 91.5, and 37.4 mg/g, respectively. They concluded that the 

amount of PNS adsorbed is much higher on anhydrous aluminates phase th.an on a hydrated one. 

The delayed addition of superplasticizer has been found to enhance the dispersing e:ffect of 

superplasticizer by several researchers. Chiocchio et al (1985) showed tb.at the optimum time to 

add the superplasticizer was at the beginning of the induction period. They explained tb.at when 

an ad.mixture is added before the first intense ~A hydration period, a large portion of the 

admixture is consumed by the early hydration product of the aluminate phase and immediately 

covered by the subsequent hydration product. Ramachandran (1995) explained the effect of a 

delayed addition by considering tb.at the ad.mixture is adsorbed to a lesser extent when it is added 

a few minutes after mixing, so tb.at there is enough admixture left in the solution to prornote 

dispersion of the silicate phases and to lower the viscosity of cernent pastes. 

Alkalis play an important role in the adsorption of ad.mixtures on cernent phases. This has been 

substantiated in the work on ~A-gypsum system by Luke et al (1990). They have shown that the 

adsorption amounts of PNS superplasticizer in the C3A/Gypsum system is significantly reduced 

in an alkaline solution (0.25 M KOH, 0.025 M NaOH). At 5 minutes, the adsorption amount of 

PNS superplasticizer is reduced up to 50 % compared to the pure water system. 

The influence of alkali sulfates on cernent adsorption has been reported by Nawa et al (1992). 

They studied the adsorption of PNS superplasticizer in low alkali and high alkali clinkers with 

different types of calcium sulfate. They found that the amount of PNS adsorbed on cernent 

particles is much higher in low alkali clinker than in high alkali clinker. The effect of the type of 

calcium sulfate is significant in low alkali clinker, that is, the amount of PNS adsorbed is rnuch 

higher in cernent containing anhydrite than tb.at in cernent containing gypsum or hemihydrate. 

However, in high alkali cernent, the influence of the type of calcium sulfate is not significant. 

Furthermore, Nawa et al tested the amount of PNS adsorbed on synthesized C3A, C4AF, and C3S 

by the addition of alkali sulfate or hemihydrate. Their results showed that hemihydrate and alkali 

sulfate inhibited the adsorption of PNS on aluminates phases but increased that on C3S. They 

concluded tb.at the dissolved SO/ ions originating from gypsum and alkali sulfate, inhibited the 
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adsorption of PNS onto C3A and C4AF, and enhanced its adsorption onto ~S. They also 

suggested the competition mechanism between sulfate ions and the sulfonate group of a 

superplasticizer [Nawa et al 1989a]. This competition contributes. to increase the fluidity of 

cernent pastes. However, excess amount of alkali sulfate compresses the electric double layer, 

providing an increase in viscosity of cernent pastes [Nawa et al 1989b] 

Many researchers tried to understand the adsorption characteristics by measuring zeta-potential of 

each cernent minerai. The dependence of the surface charge upon the pH was examined with pure 

C3A mixed in pure aqueous solutions by Tadros et al (1976). They found that the surface charges 

and the zeta potential of the ~A are significantly dependent on the pH of the solution. They 

showed that the zeta potential of C3A is positive above the zero-point of the zeta potential, i.e. 

pH=l2.2, but that it goes down very sharply near the zero-point. These results indicate that a 

small difference of pH near zero-point of zeta potential could significantly affect the amount of 

PNS adsorbed on cernent particles. 

Zelwer (1980) showed that the zeta potential of ~S is negative but that of ~A is positive. These 

results were confirm.ed by Nawa et al (1989b). Furthermore, they explained that sulfate ions in 

cernent and sulfonate groups in PNS superplasticizer are both negative and tend to be adsorbed 

on the C3A or C4AF which initially have positive zeta potential. 

Andersen et al (1988) studied the adsorption of PSS superplasticizer as a function of molecular 

weight in the range of 4 000 - 70 OOOg/moL They reported that the maximum amount of PSS 

adsorbed occurs at a molecular weight of 16 OOOg/mol. They concluded that the polymer, even 

though not highly adsorbed, can generate more negative charge in the Stem layer than the 

polymer that is effectively adsorbed because of loop and train adsorption mechanism. Moreover, 

they found that although the adsorption of PNS is higher than that of PMS and PSS, the zeta 

potential of PSS-treated cernent has a larger negative value than that of PNS and PMS [Anderson 

et al 1987]. 

The effect of Mw of PMS superplasticizer on the adsorption on cernent particles has be en studied. 

Cunnigham et al (1989) found that higher molecular weight fractions of PMS preferentially 
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adsorb onto the cernent particles. However, these data do r:a.ot confirme th.ose of Sebok (1986) 

who concluded that PMS polymer adsorbs similarly whatever the molecular weight. 

Basile et al (1986) studied the PNS polymer adsorbed on cernent as a function of its molecular 

weight (Mn). Their results showed that by increasing Mn the PNS polymer adsorption increases 

up to 70 %, but beyond an Mn value of about 600, it seems tbat there is no significant increase in 

the adsorption of the polymer. 

Ferrari et al (1997) used the GPC technique to measure th....e amount of PNS adsorbed and to 

estimate selective adsorption of the different components of these polymers (polymer fractions, 

naphthalene disulfonate, and /3-naphthalene sulfonate). llie results showed that naphthalene 

disulfonate and /3 -naphthalene sulfonate are not substantially adsorbed onto cernent particles. 

The polymeric fractions are adsorbed to a different ex:tent according to the dosage of 

superplasticizer and the cernent used. 

2.2.2 Dispersing Mechanism of cement particles 

2.2.2.1 The role of superplasticizer adsorbed on the cement particles 

2.2.2.1.1 DLVO Theory 

The explanation of dispersion stability in terms of electrostatic repulsion according to DLVO 

theory by Derjaguin, Landau, Verwey, and Overbeek is well known [Tattersall et al 1983]. The 

electrical double layer consists of the Stem layer and the diffuse layer. When two particles 

approach each other in a suspension, their diffuse double layers begin to repel each other. 

Simultaneously, there is a force of attraction between particles due to van der Waals forces, which 

decreases with the distance between the particles. The stabili:ty of a dispersion is determined by 

the total potential energy (V1) made up of the electrostatic repulsion force (VR) and the London-

van der Waals' attraction (VA) obtained when two particles approach each others. When the 

distance between two particles corresponds to the point on the curve where VT is at a maximum 

(Vmax), the two particles are dispersed. As Vmax increas:.es, the dispersibility is increased. 
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Therefore, when a superplasticizer is added in a cernent suspension, it generates electrostatic 

repulsive forces between cernent particles and increases the dispersion stability. 

However, Diamond (1991) indicated that some caution must be taken before applying this DLVO 

theory of colloidal chemistry to real cernent paste systems. He listed some reasons for this 

cautious approach such as, the large size of most of the ground clinker particles, the multitude of 

chemical phases in cernent particles, the high volume concentration of the particles in paste of 

normal water/cernent ratio, and the chemical reaction which occurs on the surfaces. 

Sorne results [Dai.mon et al 1978, 1979] confirm.ed the existence of electrostatic repulsive forces 

induced by superplasticizers. It bas been shown that the addition of superplasticizer increases the 

negative zeta potential of cernent particles in pastes, causing larger repulsive forces between 

cernent particles. 

Kondo et al (1978) acknowledged this adsorbed state as "loop" adsorption in contrast to "train" 

adsorption, in which the adsorbed polymer is stuck closely to the adsorbent. In the "loop" 

adsorbed state, most of the active sites on the chains are in the neighborhood of the particles, but 

not neutralized by the charge on the cernent surface. 

2.2.2.1.2 Steric effect theory 

The steric effect is such that when adsorbed molecules forma multilayer structure around the 

particles, they cannot physically approach each other very closely. 

Tattersal et al (1983) have considered that the mechanism of dispersion induced by a 

superplasticizer was a mixture of both electrostatic repulsive forces and steric repulsive forces. 

Moreover, many researchers tried to clarify the relative importance of electrostatic and steric 

forces in dispersing the cernent particles. Collepardi et al (1981) found that the higher the PNS 

dosage, the higher the amount of PNS adsorbed on cernent particles, and the higher the fluidity of 

cernent pastes. They explained this phenomenon based on the fact that PNS adsorption can 

convey a net negative electrical charge to the surface of cernent particles and short range steric 
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hindrance, inducing repulsion forces between neighboring cernent particles and thus contributing 

to increase cernent particle dispersion. 

Banfill (1979) suggested that the steric repulsive forces induced by superplasticizer molecules are 

equally important as a dispersing mechanism. These results are supported by Anderson et al 

(1986, 1987) since high molecular weight polymers lead to additional short-range repulsive 

forces, while low molecular weight polymers usually exhibit weak water reduction and low paste 

fluidity properties. More recently, the relative importance of electrostatic and steric e:ffects has 

been considered in particle-particle repulsion by Uchikawa et al (1997). They concluded that 

electrostatic forces play a major role in the dispersion mechanism for PNS superplasticizers while 

steric forces are critical for a copolymer of acrylic acid with acrylic ester superplasticizers. 

TABLE 2.1 Dispersing function of Organic Ad.mixture [ adapted from Uchikawa 1994] 

Main structure Srareof D~g Kind Main component of hydrophobie: Funclinal group adsorption funcnon 
pomon 

PC C~lymer of olâm Allcane ~~xylgroup ~ Electrostatic: repulsion 
wi maleic: acid Steric: rcpulsion 

COJ>Ol:rmer of acrylic Allcane Carboxylsroup m Electtostatic repulsion 
PC aciCS witb acrylic ester Ether bond Steric rcpulsion 

Tluee~ Alkylben7.ene. Sulfonic: f:up• 
LJ.~ 

Elecrrostatic repulsion 
AS polycondensation product Ammoben7.en Hydroxy group 

of aromatic aminosulfonic Wening effect 
acid with crimetbyl phenol 

Condensare ~ 
~~~ NS· naphthalene onate Napbthalene Sulfonic group Electrostatic: repulsion 

with fonnalin 

Ligne sulfonaie. Alkylbenzene Sulfonic: f:up. 
~ ElecrrosWic repu!sïon LS Polyol Metboxy group. 

Hydroxyl group 

MS Condensaœ melamine Melamine Sulfonic: group ~ Elecrrostatic repulsion sulfonate wilh formalin 

Furthermore, Jolicoeur et al (1994) emphasized the distinction between "physical" and 

"chemical" interactions of superplasticizers with cementitious system. The "physical" 

phenomena comprise those which can be observed with any aqueous slurry of relatively inert 

minerais; such e:ffects include physisorption, electrostatic repulsion, steric repulsion and polymer 
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depletion phenomena The "chemical" effects are then defined as those which inherently depend 

on the reactive nature of cernent particles; they may include preferential adsorption, complexation, 

chemisorption and chemical reaction to form new hydrate phases. They proposed relatively 

detailed descriptions of the mode of action of the superplasticizers in cernentitious systems. 

SUllFACE ADSOlll'f10N 

Smface duqe • f(M.W.) 

aLOCnNG OF llEAC'l'IVE Sl'l'ES ( •> : 
SFUIC ~ULSION 

TnOwnœ of molecalar weiabt 
HMW LMW 

Effect / wilh M..W. 

Figure 2.1 Schematic dispersion mechanisrn [adapted frorn Jolicoeur et al 1994] 

Neubauer et al (1998) tried to apply the DLVO theory to cernent suspensions containing 

ad.mixtures. They used two different batches of the same cernent, different only in storage history. 

In both cases, they found that the superplasticizer and water-reducing ad.mixture result in a stable 

dispersion contrary to the theoretical prediction of DLVO that only a coagulated suspension 

should exist. Their finding suggested that steric hindrance plays a larger role compared with 

electric repulsion in the deflocculation of cernent pastes than previously believed. 
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However, according to these two dispersing mechanisms, a superplasticizer has to be adsorbed on 

the cernent parti.des in order to develop electrostatic and steric repulsive forces. 

2.2.2.2 Role of free superplasticizer in solution 

F ew researchers paid attention to the role of free superplasticizer in solution in contributing to the 

dispersion stability. The following four effects are reviewed by Tanaka et al (1999) in order to 

enhance the fluidity and segregation resistance of concrete: depletion effect, depletion 

coagulation effect, Tom's effect, and tribology effect, in addition to DLVO theory and steric 

effect theory. 

2.2.2.2.1 Depletion effect 

Depletion effect theory was put forward by Napper et al (1983) and states that polymers can 

disperse and flocculate even if they are in a free state and not adsorbed. A depletion effect occurs 

when a free polymer with a molecular weight in the tens of thousands goes through between 

particles and disperses them due to volume resistance. 

~ , __ ... L"\ ___ ' 1 .... :--\ .. ::> <;:J<r.-r \(r\)Q 
··-... .. -::,;_;_. . / ...... ) ,-... __ ·=.:.::::__...... ../ l ,-....... =. ..... -·· ~ ··--... ____ ... -·· ' 
~ - F>~1y~e~ ) ) 

Figure 2.2 Depletion effect [adapted from Tanaka et al 1999] 

If an excess dosage of polymer is added to the dispersion system and a surplus remains in 

solution after adsorption saturation, this surplus :fills the spaces between adjacent dispersed 

particles, and the depletion effect stabilize the dispersion. 
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2.2.2.2.2 Depletion coagulation effect 

If the length of soluble polymer is comparatively greater than the size of the dispersing particles, 

the spaces between the dispersing particles when they come in contact with each other are small 

so that the polymer molecules cannot occupy the spaces between the dispersing particles and 

depletion flocculation occurs [Napper 1983] 
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Figure 2.3 Depletion coagulation effect [adapted from Tanaka et al 1999] 

2.2.2.2.3 Tom's effect 

Friction resistance decreases because linear polymers line up along the direction of concrete flow, 

so that the fluidity of concrete is maintained [Matsuo et al 1998] 

2.2.2.2.4 Tribology effect 

Tribology is the study of the science and tecbnology of friction, abrasion and lubrication. One 

example of its application in the field of mechanical engineering, in which :friction and 

lubrication are of critical importance, is the addition of low-molecular weight lubricating 

substances which reduce frictional resistance between particles and surfaces. In this way, 

tribology has an important role to play in conserving both energy and resources. 
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Figure 2.4 Tom's effect [adapted from Tanaka et al 1999] 

In the field of concrete as well, these properties have already been introduced to ad.mixtures. 

Substances with a low molecular weight give the admixture lubrication properties, reducing the 

frictional forces between cement particles to enhance fluidity. In addition, the reduction in surface 

tension means that as the surface tension of the mixing water decreases, the cernent particles are 

dispersed. [Matsuo et al 1998] 

The relationship between the adsorption of an ad.mixture and its effect on the fluidity of various 

types of cernent pastes was studied by Uchikawa et al (1994). In the cement pastes containing a 

given dosage of PNS superplasticizer, they found that the higher the amount of free ad.mixture in 

solution, the larger the paste flow. It has also been shown by Jolicoeur et al (1997) that the slump, 

and slump retention are related to the amount of ··tree··, or available excess superplasticizer in the 

interstitial solution of the fresh paste. These results were confum.ed by Yamada et al (1998). 
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However, these studies did not suggest the role of free superplasticizer in cernent dispersion. 

Many researchers tried to fully understand the dispersion rnechanism of cernent particles by a 

superplasticizer. However, it is not easy to understand fully the dispersion mechanisrn and there is 

still a limitation to explain the mechanisrn of slump loss of cernent paste. 
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CHAPTER3 

MATERIALS AND METHODS 

As already reported in the previous chapter, the rheological properties of high-performance 

concretes are significantly affected by the constituents of cernent and the chemical properties of 

the superplasticizer used. In the case of the cernent, the amount of interstitial phase and its form, 

the am.ount of 803 and its different forms, and the alkali content are crucial issues. In the case of 

the superplasticizer, its chemical nature, its molecular weight distribution, counter ions, and 

im.purities are also very important. 

In this chapter, the essential properties of the cements and superplasticizers used are analyzed and 

discussed and some particular testing methods exposed. 

3.1 Characterization of the Cements 

3.1.1 Chemical Composition and Bogue composition 

Six commercial cements were used for this investigation. The chemical and Bogue compositions 
of these cements are shown in Table 3 .1. The fineness of these six cements was measured 

according to ASTM standard C204-92. The results are presented in Table 3 .1. The Blaine 

fineness method involves determining the specific surface area of a cernent expressed as the total 

surface in m2/kg. 

Cements C 1 and C2 are French cements correspond.ing roughly to ASTM Type V cernent. 

Cements C3 and C4 are Canadian Type 10 (ASTM Type I +max. 5 % limestone tiller). Cements 
C5 and C6 are American Type I. 

Cernent Cl has the highest C3S content (73 %) moreover, it bas a relatively low C3A content of 

3 % and the lowest 803 content (1.95 %). This cement also has a very low total N~O equivalent 
content (0.31 %). The fineness of Cernent Clis relatively high (420 m2/kg). 



Cement C2 has the highest fineness ( 480 m1/kg), it contains 2 % C3A and 2.85 % S03• This 

cernent has a total N~O equivalent content of0.52 %. 

Cement C3 has a high C3A content (10 %) and has the highest total N~O equivalent content 

(0.92 %). The fineness of this cement is 370 m1/kg. 

Cement C4 contains 6 % of ~A content and the highest 803 content of 3 .4 %. It also has a high 

total NaiO equivalent content of0.74 %. The fineness ofthis cement is relatively high for a Type 

I cement ( 410 m1/kg). 

Cement CS has a relatively high C3S content of 69 % and very low CiS content of 5 %. It has a 
~A content of7 % and 803 content of2.67 %. It also has relatively a low total N~O equivalent 

content of0.35 %. 

Cement C6 has the highest ~A content (11 %) and a relatively low total N~O equivalent content 

of 0.31 % and S03 content of2.95 %. 

The C3S content of the six cements used varied between 51 % to 73 %, the C3A between 2 % to 

11 %, the total N~O equivalent between 0.31 % to 0.92 % and the S03 content between 1.95 % to 

3.40 %. Moreover, the fineness ofthese six cements varied between 370 to 480 m2/kg. 

3.1.2 X-ray diffractogram 

An X-ray diffractogram of a bulle Portland cernent is not very useful because most of the desired 

information about the polymorphism of C3A and the types of sulfate existing in the cement cannot 

be deduced from such diffractograms. The peaks corresponding to these minor components, 
which represents about 10 %, are simply too small compared with the very strong signals given 

by the C3S and the CiS, which represent about 80 % of the mass of Portland cement. However, if 

Portland cement is first submitted to a SAL (salicylic acid) treatment [Hjorth et al 1971], which 

dissolves the silicate phases, the X-ray diffractogram of the residual part of the cement contains 

only the peaks of the interstitial phase, of the sulfates, of the limestone tiller, if any, and of other 
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minor constituents such as periclase (MgO), and insoluble silica.. From such a diffractogram, it is 

th.en possible to see whether the C3A is cubic or orthorhombic, or a mixture of both, because ~A 

now represents the major constituent of the treated powder subjected to X-rays. Moreover, it is 

also possible to determine whether the calcium sulfate is present in the form of gypsum, anhydrite, 

hemihydrate or any combination of these after the SAL treatment. 

To perform the SAL treatment it is necessary to proceed as follows; 

• Dissolve 30 g ofsalicylic acid in 150 ml ofmethanol 

• Add 5 g of cernent to the solution 

• Stir for 2 hours 

• Filter 

• Wash the residue with methanol 

• Dryat90°C 

• Grind the remaining fine powder for XRD analysis 

TABLE 3 .1. Chemical and phase compositions of the six cements. 

Chemical Cl C2 C3 C4 CS C6 
Composition (%) 

Si02 21.39 21.53 20.39 21.00 19.93 21.14 
Al203 3.74 3.52 5.02 4.20 4.76 5.23 
Fei03 3.96 4.11 2.20 3.10 3.23 2.04 
Cao 65.43 63.69 62.30 61.50 64.95 64.60 
MgO 1.4 2.18 2.49 2.60 1.37 2.75 
803 1.95 2.85 2.90 3.40 2.67 2.95 
K20 0.33 0.56 1.05 0.80 0.25 0.21 
N~O 0.06 0.10 0.22 0.21 0.18 0.18 

N~Oeq. 0.31 0.52 0.92 0.74 0.35 0.31 
Cao free 1.82 0.81 - - - -

C3S 73 66 53 51 69 56 
Bogue eis 6 12 18 20 5 17 

Composition C3A 3 2 10 6 7 Il 
C4AF 12 13 7 9 10 6 

Blaine (m2/kg) 420 480 370 410 380 380 
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X-ray diffractograms of these six cements a:fter the SAL treatment are provided in Figure 3 .1 to 

Figure 3.6 

Regourd (1978) bas shown that the morphology of the C3A in Portland cernent is govemed 

essentially by the amount of a!kalis trapped in the ~A. If the amount ofNaiO is lower than 2.4 % 

of the C3A, the C3A retains its cubic structure. When the NaiO content of ~A lies between 2.4 

and 3.8 %, the ~A becomes a mixture of cubic and orthorhombic forms, and at about 3.8 % it is 

orthorhombic. 

In Cernents Cl and C2, it is d.ifficult to determine the form of ~A frorn X-ray diffiactograms 

because the C4AF content is much higher than the C3A content. However, the Na20/C3A ratios for 

the two cements are 2 % for Cl and 5 % for C2. Therefore, according to Regourd (1978) it seems 

probable that the form of C3A is cubic for Cl, and orthorhombic for C2. The S03 cornes frorn as 

gypsum in Cernent Cl, and as a mixture of gypsum and hemihydrate in Cernent C2. 

Cernent C3 includes a high amount of C3A, which should be mostly cubic because the ratio of 

NaiO/~A is 2.2 %. The S03 comes frorn a mixture of gypsum and hemihydrate in Cernent C3. 

This cernent also contains some limestone filler. 

Cernent C4 includes a mixture of cubic and orthorhombic C3A because the ratio ofNaiO/C3A is 

3 .5 %. It also contains some limestone filler. The S03 cornes from a mixture of gypsum and 

hem.ihydrate in Cement C4. 

In Cernents CS and C6, it is seen that the S03 comes :frorn a mixture of gypsum, hemihydrate, and 

anhydrite. The C3A is as a mixture of cubic and orthorhombic forms in CS because the ratio of 

NaiO/C3A is 2.6 %; it is a cubic form in C6 because the ratio ofNaiO/C3A is 1.6 %. 

The X-ray diffiactograms of those six cernents confirmed that the morphology of C3A depends on 

the ratio ofNaiO/C3A found by Regourd (1978). 
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Figure 3 .1 a XRD pattern of cernent Cl after salicylic acid treatment 
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Figure 3.1 b XRD of cernent C2 after salicylic acid treatment 
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Figure 3 _ l c XRD of cernent C3 after salicylic acid treatment 
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Figure 3.ld XRD of cernent C4 after salicylic acid treatm.ent 

32 

M 

3-C3A 
3c-C;A cubic 
3o-C3A orthrombic 
4-C4AF 
G-Gypsum 
H-Hemihydrate 
A-Anhydrite 
M-MgO 
C-Calcite 
Q-Quartz 

3c 3 
3 

50 60 

3-C3A 
3c-C3A cubic 
3o-C3A orthrombic 
4-C~ 

G-Gypsum 
H-Hemihydra.te 
A-Anhydrite 
M-MgO 

50 60 



es (SAL) 

2000 

4 
1500 

3 -Cil c.. 1000 u .._, - A 

34 
500 

0 
10 20 30 40 

28 

Figure 3 .1 e XRD of cernent CS a:fter salicylic acid treatment 
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Figure 3.lfXRD pattern of cernent C6 a:fter salicylic acid treatment 
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3.1.3 Soluble aikali content 

Until now, man.y researchers [Basile et al 1987, Dodson et al 1989, Ranc 1990, Rollet et al 1992, 

Vernet et al 1992] investigated the interaction between cernent and superplasticizer in view of the 

amounts of calcium sulfate and its different forms, because calcium sulfate produces the sulfate 

ions that are supposed to control the reactivity of the interstitial phase. However, a cernent usually 

also contains some alkali sulfates which are much more soluble than calcium sulfate as shown in 

Table 3.2. Therefore, it is necessary to also investigate the effect of soluble alkali content which 

may significantly influence on the interaction between cernent and superplasticizer. 

TABLE 3 .2 Solubility of alkali and sulfate salts present in Portland cernent 

Product 
Arcanite (K2S04) 
Aphthitalite (Na2S04 3K2S04) 
Calcium Langbeinite (2CaS04 K2S04) 
Syngenite (CaS04 K2S04 H20) 
Gypsum (CaS042H20) 
Hemihydrate a. (CaS04 l/2H20) 
Hemihydrate 13 
Soluble anhydrite (CaS04) 

Natural anhydrite 

Solubility (g/l) at 25°C 
120 
120 

6.30 
2.50 
2.08 
6.20 
8.15 
6.30 
2.70 

Depending on the 803 content in the clinker, alkalies can be present as alkali sulfates (Nai804 or 

K2S04), and/or double sulfate forms, or trapped in C3A and CiS. The ratio of sulfur to total alkali 

determines the quantity of alkali sulfates in a clinker. When a clinker contains relatively large 

amounts of 803, a substantial :fraction of alkalies goes into solution within a few minutes. In low 

803 clinker, N~O and K20 are incorporated preferentially into the C3A phase, but also into the 

CiS phase of Portland clinker [Jawed et al 1978]. Therefore, in spite of the fact that two cements 

may have similar 803 and total alkali contents, the amount of alkalies that are readily soluble in 

the solution of a cernent paste can vary widely. 

A8TM standard method C 114-17 .2 evaluates the water-soluble alkali content in a suspension 

having W/C=IO after 10 minutes. However, the experimental conditions used in this standard 
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method are far from those found in an actual cernent paste having a low W/C ratio of 0.30 to 

0.60. In order to obtain a value of the water-soluble alkali content of an actual cernent paste, the 

water-soluble alkali content was determined from cernent pastes having a W/C ratio of 0.35, 

which is the W/C ratio used for ail the cernent pastes in this study. The extraction method was 

performed at W/C = 0.40 by Longuet et al. 

The method to determine the water-soluble alkali content includes the procedure as follows: 2, 5, 

15, and 30 minutes after mixing 200 g of cernent with 70 g of water with a spatula for one minute 

at room temperature, the interstitial solution is extracted from a portion of the fresh paste by 

using a pressure filtration device through a 0.45 µm. membrane filter at a nitrogen pressure of 

about 0.4 :MPa (60 psi). The filtrate is recovered in a 20 ml plastic container during the pressing 

(about 2 minutes duration). About 0.100 ± 0.001 g of the filtrate is taken out and is immediately 

acidified and diluted to 15.000 ± 0.001 g with 5 % HCl solution. The K, Na, and S concentrations 

of the filtrate after dilution are th.en measured by ICP CARL 2560 AES) according to the 

procedure specified by the instrument manufacturer. 

TABLE 3.3 Soluble alkali content in the six cements as determined by ICP 

Cernent Cl C2 C3 C4 C5 C6 
Na.iO, % 
2min 0.03 0.08 0.13 0.22 0.01 0.01 
5min 0.03 0.08 0.12 0.22 0.01 0.02 
15min 0.03 0.08 0.13 0.23 0.01 0.02 
30min 0.03 0.08 0.12 0.23 0.01 0.02 
K20,% 
2min 0.23 0.49 0.66 0.66 0.07 0.06 
5min 0.24 0.49 0.58 0.71 0.08 0.07 
15min 0.25 0.50 0.68 0.75 0.09 0.07 
30min 0.25 0.50 0.68 0.75 0.09 0.07 
Na.iO eq., % 
2min 0.17 0.40 0.56 0.66 0.05 0.05 
5min 0.19 0.40 0.50 0.68 0.06 0.06 
15min 0.19 0.41 0.58 0.72 0.07 0.06 
30min 0.19 0.41 0.57 0.72 0.07 0.06 

Table 3.3 shows that the soluble alkali content varies between 0.05 to 0.72 %. Moreover, it 

confirms that the alkalies in cernent enter solution very quickly because almost the maximum 
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alkali concentration was obtained only 2 minutes after mixing and no increase with time was 

found in each case. Cernent C5 and C6 include the lower amount of soluble alkali content of 0.06 

- 0.07 %. Cernent Cl also contains a small amount of soluble alkali content of0.19 %. Cernents 

C2, C3, and C4 have rnuch higher amounts of soluble alkali ranging from 0.41 % to 0.72 %. 

Interestingly, there is not close correlation between the total alkali content and the soluble alkali 

content, as shown in Figure 3 .2. 
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Figure 3.2 Relation between the soluble alkali content and the total alkali content in the cernent. 
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Figure 3.3 The soluble alkalies and S03 contents of the interstitial solution of six cements at 2, 5, 
15, and 30 minutes (W/C = 0.35) 
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In Table 3.4 and Figure 3.3, the soluble alkalies and S03 contents of the interstitial solution of the 

six cernents measured at 2, 5, 15, and 30 minutes in the cernent pastes at W/C=0.35 are shown. 

These results show that the S03 concentration of the interstitial solution varies from as low as 22 
mm.ol/l to 270 mmol/l although S03 content in the cernent does not vary as rnuch as shown in 

Table 3.1. There is a strong correlation, however, between the soluble alkalies and S03 content in 

the interstitial solution. Therefore, it can be said that the 803 concentration of the interstitial 

solution is govemed by soluble alkali content rather than the total 803 content in cernent. 

TABLE 3.4 Soluble alkalies and S03 contents of the interstitial solution of the six cements 

measured at 2, 5, 15, and 30 minutes in the cernent pastes at W/C=0.35 

Cao 803 NazO K 20 Alkalies 
mmol/l mmol/l mmol/l mmol/l mmol/l 

2min 29.0 53.9 11.6 69.0 80.6 
5min 27.3 51.8 12.3 73.7 86 

Cl 15min 22.3 48.2 13.2 73.3 86.5 
30min 27.6 48.5 13.0 76.2 89.2 
2min 22.6 154.0 35.3 147.4 182.7 
5min 20.9 138.3 36.4 147.5 183.9 

C2 15 min 21.l 129.2 37.5 150.6 188.l 
30min 23.9 127.2 38.l 152.1 190.2 
2min 46.5 246.3 58.l 200.2 258.3 
5min 39.0 211.4 57.3 175.0 232.3 

C3 15 min 26.0 214.2 60.l 205.6 265.7 
30min 22.1 202.2 57.3 206.0 263.3 
2min 16.9 270.7 101.6 201.7 303.3 
5min 5.5 269.6 101.4 214.2 315.6 

C4 15 min 21.1 270.2 105.2 228.3 333.5 
30min 3.9 259.6 104.8 226.0 330.8 
2min 29.1 24.1 3.4 20.6 24 
5min 35.4 30.1 3.7 25.2 28.9 

C5 15min 25.3 27.8 4.7 29.0 33.7 
30min 12.9 26.3 4.7 28.7 33.4 
2min 24.8 22.7 6.1 17.9 24 
5min 21.5 33.2 7.4 21.4 28.8 

C6 15 min 31.5 23.2 7.1 20.0 27.1 
30min 30.6 22.0 7.2 20.2 27.4 
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3.1.4 Particle size distribution 

The particle size distribution of the cements was measured by a modified sedimentometry 

method based on standard ASTM D422-63 and CHO, which are normally used to determine the 

grain size distribution of soils. The principle underlying the metb.od is based on Stokes' law: the 

equivalent rate of settling of a particle through. a liquid is proportional to the size of the particle. 

Figure 3 .4 shows the grain size distribution of the six cements used in this study. These results 

show that in the case of the two Type V cements (cernent C 1 and C2), C2 contains a bit more fine 

parti cl es under 10 µm than Cl, so that the Blaine fineness of C2 is higher than that of C 1. 

In the case of the four Type I cements (C3 to C6), C3 contains a bit more fine particles than the 

otb.ers, however, there is no significant difference in the grain size distribution of these cements. 

When comparing the particle size distribution between Type I cements and Type V cements, Type 

V cements contain Iarger portion of small particles. 
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3.2 Characterization of the superplasticizers 

Tbree sodium salts of a polynaphthalene sulfonate (PNS) superplasticizer with different 

molecular weights were obtained :from a Canadian manufacturer. The molecular structure of the 

PNS superplasticizer is shown in Figure 3.5. The three superplasticizers were characterized by 

their average molecular weight and their molecular weight distribution measured by gel 

permeation chromatography. Otb.er parameters are shown in Table 3.5. The following LMW 

notation will be used for low-molecular-weight, and similarly MMW and HMW for medium-

molecular-weight and high-molecular-weight. 

H:z 
>---~--T-

S~Na 

a. 

Figure 3 .5 Molecular structure of a polynaphthalene sulfonate superplasticizer 

3.2.1 Measurement of average molecular weight and its distribution of molecular weights 

Severa! methods can be used to determine the molecular weight of a polymer, which can be 

classified as absolute, equivalent, or relative methods [Elias 1977]. Absolute methods directly 

calculate the molecular weight :from the measured quantities; these methods do not require 

knowledge of the physical and chemical structure of the molecules. These methods include 

colligative methods (membrane osmometry, ebulliometry, cryoscopy, and vapor-phase 

osmometry), light scattering and equilibrium sedimentation. Colligative methods indicate the 

number of molecules, thus leading to a num.ber-average molecular weight (Mn). 

Equivalent methods always require some knowledge of the chemical structure of the molecules 

before calculating the molecular weight :from the data obtained. With end-group analysis, for 
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example, it is necessary to know both the nature and the number per molecule of the end groups. 

Relative methods, on the other hand, measure properties that depend on the chemical and 

physical structure of the macromolecules. 

In this study, gel permeation chromatography (GPC), which is a relative method, was used to 

determine the molecular weight because it is relatively simple and it is possible to determine the 

average molecular weight (number and weight) and the molecular weight distribution of 

polymers simultaneously. GPC analysis has been used in several studies [Ferrari et al 1986, 

Basile et al 1989] on superplasticizers for the purpose of separation of polymers according to 

their molecular sizes and shapes. The determination of the molecular weight is obtained as a 

result of a steric exclusion of the polymer molecules by the gel pores of the column. 

As shown in Figure 3.6 and Figure 3.7, the principle of this separation is based on the fact that 

large molecules have less probability of access to the porosity of the gel and are eluted rapidly 

through gel particles, whereas small molecules can permeate and be retained in the pores and 

therefore are eluted later. 

Flu1t 

0 

Figure 3.6 Principle of GPC separation [adapted from Ferrari et al 1986] 
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In this study, a gel permeation cbromatography manufactured by Shimadzu, using a two-column 

system, namely Ultrahydrogel linear and Ultrahydrogel 250 columns, and a refractive index flow 

detector (RID-1 OA) was used. The Ultrahydrogel linear column is designed for the separation in 

the molecular weight range from 1 kD to 10 000 kD and the Ultrahydrogel 250 column is 

designed for the separation in the molecular weight range from 1 kD to 1 OO kD. This two-column 

system yields a much better separation of the molecules. The 300-mm long columns, having a 

diam.eter of 7.8 mm. were packed with a hydroxylated polymethacrylate-based gel. The eluent 

was 0.1 M NaN0/0.1 M acetonitrile (80:20) and its flow rate was 0.3 - 0.8 ml/min. A Shondex 

Standard P-82 kit sold by Showa Denko K.K. was used as standard for the calibration of the 

columns. It is made up of agglomerated particles, which consist of polymaltotriose and a linear 

macromolecular polysaccharide having a convenient molecular weight. PNS samples were 

diluted 1:100 with deionized water, heated for 50 minutes at 70°C, and filtered with a 0.45 µm. 

membrane. Chromatographie data were processed by a computerized system equipped with 

specific programs for the calibration of the molecular weight value and the molecular weight 

distribution of PNS superplasticizer. The definitions of weight and number average molecular 

weight are as follows. 

LWïM; :LruM? 
Weight average molecular weight (Mw) = i i 

Number average molecular weight (Mn) = 

M;: molecular weight of i-species, w;: weight of the i-species, n;: moles of i-species 

Figure 3 .8 presents the elution curves of the tbree PNS superplasticizers as a function of elution 

time. As already explained, these figures show clearly that the higher the molecular weight, the 

earlier the starting elution time of:first peak. That is, the starting elution time is approximately 18, 

17, and 16 minutes for LMW. MMw, and HMW, respectively. The molecular weight 

distributions of the three PNS used in this study are shown Figure 3.9. which is processed by a 

computerized system from the data detected. The weight average molecular weights found are 6 

000, 14 000, and 16 000 and the number average molecular weight is 160, 360, and 370 for the 

LMW, MMW, and HMW, respectively. These values of Mw or Mn are considered as relative 
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ones in this study because the GPC is a relative method to determine the molecular weight. The 

difference of average molecular weight between LMW and MMW or HMW is significant 

because the LMW superplasticizer includes 43 % oflow-molecular fraction (Mw < 1 kD), while 

21 % and 19 % of Iow-molecular fraction are found in MMw, HMw, respectively. This low-

molecular fraction might consist of unreacted raw material, salt of sulfate (calcium and/or 

sodium), naphtb.alene sulfonate monomer, naphthalene disulfonate monomer, and low 

condensates of naphthalene sulfonate. However, the difference in both average molecular weight 

and its distribution between MMW and HMW is relatively small. 

;.• .. :·-·~ ........ 

Figure 3.7 Schematic representation of the GPC separation [Elias 1977] 

3.2.2 Other properties 

Otb.er properties were supplied by the manufacturer. As shown in Table 3 .5, the concentrations of 

S, Na and K are similar in the three PNS, while Ca ionic concentration of LMW is lower than 

those of MMW and HMW. The reason is that LMW was neutralized only wi.th NaOH while 

MM:W and HMW were neutralized with NaOH and Ca(OH)2• 

The viscosity of LMW is much less than that ofMMW or HMW because it includes much higher 

amounts of low molecular fraction. On the other hand, HMW has a much higher viscosity than 
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MMW although their moleaicular weight distributions are similar. The reason is that HMW 

includes some molecules hav-ing molecular weights over 1 OO kD which increase significantly the 

viscosity of the HMW. 

3.3 Chemical additives 

Sodium sulfate, hemihydrate: and gypsum in a powder form ( analysis grade) were used in the 

study of cernent pastes. Gramular types of sodium hydroxide and potassium hydroxide were used 

after being ground. Technical grade of sodium sulfate was used in the concretes. Their purity is 

over99 %. 

3.4 Sand and aggregate 

The sand used was a natural sand of granitic origin. It had a :fineness modulus of 2. 7, it was in a 

saturated surface dried (SSD•) state, its specific gravity of 2.65, and its water absorption was 

1.2 %. The coarse aggregate rused was a dolomitic limestone, its maximum size was 14 mm, its 

SSD specific gravity was 2. 70. and its absorption was 0.4 %. 

TABLE 3 .5 Characteristics of the three PNS superplasticizers used 

Characte:ristic of PNS 
PNS Superrolasticizer LMW MMW HMW 

Average molecular weight(g/mol) 
Wei:ght(Mw) 6000 14000 16000 
Nun::iber(Mn) 160 360 370 

Dispersiïty(Mw/Mn) 38 39 43 
%ofNw<lkD 43 21 19 
%ofNw> lkD 57 . 79 81 

Viscosityt(cps) at 25 °C 19 65 148 
% . solids 40.6 40.9 40.8 

pH (10 % solution) 7.9 7.9 7.8 
Sutifate(%) 1.1 1.1 1.2 

SpeciJfic gravity 1.20 1.20 1.21 
Ca ~(mmol/l) 26.2 46.9 48.3 
s C:mmol/l) 2080 2010 2010 
Na .O(mmol/l) 2240 2200 2200 
K ti{mmol/l) 2.4 2.1 2.4 
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Figure 3.8 Elution curves ofthree superplasticizers as a function of elution time 
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CHAPTER4 

EXPERIMENTAL METHODS 

4.1 Cement Pastes 

Ail cernent pastes in this research were made at a constant water/cernent ratio of 0.35. When a 

superplasticizer was added, the water content in the superplasticizer was included to the mixing 

water in the calculations in order to keep a constant water/cernent ratio. 

The superplasticizer dosage was expressed as a dry weight percentage relative to the weight of 

cernent. For ail the tests except the Marsh cone measurements, the dosage of superplasticizer 

was: 0.6 % for C2, C3, C4, and C5; 1.0 % for Cl and C6. The dosage of the other chemical 

additives such as sodium sulfate, gypsum, hemihydrate, sodium hydroxide, and potassium 

hydroxide was also expressed as a percentage of the weight of cernent. 

In this research, the following parameters of the various cernent pastes were determined by 
several analytical methods. 

1. The rheological characteristics of the cements pastes by the mini-slump and Marsh cone 
methods. 

2. The amounts of PNS adsorbed on cernent partiel es by UV-Visible spectrometer. 

3. Na, K, S and Ca ionic concentrations by Inductive Coupled Plasma (ICP). 

4. The heat evolution of cernent hydration during the first 24 hour by an adiabatic calorimeter. 

5. The amount of ettringite formation by Different Scanning Calorimeter (DSC). 

6. The pH of the cernent pastes by a pH rneter. 

For the following tests: mini-slump, UV absorbance, ICP analysis, pH measurernent, and DSC 

measurements, 200 g of a cernent was used to make a cernent paste. For the Marsh cone and 

calorimetric tests, the amount of cernent was adjusted to each test. 



4.1.1 Mixing Procedure 

The superplasticizer was added to the mixing water, then the solution was mixed with the cernent. 

When another solid chemical additive was added, it was pre-mixed with the cernent before being 

mixed with mixing water. Ali the prepared cernent pastes except one for the Marsh cone test were 

mixed manually for 1.5 minutes, th.en with a high-speed hand-held mixer for 2.5 minutes in order 

to obtain a well-dispersed grout. The mixing procedure was carried out at ambient temperature. 

The mixing procedure for the Marsh cone measurement is explained in section 4.1.3. 

4.1.2 Mini-slump test 

As indicated by its name, this test consists of making a slump test on a small amount of paste, 

using the slump cone presented in Figure 4.1 [Aïtcin 1998]. The procedure involves transferring 

the cernent paste in the mini-slump cone, then lifting the cone smoothly and quickly. The area of 

the paste spread on a plexiglass plate is rneasured and expressed in crn2
• 

4.1.3 Marsh Cone test 

A schematic ofthis cone is presented in Figure 4.2. Its total capacity is 1.2 liter and it has a 5 mm 

aperture (4.76 mm ID). The amount of water, cernent and superplasticizer needed to prepare 1.2 

liters of grout is calculated. 

Sam.pie preparation comprises the following steps: 

• Weighing of the water and superplasticizer in the container where the mixing will be done. 

• Starting the mixer while progressively introducing the amount of cernent within 1 minute and 

30 seconds. 

• Stopping the mixing for 15 seconds in order to take off the cernent adhered to the container 

with a spatula 

• Mixing for 60 seconds. 

• Measuring the temperature. 

• Measuring the flowing time at each 1 OO ml that takes to fi.11 a 1-liter beaker with the grout. 
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• Placing the grout in a plastic bottle that will be placed on two rollers so that the grout remains 

homogeneous and also to simulate concrete transportation. 

• Measuring the flow time at different time intervals up to 60 minutes. Each time, the 

temperature of the grout is measured. 
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Figure 4.1 Schematic drawing of a mini-cone for mini-slump test [Aïtcin 1998] 
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Figure 4.2 Schematic drawing of a Marsh cone [ Aïtcin 1998] 
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4.1.4 Extraction process 

Two extraction processes were used in order to separate the liquid from cernent pastes in this 

study. A pressure filtering system was used for measurements presented in Chapter 5 and 

centrifugation was applied in Chapter 6. 

4.1.4.1 A pressure filtering system 

Nittogen Gas 

Pressure Chamber 

Cement Paste 

Filter Membrane 

Plastic Container 

Figure 4.3 Schematic drawing of pressure filtering system 

As shown in Figure 4.3, a pressure filtering system was applied to obtain the liquid from cernent 

pastes. Nitrogen gas pressure of 345 kPa and a membrane with pore size of 0.45 µm were applied 
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in the filtering process. Filtrates were tak:en at different times (2, 5, 15 ;and 3 0 minutes). 

4.1.4.2 Centrifugation 

A centrifuge having temperature and speed controllers was used to ext:iract the liquid from cernent 

pastes. At 4000 rpm and 24°C, samples were taken at 5 and 60 minutes ,. 

4.1.S Adsorption Measurement 

PNS adsorption on the surface of cement particles was evaluated by- measuring the amount of 

PNS in the solution extracted from the fresh cernent pastes, expressed as a percentage (mass of 

PNS present in the extracted solution relative to the mass of added PNS superplasticizer). The 

original filtered solution was diluted with deionized water to obtain ad.equate PNS concentration. 

The PNS concentration in solution was detected by measuring the max:im.um absorbance value at 

the peak absorbance wavelength between 276 nm and 294 nm as shown in Figure 4.4 using a 

Hewlett-Packard diode array UV-visible spectrometer and th.en -was calculated with the 

calibration curve obtained using different concentrations of a PNS s::uperplasticizer as seen in 

Figure 4.5. 

The absorbance of the diluted solution was measured directly in the absorbance mode of the 

instrument. The equation usually applied for calculation is the Beer-Lannbert Law expressed as, 

Where: 

A= e x 1 x c 

e is the extinction coefficient of a particular compound in a particular solvent at a 

particular wavelength in l/g x mm. 

1 is the light path length, 10 mm for this study. 

c is concentration g/l 
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Figure 4.4 Typical UV absorbance curves of a PNS superplasticizer as a :function of the 

concentration of the PNS superplasticizer 

As shown in Figure 4.4, the UV spectrum. of the naphthalene sulfonate superplasticizer consists 

of two main peaks, an intense absorption peak at approximately 230 nm and a much weaker peak 

in the range between 276 nm and 294 nm. In this study, the PNS absorbance was measured at the 

weaker peak. The extinction coefficient of the naphthalene sulfonate monomer and that of the 

polymer at 230 nm are quite different, but, the extinction coefficient when using the peak at the 

longer wavelength does not vary with different polymerization degrees of the PNS [Burk et al 

1981, Matsukawa 1991]. Thus this complication due to the monomer composition can be avoided 

when the value of the extinction coefficient at 276 - 294 nm band peak is used. 

The average extinction coefficients of polynaphthalene sulfonate at the long wavelength was 

determined from the calibration figures as 2.16, 2.29, 2.32 l/gxmm for LMW, Mrv:IW, HMW, 

respectively. These extinction coefficient values are similar with those found by other 

researchers: 2.20 by Matsukawa (1991), 2.08 by Burk et al (1981), 2-26 by Diamond et al (1988), 

and 2.18 by Rossington at al (1989). 
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Figure 4.5 A calibration of UV absorbance curve for a PNS superplasticizer 

4.1.6 ICP Measurement 

The concentration of total Ca, S, Na and K, present in solution in fresh cernent pastes were 

measured using the ICP (Inductive Coupled Plasma) method [Skoog et al 1998], which is an 

atomic emission spectroscopy method. The principles of the atomic emission spectroscopy is 
based on the fact as that when an atom is exposed to a high-temperature source, energy is 

transferred to the atom by collision with energetic particles and by interaction with 

electromagnetic radiation. The excited atom decays to a lower energy level with emission of its 

own characteristic electromagnetic radiation. The frequency of the radiation is determined by the 

energy difference between the upper and the lower energy states, L1 E, according to the equation 

L1E=hv 

where h = 6.6254 X 10-21 erg sec (Planck's constant) and v is the frequency. 

Spectrochemical analysis by atomic emission spectroscopy is based on the measurement of 

electromagnetic radiation emitted by electronically excited atoms and ions. The energy 

distribution of the radiation is unique to each element. By separating the electromagnetic 

53 



radiation into its components and measuring the wavelength, the element can be quantitatively 

identified.. 

Inductive Coupled Plasma, a high-temperature source, has several advantages when compared 

with conventional methods. ICP is often used because it permits to measure concentration of 

multielements on very small samples simultaneously. 

The original extracted solution was diluted 1:150 with 5% HCL The ionic concentrations from 

cernent were calculated by subtraction of the ionic concentrations originating from PNS 

superplasticizer. The sulfate ion concentration frorn a cernent was calculated by measuring the 

sulfur concentration in solution. The sulfur concentration from the cernent is calculated by 

subtracting the ion concentration that originated from PNS superplasticizer. 

4.1.7 Calorimeter Measurement 

The heat of hyd.ration evolved was monitored with an adiabatic calorimeter described by Simard 

et al (1993) as presented in Fig. 4.6. After the cernent pastes were mixed, 125 g of cernent paste 

were accurately weighed and placed into a polyethylene bottle, which was then set into the 

calorimetric vessel containing 1 OO g of water. 

The copper tube-thermistor assembly was introduced into the sample and the calorimetric vesse! 

was sealed before placing in the thermoregulated water bath. The ternperature of the cernent paste 

sample was monitored at one-minute intervals by reading the resistance value of the thermistor 

probe interfaced with a computer. 

4.1.8 DSC Measurement 

After the extraction procedure described in section 4.1.4, cernent paste was then placed in an 

excess of isopropyl alcohol for 1 hour in order to stop its hydration. After being filtered by air 

suction, the specimen was air-d.ried for a 24-hour period to evaporate the remaining alcohol. The 

measurement of the amount of ettringite formed at 30 minutes in cernent pastes was performed in 
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cooperation with Lafarge Canada Inc. using the DSC (Different Scanning Calorimeter, model 

821E Mettler). 

Data 
acquisitor 

2 

--- ------- ----- ------- ------ -----. ------ ------------ --. --------- ------ ------ -----

Control of t 
t=T 

Input 
Water 

Output 
Water 

1 Cernent paste (125 g) 

2 Thermistor 

3 Polyethylene bottle 

4 Dewar containing 1 OO g of water 

5 Thermoregulated circulating water bath 

whose t = T (cernent) 

Figure 4.6 Schematic drawing of calorimeter system [adapted from Nkinamubanzi 1993] 

The method used by Lafarge is considered as a comparative measurement. A sample of cernent 

paste was de-watered by air suction and then was placed in excess isopropyl alcohol in order to 

stop the hydration reaction. The sample was again submitted to suction drying and subsequently 

dried in a fume hood at room temperature. A sample of about 30-35 mg was placed and sealed in 

a crucible with a lid having 2 pinholes. Based on Lafarge's experience with cernent analyses by 

DSC, these pinholes help to keep a constant pressure in the system, to force the gypsum included 

in the sample to lose its water molecules at a higher temperature and to separate the ettringite 

peak from the gypsum peak. A heating rate of 3°C or 5°C per minute was used. In such a 

condition of DSC, the results show that the ettringite peak was quite distinct from the gypsum 

peak, as seen in Figure 4.7. The amount of ettringite was measured between 45°C and 125°C and 

was calculated from the integration curve on the base of calibration curve obtained by using pure 

ettringite. 
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Figure 4.7 A DSC curve obtained by Lafarge using CS cernent 

4.1.9 pH Measurement 

Measurement of pH is simply a method to determine the concentration of the hydrogen and 

hydroxide ions in an aqueous media. One of the earliest definitions of pH is; 

pH - - log[H+] = 14 +log [Off] 

However, the definition of pH was modified in modem use, called the operation definition 

[Ewing 1990] shown as follows; 

pHu =pHs - (Eu-Es)F/2.303 RT =pHs- (Eu-Es)/0.0592 at 25 °C 

where; pHu is the pH of unknown sample 

pHs is the pH of the standard buff er at temperature T. 
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Es is the cell potential when the electrodes are immersed in the standard bu:ffer 

Eu is the cell potential when the electrodes are immersed in a solution of unknown pH 

T is temperature of the sample and the buffer solution (°F) 

Ris the molar gas constant (8.31441 JK.-1 mor1
) 

Fis the Faraday constant (96 487.0 coulombs equivalent-1
) 

Therefore, pHu is determined to measure the cell potential and to calculate the cell potential and 

pHs of the standard buffer. 

In this study, the pH meter was calibrated with the two buffer solutions having pH 10 and pH 

13. The pH was directly measured by immersing the electrodes of an Orion pH meter in the 

solutions. 

4.2 Concrete 

The concretes were prepared with a W/C ratio of 0.30 instead of 0.35 used in cernent pastes 

because it was found that the e:ffect of alkalies or molecular weight of PNS could be better 

observed in concretes at W/C= 0.30. Ali the concrete mixes contained 140 kg/ m3 of water, 467 

kg/ m 3 of cernent, 805 kg/m3 of sand and 1050 kg/ m3 of coarse aggregate (the aggregate mass is 

given in SSD conditions). The superplasticizer dosage was adjusted to achieve an initial slump of 

230 + 20 mm after mixing (at 10 minutes). Its dosages are 0.8 % for C4, 1.0 % for others. The 

water content in the superplasticizer was included in the mixing water to keep the same 

water/cernent ratio. 

4.2.1 Mixing Procedure 

The m.ixing procedure was carried out as follows: After placing the sand in the mixer, the amount 

of adsorbed humidity of the sand was measured. Tuen, the amount of mixing water was adjusted 

in order to take into account the humidity of the sand (the humidity of the sand is equal to is total 

water content minus its absorption). The coarse aggregate was m.ixed with the sand and one half 

of the water for one minute. The cernent was placed into the mixer and mixed for 30 seconds (It 
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is slight delayed addition). The rest of the water containing the superplasticizer was added into 

the mixer and the mixing was carried out for 3 minutes. The mixing was stopped for 2 minutes in 

order to check and avoid false setting and restarted for 3 minutes. 

4.2.2 Measurements of slump, setting time and compressive strength 

The slump was measured at 10, 30, 60 and 90 minutes according to ASTM C143-90a. The setting 

time was measured by the penetration resistance of the mortar sieved from the concrete according 

to ASTM C403-95. Compressive-strength tests were carried out at 1day,28 days, and 91 days on 

100x200 mm concrete cylinders according to ASTM C39-94. The values given are the average of 

the results obtained on three specimens. 
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CHAPTER5 

EFFECT OF ALKALI CONTENT 

Chapter 5 consists of two sections; In section 5.1, the effects of the alkali content on the 

properties of cernent pastes and its various aspects including rheology, adsorption, hydration, and 

chemistry of the interstitial solution are examined for six cements. In section 5.2, the effects of 
the alkali content on the rheology, setting time, and compressive strengtb. of concrete are studied. 
The MMW superplasticizer is used for Chapter. 

In sub-section 5 .1.1, the six cements are identified as being compatible or incompatible with a 

PNS superplasticizer using two methods, the Marsh cone and mini-slump test methods. 

In sub-section 5.1.2, three methods for solving incompatibility problems are proposed for the 

cements found to be incompatible. The effects of an addition of calcium sulfate, or an addition of 
a retarder, and the delayed addition of a PNS superplasticizer on the fluidity of the cement pastes 

were investigated using the mini-slump test. 

In sub-section 5.1.3, the addition of some alkali sulfate to solve incompatibility problems is 

suggested and the effects of the alkali sulfate on the fluidity of cement pastes were studied using 

the mini-slump test. Moreover, the optimum amount of soluble alkalies to improve the fluidity of 

cernent pastes is proposed. 

In sub-section 5.1.4, the adsorption behavior of a PNS superplasticizer on the six cements is 

measured. The effect of an alkali sulfate addition on the adsorption of PNS superplasticizer is 

also studied for the six cements. Furthermore, a relationship between the amount of PNS 

adsorbed and the fluidity of the cement pastes is established. 

In sub-section 5.1.5, the chemical composition of the interstitial solution of the six cements is 

investigated using ICP method in the presence or absence of a superplasticizer. The effect of an 
alkali sulfate addition on chemistry of the interstitial solution is studied for the six cements. A 



relationship between the amount of PNS adsorbed and the ionic concentrations as well as pH of 

the interstitial solution is established. 

In sub-section 5 .1.6, in order to exp Iain how alkali sulfates could improve the fluidity of 

superplasticized cernent pastes, the effect of the addition of some sodium hydroxide, as a non-

sulfate chemical, on the fluidity and the adsorption of superplasticizer is investigated. 

In sub-section 5.1.7, the hydration of cernent pastes in the presence or absence of a 

superplasticizer is studied. The effect of an addition of alkali sulfate on the heat evolution of 

cernent hydration is studied. Moreover, the amount of hydrated products is measured as a 

:function of sodium sulfate dosage in order to understand the role of alkali sulfate on the slump 

improvement mechanism in PNS superplasticized cernent pastes. 

In order to confirm the results obtained on the cernent pastes, some tests were performed on 

concrete to evaluate the effects of the alkali content on the fluidity, setting time, and compressive 

strength. The results are presented in sub-section 5.2.l, 5.2.2, and 5.2.3, respectively. 

5.1 Study of cement pastes 

5.1.1 Identification of compatibility between cement and superplasticizer 

It is not easy to test the compatibility of a particular combination of cernent and 

superplasticizer in concrete because performing concrete trial batches consumes time, 

materials and energy. Severa! methods involving much smaller amounts of material, which are 

easier to implement and repeat, have been developed. These are generally based on studying 

the rheological behavior of a grout. Basically, two simple methods are widely used: the mini-

slump method and the Marsh cone method, in order to make a fust screening on an.y 

combination of cernent and superplasticizer. The advantage of the mini-slump method is that it 

requires very little material to be perform.ed, but the grout is evaluated in a rather 'static' 

behavior, while in the case of the Marsh cone method, more material is needed but the grout is 

tested in a more 'dynamic' condition [Aïtcin 1998]. Both simple methods were used in this 
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study. 

The results of Marsh cone measurements for the pastes made with different 

cement/superplasticizer combinations are presented in Figures 5.la, b, and c. These curves 

yield a number of parameters that are used to characterize the rheological properties of each 

cement/superplasticizer combination, namely: 

• the "saturation point": the minimum superplasticizer dosage required to achieve constant 

fluidity at 5 or 60 minutes; 

• the flow time at 5 and 60 minutes with a superplasticizer dosage of 1.0 percent and with the 

superplasticizer dosage at the saturation point. 

The data presented in Table 5.1 shows that the dosage of superplasticizer forcements Cl and 

C6 is two times higher th.an forcements C2, C3, and C4. Moreover, the flow time for cements 

Cl and C6 is much higher than for cements C2, C3, and C4 at the same dosage of 

superplasticizer (1%). The fluidity loss experienced with Cl and C6 cements was so rapid that 

the :flow time could net be measured at 60 minutes. Cernent C5 presents an intermediate 

behavior. The comparison of these results clearly indicates that cements Cl and C6 are 

incompatible with the superplasticizer; while cements C2, C3, and C4 are compatible. Cernent 

CS could be said to be partially compatible. 

TABLE 5 .1 Comparison of fluidity of the different cements with the Marsh cone test 

SP[2) dosage at 1.0% Saturation point 

Cernent C3A Blaine 803 N~O equivl11 ts t60 Smin 60min 

% m2/kg % % seconds seconds SP% SP% 

Cl 3.2 420 1.95 0.31 141 n.m.[31 1.2 1.8-2.0 

C2 2.4 480 2.85 0.52 66 74 0.6 0.8-1.0 

C3 9.6 370 2.90 0.92 75 105 0.6 1.0 

C4 6 410 3.40 0.74 65 90 0.6 0.8-1.0 

CS 6 380 2.46 0.35 85 140 0.8 1.2-1.5 

C6 11 380 2.40 0.31 n.m n.m. 1.4 1.8-2.0 

1. NaiO equivalent = Na20 + 0.658 K20 
2. SP = Superplasticizer 
3. n.m. = not measurable 
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The same conclusion can also be d.rawn from the mini-slum.p test as shown in Figure 52. These 

results show that the pastes made with cements C2, C3, and C4 and a given dosage of PNS 

superplasticizer have a high initial spread area and maintain this high value for 90 minutes. 

300 

250 
'ô' 200 a> 

Cil -ë 150 
E= 100 

50 

0 

300 
250 

g 200 
Cil -ë 150 

E= 100 

50 
0 

0 0.5 

0 

Cl 

1 1.5 2 2.5 

PNS dosage (%) 

C2 

• - -~ ~ - - -

1 

0.5 1 1.5 

PNS dosage(%) 

Figure 5. la Marsh cone flow time as a :function of the dosage of PNS superplasticizer for cements 
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Figure 5.lc Marsh cone flowtime as a :function of the dosage of PNS superplasticizer forcements 

CS andC6 

On the contrary, pastes made with cernent C 1 present a high initial slump, but a rapid slump loss. 

In the case of cernent CS, the initial slump is maintained for about 15 minutes, but then decreases 

shortly. The paste made with cernent C6 has a relatively low slump even at S minutes, although 
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the dosage of superplasticizer is high (LO %). Based on such observations, it can again be 

concluded that cernents Cl, CS, and C6 are not compatible with the PNS superplasticizer used. 
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Figure 5.2 Variation of the slump area with rime for the six cements 

PNS dosage: 0.6 % for cernent C2, C3, C4, and CS; LO % for cernent C 1 and C6 

5.1.2 Some methods to solve the incompatibility problem 

Different methods that can be applied to salve the incompatibility problem, i.e. to contrai the 

slump loss of superplasticized cernent pastes, have been suggested [Collepardi et al 1994, Bonen 

et al 1995, Tagnit-Hamou et al 1992]. In the present study, three ofthese methods, the addition of 

calcium sulfate, the addition of retarder, and the delayed addition of the superplasticizer will be 

tested. The effect of the three methods on the fluidity of cernent pastes is presented in the 

following. 

5.1.2.1 Calcium Sulfate Addition 

At present, the calcium sulfate content of a portland cernent is adjusted to comply with national 

standards primarily on the basis of rheological and strength behavior of standard pastes and 
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mortars made with pure water, without ad.mixtures, at a water/cernent ratio of about 0.50. 

However, superplasticized high-performance concretes are characterized by a much lower 

water/cernent ratio in the 0.20 to 0.40 range. In these low W/C ratio mixtures, the dissolution 

rates of the different forms of calcium sulfate present in the cernent become a critical factor in 

controlling the rheological behavior of these cements, since they contain on the one hand less 

water to accept sulfate ions, but on the other hand more C3A. 

Therefore, a cernent in which the total amount of 803 meets the present standard requirement 

may actually be undersulfated when used in a superplasticized low W/C ratio concrete. As 

suggested by Tagnit-Hamou et al (1992), cement/superplasticizer incompatibility could result 

ftom inadequate calcium sulfate in the cernent in low W/C ratio superplasticized pastes. Indeed, 

in cements Cl and C6, the S03 contents are quite low: 1.95 % and 2.40 % respectively. To verify 

whether cements Cl and C6 were actually undersulfated, various amounts of hemihydrate 

(CaS04.l/2H20) and gypsum (CaS04.2H20) of analytical grade were added to the mixture, 

although the W/C ratio and the superplasticizer dosage remained the same. 

Figure 5.3a shows the mini-slump results for cernent Cl versus hydration time with 0, 1.0, and 

2.0 % gypsum added. With 2.0 % gypsum added, the 803 content in cernent Cl is 2.88 %, about 

the same as in cernent C2 (2.85 %). However, the slump loss of Cernent Cl was not improved by 

the addition of gypsum. An attempt to increase the initial concentration of sulfate ions was done 

by gypsum being first dissolved in the m.ixing water to yield a saturated gypsum solution at 25°C. 

While the use of gypsum-saturated mixing water increases the initial fluidity somewhat, it could 

not prevent fluidity loss thereafter. 

Figure 5.3b shows the mini-slump results forcements CS and C6 as a :function of time with an 

addition of 0, 0.4, and 0.8 % of hemihydrate. In both cements CS and C6, the addition of the 

hemihyd.rate increases somewhat the initial fluidity, but could not prevent the fluidity loss. The 

above results confirm those obtained by Bonen et al (1995) indicating that the fluidity of the 

superplasticized cernent pastes at W/C = 0.35 was not increased by the addition of gypsum. 
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Therefore, it can be said that at a W/C = 0.35, the addition of calcium sulfate in the tested cements 

was not effective to solve the incompatibility problem. 
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5.1.2.2 Addition of a retarding agent - Sodium gluconate 

The principle of this method is simple: the retardation of cernent hydration, especially the early 

hydration of C3A and c;s, reduces adsorption sites on cernent particles for the superplasticizer, 

therefore, there is more superplasticizer remaining in the solution to disperse the cernent particles 

over a longer period of time. In this study, we used sodium gluconate as a cernent retarder. The 

retarder was added in the mixing water together with the superplasticizer. Figures 5.4a, b, and c 

show that the effect of the retarder on the mini-slump versus time 

For cernent pastes Cl and CS, the addition of 0.1 or 0.2 % of sodium gluconate slightly 

decreased the fluidity loss compared to the reference paste that did not contain the retarder. For 

cernent C6, the addition of only 0.1 % or 0.2 % of retarder significantly increased the initial 

fluidity and improved the fluidity loss. It seems that the addition of sodium gluconate is more 

effective with a cernent having a high C3A content because sodium gluconate retards both C3A 

hydration and the conversion of hexagonal hydrates to a cubic phase of C3A [Ramachandran 

1995] However, an excess addition of retarder only slightly improves the rheological behavior 

and affects greatly the set retardation. Figure 5.5 shows that the addition of 0.2 % sodium 

gluconate increased the length of induction period from 5 hours to about 20 hours in the case of 

cernent Cl. 

Therefore, it can be concluded that the addition of set retarder sometimes contributes to 

effectively reduce slump loss, especially in high C3A cement. However, it is necessary to be 

concemed with the severe retardation of cement hydration and the reduction of initial strength 

that can occur. 

5.1.2.3 Delayed addition of the PNS superplasticizer 

It has been observed that the workability of the fresh concrete is improved by a delayed addition 

of the superplasticizer [Chiocchio et al 1985, Collepardi et al 1992]. The principle ofthis method 

is that when the superplasticizer is added with mixing water (immediate addition), it could be 

adsorbed quickly by C3A and C4AF active sites and partially incorporated within the very early 
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hydration products. On the contrary, when the superplasticizer is added after a few minutes of 

mixing ( delayed addition), it is less adsorbed because calcium sulfate has neutralized most C3A 
and C4AF active sites and ettringite does not seem to incorporate as much superplasticizer. 
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Therefore, more superplasticizer rernains in the interstitial solution to disperse cernent particles. 

The improvernent in workability as a result of delayed addition could also be due, at least in part, 

to changes in electrokinetic characteristics of the cernent surfaces caused by changes in the 

composition of the aqueous phase during cernent hydration [Chiocchio et al 1985]. 
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In order to ensure the homogeneity of initial mixing, the introduction of the superplasticizer was 

split in two parts: one half was added in the mixing water and the rest after few minutes of 
m.ixing (delayed addition). The mini-slump values of the cement pastes with the delayed addition 

of superplasticizer are presented in Figure 5.6a, b, and c, and compared to the mini-slump values 

of the cernent pastes when all the superplasticizer was added in the mixing water (immediate 

addition). It can be seen that the initial fluidity was significantly increased, and that particularly, 

the fluidity loss was greatly reduced when half of the superplasticizer was added 3 minutes after 

the initial mixing forcements Cl and C6, but not in the case of cernent CS, which the fluidity 

Ioss was not diminished by the delayed addition. Furthermore, Figure 5.6c shows that the fluidity 

loss up to 90 minutes was completely prevented in the case of cernent C6 when the 
superplasticizer was added at 3 minutes after mixing, whereas in the case of cernent CS the 

fluidity loss was not reduced even when the superplasticizer was added 10 minutes later, as seen 
in Figure 5.6b. 

The different rheological behavior of three cements upon the delayed addition could be 

explained by the reactivity of the interstitial phase, especially that of C3A. X-ray diffractograms 
of the three clinkers after salicylic acid treatment indicate that the C3A in cernent C 1 and C6 is 

cubic, while in cement CS it is a mixture of cubic and orthorhombic forms. Cubic ~A is known 
to be very reactive [Regourd 1978], its hydration produces an ettringite shell that rapidly protects 

the C3A from further hydration, leading to the dormant period. On the contrary, orthorhombic 
C3A is initially less reactive but generates long needles that do not protect C3A from :further 

hydration as well as in the previous case. Therefore, we can deduce that C3A in cernent C5 

hydrated slowly but continuously during the first hour ofhydration. Consequently, the adsorption 
of superplasticizer in cernent CS should be low at the beginning but should increase steadily after 

1 hour ofhydration. This will be con:firm.ed by the adsorption measurement in section S.1.4. 

As shown in section 5.1.2, the three methods to control the slump loss of cernent pastes made 
with the three incompatible cements, Cl, CS, and C6 were applied. However, it was found that 

no method was effective to reduce the slump loss in the case of a1l three cements and that the 

effectiveness of the methods is dependent on the cernent used. The above results indicate that 

another method to control the slump loss in the case of incompatible cements could be helpful. 
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5.1.3 An addition of alkali sulfate 

As seen in Table 3.1, the chemical analysis of the cements also revealed that the alkali content 

of cements Cl, CS, and C6 (incompatible) was much lower than that of cements C2, C3, and 

C4 (compatible). Moreover, as shown in Table 3.2, the soluble alkali content of the compatible 

cements is in the range of 0.41 - O. 72 %, while the incompatible cements include much lower 

amounts of soluble alkali content, from 0.06 - 0.19 %. The solubility of the alkali sulfates 

present in cernent is also much higher than that of calcium sulfate as presented in Table 3 .3. 

Therefore, al.kali content in cernent, especially soluble alkali content, might be an important 

parameter affecting its compatibility with a given superplasticizer. 

5.1.3.1 Effect of alkali sulfate addition on mini-slump 

In order to determ.ine the e:ffect of the soluble alkalies in controlling fluidity loss, sodium 

sulfate of analytical grade was added to the mixing water so that different soluble alkali 
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contents could be obtained. Figures 5.7a, b, and c present the mini-slump versus hydration 

time in pastes made with low-alkali cements (Cl, C5, and C6, respectively), in which different 

amounts of sodium sulfate were added. 

The results indicate that the slump loss at different times continually decreased as the Né!iS04 

additionincreased. When the Né!iS04 addition was increased to 0.48% for cernent Cl and to 
0.80 % for cements C5 and C6, the mini-slump spread area remained at 200 cm2 for more th.an 

60 minutes, showing that the slump loss was completely inhibited, as seen in Figures 5.7a, b, 

andc. 

With high-alkali cements (C2, C3, and C4), the addition of Né!iS04 decreased initial fluidity 

and increased the slump loss, as shown in Figures 5.8a, b and c. This opposite effect is 

particularly noticeable with the NéizS04 addition at 1.0% for C2, and 0.4 % for C3 and C4. 

5.1.3.2 Oprimization of the soluble al.kali contents to improve the tluidity of cernent 

pastes 

As a matter of fact, even in low-alkali cements (Cl, C5, and C6), an excessive NBzS04 addition 

increases the slump loss at 60 min, as shown in Figures 5 .9a, b, and c. Therefore, the curves in 

Figure 5 .10 clearly indicate that there is an optimum level of soluble alkali sulfates with respect 

to initial fluidity and fluidity loss. In order to determ.ine the optimal alkali content, the soluble 
alkalies contained in the clinker and the soluble alkalies added in the cernent mixture must be 
taken into consideration. The mini slump values at 60 minutes were plotted versus the total 
soluble alkali content represented by the soluble NéizO equivalent. Figure 5.lOa shows the results 

for cernent pastes Cl and C6 containing 1.0 % superplasticizer. 

Figure 5.lOb presents results for cernent pastes C2 to CS containing 0.6% superplasticizer. From 

the curves appearing in Figures 5.10, the following conclusions can be drawn: there is an 
optimum soluble alkali content with respect to fluidity and fluidity loss, which was found to be 

0.4 - 0.5 % NazO soluble equivalent with the cements tested. At this optimum soluble alkali 
content, the initial fluidity is maximum and the fluidity loss is minimum. 
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PNS superplasticizer 

The addition of sodium sulfate significantly improved the tl.uidity in cements with less than 

the optimum soluble-alkali content, while it slightly decreases the tl.uidity in the cements with 

more than the optimum content. 

In conclusion the analyses presented in sections 5.1.l to 5.1.3 show that it is possible to make a 

first screening of any particular combination of a cernent and a PNS superplasticizer by using the 

Marsh cane and mini-slump test methods. 1bree out of the six cements tested were found to be 

incompatible (Cl, C5, and C6), while the tbree others (C2, C3, and C4) were compatible with the 

PNS. Three methods were tested to try to correct the compatibility problem, an addition of 

calcium sulfate, an addition of a retarder and a delayed addition of the PNS superplasticizer. The 

results obtained showed that none of these methods could consistently reduce the fluidity loss for 

the three incompatible cements. 

The addition of alkali sulfate was also proposed because it was found that the three incompatible 

cements contained a smaller amount of alkali, in particular, their soluble a1ka1i content was much 

lower than that of the tbree compatible cements. The results showed that the addition of sodium 
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sulfate significantly decreased the fluidity loss of the cernent pastes made with the incompatible 

cements- Moreover, it was found with the cements tested that there is an optimum of soluble 

alkali with respect to fluidity and fluidity loss, which was found to be Q_4 - 0.5 % Na20 soluble 

equivalent. These results are important because they could be applied in cernent manufacturing_ 

Therefore, it was found necessary to pursue :further this research in order to understand the role 

of the soluble alkalies in the improvement mechanism of PNS superplasticized cernent pastes. 

The following sections will deal with the role of soluble alkalies on the adsorption behavior of 

PNS superplasticizer. 
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5.1.4 Measurement of PNS adsorption 

5.1.4.1 Amount of PNS adsorbed on the six cements 

In section S .1.3, it was found that the addition of sodium sulfate to the cernent pastes made with 

a low-alkali cement significantly improved the fluidity of the pastes. In order to understand how 

sodium sulfate improves the fluidity of the PNS superplasticized cernent pastes, the amount of 

PN8 adsorbed by the six cements as a function of time was measured. As shown in Figure 5 .11, 

it was found that the amount of PN8 adsorbed in cements Cl and C6 had already reached 75 % 

at 2 minutes and about 90% at 30 minutes. It was observed that the three compatible cements (C2, 

C3, and C4) adsorb low amounts of PN8 up to 30 minutes. In the case of cernent CS, the initial 

amount of PNS adsorbed was as low as in the case of the compatible cements, but later on, this 

amount dramatically increased as a function of time. 

The uptaking rate of PN8 by cernent particles seems to be related to the phases composition of 

the cement, especially the amounts of ~A, C4AF, and c;s [Nawa et al 1992]. These authors 

showed that the adsorption of C3A and C4AF was very high, about 300 mg/g, while that of C38 

was only 2 mg/g. Moreover, the adsorption of C3A and C4AF occurred in S minutes, while that of 

C38 increased after 10 minutes at W/C=S.O. Therefore, the rate of adsorption was on the order of 

C3A > C4AF >> C38. As shown in Table 3.1, in our study, the amount ofC3A is 3, 2, 10, 6, 7, and 

11 % for Cl, C2, C3, C4, CS, and C6, respectively, and the amount of C4AF was 12, 13, 7, 9, 10, 

and 6 % for Cl, C2, C3, C4, CS, and C6, respectively. We did not find that the amount and rate of 

PNS adsorbed were related to the amount of C3A or C4AF, or the total amount of these two 

interstitial phases. 

Nawa et al (1989b, 1992) also noted that the addition of calcium sulfate (gypsum or hemihydrate) 

reduced the amount of PN8 adsorbed. In our study, the cements used included 803 contents of 

l.9S, 2.8S, 2.90, 3.40, 2.67 and 2.9S % for Cl, C2, C3, C4, CS, and C6, respectively. However, it 

was not found that the amount and rate of PNS adsorbed were related to the amount of C3A, 

C4AF, and 803• Our study, however, clearly showed that incompatible cements containing a low 

amount of soluble alkalies have a tendency to adsorb a high amount of PN8 at 30 minutes, while 
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compatible cements containing a high amount of soluble alkalies leave a higher amount of PNS 

superplasticizer in solution. Therefore, the soluble alkali content in cernent appears to be an 

important factor on the adsorption behavior of the PNS. However, it was also found that the 

amount and rate of PNS adsorbed in compatible cements (C2, C3, and C4) was in the reverse 

order of the amount of soluble alkali content, 0.41, 0.57 and 0.72 % for C2, C3, and C4. It 

seemed that the amount of ~A and C4AF did not affect the amount and rate of PNS adsorbed in 

high-alkali cements. However, in low-alkali cements, the order of the amount and rate of PNS 

adsorbed was C6 > Cl > C5, while the order of the soluble alkali contents was 0.19, 0.07 and 

0.06 % for Cl, C5, and C6. It would seem that in low-alkali cements, the amount and rate of PNS 

adsorbed were influenced by phase composition. Cernent C6 which has the highest amount of 

~A or ~A + C4AF could probably adsorb a higher amount of PNS superplasticizer than the 

cements Cl and C5. However, it was not easy to understand the reason why C5 cernent initially 

adsorbed a smaller amount of PNS superplasticizer than cernent Cl and C6, nor why this amount 

increased gradually with time. 

When we looked at the XDR diffractogram of the three cements treated with salicylic acid as 

shown in Figures 3.1, 3.5 and 3.6, it was found that cernent C5 contained a mixture of cubic and 

orthorhombic forms of C3A, while cements C 1 and C6 contained only cubic form of C3A. 

Regourd (1978) found that cubic C3A rapidly produces an impermeable shell of ettringite, while 

orthorhombic ~A results in a less impermeable layer of ettringite and continues to react with 

available water. These results may explain why the more cubic the ~A is in a particular cernent, 

the easier it is to control its rheology [Aïtcin 1998]. In our study, it was also found, in section 

5.1.2.3, that the fluidity of cernent pastes made with cernent C6 containing cubic C3A was 

significantly improved by the delayed addition of PNS superplasticizer, while in the case of 

cement CS, which includes a mixture of cubic and orthorhombic C3A, the fluidity was not 

i.mproved. Therefore, it could be suggested that cubic C3A rapidly adsorbs PNS superplasticizer 

and produces organomineral compounds [Femon et al 1997] and/or the hydrated products with 

incorporated PNS [Nawa et al 1989b, Baussant 1990]. This amount increases slightly with time, 

while in the case of orthorhombic C3A the initial amount of PNS adsorbed is small but this 
amount increases gradually with time. 
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Figure 5.11 Am.ounts ofPNS adsorbed versus hydration time 

5.1.4.2 Effect of sodium sulfate addition on PNS adsorption. 

In previous sections from 5.1.1 to 5.1.3, it was found that the soluble alkali content is a key 

parameter when studying the compatibility between a cernent and a superplasticizer, and that the 

addition of a small amount of sodium sulfate can reduce the slump loss of a superplasticized 

cement paste. It was also found that the slump loss was minimal for an optimum content of 

soluble alkali. In the present study, the e:ffect of sodium sulfate addition on the PNS adsorption as 

a function oftime was investigated. It is clearly seen in Figure 5.12a, b, and c that the percentage 

of PNS adsorbed is reduced in the incompatible cements when the amount of added sodium 

sulfate increases. In the case of the C 1 and C6 cements, the initial amount (2 minutes) of PNS 

adsorbed is reduced when the amount of sodium sulfate is increased. In the case of C5 cernent, 

the addition of sodium sulfate does not affect the initial amount of PNS adsorbed, but bas a 

significant influence on PNS adsorption at 30 minutes. These results show that the initial 

adsorption remains low but that it increases with time for C5. 

85 



It has earlier been found that the addition of gypsum, or hemihydrate, to the three incompatible 

cements Cl, CS, and C6 was notas effective as the addition ofNazS04 on reducing the slump loss. 

The e:ffect of calcium sulfate on PNS adsorption has been investigated in this section. As shown 

in Figures 5.13a, b and c, calcium sulfate does not prevent the adsorption of PNS on cernent 

particles to the same extent as sodium sulfate; this is presumably the result of the lower solubility 

ofCaS04 relative to (Na, K)2S04 and the low amount of water available at W/C = 0.35. 

Nawa et al (1992) studied the adsorption isotherms of PNS on synthetic C3A, C4AF, and C3S. 

They pointed out that sulfate ions originating from gypsum or sodium sulfate inhibited the 

adsorption of PNS onto C3A and C4AF, and enhanced it on C3S in a solution having a water/solid 

ratio of 5.0. Hemihydrate was more effective in reducing the adsorption of PNS especially on 

C4AF as compared to sodium sulfate at the same dosage. In this study, however, hemihydrate did 

not prevent the adsorption of PNS on cernent particles in comparison to sodium sulfate. It also 

seems that the amount of sulfate ions from the hem.ihydrate depends on the amount of water 

available in the interstitial solution. Therefore, the amount of sulfate ions at water/cernent of 0.35 

is much less than at water/solid ratio of 5.0, and does not contribute to reduce the amount of PNS 

adsorbed. These results agree with those obtained by Bonen et al (1995) indicating that the 

fluidity of the superplasticized cernent paste at W/C=0.35 was not increased by the addition of 

gypsum up to 7 %, while at W/C=0.50, the fluidity was improved. 

5.1.4.3 Relationship between the fluidity of cement pastes and the amount of PNS adsorbed 

The relationship between the percentage of PNS adsorbed at 30 minutes and the slump area of 

cernent pastes made with the three incompatible cements by the addition of sodium sulfate is 

presented in Figures 5.14a, b, and c. It is pointed out that the addition of Na2S04 contributes to 

increase the slump area by reducing the amount of PNS adsorbed and increasing the amount of 

PNS remaining (or "free PNS") in solution. As shown in Figures 5.15 and 5.16, the amount of 

PNS adsorbed or the amount of PNS remaining in solution can be correlated to the mini-slump 

value of the cernent pastes made with the six cements including or excluding the addition of 

sodium sulfate. 
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It is clearly seen in Figure 5.lS that incompatible cements Cl, CS, and C6 adsorb much larger 

amounts of PNS at 30 minutes th.an compatible cements do. Correspondingly, the pastes made 

with cements Cl, CS, and C6 have a lower mini-slump at 60 minutes as compared to the pastes 

made with cements C2, C3, and C4. In other words, when the sam.e amount of PNS was added, 

the cements with higher potential PNS adsorption showed a tendency to have a lower mini-slump 
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value. The higher the amount of PNS adsorbed, or the lower the amount of PNS remaining in the 

interstitial solution, the lower the mini-slump values. A similar conclusion was reached by 

Uchikawa et al (1994), Jolicoeur at al (1997), and Yamada et al (1998). Considering that the 

amount of PNS adsorbed is a percentage of total PNS added in Figure 5.15, and that the dosage of 

the PNS superplasticizer is 0.6 % for CS, and LO % for Cl and C6, the quantity of PNS 

remaining was calculated by mg of PNS/g of cernent. A relationship between the mini-slump and 

the quantity of PNS remaining is presented in Figure 5.16. The results also show that the higher 

the amount of PNS remaining (mg/g) at 30 minutes, the higher the mini-slump area value at 60 

minutes. 

In conclusion from sections 5.1.l to 5.1.4, it is now clear that the three "incompatible" cements 

containing low amounts of soluble al.kali have been found to have a tendency to adsorb a high 

amount of PNS superplasticizer, while the three "compatible" cements containing a high amount 

of soluble alkali do not, leaving a higher amount of PNS superplasticizer available in the solution. 

For a given cernent, it is clearly seen that the PNS adsorption capacity of a cement is strongly 

influenced by the soluble alkali content. There appears to be an inverse relationship between the 

amount of PNS adsorbed and the slump area of cernent pastes at 30 minutes, and a direct relation 

between the amount of PNS adsorbed and the rate of slump loss. The addition ofN~S04 to the 

three incompatible cements contributes to increase the fluidity of the pastes by reducing the 

amount of PNS adsorbed. 

However, what is still unexplained is how soluble alkali (or sodium sulfate) reduces the amount 

of PNS adsorbed or the role of soluble alkali in the dispersion mechanism of PNS 

superplasticized cernent pastes. Therefore, in the next section, the chemistry of the interstitial 

solution will be investigated by measuring ions concentration of Ca+2, Na+, K+, S04•2 and by 

measuring the pH of the interstitial solution. 
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5.1.5 Analysis of the interstitial solution 

5.1.5.1 Measurement of the ionic concentration 

The ions present in the initial interstitial solution of the cernent pastes are rnainly Ca, S04-
2

, Na, 

K, and OH-, other ions concentrations such as Al, Fe, Mg, and P being negligible. The 

concentrations of Ca, S, Na and Kin the interstitial solution extracted at 2, 5, 15, and 30 minutes 

from the pastes made with the six cements were determined by ICP. The results expressed as 

mmol/l are given in Table 3.4_ It can be noted that for the three incompatible cements (Cl, CS, 

and C6), the alkali contents and S03 contents in the initial interstitial solution are much lower than 

for the three compatible ones (C2, C3, and C4)- Furthermore, as shown in Figure 5.18, a linear 

relationship between the soluble 803 content and the soluble alkali content in the interstitial 

solution. Therefore, the high.-alkali cements rapidly dissolve 804-
2

, Na, and K ions that reduce the 

amount of PNS adsorbed or fixed on cernent particles 

Nkinam.ubanzi (1993) and Pierre (1988) have studied the influence of the pH on the adsorption 

affinity of PNS superplasticizer. The adsorption of PNS on Ti02 is strongly dependent on the pH 

of the suspension. For example, at pH 3, Ti02 bears a strong positive surface charge and the 

adsorption is maximum. However, the surface charge varies with the pH. This has been widely 

studied by many researchers [Nagele 1985, 1986, Tadros et al 1976, Andersen et al 1987]. 

Therefore, the pH of the interstitial solutions of cernent pastes may also significantly affect the 

adsorption affinity of PNS superplasticizers. 

The pH of the interstitial solutions of the six cements used with or without PNS superplasticizer 

was measured and the results are presented in Table 5 .2. First of all, it is found that the pH value 

rapidly increases during the first 2 minutes, it is always higher than 12.35 for ail the interstitial 

solutions. The addition of PNS superplasticizer does not affect the pH of the cernent pastes 

because the pH of the superplasticizer is already neutralized at 7.85. 
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TABLE 5.2 pH measurement of the interstitial solutions of the six cements 
d .th .th PNS 1 use WI orwr out supero astJ.cizer 

Cernent Trme (min) JH 
withoutPNS withPNS 

2 12.59 12.60 
Cl 5 12.60 12.63 

15 12.65 12.70 
30 12.66 12.72 
2 12.71 12.73 

C2 5 12.76 12.83 
15 12.86 12.91 
30 12.95 12.98 
2 12.93 12.96 

C3 5 12.98 13.03 
15 13.13 13.16 
30 13.18 13.21 
2 12.94 12.96 

C4 5 13.00 13.01 
15 13.15 13.09 
30 13.17 13.12 
2 12.40 12.42 

CS 5 12.44 12.44 
15 12.47 12.46 
30 12.47 12.51 
2 12.36 12.35 

C6 5 12.40 12.39 
15 12.47 12.49 
30 12.53 12.54 

In order to see if any difference in the pH value in compatible and incompatible cements, pH 

values were measured as a function oftime. The results are presented in Figure 5.17. This figure 

clearly shows that the three compatible cements have higher pH values than the three 

incompatible cements because of their higher a1ka1i contents [Rechenberg 1983]. Interestingly, 

the pH values in the compatible cements increase rapidly with time, while in incompatible 

cements it increases slowly. The di:fference in pH between compatible and incompatible cements 
is about 0.3 - 0.8. 
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5.1.5.2 E:ffect of sodium sulfate addition on ionic concentrations 

The addition of sodium sulfate to the incompatible cements (Cl, CS, and C6) increases the 

soluble alkali content and sulfate content in the initial interstitial solution. As shown in Figure 

5.18, for the pastes made with incompatible cements, the soluble alkalies and so4·2 contents 

increases proportionally to the addition of different amount of sodium sulfate. At the same time, 

the pH value of the cernent pastes increases due to the addition of sodium sulfate as shown in 

Figure 5.19. 

It has earlier been found in section 5. l .2.1 that the addition of gypsum, or hemihydrate, to the 

three incompatible cements Cl, CS, and C6 was not as effective as the addition of NaiS04 on 

reducing slump loss, and that calcium sulfate did not prevent the adsorption of PNS on cernent 

particles to the same extent as sodium sulfate. In this section, the effect of calcium sulfate 

addition on the SQ4•2 concentration and on the pH is analyzed. In Tables 5.3 and 5.4, it is found 

that the addition of calcium sulfate does not significantly increase both the SO/ concentration 

and the pH of interstitial solution. 
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TABLE 5.3 Comparison of calcium sulfate and sodium sulfate addition on SQ4•2 

concentration of interstitial solution 

Cernent TI.me 
(min) so4·2 (mmol/l) 

Ref. calcium sulfate* sodium sulfate** 
2 130 140 281 

Cl 5 105 113 246 
15 99 100 197 
30 88 90 159 
2 51 65 179 

CS 5 60 67 198 
15 58 56 176 
30 51 53 211 
2 60 72 207 

C6 5 67 74 197 
15 62 68 189 
30 57 65 193 

*Dosage of calcium sulfate: gypsum LO% for Cl, hemihydrate 0.8 % for CS and C6 
**Dosage of sodium sulfate: 0.48 % for Cl, 0.8 % for CS and C6 

These results confirm. that at W/C = 0.35, the addition of calcium sulfate does not reduce the 
amount of PNS adsorbed, as found in section 5.1.4, because it does not increase both the So4•

2 

concentration and the pH of the interstitial solution. Therefore, it can be concluded that these 

results are disagreed with the results ofNawa et al (1992) indicating that hemihydrate was more 

effective in reducing the adsorption of PNS especially on C4AF as compared to sodium sulfate at 

the same dosage. This disagreement can be due to the difference in water/cernent ratios (they 

used a water/solid ratio of 5.0). 

5.1.5.3 Relation between the amount of PNS adsorbed and the ionic concentration 

The relationship between the adsorption of PNS and the 804-2 concentration in the solution of the 

cement pastes was quantitatively established and is presented in Figure 5.20a, b, and c, where the 
dependence of the amount of PNS adsorbed on the So4•

2 concentration in the interstitial solution 

can be observed. These figures show that the am.ount of PNS adsorbed decreases as the ionic 
concentration of sulfates increases. Therefore, the presence of enough SO /- ions in the initial 

98 



solution is necessary to decrease the adsorption of the PNS superplasticizer, leaving more PNS 

molecules available in solution. The role of so/- ions in reducing the PNS adsorption can be 

explained by the so/·/PNS competition mechanism [Nawa et al 1989a]. The polymer anion of 
the PNS and the SO/-ions both. have negative charges; both rnay be absorbed by positively 

charged surfaces on early ~A hyd.ration products, or incorporated into such products [Femon et 

al 1997], or trapped in a new type of ettringite [Baussant 1990], almost immediately after the 

beginning of hydration. Experimental results reported by Nawa et al (1992) showed that the 

adsorption of the PNS on C3A was greatly reduced in the presence ofNa.iS04• The presence of 
sulfate ions derived from either calcium sulfate or alkali sulfate decreases the adsorption of PNS 

on C3A and C4AF, but increases the adsorption on C3S. 

The addition of sodium sulfate to the cernent pastes increases the pH value of the interstitial 
solution in Figure 5.21. A good relationship between the pH value and the amount of PNS 

adsorbed can also be established. It can be seen that, for a given cernent paste, the amount of PNS 

adsorbed is progressively reduced when the pH value of the interstitial solution increases. The 

production of OH- ions frorn alkali sulfates seems to be associated with the precipitation of 

ettringite which removes sulfate frorn the solution. The alkali cations rernaining in solution are 

balanced by OH- ions produced by cernent hydration reactions. 

The influence of pH on the adsorption behavior of PNS on cernent paste can be explained by the 

e:ffect of pH on the surface charges and the zeta potential of the cernent particles. The surface 
charges (zeta potential) of the cernent particles appears to be a dominant factor for PNS 

adsorption: solids having a positive value of zeta potential exhibit a high adsorption a:ffinity 

towards PNS, while those having a negative value show very low PNS adsorption a:ffinity 

[Jolicoeur et al 1994]. 

The zeta potential of C3A and C4AF in cernent was found to be positive, whereas it was negative 
for C3S [Nawa et al 1989b, Zelwer 1980]. Accordingly, the adsorption rate of PNS on pure C3A 

and C4AF was found to be much larger than that adsorbed on pure ~S [Nawa et al 1989b, 

Ramachandran 1986]. Therefore, it can be said that when the pH of the interstitial solution 

increases, the zeta-potential of C3A and C4AF decreases so that the cernent particles adsorb a 
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srnaller amount of PNS superplasticizer, and the tluidity of cernent pastes increases. 

In this section, it was found that the addition of sodium sulfate increases the concentration of 
S03 ions as well as the pH of the interstitial solution. However, what is still unanswered is that 

when the pH of the interstitial solution increases without increasing the concentration of S03 

ions, it can also reduce the amount of PNS adsorbed and improve the fluidity of cernent pastes. 
In order to confinn. the effect of pH on the fluidity of cernent pastes and on the amount of PNS 

adsorbed, sodium hydroxide as a non-sulfate chemical was used, its e:ffects will be studied in 

next section. 

TABLE 5 .4 Comparison of calcium sulfate and sodium sulfate addition on the pH of 
the interstitial solution 

Cernent Time 
(min) pH 

Ref calcium sulfate* sodium sulfate** 
2 12.60 12.63 12.85 

Cl 5 12.63 12.65 12.92 
15 12.70 12.76 12.95 
30 12.72 12.77 12.97 
2 12.42 12.41 12.68 

CS 5 12.44 12.41 12.74 
15 12.46 12.43 12.79 
30 12.51 12.55 12.82 
2 12.35 12.42 12.67 

C6 5 12.39 12.49 12.72 
15 12.49 12.57 12.78 
30 12.54 12.61 12.84 

*Dosage of calcium sulfate: gypsum LO% for Cl, hemihydrate 0.8 % for C5 and C6 
**Dosage of sodium sulfate: 0.48 % for Cl, 0.8 % for CS and C6 
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5.1.6 Addition of alkali hydroxide 

As found in this study, the addition of sodium sulfate increases not only the concentration of 

sulfate ion but also the pH of the interstitial solution and then contributes to improve the slump of 

cement pastes. In order to con:firm the effect of the pH on the rheological properties of cernent 

pastes, an alkali hydroxide was added to two cements, CS and C6. The mini-slump of the cernent 

pastes, the amount of PNS adsorbed, the pH of interstitial solution, and ionic concentrations were 

studied in this section. 

5.1.6.1 Efect of an alkali hydroxide addition on the tluidity of cement pastes 

The mini-slump of cement pastes made with. CS and C6 where the amount of NaOH was 

increased up to 0.4 % was measured. The results presented in Figure 5.22 show that the addition 

of sodium hydroxide is also an efficient mean to reduce slump loss. When the amount of sodium 

hydroxide increases up to 0.2 %, the fluidity ofth.e cement pastes also increases. However, over 

0.4 %, the fluidity decreases as seen in Figure 5.23. Similar results were already seen in cernent 

pastes containing di:fferent amounts of sodium sulfate in Figure 5 .9a, b and c. In comparison with. 

the addition of sodium sulfate and hemihydrate, as presented in Figure 5.24, a relatively small 

amount of sodium hydroxide (0.2 %) influences the fluidity of cernent pastes more than sodium 

sulfate (0.8 %). When molar masses of each additive were considered as 10.0 mmol, 11.3 mmol, 

and 11.0 mmol for 0.2 % sodium hydroxide, 0.8 % sodium sulfate, and 0.8 % hemihydrate, 

respectively, the addition of sodium hydroxide was also more effective to improve the slump of 

the pastes than 0 .8 % of sodium sulfate. 

5.1.6.2 Effect of alkali hydroxide on the adsorption 

Interestingly, it was found that smaller amounts of sodium hydroxide were more effective to 

improve the fluidity of cement pastes made with cements CS and C6 than sodium sulfate. lt was 

found in section S.1.4 that when the amount of sodium sulfate added increased, the amount of 

PNS adsorbed was reduced. Therefore, it was expected that the addition of sodium hydroxide is 

also more efficient to reduce the amount of PNS adsorbed. 
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The amount of PNS adsorbed was measured as a :function of time in the absence or presence of 

sodium hydroxide and the results are presented in Figure 525. The results showed that when the 

amount of sodium hydroxide increases, the amount of PNS adsorbed decreases. When we 
compare the efficiency of the aditives on the adsorption of PNS, Figure 5.26 shows tbat alkalies 
such as sodium sulfate and sodium hydroxide significantly reduced the amount of PNS adsorbed 

on cernent particles in comparison with hemihydrate, probably because of much higher solubility 

of alkalies as shown in Table 5.5. Futhermore, it was found that 0.2 % of sodium hydroxide was 

less effective to reduce the amount of PNS adsorbed than 0.8 % of sodium sulfate altb.ough the 
former showed the better fluidity than the latter in Figure 5.24. So far, we have shown that the 

more the amount of PNS reamining in the solution, the higher the fluidity of cernent pastes. Frorn 

this point of view, the addition of 0.8 % sodium sulfate which leaves higher amounts of PNS 
rernaining in solution may result in better fluidity than the additon of 0.2 % sodium hydroxide. 
However, the opposite results were found. These results could be explained as folloW"s: when it 

was considered that both sodium sulfate and sodium hydroxide dissolves rapidly at W.JC = 0.35, 

0.8 % (11.3 mmol) ofNaiS04 increases the concentrations ofNa+, OH-, and 804-
2 ions more than 

0.2 % (10.0 mmol) of NaOH, as shown Table 5.6, Figures 5.28, 5.29, and 5.30. The- increased 

concentration of ions by the addition of 0.8 % sodium sulfate could suppress soIDehow the 
thickness of the double layer and decrease the repulsive forces between cernent particles, as 

shown in Figure 5.27 although it could keep more amounts ofPNS molecules in the solution. 

TABLE 5.5 Solubility of additives 

Product 

Sodium Sulfate 
Sodium Hydroxide 

Hemihydrate a. (Ca S04.1/2H20) 

Hemihydrate J3 

108 

Solubility (gll) at 25°C 

279 
500 

6.20 
8.15 



5.1.6.3 Effect of SO/ ion concentration on the amount of PNS adsorbed by the addition of 

alkali hydroxide 

It was found in section 5.1.5 that the addition of sodium sulfate increased not only the S03 

concentration but also the pH of the interstitial solution. In this section, the effect of sodium 

hydroxide on the so4•
2 concentration was studied. As shown. in Table 5.6, the addition of sodium 

hydroxide also increases the SO/ concentration. It seems that the solubility of the calcium 

sulfate included in the cernent is increased by the addition of sodium hydroxide [Bombled 1980]. 

Compared to the addition of 0.8 % sodium sulfate, the addition of sodium hydroxide (0.2 % or 

0.4 %) does not increase the am.ounts ofS04-2 concentration as much. 

Therefore, it can be said that 0.8 % of sodium sulfate is more efficient to reduce the amount of 

PNS adsorbed than 0.2 % or 0.4 % of sodium hydroxide because it dissolves larger amounts of 

sulfate ions in solution. A relationship between the so4•
2 concentration and the amount of PNS 

adsorbed at 30 minutes in both cements was drawn in Figure 5.28. These results show that the 

higher the SQ4•
2 the smaller the amount of PNS adsorbed by the addition of different additives. 

5.1.6.4 Effect of alkalies addition on pH of cement pastes 

The effect of alkalies on the pH of cernent pastes was investigated and the results presented in 

Figure 5 .29. It was found that the pH value depends not only on the type of addition but also on 

its amount. The effect of the different addition on the pH value is as follows: 0.8 % NaS04 (NS) 

> 0.2 % NaOH (NH)> 0.8% CaS04 1/2 H20 (CS) for both cernent pastes. The relationship 

between the pH and the amount of PNS adsorbed at 30 minutes following the addition is 

presented in Figure 5.30. A close inverse relationship between the pH value and the adsorption of 

PNS can also be established. It can be seen that for a given cernent paste the amount of PNS 

adsorbed is progressively reduced when the pH value of the interstitial solution increases through 

the addition of alkalies. 
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z 
Figure 5.27 Variation of electrical potential (electrostatic repulsive forces) with distance from the 

surface and its dependence on electrolyte concentration: (i) low, (ii) medium, (iii) 

bigh electrolyte concentration. l/k is called the thickness of the double layer. 

[adapted :from Evertte 1988] 

TABLE 5.6 Effect of sodium hydroxide on the So4•
2 concentration of the interstitial 

solution 

SO/ (mmol/l) 

Cernent Time(min) 

Ref. 02%Na0H 0.4%Na0H 0.8 % NéJ.iS04 

2 51 83 119 179 

C5 5 60 96 129 198 

15 58 93 138 176 

30 51 99 148 211 

2 60 133 134 207 

C6 5 67 116 155 197 

15 62 104 134 189 

30 57 98 136 193 
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5.1.6.5 Role of alkalies in slump improvement mechanism of PNS superplasticized cement 

pastes. 

According to the SO/-/PNS competition mechanism [Nawa et al. 1989a, Vernet et al 1992], 

which explains the mechanism that since both the polymer anion of the PNS superplasticizer and 

the so/-ion have negative charges, both may be adsorbed by positively charged surfaces on early 

C3A hydration products, or incorporated into such products, alm.ost immediately after the 

beginning of hydration. 1bis mechanism has been proven by experimental results [Nawa et al 

1989a, 1989b, 1992] showing that the adsorption of the PNS on C3A was greatly reduced in the 

presence ofNaiS04 • 

In our study, it has also been found that when the concentration of sulfate ion is increased by the 
addition of sodium sulfate, the amount of PNS adsorbed decreases, as shown in Figure 5.26. 

Moreover, it was also found that sodium hydroxide as well as sodium sulfate increase the 

concentration of sulfate ion and reduce the amount of PNS adsorbed. 

On the other hand, the influence of the pH on the adsorption a:ffinity of PNS superplasticizer has 

been confirmed in this study. As shown in Figure 5 .16, the interstitial solution of compatible 

cernent pastes (cements C2, C3, and C4) have a higher pH value than the incompatible ones 

(cements Cl, CS, and C6). The difference in pH is on the order of 0.3 - 0.8. As a mater offact, 
the difference in pH results from the di:fference in alkali content because the alkalies increase the 

pH as well as sulfate ion concentration in the cernent paste system. In order to understand the 
e:ffect of the pH on the adsorption, it is necessary to study it in a pure system that does not include 

sulfate ions. Tadros et al (1976) examined the dependence of the surface charges upon the pH 

using pure ~A with aqueous solutions that do not include sulfate ions as shown in Figure 5 .31. 
They found that the surface charges and the zeta potential of ~A is signi:ficantly dependent on 
the pH of the solution. Their study showed that the zeta potential of C3A is positive above the 
zero-point of the zeta potential, i.e. pH=l2.2 but that it goes down very sharply when 

approaching the zero-point. For example, the positive values of zeta-potential of C3A are 
approximately 57, 50, 44, 34, 26, 19, 10, and 0 mV at 8, 10, 11, 11.7, 11.9, 12, 12.l, and 12.2 pH 

values, respectively. 
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Figure 5 .28 Relationship between 803 concentration and amount of PNS adsorbed by the 

addition of additives at 30 minutes. NS:Né!iS04, NH:NaOH, KH:KOH, 
CS :CaSO 41/2H20 
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Nielson (1988) also showed in Figure 5.32 that the adsorption by solid occurs up to the zero-point 

of the zeta potential. Therefore~ it can be said that a small difference in the pH before the zero-

point of zeta-potential could signi:ficantly affect the amount of PNS adsorbed on cernent particles. 

Experimental results presented in Figure 5 .29 showed that the addition of alkalies rapidly 
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increases the pH of the interstitial solution. The dependency of the amount of PNS adsorbed on 

pH in solution is also well proven in Figure 5 .30. 

On the other hand, when sodium sulfate is added, the concentration of calcium ions decreases 

because of common ion effect. It has been reported that the calcium ions increase the adsorption 

of superplasticizer [Simard et al 1993, Pierre et al 1989]. In this study, it is also found that the 

concentration of calcium ions decreases with increasing the dosage of sodium sulfate, as shown 

in Table 5.7. 

In conclusio~ the fl.uidizing mechanism of superplasticized cernent pastes is closely related to the 

amount of PNS adsorbed on cernent particles, especially on the positively charged aluminate 

phase, because the adsorption rate of PNS on pure ~A and C4AF was found to be rnuch larger 

than that adsorbed on pure ~S [Nawa et al 1989b, Ramachandran 1986]. Moreover, the amount 

of PNS adsorbed is mainly determineè by the alkali content, especially soluble alkali content that 

rapidly increase the concentration of sulfate ions and the pH, and that decrease the concentration 

of calcium ions in the interstitial solution. 

TABLE 5. 7 Effect of sodium sulfate the concentration of calcium ions in the interstitial 

solution 
ca+2 (mmol/l) 

Cernent Time(min) 

Ref. 0.2 % NazS04 0.4%NazS04 0.8 % Na2S04 

2 50 46 42 36 

CS 5 56 53 44 31 

15 44 30 25 22 

30 30 27 23 22 

2 35 32 27 27 

C6 5 33 33 27 23 

15 27 26 23 23 

30 24 19 20 18 
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5.1. 7 Effect of sodium sulfate addition on cement hydration 

Cement undergoes several reactions on contact with water and produces many hydration products. 

Cement hydration is affected by numerous factors such as the amount of cement, the amount of 

mixing water, cement composition, the relative proportion of the phases, cement particle size, the 

nature and dosage of adm.ixtures, and other factors. The amount of alkalies in cernent is also a 

very important factor on early cement hydration. E:ffects of alkalies on hydration of Portland 

cernent were reviewed by Jawed et al (1978). They reported that early hydration is generally 

accelerated in the presence of alkalies. However, the e:ffects of alkalies on the early hydration of 

superplasticized cernent pastes has not been extensively studied [Matsukawa 1991, Nawa et al 

1989b, Nawa et al 1992]. 

In this section, the early cement hydration of PNS superplasticized cement pastes made with 

cernents C3, C4, CS, and C6 was investigated during the first 24 hours in the presence of di:fferent 

amounts of sodium sulfate. This study is useful from a theoretical and practical point of view 

because it could provide some information on the mechanisrn of reaction, strength development, 

microstructure, and other features. In addition, the amount of ettringite was measured as a 

function of the amount of sodium sulfate present in order to further explain the working 

rnechanism of alkali sulfate in superplasticized cement pastes in this study. 

Simard et al (1993) studied cement hydration by calorimetry, and showed the typical shape of the 

temperature-vs time curves (integral heat), and their derivatives (heat flux), as illustrated in 

Figure 5.33. They extracted several parameters from these curves, which describe the lag time 

(R) and the k:inetic features of hydration during the acceleration phase. The R values are taken as 

the time of the end of the lag period on integral curves; M1 and M2 are the times to the first and 

second maxima on the derivative curves; W1 max and W2 max are the maximum heat fluxes at M1 and 

M2 respectively; LIE is the heat ofreaction during the acceleration phase evaluated from theL/TE 

value. In this study, the several parameters from the temperature-vs time curves (integral heat), 

and their derivatives (heat flux) curves were also extracted according to the method developed by 

Simard et al (1993 ), and the results are discussed in this section. 
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5.1.7.1 Effect of PNS superplasticizer on the heat evolution during cement hydration 

The rheological properties of a cernent paste are related to its reactivity with water. Effect of the 

addition of PNS superplasticizer on the heat evolution of cernent hydration were studied in this 

section. 

First of ail, as shown in Figures S .34a and b, the curve shape of integral heat evolution of cernent 

pastes in the absence of a superplasticizer is different between high-alkali cements (C3 and C4) 

and low-alkali cements (CS and C6): the temperature of cernent pastes sharply increases in high-

alkali cements after the induction period, while in the case of low-alkali cements it increases 

smoothly. These results seem to be related to the alkali content, which is known to accelerate the 

hydration of the silicate phases. When a superplasticizer is added to high-alkali cements (cements 

C3 and C4), it significantly retards cernent hydration during the induction period as shown in 

Figure S .34a When a superplasticizer is added to low-alkali cements ( cements C5 and C6), it 

accelerates cernent hydration without a significant retard.ing effect, as seen in Figure S.34b. 

In our study, the heat flux curves in the absence of superplasticizer are also d.rawn in Figures 5.35. 

In the heat flux curves shown in Figure S.33, the :first main peak is generally attributed to the 

hydration of the ~S [Scrivener 1987]. The other peaks can arise from reactions involving either 

C3A or C4AF, [Skalny et al 1978, Jawed et al 1976] or frorn the reaction of the different C3S 

polymorphie phases [Older et al 1981]. In the absence of PNS superplasticizer, two peaks are 

present with high-alkali cernents, as seen in Figure S.3S. As summarized in Table 5.8, the main 
peaks indicate that the values of M 1 are 8.0 and 8.8 hours for C3 and C4, and the values of w1rmx 

are 9.6 and 9.0 mW/g for C3 and C4, respectively. The second peak in cements C3 and C4 is not 

as sharp as those appearing in Figure S.33, the values of M2 are 12.8 and 14.0 hours for C3 and 

C4, and the values of w2max are 4.0 and 3.8 mW/g for C3 and C4, respectively. In low-alkali 

cements, the shape and the amplitude of those peaks are much different in comparison to those in 

high-alkali cements. The main peaks in cernent CS and C6, correspond to M1 values of 9 .3 and 

11.S hours for CS and C6, which are much smaller than those in cernent C3 and C4 probably 

because of a lack of alkalies accelerating for the hydration of C3S. Cernent C5 shows only the 

main peak, however, cernent C6 shows the second peak, obtained at 17.5 hours this peak is larger 
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than the :first main peak. The second peak of C6 is clearly shown because this cernent contains 

11 % ofC3A. 
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Figure 5.33 A typical shape of the temperature-vs time curves (integral heat) and their derivatives 

(heat flux) in superplasticized cernent pastes [adapted from Simard et al 1993] 
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The influence of a superplasticizer on the hydration of pure cernent phases such as C3A and C3S 

has been studied [Ramachandran 1983, Massazza et al 1980, Older et al 1987]. There is general 
agreement that the PNS and PMS retard the hydration of C3A and C3S, and that the role of 

superplasticizers on the hydration process of cernent is complex [Ramachandran 1995]. This 

author indicated that the follov:ing factors have to be considered: concentrations of ions in 

solution, such as sulfate, hydroxide, and alkalies, particle size/surface area of the cement, relative 

proportion of the cernent phases, dosage of the superplasticizer, etc. 

In our study, the e:ffect of the superplasticizer on the hydration is studied and the results are 

shown in Figures 5.36a and b. In high-alkali cernents, as shown in Figure 5.36a, the 

superplasticizer retards significantly the hydration of cernent pastes, the values of R are delayed 

from 3.8 to 6.0 hours for C3, and from 4.3 to 6.6 heurs for C4. The values of M1 are also delayed 

from 8.0 to 10.0 hours for C3, and from 8.8 to 10.l hours for C4 in cornparison to the results 

obtained in the absence of superplasticizer. These results could be understood by the fact that in 
high-alkali cernents, the initial amount of PNS adsorbed is about 60 % of the total PNS dosage, 

so that about 40 % of PNS remaining in solution can be adsorbed by the hydrated products. This 

adsorption contributes to retard further the hydration of C3S. Therefore, the induction period is 

much longer than that of a plain cement paste. Moreover, during the acceleration period, the 

cement particles, mostly ~S, blocked by the superplasticizer adsorbed, start to penetrate the layer 

of PNS adsorbed and a much larger surface of cement particles dispersed by the superplasticizer 
start to react with mixing water. This reaction increases rnuch higher the rate of heat evolution. In 

addition, the alkalies included in cements accelerate the hydration of C3S. Therefore, the 
magnitude ofW1max is much higher than that obtained with a plain paste. 

On the contrary, in low-alkali cements, the retardation effect of the superplasticizer is not as 

significant, as shown in Figure 36b. These results can be explained in relation to the amount of 

PNS adsorbed. The initial amounts of PNS adsorbed at 30 minutes in cements CS and C6 are 

around 90 % of total dosage of PNS, so that only a small amount of PNS remaining in solution 

affects the retardation of cement hydration. In cement CS, the w1= value is slightly increased in 

the presence of PNS superplasticizer. In the case of cernent C6, the curve of heat flux in the 
presence of PNS is very di:fferent from that obtained with a plain paste. This phenornenon is not 
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fully understood, however, it might be related to the higher dosage of PNS superplasticizer 

(1.0 %), and the higher ~A content (11 %) which can produce some calcium 

monosulfoaluminate hydrate when sulfate ions are depleted. 

TABLE 5 .8 Retardation param.eters, maximum heat fluxes and integral heat during the 

acceleration period obtained from calorimetry experiments 

Cernent PNS sodium sulfate R M1 Mi wmax 
l 

wmax 
2 LIE 

(%) (%) (h) (h) (h) (mW/g) (mW/g) (J/g) 
0 0 3.8 8.0 12.8 9.6 4.0 258 

C3 0.6 0 6.0 10.0 13.5 14.0 5.0 288 
0.6 0.2 5.9 9.5 13.0 13.8 4.2 277 
0.6 0.4 5.8 9.5 13.0 13.8 3.3 258 
0 0 4.3 8.8 14.0 9.0 3.8 253 

C4 0.6 0 6.6 10.1 13.3 14.0 5 285 
0.6 0.2 5.4 8.4 11.8 14.l 5.1 268 
0.6 0.4 5.7 9.0 12.3 14.l 5.1 281 
0 0 5.1 9.3 - 5.2 - 234 

0.6 0 5.2 11.0 - 6.8 - 265 
CS 0.6 0.2 6.5 11.8 - 6.9 - 245 

0.6 0.4 6.7 12.2 - 8.3 - 277 
0.6 0.8 8.0 13.3 17.5 10.5 5.6 324 
0 0 5.2 11.5 17.5 4.8 5.7 253 

1.0 0 6.0 10.2 - 14.9 - 329 
C6 1.0 0.2 7.0 10.4 - 15.5 - 313 

1.0 0.4 7.8 10.9 - 16.3 - 328 
1.0 0.8 6.5 10.4 16.5 21 2.8 330 

This significant retardation effect of cernent hydration by the superplasticizer in high-alkali 

cements agrees with Nawa et al's study (1992). They also found that the positions of the main 

hydration peaks were delayed in high-alkali clinker much more than in low-alkali clinker when 

the dosage of PNS superplasticizer was increased. 
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5.1. 7.2 Effect of sodium sulfate on the heat evolution during cement hydration 

When sodium sulfate is added to a high-alkali cernent, it simply accelerates cernent hydration and 

shortens the induction period, as shown in Figure 5.37a The addition of sodium sulfate does not 

affect the magnitude of W1T!l2.X., as also shown in Table 5.7, moreover, it slightly decreases the 

values of the M1 and M2, as illustrated in Figure 5 .3 Sa However, when it is added to a low-alkali 

cernent, the values ofR, M1, and w1max are increased. In cernent C5, the values ofR are increased 

from 5.2 hours to 6.5, 6.7, and 8.0 hours, and the values of the M1 are also increased from 11.0 to 

11.8, 12.2, and 13.3 hours, the values ofW1max are also significantly increased frorn 6.8 to 6.9, 8.3 

and 10.5 rnW/g for 0.2, 0.4, and 0.8 % of sodium sulfate, as seen in Table 5.7. In cernent C6, the 

values of Rare increased frorn 6.0 to 7.0, and 7.8 heurs, the values of the M1 are also increased 

from 10.2 to 10.4 and 10.9 heurs, and the values of W1T!l2.X. are also increased frorn 14.9 to 15.5, 

and 16.3 mW/g for 0.2 and 0.4 % of sodium sulfate, respectively. With an addition of 0.8 % of 

sodium sulfate to cernent C6, the value ofW1max is increased, but inverselythe values ofR and M1 

are decreased, as shown in Figures 5.37b and 5.38b. 

These result could be understood as follows: when sodium sulfate under a certain dosage is added 

to low-alkali cernents, it reduces the amount of PNS adsorbed on the cernent particles and results 

in an increase of the amount of PNS rernaining in solution, which retards the hydration of the 

silicate phases. On the contrary, when sodium sulfate is added to a high-alkali cernent or when an 

excess amount of sodium sulfate is added to a low-alkali cernent, although this addition increases 

the PNS superplasticizer remaining in solution, then the retardation effect induced by the PNS 

rernaining is compensated by the acceleration effect of sodium sulfate. 

5.1. 7.3 Effect of a N3,zS04 addition on the formation of ettringite 

It was found in sections 5.1.4 to 5.1.6 that the addition of sodium sulfate rapidly produces sulfate 

ions which can be used to neutralize C3A hydration and th.us reduces the amount of PNS adsorbed. 

It is still under question that these sulfate ions may react with C3A and/or just block the hydration 

of C3A, and that this reaction and/or this blockage rnay reduce the amount of PNS adsorbed. 
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Uchikawa et al. (1994) measured the amount of adsorption of four different superplasticizers 

adsorbed on synthesized cernent phases and cernent hydrates. Their results showed that the 

amount of PNS adsorbed on C3A and C4AF is greater th.an that on ettringite. That is, when 1 OO 

mg/g of PNS was added, the amount of PNS adsorbed on C3A, C4AF, and ettringite was 94.3, 

91.5, and 37.4 mg/g, respectively. 

Therefore, it can be assumed that when some sodium sulfate is added to a cernent paste, it could 

promote the early formation of some ettringite with C3A by providing S04 
2- ions and therefore 

contribute to reduce the amount of PNS adsorbed. In order to confirm this assumption, the 

amount of ettringite was measured by DSC at 30 minutes for cements C5 and C6. The results are 

presented in Table 5.9. First of ail, the amount of ettringite in the presence of PNS 

superplasticizer is increased in comparison with the amount in absence of PNS superplasticizer. 

This result agrees with Ramachandran's study (1983) who noted that the reaction between ~A 

and gypsum to form ettringite was accelerated in the presence of a superplasticizer. However, in 

contrast with the above assumption, the amount of ettringite is not found to significantly increase 

when the amount of sodium sulfate increases. This result agrees with Kato et al (1998) who 

found that the formation of ettringite is accelerated more by calcium sulfate th.an by alkali sulfate. 

Therefore, it can be concluded that the decrease in the amount of PNS adsorbed by the addition 

of sodium sulfate is not due to the acceleration of ettringite formation. It seems that the sulfate 

ions from sodium sulfate compete with PNS molecules to block the active sites of cernent 

particles, so that they inhibit the adsorption of PNS molecules. 

In the absence of an ad.mixture, there are some disagreements in the literature about the influence 

of alkalies on the amount of ettringite formed. Sheikin et al (1974) noted that alkalies in cernent 

decreased initial ettringite formation, while Ershov et al (1972) found that alkalies increased the 

formation of ettringite. It seems that ettringite formation depends on C3A content, calcium sulfate 

content and its different forms, alkali sulfate content, water content, etc. Therefore, it is not easy 

to compare the results obtained un.der different test conditions. The facts that alkalies suppress the 

solubility of Ca(OH)2 [Sprung et al 1977] and that they increase the solubility of calcium sulfate 

[Bombled 1980] could also be influenced by the several factors mentioned above. 
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TABLE S .9 Effect of sodium sulfate and hemihydrate addition on the ettringite formation of 
cernent pastes made with cernent CS and C6 at 30 minutes, W/C=0.3S, determined 
byDSC 

CementCS CernentC6 
WithoutPNS 1.9% WithoutPNS S.4% 

0.6%PNS 2.9% 1.0% PNS 7.4% 

0.6%PNS l.0%PNS 
+ 0.2% Na,S04 2.5% + 0.2% Na2S04 7.4% 

0.6%PN8 l.0%PNS 
+ 0.4% Na,S04 2.4% + 0.4% Na,804 8.4% 

0.6%PN8 1.0% PNS 
+ 0.8 % Na,804 2.1% + 0.8 % Na,S04 7.8% 

0.6%PN8 l.0%PNS 
+ 0.8% CaS041/2H:>O 3.0% + 0.8% CaS041/2H20 8.0% 

In the conditions of our study, it was found that the amount of ettringite formed is rnainly 

dependent on the C3A content of the cernent used, cernent CS has 7 % of C3A and cernent C6 has 
11 % of~A. These results also are in agreement with th.ose of Bonen et al (1995) suggesting that 

the :tlow loss does not correspond to the amount of ettringite formed. Only when comparing 

cernent paste with and without PNS superplasticizer in Table S.9, there is a much larger 

difference in the total amount of ettringite. 
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5.2 Study of concretes 

In the previous section, several interesting results were found during the study of pastes made 

with the different cements, but it was thought to be necessary to confirm. these results with 

concrete studies. The main objectives ofthese studies on concrete were to confirm: 

- Firstly, that the addition of sodium sulfate wbich was found to improve the fluidity of cernent 

pastes made with low-alkali cements worked also in concrete, and that this addition wbich 

influenced negatively the fluidity of cernent pastes made with high-alkali cements, has the same 

effect in concrete. 

- Secondly, that the optimum amount of soluble alkali is 0.4 - 0.5 % NazO eq which was found to 

improve the tluidity of cernent pastes worked also in concrete. 
- Thirdly, that the addition of sodium sulfate, which retards the hydration of superplasticized 

cernent pastes made with low-alkali cements during the induction period and accelerates it during 

the acceleration period had the same effect on concrete, and that the addition of sodium sulfate, 

which accelerates slightly the hydration of superplasticized cernent pastes made with high-alkali 

cements without significant retardation effect, have the same effect on concrete. 

In this section, the effect of the addition of sodium sulfate on the slump, setting time, and 

compressive strength of superplasticized concrete are studied in order to confirm the above 

results obtained on cernent pastes. 

5.2.1 Slump measurement 

An attempt was made to evaluate the effect of the addition of sodium sulfate on concretes having 

W/C=0.35, however, at W/C=0.35 the effect of sodium sulfate was not found to be significant 
enough. For example, the superplasticized concrete containing 1 % of PNS, made with C6 at 

W/C=0.35 had a slump of 240, 230, 200, and 60 mm at 10, 30, 60, and 90 minutes, respectively. 

When 0.8 % of sodium sulfate was added to the concrete, it had a slump of 230, 220, 200, and 

190 mm at 10, 30, 60, and 90 minutes, respectively. Indeed there was some effect from the added 

sodium sulfate, however, the fluidity of the concrete was more affected by the addition of sodium 

sulfate in more severe conditions for a concrete having W/C=0.30. Therefore, lower W/C ratio of 
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0.30 was selected to study the effect of sodium sulfate on the properties of superplasticized 

concrete. In addition, it was also considered that at lower water/cernent ratio, the fluidity of the 

concrete was influenced much more by the PNS superplasticizer. 

First, the effect of the addition of sodium sulfate on the fluidity of superplasticized concretes 

having W/C=0.30 was investigated in low-alkali cements (Cl, CS, and C6) by rneasuring the 

slump of the concretes. The value of concrete slump for C5 cernent was drawn as a function of 

time, as shown in Figure 5.39a. When a dosage of0.6 % PNS superplasticizer was added to CS in 

the absence of sodium sulfate, the initial slump at 10 minutes was quite high (230 mm). However, 

the slump loss was so rapid that the slump dropped down to only 20 mm a:fter 30 minutes. When 

the superplasticizer dosage increased to LO %, the initial slump increased to 2SO mm, but also 

dropped down to 80 mm at 60 minutes. In both cases, the addition of sodium sulfate was applied. 

When 0.4 % of sodium sulfate was added to the concrete containing 1 % of PNS, the initial 

slum.p was rnaintained up to 90 minutes. However, the bleeding was found to be very serious. 

When 0.4 % of sodium sulfate was added to the concrete containing 0.6 % of PNS 

superplasticizer, the initial slump of the concrete was increased up to 2SO mm and its loss was 

significantly reduced. When 0.8 % of sodium sulfate was added to the concrete containing 0.6 % 

of PNS superplasticizer, the initial slump was almost the same as that of the concrete including 

0.4 % of added sodium sulfate, however, the slump loss was so srnall that the slump was 

rnaintained for 90 minutes without bleeding. In the study on CS, when 0.4 - 0.8 % of sodium 

sulfate was added to the concrete, a 0.6 % dosage of PNS superplasticizer was found to be high 

enough to provide a high fluidity concrete that did not have any significant slump loss for 90 

minutes. 

In the case of C6, the initial slump of concrete containing 1.0 % of PNS superplasticizer was 230 

mm, however, the slump loss was also so rapid, so that the slump was not rneasurable after 60 

minutes, as seen in Figure 5.39b. When 0.2 % of sodium sulfate was added, the slump loss was 

not significantly reduced. When 0.4 % of sodium sulfate was added, the slump loss was 

significantly reduced, and at 90 minutes the slump was still 160 mm. When 0.8 % of sodium 

sulfate was added, the value of slump was high until 60 minutes, in fact it was as high as the 

concrete containing 0.4 % of sodium sulfate. 
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Figure 5.39a E:ffect of sodium sulfate addition on the slump of concrete made with CS cernent 
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Figure 5.39b E:ffect of sodium sulfate addition on the slump of concretes made with C6 and Cl 

cements 

After 60 minutes, the slump loss was smaller th.an the concrete containing 0.4 % of sodium 

sulfate and the final slump at 90 minutes was 220 mm. 

For cernent Cl, it was also found that the initial slump of the concrete containing 1.0 % of PNS 

superplasticizer without the addition of sodium sulfate was high (220 mm), as shown in Figure 
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5.39b. However, this high initial slump was also only of short duration, the slump dropped to 50 

mm after 30 minutes and to 10 mm after 60 minutes. The addition of0.5 % sodium sulfate to the 

concrete maintained the initial slump for 60 minutes and greatly reduced the slump loss rate. 

After 90 minutes, the slump was still 160 mm. 

On the contrary, the addition of sodium sulfate resulted in a negative e:ffect on the fluidity of 

concrete made with high-alkali cements (C2, C3, and C4), as shown in Figures 5.40a and b. In 

cernent C2, in the absence of sodium sulfate, the value of concrete slump containing 0.8 % of 

PNS at 10 minutes was 240 mm, as shown in Figure 5.40a. The slump loss at 90 minutes was so 

small that the slump was still 210 mm a:fter 90 minutes. However, when 0.4 % of sodium sulfate 

was added, the initial slump was reduced to 200 mm and the slump loss was significantly 

increased. After 90 minutes, the slump was only 70 mm. 

In the case of C3, the initial slump of concrete containing LO % of PNS superplasticizer without 

an.y sodium sulfate was 230 mm, and the slump loss between 10 minutes and 60 minutes was 80 

mm, as shown in Figure 5.40b, which is much smaller than the values found in low-alkali 

cements. When 0.4 % of sodium sulfate was added, the initial slump was significantly reduced to 

80mm. 

In the case of C4, the initial slump of concrete containing 0.8 % of PNS superplasticizer without 

sodium sulfate was 240 mm, and the slump loss between 10 minutes and 60 minutes was 20 mm, 

as shown in Figure 5.40b. When 0.4 % of sodium sulfate was added, the initial slump was also 

reduced to 220 mm and its loss was also increased. 

These results on the variation of the slump in low-alkali cements and high-alkali cements confirm 

that the addition of sodium sulfate has positive effects on the fluidity of concrete made with a 

low-alkali cement, while the e:ffect is negative in concrete made with a high- alkali cernent. 

Moreover, the addition of 0.4 - 0.8 % of sodium sulfate to the low- alkali cements under study 

was found to be very effective to reduce the slump loss of concretes having W/C=0.30, as it was 

also found in the study of cernent pastes having W/C = 0.35. 
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5.2.2 Measurement of setting tüne 

The setting times of concretes made with C5 is presented in Figure 5.4la. Whe~ in the absence 

of the addition of sodium sulfate, the dosage of PNS superplasticizer increased from 0 .6 % to 

LO %, the setting time were delayed from 5 h 35 to 7 h 10 for the initial setting, and from 7 h 32 

to 8 h 50 for the final setting. Similar results were already published in the literature [Kondo et al 

1978] indicating that the setting time increases as the dosage of superplasticizer increased 

because a higher amount of superplasticizer remaining in solution delays the hydration of C3S 

when the dosage of superplasticizer increases. When sodium sulfate is added in the concrete of 

cernent CS containing 0.6 % of PNS, the initial setting time was gradually increased with the 

amount of sodium sulfate added, while the final setting time was not significantly increased when 

0.4 % of sodium sulfate was added. However, when 0.8 % of sodium sulfate was added, the final 

setting time was increased from 7 h 32 to 8 h 07. In the study of cernent hydration in section 5 .1. 7, 

the effect of sodium sulfate on the heat evolution of C5 cernent hydration was presented in 

Figures 5.37b and 5.38b The results showed that although the effect of sodium sulfate on the 

initial and final setting time was separately characterized, they indicated that the cernent 

hydration was retarded during the induction period when the amount of sodium sulfate increased. 
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Figure 5 .40a Effect of sodium sulfate addition on the slump of concretes made with C2 cernent 
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The above results were explained by the am.ount of superplasticizer adsorbed and/or remaining in 

solution. The addition of sodium sulfate reduced significantly the am.ount of PNS adsorbed and 

increased the am.ount of PNS remaining in solution which retarded the hydration of C3S hydration. 

Therefore, it can be said that the setting time is closely related to the heat evolution curves of 

cernent hydration, which in tum is dependent on the am.ount of PNS remaining in the interstitial 

solution. 
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In the case of C 1, a sodium sulfate addition has the same effect on the setting time, as shown in 

Figure S.41b. When 0.5 % of sodium sulfate was added, the setting of the concrete was delayed 

from 5 h 3 3 to 6 h 40 for the initial setting time, and from 6 h 3 8 to 8 h 25 for the final setting 

time. In the case of C6 cernent, the results of setting time are shown in Figure S .41 c. The figure 

shows that the setting time varied with the amount of sodium sulfate added. The initial setting 

tirne was 7 h 08, 7 h 48, 7 h 53, and 6 h 30 for 0 %, 0.2 %, 0.4 %, and 0.8 % of sodium sulfate 

added. While the final setting time was little influenced for amount of sodium sulfate added up to 

0.4 %, it was, however, significantly reduced to 7 h 48 when 0.8 % of sodium sulfate was added. 

These results are not easily understood, as in the case of CS cernent, based on the fact that the 

addition of sodium sulfate significantly reduced the amount of PNS adsorbed and increased the 

amount of PNS remaining in solution which retarded the hydration of C3S hydration. In the study 

of cernent hydration in section S .1. 7, the effect of sodium sulfate on the heat evolution of C6 

cernent hydration was presented in Figures S.37b and 5.38b. These figures show that the 

induction period was the longest with 0.4 % of sodium sulfate added, however, it was shortened 

when the amount of sodium sulfate increased up to 0.8 %. 
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Figure 5 .41 b Effect of sodium sulfate addition on the setting time of concrete made with C 1 
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The results obtained in cernent hydration and the setting time of C6 cernent, in which the 

induction periods and the setting time were affected by the amount of sodium sulfate added, 

could be explained as follows: although the amount of PNS adsorbed was reduced when the 

amount of sodium sulfate increased, the induction periods and the setting tirne were dependent on 

the cornbination of retardation effect of PNS rernaining and acceleration effect of sodium sulfate 

added. When sodium sulfate was added, it had two inverse effects: one was that it enabled more 

PNS to remain in solution and in turn, retarded cernent hydration; the other is that the addition of 

sodium sulfate accelerated cernent hydration, especially, silicate phases. Therefore, the induction 

period and setting time of concrete can vary with the dosage of sodium sulfate because of two 

inverse effects of sodium sulfate. On the contrary, when sodium sulfate was added to high-alkali 

cernents (C2, C3, and C4), the initial and the final setting tirne were shortened. In the case of C2 

cernent, the setting tirne was 11 h 40 for the initial and 12 h 50 for the final tirne in the absence of 

sodium sulfate added, as shown in Figure 5.42a. When 0.4 % of sodium sulfate was added, the 

setting tirne was 10 h 20 for initial and 11 h 10 for final. 
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When 0.4 % of sodium sulfate was added to concretes made with cements C3 and C4, both the 

initial and final setting time were accelerated, as shown in Figure 5.42b. These results were 

expected because it was found in the study of cernent hydratio°' in section 5 .1. 7, that the addition 

of sodium sulfate to high-alkali cements accelerated the heat evolution of cernent hydration 

without the retardation effect during the induction period. 

From this study on the setting time of concretes made with low-alkali cements and high-alkali 

cements, it can be concluded that the addition of sodium sulfate accelerated the initial and the 

final setting of superplasticized concrete made with high-alkali cements, however, it retarded or 

accelerated the setting of superplasticized concretes made with low-alkali cements, which was 

dependent on the amount of sodium sulfate added and the cernent used. 

5.2.3 Compressive strength 

Figure 5.43a presents the compressive strength test results for the concretes made with cernent C5. 

In the absence of the addition of sodium sulfate, the concrete containing 0.6 % of PNS had 

slightly higher compressive strength at lday, 28 days, and 9ldays than that containing 1 % of 

PNS. When 0.6 % of superplasticizer was added, the compressive strength of concrete was 31.8, 

64.5, and 72.9 MPa at lday, 28 days, and 91days, respectively. When LO % of superplasticizer 

was added, the compressive strength of concrete was 29.8, 64.0, and 72.0 MPa at lday, 28 days, 

and 9ldays, respectively. The difference of the compressive strength at 1 day between the two 

concrete was 2 MPa, and only 0.5 MPa, and 0.9 MPa at 28 days and 91 days. These results could 

be understood on the basis that a higher dosage of superplasticizer results in a retardation which 

affects the early strength, but has a smaller influence at late strength. When 0.4 % of sodium 

sulfate was added to the concrete containing 0.6 % of superplasticizer, the compressive strength 

was 34.0, 68.0, 71.3 MPa at 1, 28, 91days, respectively. In comparison with the reference 

concrete, the compressive strength at 1 and 28 days was increased by about 5 - 7 %, however, the 

compressive strength at 91 days was slightly decreased by about 2 %. When 0.8 % of sodium 

sulfate was added to the concrete containing 0.6 % of superplasticizer, the compressive strength 

was 34.6, 57.1, 59.5 MPa at 1, 28, 91days, respectively. In comparison with the reference 
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concrete, the compressive strength at 1 day was increased by about 9 %, however, the 

compressive strength was significantly decreased by about 11 % and 18 % at 28 and 91 days, 

respectively. Therefore, considering the effect of the sodium sulfate on both the fluidity of the 

concretes and the compressive strength until 91 days, it was found that a 0.4 % of addition 

constitutes an optimum dosage. 
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Similar results were also found in the case of cernent C6, as seen in Figure 5.43b. The 

compressive strength of the concrete containing 1 % of PNS superplasticizer was 35.2, 70.0, and 

83.4 MPa at 1, 28, and 91 days, respectively. When 0.2 % of sodium sulfate was added to the 

concrete containing 1.0 % of superplasticizer, the compressive strength was 41.1, 74.8, and 77.4 

MPa at 1, 28, and 91 days, respectively. In comparison with the reference concrete, the 

compressive strength was increased about 17 % and 7 % at 1 and 28 days, however, the 

compressive strength at 91 days was decreased about 7 %. 
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Figure 5.43a Effect of sodium sulfate added on the compressive strength of concretes made with 

cernent C5 

When 0.4 % of sodium sulfate was added to the concrete containing 1.0 % of superplasticizer, the 

compressive strength was 43.1, 71.0 and 74.2 MPa at 1, 28, and 9ldays, respectively. In 

comparison with the reference concrete, the compressive strength at 1 day was significantly 

increased by about 22 %, however, the compressive strength was decreased by about 11 % at 91 

days. In concrete containing 0.8 % of sodium sulfate added, the compressive strength was 41.9, 

64.2, and 73,6 MPa at 1, 28, and 91 days, respectively. Compared to the reference concrete, the 

concrete containing 0.8 % of sodium sulfate showed that the compressive strength at 1 day was 

increased, however, it was significantly decreased after 28 days. 
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However, in the case of Cl, when 0.5 % of sodium sulfate was added to the concrete containing 

1.0 % of PNS superplasticizer the compressive strength was always increased by about 18 % at 1 

day and 6 % at 28 days and 91 days, as seen in Figure 5.43c. 

With the results obtained from superplasticized concretes made with low-alkali cements, the 

addition of sodium sulfate increased by about 7 - 22 % the early compressive strength at 1 day, 

while the late strength at 28 days and 91 days varied with the amount of sodium sulfate added 

and the cernent used. However, when 0.4 % of sodium sulfate was added to the superplasticized 

concretes made with high-alkali cements, the early compressive strength at 1 day was slightly 

increased by about 2-4 % and the late strength was also dependent on the cernent used, that is, it 

was decreased or increased, as shown in Figures 5.44a and b. 

Through the measurement of compressive strength of superplasticized concrete made with low-

alkali cements and high-alkali cements, it was found that the early strength of concrete made with 

high-alkali cements was much higher than that made with low-alkali cements. The increase rate 

between early and late strength is higher in low-alkali cements than in high-alkali cements. 
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Figure 5 .44b Effect of sodium sulfate added on the compressive strength of concretes made with 

cements C3 and C4 

These results seem to be due to the difference in the amount of alkalies included in low-alkali 

cements and high-alkali cements, while the later strength at 28 days and 91 days are dependent on 

the amount of sodium sulfate added and the cements used. According to a reviewed paper [ J awed 

et al 1978] about the influence of alkalies on hydration and performance of Portland cernent, it 
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has been reported that the early strength was positively influenced by the alkalies in cernent, 

while the final strength was negatively or positively affected. The results obtained from this study 

are in agreement with the above mentioned paper. 

In the begjnning of section 5.2, it was mentioned that the results of effect of sodium sulfate 

addition obtained from cernent pastes had to be confirm.ed on concrete tests. Let us compare the 

results obtained from cernent pastes and concretes. 

First, the addition of sodium sulfate improved the tluidity of cernent pastes made with low-alkali 

cements. However, it has a negative influence on the tluidity of cernent pastes made with high-

alkali cernents. The above results frorn cernent pastes were confirm.ed by concrete tests showing 

that the addition of sodium sulfate had a positive e:ffect on the fluidity of concrete made with a 

low-alkali cernent, while the effect is negative in concrete made with a high- alkali cernent. 

Second, an optimum amount of soluble alkali equal to 0.4 - 0.5 % NaiO eq was found to improve 

the tluidity of cernent pastes. In concrete tests, the addition of sodium sulfate in the range of 

0.4 % - 0.5 % to a low-alkali cernent (Cl, C5, and C6) was helpful in making a high performance 

concrete having much better slump characteristics. When considering the effect of the alkalies on 

the late compressive strength of the concrete, the optimum soluble alkali content can be slightly 

reduced to 0.2-0.3 % NaiO eq because excess addition (0.8 %) of sodium sulfate to a low-alkali 

cernent could be deleterious in terms of the late compressive strength of the concretes. 

Third, the addition of sodium sulfate retarded the hyd.ration of superplasticized cernent pastes 

made with low-alkali cements during the induction period and accelerated it during the 

acceleration period. On the contrary, the addition of sodium sulfate only accelerated slightly the 

hydration of superplasticized cernent pastes made with high-alkali cements without significant 

retardation effect. The above results were also roughly confirmed by measuring the setting time 

of concretes. The results on concretes showed that the addition of sodium sulfate accelerated the 

initial and the final setting time of superplasticized concrete made with high-alkali cements, 

however, it retarded or accelerated the setting of superplasticized concretes made with low-alkali 

cements, which was dependent on the amount of sodium sulfate added and the cernent used. 
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CHAPTER6 

EFFECT OF THE MOLECULAR WEIGHT OF PNS SUPERPLASTICIZER 

In this chapter, the influence of the molecular weight of PNS superplasticizer on the properties of 

some cernent pastes and concretes are studied. Four Type I cements (C3, C4, C5, and C6) were 

tested. In section 6.1, the study of the rheological properties of the cernent pastes is perform.ed in 

order to investigate the effects of the molecular weight of PNS superplasticizer. 

Section 6.1 includes three sub-sections. The e::ffects of the molecular weight of a PNS 

superplasticizer in the presence, or absence of additional sodium sulfate on the fluidity of cernent 

pastes are presented in sub-section 6.1.1. The e::ffects of the molecular weight of PNS 

superplasticizer on the adsorption behavior of the superplasticizer, and on cernent hydration are 

presented in sub-section 6.1.2 and 6.1.3, respectively. In section 6.2, the results obtained from 

concrete tests are presented. 

6.1 Study on cement pastes 

6.1.1 Rheology 

The fluidizing e::ffect of three PNS, having di::fferent molecular weights, on the four selected 

cements is plotted as a function of hydration time in Figure 6. la and b. These figures show a 

significant variance in the behavior of the tested cements. Medium (MMW) or high-molecular-

weight (HMW) PNS superplasticizers are more effective th.an low-molecular-weight (LMW) 

PNS to increase the fluidity of cernent pastes made with the two high-alkali-cements (C3 and 

C4): the initial slump at 5 minutes is higher and the slump loss is smaller up to 90 minutes, as 

seen in Figure 6. la The foregoing observations can be readily understood by the fact that the 

larger molecules convey a higher surface charge to the particles, increasing the electrostatic 

repulsive force between particles, on the other hand, their adsorption on the particles inhibits 

particle-particle contact by shorter range repulsive force due to the steric hindrance [Jolicoeur et 

al 1994]. 



Low-alkali cements (CS and C6), on the contrary, present a different fluid.ity trend, as seen in 

Figure 6.lb. For the CS cernent, the initial slump is quite high, but it decreases rapidly after lS 

minutes; its fluidity is independent of PNS molecular weight. However, cernent C6 shows a very 

low initial slump, although the PNS dosage is LO % for the three PNS superplasticizers. 

Interestingly, in the case of C6, LMW superplasticizer yields slightly better fluidity than the 

MMW and HMW varieties at the given dosage tested. Therefore, the findings herein correspond 

to those of Basile et al (1989) only in the case of high-alkali cements: the higher the molecular 

weight of the PNS, the better the fluidizing effect. The above results will be discussed further in 

relation with the different degree of adsorption of the superplasticizer molecules according to 

their different molecular weight. 

The results of the mini slump tests indicate clearly that the influence of the molecular weight of 

PNS superplasticizers on the rheological behavior of cernent pastes depends greatly on the alkali 

content in the cernent; relatively high-molecular-weight (HMW, MMW) PNS is more effective in 

tluidizing pastes made with high-alkali cements than low-molecular-weight PNS (LMW), 

however, PNS molecular weight has little effect in fluidizing pastes made with low-alkali 

cements. 

In order to confinn the influence of alkali present in a cernent on the fluidity of the cernent pastes, 

a sodium sulfate as an alkali sulfate source was added. The fluidity of cernent pastes having 

different dosages ofNa2S04as a :function ofhydration time is shown in Figures 6.2a, b, c, and d. 

The results presented in Figures 6.2a and b show that the addition of Na2804 significantly 

influences the fluidity of the cernent pastes made with low-alkali cements (CS and C6) containing 

high-molecular-weight PNS (MMW, HrvfW). In CS paste, the initial slump of the pastes 

containing the MMW and HMW superplasticizers is not modified when the amount of Na2S04 is 

increased. However, the slump loss is significantly reduced when the amount of Na2S04 is 

increased. In the case of C6, the initial slump of the pastes containing the l\1MW and 1™W 
superplasticizers is greatly increased when the amount ofNa2S04 increases. Moreover, the slump 

loss is also decreased when the amount ofNa2S04 increases. 
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Figure 6.la Effect of the molecular weight of PNS on the fluidity of cernent pastes made with 

high-alkali cements 
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On the contrary, the addition ofNa2S04 does not affect significantly the initial slump and slump 

loss of pastes made with low-alkali-cements containing LMW superplasticizer. The reason 

explaining why the fluidity of pastes containing high-molecular-weight PNS is significantly 

a:ffected by Na2S04 addition will be discussed in relation to the adsorption of PNS 

superplasticizer. When the amount ofNa2S04 adsorbed is increased to 0.8 % in the pastes made 

with a low-alkali cernent (C5 or C6) and a high-molecular weight PNS (MMW or HMW) 

superplasticizer, it is possible to maintain over 180 cm2 of slump area for more than 90 minutes 

with almost no slump loss. 

On the contrary, the addition of Na2S04 to the two high-alkali cements C3 and C4 slightly 

decreased the initial slump and increased the slump loss, as illustrated in Figure 6.2c and d. These 
e:ffects are again more pronounced with. the cernent paste containing MMW and HMW 

superplasticizers. The foregoing observation could be explained by the fact th.at the addition of 

Na2S04 exceeds the optimum soluble alkali content as found in section 5.1, and it results either in 

the precipitation of syngenite [Rechenberg et al 1983, Older et al 1983] and/or in the 

compression of the electric double layer [Nawa et al 1989b]. Moreover, the optimum content of 

soluble alkali does not depend on the molecular weight of the PNS superplasticizer. Therefore, it 

can be said that under the optimum content of soluble alkali, alkali sulfate can significantly 

improve the fluidity of cernent pastes and decrease the slump loss, while above this optimum 

content, the addition of alkali sulfate can result in a slump loss. 

When the amount of alkali content in low-alkali cements is optimized by the addition of sodium 

sulfate (0.8 %), it is also found that a high-molecular weight PNS is more efficient to increase the 

fluidity of cernent pastes than a LMW, as shown in Figure 6.3. Therefore, it can be concluded that 

high-molecular weight PNS is more effective to promote the fluidity of cernent pastes when the 

cernent used includes the optimum, or more than a certain amount of alkali content. 
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6.1.2 Adsorption measurement 

In section 6.1.l, it was found that the PNS with a high molecular weight is more effective in 

fluidizing cernent pastes made with high-alkali cements than the low molecular weight PNS, 

however, PNS molecular weight has little effect in fluidizing pastes made with low-alkali 

cements. Moreover, a:fter the addition of the optimum soluble alkali content to the low-alkali 

cements, the high molecular weight PNS exhibits a better fluidity on the tested pastes than the 

low-molecular weigh.t PNS. In order to understand the above results, the adsorption behavior of 

PNS superplasticizer having different rnolecular weigh.ts has been studied. 

Figure 6.4a shows the amount of PNS adsorbed with the two high-alkali cements (C3 and C4), 

which is approximately 50 - 55 % with the LMW superplasticizer, and 60 - 65 % with the MMW 

and HMW superplasticizers at 5 minutes. The amount of PNS adsorbed is increased by 5 -10 % 

at 60 minutes. 

On the other hand, as shown in Figure 6.4b, the amount of PNS adsorbed on CS is approximately 

60 % with the LMW superplasticizer, and 65 % with the MMW and HMW superplasticizers at 5 

minutes. However, after 60 minutes, this amount is significantly increased to 80 % for LMW, arid 

90 % for MMW and HMW, respectively. In the case of C6, the amount of PNS adsorbed is 

already much higher at 5 minutes: 80% for LMW, and 90 % for :M:MW and HMW, respectively, 

and it is slightly increased at 60 minutes. 

The above findings clearly show that the high aikali cements adsorb rnuch lower amounts of PNS 

rnolecules than the low-alkali cernents, as already shown in section 5.1.4. The amount of PNS 

adsorbed is dependent rnainly on the alkali content included in the cernent used and partly on the 

molecular weight of PNS. 

In ail cements used, approximately 10 % less LMW is adsorbed on the cernent partiel es than 

l'v1MW or HMW in ail the tests performed. This result confirms that rnonomers, dimers, and 

probably other low-rnolecular-weight polymers are more likely to remain in solution, while 

higher molecular weight polymers are adsorbed preferentially on cernent particles 
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[Nkinamubanzi 1993, Ferrari et al 1997]. 

From the results in Figures 6.4a and b, it is seen why the high molecular weight PNS is more 

effective in fluidi.zing the pastes made with high-alkali cements th.an the low molecular weight 

PNS, and why PNS molecular weight has little effect in fluidizing pastes made with low-alkali 

cements. 

It was shown in section 5.1.4 that at the given PNS superplasticizer dosage, the fluidity of cernent 

pastes was found to increase when the amount of PNS remaining in solution increased. This 

result may not be directly applicable to predict the b_ehavior of cernent pastes containing different 

molecular weight PNS because the repulsive forces induced by a PNS superplasticizer depend on 

the molecular weight. However, the findings of section 5.1.4 help to understand the results 

obtained from Figures 6.4a and b. In high-alkali cements, although the amount of MMW and 

HMW remaining (45 -55 % at 5 minutes, 55 - 65 % at 60 minutes) is lower by about IO% from 

that of the LMw, the repulsive forces induced by the MMW or HMW could be stronger than 

those from the LMW because the bigger molecules could produce more electrostatic and steric 

repulsive forces than smaller ones. Moreover, the amount of MMW or HMW remaining in the 

interstitial solution may be enough to maintain the repulsive forces when it is adsorbed on the 

newly hydrated products. Therefore, in high-alkali cements the MMW or HMW superplasticized 

cernent pastes show better fluidity than the LMW superplasticized pastes. 

On the contrary, in low-alkali cements, the molecular weight of PNS affects the fluidity of the 

pastes differently compared with high-alkali cements because the amount of PNS trapped is much 
higher in low-alkali cements than in high-alkali cements. In the case of cernent CS, the initial 

amount of PNS adsorbed at 5 minutes is slightly higher than that in high-alkali cements, however, 

it increases significantly with time. After 60 minutes, 80 % of LMW is adsorbed, while it is 90 % 

for MMW and HMW. In this case, most of the large PNS molecules are gradually adsorbed with 

time. The monomers, dimers, and small PNS molecules, which have a small repulsive force, 

remain in solution. Therefore, these short polymers do not prevent the newly hydrated products 

from coagulating. As a result, the slump loss occurs after a few minutes. These results are related 

to the fluidity of cernent pastes, which is not dependent on the molecular weight of PNS 
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superplasticizer in cernent CS. 

In the case of cernent C6, the amount of PNS adsorbed at 5 minutes is already too high and Ill!.Ost 

of the PNS is adsorbed on C3A and C4AF. Therefore, there are few PNS rnolecules kept that can 

be adsorbed on C3S, so that the cernent paste is not well dispersed. Even at 5 minutes, 80 %. of 

LMW is adsorbed, while 90 % of l\1MW or E™W is adsorbed. It seerns that in C6 cernent, 2()1 % 

of LMW rernaining could maintain the initial fluidity, which is sornewhat better than 10 % of 

HMW or MMW remaining in solution probably because the constituents of the 20 % of Ll\4W 

and 10 % of HMW or MMW that are remaining in solution are small PNS rnolecules. Therefa.re, 

LMW superplasticized cernent pastes show a slightly better tluidity than HMW or l\1l\4W 

superplasticized pastes made with cernent C6. 

In order to confirm the e:ffect of the alkali content on the adsorption of PNS having different 

rnolecular weights, sorne sodium sulfate was added to the cernent pastes containing the three PNS 

superplasticizers having different molecular weights. Figures 6.Sa and b show that when sorr.ne 

Na2S04 is added to a high-alkali cernent, the amount of PNS adsorbed is slightly decreased at 

both 5 and 60 minutes. On the contrary, when sorne sodium sulfate is added to a low-alk:ali 

cernent, it affects significantly the amount of PNS adsorbed. As shown in Figures 6.Sc and d, 
when the amount of Na2S04 added to cernent CS increases up to 0.8 %, the amount of PNS 

adsorbed at 60 minutes decreases gradually frorn 90 % to 65 % for :MMW and !Th.LW 

superplasticizers, and :from 80 % to 55 % for LMW superplasticizer at 60 minutes. The amount of 

LMW adsorbed is also 10 % smaller than that of MMW or HMW: In the case of cernent C6, 

when the amount of Na2S04 increases, the amount of PNS adsorbed at 5 and 60 minutes 1s 

significantly decreased. The amount of LMW adsorbed is also 10 % less than that of MMW or 

HMW. These results clearly demonstrate, on the one hand that the addition ofNa2S04 reduces tihe 

amount of PNS adsorbed and on the other hand, that the effectiveness ofNa2S04 is not depende:nt 

on the molecular weight of the PNS. 

In section 6.1.l, it was also found that after the addition of the optimum soluble alkali content to 

a low-alkali cernent, the high molecular weight PNS improved the tluidity of the pastes bett:er 

than the low-rnolecular weight PNS. These results are also related to the adsorption of PNS 
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having different molecular weights. When 0.8 % of sodium sulfate is added to low-alkali cements, 

it decreases significantly the amount of PNS adsorbed and enables larger amounts of PNS to 

remain in solution, as many as in the case of high-alkali cements. Therefore, the MMW or HMW 

remaining in solution after the initial adsorption could disperse C3S phases, and/or the newly 

hydrated products, more efficiently than the LMW remaining. 
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The relationship between the fluidity of the cernent paste and the amount of PNS adsorbed is 

established in Figures 6.6a and b. The results show that in low-alkali cernents (CS and C6), for a 
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given PNS superplasticizer dosage, the higher the amount of PNS remaining in solution in the 

fresh paste at 60 minutes, the better the fluidity of the cernent pastes up to 90 minutes, as shown 

in Figure 6.6a. These results are in agreement with Jolicoeur et al (1997). The fluidity of cernent 

pastes containing high-molecular-weight PNS is significantly increased when the amount of PNS 

remaining in solution is increased by the addition of Na2S04. On the contrary, low-molecular-

weight PNS does not affect greatly the fluidity of cernent paste although more of it rernains in 

solution when some Na2S04 is added. This phenomena could be explained as follows: in low-

alkali-cements, a high amount of high-molecular-weight PNS is trapped within C4Aflx lamellas, 

[Femon et al 1997] which results in a low initial fluidity and a high fluidity loss because only a 

small amount of PNS is kept in solution for the dispersion of C3S. As Na2S04 addition reduces 

the amount of PNS trapped within C4Alfx formed during the hydration, consequently the amount 

of PNS rernaining in solution is increased and these molecules are available to disperse C3S. 

Moreover, as larger PNS rnolecules convey a higher electrostatic repulsive force and steric 

hindrance between cernent particles, they inhibit particle-particle contact more e:fficiently than 

small ones. On the contrary, as shown in Figure 6.6b in high-alkali-cements, when the amount of 

PNS remaining in solution is slightly increased by the addition of Na2S04, the fl.uidity of cernent 

pastes slightly decreases. In this case, the addition ofNa2S04 in high-alkali cements results in an 

excess of alkalies above the optimum alkali content. Therefore, the attractive forces between the 

cernent particles resulting from the precipitation of syngenite [Rechenberg et al 1983, Older el al 

1983] and/or in the compression of the electric double layer [Nawa et al 1989b] could surpass the 

repulsive force from the increase of PNS molecules that remain in solution. 

It can be concluded that the dispersive effect of a PNS superplasticizer is determined by the 

amount of PNS trapped/ or adsorbed amounts on cernent partiel es, which is in return related to 

cernent alkali content. The high molecular weight PNS is more efficient to increase the fl.uidity of 

pastes made with high-alkali cements (C3, C4) and the optimized low-alkali cements after the 

addition of sodium sulfate (C5 +sodium sulfate and C6 +sodium sulfate), because the amount of 

soluble alkali decreases significantly the amount of PNS trapped or adsorbed, and thus enables 

the large molecules to remain in solution. Therefore, the fluidity of cernent pastes containing a 

high molecular weight PNS is more affected by the addition of Na2S04 because the amount of 

large molecules remaining in solution is determined by the alkali content in the cernent. 
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6.1.3 Heat evolution during cement hydration 

Cernent hydration is a:ffected by the superplasticizer used and the alkali content in cernent. It is 

well known that the presence of a superplasticizer delays cernent hydration [Kondo et al 1978, 

Older et al 1987]. On the other hand, alkalies in cernent also influence the cernent hydration 

significantly [Jawed et al 1978]. In this sectio~ the effects the rnolecular weight of PNS on 

cernent hydration with high-alkali cernents and low-alkali cements is studiecl Moreover, the 

e:ffects of alkali sulfate added to the cernents containing the PNS with di:fferent rnolecular weights 

are also studied. 

Figures 6.7a and b give the integral curves ofheat evolutio~ while Figures 6.8a and b show the 

heat flux curves as a :function of hydration time. It is clearly shown in Figure 6. 7a and Figure 6.8a 

that the addition of PNS superplasticizer to the high-alkali cements (C3 and C4) retards hydration 

for a few hours during the induction period. The retardation effect of PNS during the induction 

period (R) could be explained by the fact that the a1kali sulfate present in high-alkali-cements 

hinders the adsorption of PNS on the aluminate phase, permitting larger adsorption on the silicate 

phase such as C3S and ~S [Nawa et al 1989b], which delays the early hyd.ration. It is also found 

that the initial retardation effect of PNS superplasticizer is not dependent on the rnolecular weight 

of PNS. However, during the acceleration period, as shown in Figure 6.8a, the acceleration effect 

of the PNS superplasticizer seems to be dependent on the molecular weight of the PNS. That is, 

the values of M1 are not significantly a:ffected by the molecular weight of PNS, however, the 

values ofw1= are significantly influenced by the molecularweight of PNS: 14.0, 14.5, and 10.0 

rnW/g for HMW, lMMW and LMW, respectively in C3; 13.5, 14.0, and 10.5 mW/g for HMW, 

MMW and LMW, respectively in C4. These results seem to be related to the effect of the 

molecular weight of PNS on the fluidity of cernent pastes. In section 6.1.1, it was shown that the 

high molecular weight PNS (HMW and MMW) was more effective to promote the fluidity of 

pastes than LMW. Therefore, the cernent particles are more dispersed by the HMW or MMW, 

and thus, the cernent hydration during the acceleration period is more accelerated by the HMW or 

MMW. In additio~ al.kali also accelerates the hydration in the acceleration period and increases 

the rate ofheat evolution [Jawed et al 1978]. 
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In low-alkali cements, as shown in Figures 6.7b and 6.8b, different results are obtained from the 

curves of the integral and the heat flux compared to those in high-alkali cements. When MMW or 

HMW superplasticizer is added to low-alkali cements (CS and C6), the induction period (R) is 

not lengthened. While, LMW superplasticizer is added, the induction period (R) is increased by 2 

hours in CS and by 4 hours in C6. Moreover, in low-alkali cements, the values of w1max are not 

significantly affected by the molecular weight of PNS, however, the values of M 1 are significantly 

influenced by the molecular weight of PNS: 11.5, 11.0, and 13.5 hours for HMW, MMW and 

LMW, respectively in CS; 10.0, 9.8, and 13.5 hours for HMW, :MMW and LMW, respectively in 

C6. This phenomenon could be explained as follows: after early adsorption (at 60 minutes), 20 % 

of the LMW superplasticizer remains in solution, whereas only 10 % of the :MMW and HMW 

remain in solution, as measured by the adsorption test. Nawa et al (1992) found that 

superplasticizer molecules are first adsorbed onto C3A and C.iAf, and then on c;s. Therefore, it 

seems that LMW molecules that remain initially in the solution are preferentially absorbed on 

C3S. Moreover, some authors [Nkinamubanzi 1993, Ferrari et al 1997] indicate that monomers, 

dimers, and probably other low molecular polymers are more likely to remain in the solution, 

while polymers having a higher molecular weight are adsorbed rapidly on the cernent particles. 

The PNS molecules that remain in solution in the fresh cernent pastes might be, therefore, the 

monomers, dimers, and oligomers found in commercial PNS. Therefore, it could be concluded 

that the induction period is increased by the addition of LMW in low-alkali cements because 

there are more low-molecular-weight PNS in solution in the fresh cernent pastes that affect C3S 

hydration. In addition, the retardation e:ffect of LMW is sustained until the acceleration period 

because there is a little a1ka1i which accelerates the hydration of C3S. 

In order to confirm the effect of an addition of alkali sulfate on the heat evolution curves of 

cernent hydration including different molecular weight PNS, the cement hydration is measured as 

a function of the dosage of sodium sulfate. Integral heat curves are shown in Figures 6.9a, b, c 

and d, while heat flux curves are presented in Figures 6.1 Oa, b, c, and d. 
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First of ail, Figures 6.9a, b and 6. IOa, b clearly show that the addition of sodium sulfate shortens 

the induction period in high-alkali cements (C3 and C4) regardless of the molecular-weight of 

PNS. The accelerating effect of the sodium sulfate is more significant in the presence of LMW 

superplasticizer th.an in the presence of MMW or HMW. 
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However, in low-alkali cements (C5 and C6), the addition of sodium sulfate affects cernent 

hydration differently, as shown in Figures 6.9a, b, 6.lOa and b. The values ofW1maxare a.ffected 

more significantly by the amount of sodium sulfate added than in the case ofhigh-alkali cements. 
That is, the values ofW1maxincrease when the amount of sodium sulfate increases. 
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In the case of C5, the addition of sodium sulfate retards cernent hydration during the induction 

period. This retardation is more significant in the presence of~ or HMW superplasticizer 

than LMW. In the presence of LMw, the addition of less than 0.4 % sodium sulfate also slightly 

increases the induction period, however, 0.8 % of sodium sulfate decreases it slightly. It is also 

found that 0.8 % of sodium sulfate increases the.dE significantly compared to the reference 

cernent paste. It seerns to be related to the higher amount of C3S in C5 cernent. 

In the case of C6 cernent, the addition of sodium sulfate also retards cernent hydration in the 

presence of MMW or HMW during the induction periods, however, in the presence of LMw, it 

decreases significantly the induction period (R); this induction period is also decreased when the 

amount of sodium sulfate added increases. The values of M 1 are not sîgnificantly changed by the 

sodium sulfate in the presence of MMW or HMw, while they are greatly decreased in the 

presence of LMW. It seerns probably that the retarding effect of LMW superplasticizer is less 

effective th.an that of MMW or ~ therefore, it is compensated by the acceleration due to the 

Na2S04 addition. 

In the literature, sorne disagreements were found when studying the effects of molecular weight 

PNS on the early hydration of cernent pastes. Piotte (1993) bas shown that for different :fractions 

of PNS, the low-molecular-weight (3kD < NaPNS < lOOkD) induces more pronounced 

retardation th.an the high-rnolecular-weight (NaPNS > lOOkD). On the contrary, Kondo et al 

(1978) found that with a commercial PNS, the higher the molecular weight polymers the greater 

the retardation effects. 

In this study, it is clearly shown that the effect of PNS having different molecular weights on 

cernent hydration is dependent on the alkali content which determines the amount of PNS and 

size of PNS rnolecules adsorbed or remaining in solution, in turn, the amoUn.t of PNS remaining 

affects the hydration of C3S. 
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6.2 Study on concrete 

In the previous section 6.1, several interesting results were found during the study of cernent 

pastes, but it was necessary to see if these results were still valid on concrete. The main 

objectives ofthis study on concrete are to con:firm that: 

• The high-molecular weight PNS (M1vfW or HMW) is more efficient to increase the fluidity 

of cernent pastes made with high-alkali cements than the low-molecular wei.ght PNS (LMW). 

However, the efficiency of the PNS having different molecular weight is :not significant in 

cernent pastes made with low-alkali cements. 

• The addition of sodium sulfate to the two low-alkali cements improves the fluidity of cernent 

pastes in the presence of the PNS with a high-molecular weight more signifi~antly than in the 

presence of the PNS with a low-molecular weight. 

• The addition of the PNS having different molecular weights to the two high-alkali cements 

increases the induction period of cement pastes, while the retardation e:ffect is independent of 

the molecular weight of the PNS. On the contrary, in the case of low-alkali c:ements, the PNS 

with a low-molecular weight (LMW) increases the induction period much more than the PNS 

with a high-molecular weight. 

• The addition of sodium sulfate to the two low-alkali cements retards cernent hydration during 

the induction period in the presence of the PNS with a high-molecular weight, while in the 

presence of the PNS with a low-molecular weight, the addition of sodium sulfate increases 

(CS cement) or decreases (C6 cernent) the induction period. 

In order to confirm the above results obtained on cernent pastes, slump test, setting time, and 

compressive strength of concretes having a W/C ratio of 0.30 were tested witb low- and high-

alkali cements (C3, C4, CS, and C6). Moreover, the effect of an addition of sodiam sulfate on the 

properties of fresh and harden concretes in the presence of PNS having difl'erent molecular 

weights was also investigated with cernent C6. The superplasticizer dosage was adjusted to 
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achieve a constant slump of 230 + 20 mm with MMW a:fter mixing, and the dosage of HMW and 

LMW was equal to the dosage of~- The superplasticizer dosage was 0.8 % for cernent C4, 

and LO % forcements C3, CS, and C6. As explained the mixing procedure of concrete in section 

4.2.l, the addition of the superplasticizer was slightly delayed. 

6.2.1 Slump measurement 

Figures 6.lla, b, c, and d show the slump variation as a function of time. With the high-alkali 

cernents (C3 and C4), the slump loss of concrete containing :M:MW or HMW is relatively small, 

the slump value at 60 minutes is 140 mm for C3 and approximately 200 mm for C4. Moreover, it 

is confirmed that PNS with relatively high rnolecular weights (HMW and l\.1MW) yield better 

fluidity than PNS with low-molecular-weight (LMW) in concrete as well as in cernent pastes 

made with a high-alkali cement. 

While in low-alkali cements (CS and C6), the values of the slump of the concrete containing 

MMW or HMW at 10 minutes are over 200 mm in both CS and C6, however, the slump 

decreases dramatically therea:fter; at 60 minutes the slump is lower than 1 OO mm. Moreover, 

LMW superplasticizer shows very poor fluidity compared with MMW or HMW in low-alkali 

cernent. The above results do not confirm. the results obtained from cernent pastes ind.icating that 

PNS rnolecular weight had no significant impact on the fluidity of pastes made with a low-alkali 

cernent. This difference in the influence of molecular weight on the fluidity between cernent 

pastes and concretes seems to result from the difference in the intensity of the mixing. Firstly, 

according to the mixing procedure of the cernent paste, a well mixed superplasticizer with mixing 

water is added to the cernent at zero minute, while in the case of concrete, the cernent is placed in 

the mixer in which sand and coarse aggregates, and a half of the mixing water are already mixed, 

after which a half of mixing water containing the superplasticizer is added to the mixer ( delayed 

addition). Therefore, the reactivity of the cernent particles could be somewhat reduced by the 

reaction of the mixing water and/or by the reaction of calcium sulfate before the superplasticizer 

is added. This m.ixing procedure for concrete affects the adsorption of the superplasticizer. 

Secondly, the cernent pastes were obtained by mixing cernent, water, and the superplasticizer, so 

that the superplasticizer has more possibility to come into contact with the cernent particles, 
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therefore, the superplasticizer is more adsorbed on the cernent particles. While, in the case of 

concretes, the superplasticizer has less possibility of coming into contact with the cernent 

particles because sand and aggregate could interfere with the adsorption of the superplasticizer, 

so that the fluidity of concretes is more influenced by the molecular weight of PNS and by its 

amount remaining in interstitial solution. 

It bas been found tb.at the addition of alkali is an effective method to increase the fluidity of 

superplasticized cement pastes made with a low-alkali cernent. In order to confirm. the 

effectiveness of the alkali addition on the fluidity of concretes containing different PNS 

molecular weights, the slump of the concrete made with a low-alkali cernent (C6) was measured 

with different dosages of alkali. As shown in Figure 6.12, the addition of sodium sulfate 

significantly increases the fluidity of concrete containing :MMW and HMW. However, the fluidity 

of concrete having LMW superplasticizer is less increased when compared to same dosage of 

sodium sulfate added (0.4 %). These results agree with those obtained from cernent pastes, 

showing that the addition of sodium sulfate influences more significantly the fluidity of cernent 

pastes containing HMW or :MMW superplasticizers than th.ose containing LMW superplasticizer. 

It was also found tb.at sodium sulfate addition above 0.4 % can significantly decrease the slump 

loss of concrete containing HMW or MMW superplasticizers. Similar results were already 

obtained from the concretes made with CS cernent in section S.2.1 (see Figure 5.39a). When 

0.4 % of sodium sulfate was added to the concrete made with CS cernent containing 0.6 % or 

1.0 % ofMMW superplasticizer, the slump loss was significantly reduced. 

Therefore, it can be concluded that apart from the case of cernent pastes, the high-molecular 

weigb.t PNS (1t1MW or HMW) is more efficient to increase the fluidity of concrete than the low-

molecular weight PNS (LMW) regardless of the alkali content in the cernent. The addition of 

sodium sulfate promotes significantly the fluidity of not only cernent pastes but also concretes 

made with a low-alkali cement containing HMW or MMW superplasticizers. However, the 

addition of sodium sulfate does not increase signiticantly the fluidity of both cernent pastes and 

concrete made with a low-alkali cernent containing LMW superplasticizer. 
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6.2.2 Measurement of setting time 

Figures 13a and b present the effect of the PNS having different molecular weights on the setting 

time of the concrete made with high- or low-alkali cements. These results show that the influence 

of the molecular weight of a PNS superplasticizer on the initial setting time is not significant in 

high-alkali-cements (C3 and C4) and in low-alkali-cements (C5 and C6). However, the final 
setting time is significantly retarded with. LMW compared to HMW and Ml\.1W in low-alkali 

cements. These results con.firm the findings on the heat evolution of cernent pastes hydration 

(Figure 6. 7b ), indicating that LMW superplasticizer increases the induction period of cernent 

hydration in low-alkali cements compared to MMW and HMW. 

It has been found in section 6.1.3, that the addition of alkali sulfate to low-alkali cements 
containing HMW or MMW lengthens the induction period and th.en accelerates the heat flux of 

cement hydration during the acceleration period (Figures 6.9c, d and 6.lOc, d), while the addition 

of alkali sulfate to low-alkali cements containing LMW shortens the induction period. 

The effect of sodium sulfate addition on the setting time of concretes made with. C6, containing 

different molecular weight PNS, is presented in Figure 6.14. It is seen that in the presence of 
~ the values of the initial setting time are greatly influenced by the addition of sodium 
sulfate; 7 h 10, 6 h 5, 7 h 5, and 6h 3 for 0 %, 0.2 %, 0.4 %, and 0.8 % of sodium sulfate added, 

respectively. However, the final setting is not significantly affected by the addition of sodium 

sulfate under 0.8 %, while 0.8 % of sodium sulfate reduces significantly the final setting time. 

The above results are not readily understood when considering that, in the presence of MMW, the 

addition of sodium sulfate increases the induction periods of cernent pastes made with C6 cernent 

as already shown in Figure 6.9d. When comparing the effect of sodium sulfate addition at the 
same dosage (0.4 %) in the presence of different molecular weight PNS, 0.4 % of sodium sulfate 
slightly increases the initial and final setting times in the presence of HMW or :MMW. However, 

it decreases significantly the initial and final setting times in the presence of LMW. The above 

results seem to be related to heat evolution of cement hydration as shown in Figures 6.9d and 
6.lOd. 

193 



Through the setting time tests, it can be concluded that the effect of PNS having different 

molecular weights on the setting time of concrete is not significant in high- and low-alkali 

cernents, except in the case where the final setting time is significantly retarded with LMW 

compared to HMW and MMW in low-alkali cements. The effect of an addition of sodium sulfate 

to a low-alkali cernent on the setting time of the concrete varies with the dosage of sodium sulfate 

added and the molecular weight of the PNS. 

6.2.3 Compressive strength 

Figures 6.15a and b present the results of the compressive strength of concretes made with PNS 

having different molecular weights at 1, 28, and 91days. First of ail, the 1 day compressive 

strength of concretes made with high.-alkali cements is much higher th.an that made with low-

alkali cements, regardless of the molecular weight of PNS because the alkalies included in 

cernent increase the early strength. The 28-day compressive strength of concretes made with 

Cernent C6 is much higher than those made with high-alkali cements. In the case of C5, the 28-

day compressive strength of concretes is similar to th.ose made with high-alkali cements. There is 

no significant difference in 91-day compressive strengths between low- and high-alkali cements. 

Moreover, it is found that LMW superplasticizer decreases the 1-day compressive strength in 

low-alkali cements more severely than in high-alkali cements because LMW retards the cernent 

hydration oflow-alkali cements compared to NTh1.W and HMW (see Figures 6.7b and 6.8b). 

Figure 6.16 shows the effect of an addition of sodium sulfate on the compressive strength of 

concretes made with C6 cernent in the presence of the PNS having different molecular weights. 

As already discussed in section 5.2.3 (in Figure 5.43b), the compressive strength of concretes 

including MMW is significantly affected by the dosage of alkali sulfate. When comparing the 

effect of sodium sulfate added at the same dosage (0.4 %), the addition of sodium sulfate 

increases the 1-day strength more significantly in the presence of LMW than HMW or MMW. 

The late strength at 28 and 91 days is not significantly affected by the 0.4 % of sodium sulfate 

added in the presence of PNS with different of molecular weight. 

Therefore, it can be concluded that the molecular weight of PNS influences only the early 

194 



strength (1 day) of concretes made with low-alkali cements, while the compressive strength of 

concretes made "'1ith high-alkali cements is not affected. The addition of sodium sulfate in the 

presence of LMW increases the 1 day strength more significantly than in the presence of HMW 

orMMW. 
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Moreover, the effect of the addition of sodium sulfate on the late strength does not depend on the 

PNS having different molecular weights. 

In the beginning of this section 6.2, it was mentioned that the results of the effect of the PNS 

having different molecular weight obtained on cernent pastes had to be confirm.ed on concrete 

tests. Let us compare the results from cernent pastes and concretes. 

• In the study of cernent pastes, the high-molecular weight PNS (MMW or HMW) is more 

efficient to increase the :fluidity of cernent pastes made with high-alkali cements than the low-

molecular weight PNS (LMW). However, in the case of concrete, it was found that the high-
molecular weight PNS (MMW or HMW) is more efficient to increase the :fluidity of concrete 

than the low-molecular weight PNS (LMW), regardless of the alkali content in the cernent. 

These different results obtained from cernent pastes and concretes may result from the mode 

of introduction of superplasticizer and the difference of constituent between cernent paste and 

concrete. Therefore, it is necessary to study both cernent pastes and concretes when we 

investigate the comparison study of efficiency of some superplasticizers. 

• The addition of sodium sulfate to the two low-alkali cements improves the fluidity of cernent 

pastes in the presence of the PNS with a high-molecular weight more significantly than in the 
presence of the PNS with a low-molecular weight. The above results were confinned on the 

concrete tests showing that the addition of sodium sulfate promotes significantly the :fluidity of 

concretes made with a low-alkali cernent containing HMW or MMW superplasticizers. 

However, the addition of sodium sulfate does not increase significantly the fluidity of concrete 

made with a low-alkali cernent containing LMW superplasticizer. 

• The addition of the PNS having different molecular weights to the two high-alkali cements 

increases the induction periods of cernent pastes, however, the retardation effect is 

independent of the molecular weight of PNS. In the case of low-alkali cements, the PNS with 

a low-molecular weight (LMW) increases the induction period much more than the PNS with 

a high-molecular weight. When measuring the setting time of concretes, it was confirm.ed that 
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the e:ffect of the molecular weight of PNS on the setting time of the concrete is not significant 

in high- and low-alkali cements, except in the case where the final setting time is significantly 

retarded witb. LMW compared to HMW and MMW in low-alkali cements. Moreover the 

compressive strength results show that the molecular weight of PNS influences only the early 
strength (1-day) of concretes made with low-alkali cements, while the compressive strength of 

concretes made with high-alkali cements is not affected by the PNS having di:fferent molecular 
weights. 

• The results on cernent pastes show that the addition of sodium sulfate to the two low-alkali 

cements retards cernent hydration during the induction period in the presence of the PNS with 

a high-molecular weight, while in the presence of the PNS witb. a low-molecular weight, the 

addition of sodium sulfate increases (CS cernent) or decreases (C6 cernent) the induction 

period. In the case of concrete tests, the e:ffect of an addition of sodium sulfate to a low-alkali 
cernent on the setting time of the concrete varies with the dosage of sodium sulfate added and 

the molecular weight of PNS. Therefore, it can be said that the results obtained in cernent 

paste are partly confirmed on concretes. The addition of sodium sulfate in the presence of 

LMW increases the 1-day strength more significantly than in the presence of HMW or MMW. 

However, the e:ffect of sodium sulfate addition on the late strength does not depend on the 
molecular weight of PNS. 
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CHAPTER 7. GENERAL DISCUSSION 

7.1 Dispersing mechanism of a PNS superplasticizer 

It is generally acknowledged that when a PNS superplasticizer is adsorbed onto cernent particles, 

this adsorption conveys a net negative electrical charge ( electrostatic repulsive force) to the 

surface of cernent particles and short-range steric repulsive forces between cernent particles 

[Daim.on et al 1978, 1979, Banfill et al 1979, Andersen et al 1987, Uchikawa et al 1997, Yamada 

et al 1998]. These repulsive forces induced by the superplasticizer adsorbed are well proven by 

rneasuring the zeta-potential of cernent particles [Daim.on et al 1978, 1979], or rneasuring the 

thickness of the layer of superplasticizer adsorbed [Uchikawa et al 1997]. On the other hand, a 

depletion effect of superplasticizer rernaining (''free superplasticizer'') in the interstitial solution 

on dispersing cernent particles was proposed by Napper et al (1983). Moreover, some other 

effects, such as Tom' s and tribology effects, of the available free superplasticizer on dispersing 

mechanism were put forward by Tanaka et al (1999). 

The interaction between a PNS superplasticizer and ~A phases has been investigated [Femon et 

al 1994, Baussant 1990]. Femon et al (1994) showed that when a PNS superplasticizer is added 

to a cernent paste where there is not enough so·2
4 ions, some PNS molecules are trapped within 

C4Alfx. As a result, these superplasticizer molecules are no longer available to neutralize the 

electrical charges present on the cernent particles. On the contrary, when there are enough so·2 
4 

ions in solution, ettringite is formed around ~A. This ettringite temporarily prevent further 

hydration of ~A. so that cernent setting can be controlled. Baussant (1990) has shown that PNS 

molecules influenced the morphology of the ettringite crystals that are formeci He pointed out 

that the usua1 long ettringite needles appearing on the C3A surface when C3A hydrates in the 

presence of calcium sulfate are no longer visible. When a PNS is introduced in the system, the 

ettringite needles are replaced by small spheroidal particles. He also found that the higher the 

molecular weight of the PNS molecules, the smaller the spheroidal particles. According to his 

work, PNS molecules can be trapped in ettringite crystals. 

The interaction between calcium sulfate and a PNS superplasticizer has been studied in the 



literature [Dodson et al 1989, Tagnit-Ham.ou et al 1993, Ranc 1990, Jolicoeur et al 1994, Femon 

et al 1997]. Their results showed some disagreement on the e:ffect of the PNS on the dissolution 

rate of calcium sulfate. Some of them [Dodson et al 1989, Tagnit-Ham.ou et al 1993, Ranc 1990] 

explain that the early stiffening as the result of cement-PNS incompatibility may occur because 

the presence of PNS leads to an insufficient suppl y of dissolved calcium sulfate to form ettringite. 

Others [Jolicoeur et al 1994, Femon et al 1997] showed that the presence of PNS increases the 

solubility of calcium sulfate. 

Although several studies have investigated the dispersing mechanism of superplasticizer in 

cement pastes and the interaction between superplasticizer and ~A or calcium sulfate, they 

provide only partial information to understand the dispersing mechanism of superplasticizer, or 

they did not :fully consider that the repulsive and attractive forces derived from superplasticizer 

vary with hydration time. There is not a single model which can explain the dispersing 

mechanism of PNS superplasticizer and all the interaction between cernent (mostly ~A) and 
PNS superplasticizer by itself. Therefore, an integral model is needed in order to explain the 
dispersing mechanism of superplasticizer from an overall perspective. When proposing an 

integral model, it should be considered that the repulsive forces induced by superplasticizer are 

modified with hydration time because cernent particles continuously react with available water. 

The purpose of this research was to study the influence of the alkali content of a cernent and the 
molecular weight of a PNS superplasticizer on the rheological properties of a cernent paste and 

concrete. In addition, in order to explain the dispersing mechanism of PNS superplasticizer more 
integrally, the amounts of PNS adsorbed or remaining in solution and the chemical composition 

of the interstitial solution, and cernent hydration have been studied during hydration time. 

The results obtained in this study of the adsorption of the PNS molecules clearly show the 

different adsorption behavior in high- and low-alkali cements. The different adsorption behaviors 

of PNS superplasticizer in high- and low-alkali cernent with hydration time are schematically 

presented in Figure 7 .1. These figures present which superplasticizer molecules contribute to 
disperse cernent particles, and which superplasticizers do not as a :function of hydration time. 
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As found in section 5.1.4, low-alkali cements adsorb large amounts of PNS superplasticizer, 

while high-alkali cements adsorb smaller amounts. Therefore, the multi-layers of PNS adsorbed 

are much thicker in low-alkali cements than in high-alkali cements at initial state, as shown in 

Figure 7.1. 

In low-alkali cements, large amounts of PNS adsorbed in the multi-layers are rapidly consumed 

to form an organomineral compound as proposed by Femon et al (1994) and/or hydration 

products [Nawa et al 1989b, Baussant 1990] at intermediate state in Figure 7.1. In addition, larger 

PNS molecules are consumed because they are more likely to adsorb on cernent particles, leaving 

PNS molecules in interstitial solution which consist of monomers, dimers, and smaller PNS 

molecules [Nkinamubanzi 1993, Ferrari et al 1997]. Consequently, a much thinner layer of PNS 

adsorbed generates weakly repulsive forces between cernent particles because of insufficiency of 

PNS remaining (''free" PNS) and large PNS molecules in solution. In such a case, some slump 

loss is likely to occur. Finally, the thin layer is also gradually incorporated by the newiy formed 

hydration products, so that there is little repulsive forces in this system (Final state). 

On the contrary, in the case of high-alkali cements, a smaller amount of PNS is adsorbed and 

large amounts of PNS remain in the interstitial solution, which contains rnany larger PNS 

molecules. Consequently, a srnaller amount of PNS is consumed by the organomineral 

compounds [Femon et al 1994] and/or the hydration products [Nawa et al 1989b, Baussant 1990], 

as shown in the previous intermediate state in Figure 7. L Moreover, the multi-layers of the PNS 
structure adsorbed on cernent particles maintain their thickness because there are rnany free and 

large PNS molecules in solution, which adsorb continuously on the cernent particles. Therefore, 

the multi-layers of PNS adsorbed generate strong repulsive forces between cernent particles, as 

shown in Figure 7.1 (Intermediate I state). In such a case, the cernent paste can rnaintain its initial 

slump much longer. As the cernent hydration proceeds, the multi-layers of PNS adsorbed are 

gradually consumed by the organomineral compounds and/or the newly hydration products 

(Intermediate II state). Consequently, some slump loss occurs. Finally, when all the layers of PNS 

are adsorbed or incorporated, there are few repulsive forces in this system (Final state). 

As seen in Figure 7 .1, the time from initial to final state is longer for high-alkali cements than for 
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low-alkali cernents, therefore, the cernent pastes made with a high-alkali cernent can maintain 

their initial fluidity rnuch longer than those made with a low-alkali cernent. 

7.2 The role of alkali sulfate and of the free PNS in solution in the dispersion mechanism of 

superplasticized cement paste 

As found earlier in our study, the alkalies of a cernent play an important role in improving the 

fluidity of cernent pastes and concrete when a PNS superplasticizer is used because the alkalies 

influence significantly the amount of PNS adsorbed. The role of the a1ka1i was explained by 

Nawa et al (1989a) and Vernet et al (1992), proposing the competition mechanism between PNS 

and sulfate ions. However, in our study, it was found that the addition of alkalies increased not 

only the amount of sulfate ions, but also the amount of hydroxyl ions in the interstitial solution. 
Moreover, it decreased the concentration of calcium ions. Consequently the addition of alkalies 

reduced the amount of PNS adsorbed on cernent particles. From the results obtained frorn our 
study, it was clearly seen that although the difference in pH between high- and low-alkali 

cements is in the range of 0.3 - 0.8, this difference near the zero-point of zeta potential of C3A 

significantly influences the amount of PNS adsorbed on C3A [Tadros et al 1976]. Therefore, the 

competition mechanism between PNS and sulfate ions proposed needs to be rnodified to the 

competition between PNS and hydroxyl as well as sulfate ions, as schematized in Figure 7 .2. This 

mechanisrn of action results in a reduction of the amount of PNS consumed by the formation of 

organomineral compounds and/or the hydrated products incorporating PNS, leaving greater 
amount of PNS and large PNS rnolecules in solution that could be adsorbed on the silicate phases 

as well. 

In our study, it was also shown how alkalies significantly reduce the amount of PNS removed 
from the interstitial solution. The results obtained from the measurement of the amount of 
ettringite formed showed that this amount does not significantly increase when the amount of 

sodium sulfate increases. Therefore, it can be said that alkali sulfates neutralize the active sites on 
cernent particles without increasing significantly the amount of ettringite formed, therefore, they 

inhibit the adsorption of the PNS molecules by effectively reducing the positive zeta potential of 

C3A and C4AF [Bonen et al 1995] and leave more PNS rnolecules in solution. The free PNS 
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rnolecules remaining in solution rnay act as an additional repulsive barrier between cernent 

particles, and play an important role in the fluidification of the paste. The additional forces 

induced by the free superplasticizer molecules were reviewed by Tanaka et al (1999). They 

reported that these additional forces are generated from the depletion effect, depletion 

coagulation effect, Tom's effect, and tribology effect of the free superplasticizer polymers that 

remain in solution. Moreover, Ucbikawa (1999) considered these additional forces in 
representing the acting forces between cernent and superplasticizer as follows: 

F=FA +FRE+FRS+R (7-1) 

Where, FA is the van der Waals forces (F .J, 
FRE is the electrostatic repulsive forces (F~ 

FRS is the steric repulsive forces (FRS) 

Ris the acting forces of the :free superplasticizer induced by the surface tension e:ffect, the 

depletion effect, and tribology e:ffect etc. 

When it is considered that the size of PNS rnolecules is rnuch srnaller th.an the cernent particles, 

the R, as shown in equation (7-1) could probably be considered as just the repulsive forces 

because there are no attractive forces from the free PNS rnolecules induced by the depletion 

coagulation effect mentioned by Tanaka et al (1999). Therefore, when considering the additional 

forces from the free PNS rnolecules, the repulsive forces between the :free PNS/adsorbed PNS 

and cernent particles can be illustrated in Figure 7.3. These figures show that cernent partiel es are 

well dispersed when the free PNS is present. As hydration proceeds, the PNS adsorbed on the 

solid surface becomes ine:ffective as a dispersant because it is incorporated into the 

organomineral cornpounds [Femon et al 1994] and/or the hydration products [Nawa et al 1989b, 

Baussant 1990]. The free PNS in solution is th.en progressively adsorbed onto the newly hydrated 

surfaces. The continuous suppl y of PNS rnolecules rnaintains the fluidity of the paste because the 

additional repulsive forces (R) from the free PNS are gradually converted to the electrostatic 

(F~ and steric repulsive forces (FRS) generated a:fter being adsorbed on cernent particles. In 
conclusion, in order to increase the efficiency of a PNS superplasticizer to disperse cernent 

particles at equal PNS dosages, it is necessary to reduce the amount of PNS consumed (or 

removed) by cernent particles. 
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7.3 Comparison of the adsorption state between PNS and PC superplasticizers 

Many new superplasticizers based on copolymer of acrylic acid with acrylic ester (PC-A), olefin 

with maleic acid (PC-B), or others have been developed in the last 10 years. These 

superplasticizers include a main chain and some side chains. At equal dosage, these 

superplasticizers are found to be more efficient in dispersing the cernent particles than PNS 

[Collepardi 1994, Uchikawa 1994]. Uchikawa et al (1997) have reported that these PC 

superplasticizers have much higher average molecular weight than a PNS superplasticizer. 

Therefore, the steric repulsive forces from these larger PC molecules are much greater than those 

from PNS superplasticizer. Consequently, the steric repulsive forces are found to be the main 

repulsive forces in dispersing the cernent particles compared to the electrostatic repulsive forces 

found in the case of PNS superplasticizer. 

In Figure 7.4, the adsorption states of PNS and PC superplasticizers are schematized to better 

understand the dispersing mechanism of these different types of polymers. As reported in the 

literature [Collepardi 1994, Uchikawa 1994], a smaller amount of PC superplasticizer is needed 

to obtain the same initial fluidity of cernent pastes compared to PNS superplasticizer, and the 

initial fluidity is maintained much longer in cernent pasts containing a PC superplasticizer. The 
reason for these findings might be readily explained with the schematic representation in Figure 
7.4. In a cernent paste containing a PNS superplasticizer, large amounts of the PNS are initially 

adsorbed (or consumed) because the PNS superplasticizer has -803- groups in its structure, which 

produce organomineral products when it reacts with C3A. However, in the case of cernent paste 

containing a PC superplasticizer, a smaller amount of PC is adsorbed because the functional 

groups in a PC structure have less affinity to C3A. Moreover, the layers of PC adsorbed are much 

thicker than those of an adsorbed PNS, which means that it takes a much longer rime for the 
layers of PC adsorbed to be completely incorporated by hydration products. Therefore, a smaller 
amount of PC superplasticizer is generally needed to obtain the same initial fluidity compared to 

a PNS superplasticizer. 

213 



Layer of PNS adsorbed 

Cernent 

l 1 l 1l11' l 1 
1l1l1l1l1 I 
1 l 1 l 1 l 1 l 1 I 

11111
1
1111 

11111
1
1111 

..____.,frl,1,1,1 

Layer of PC adsorbed 
---~~---/'\......._~~--

/ ' 

Ce ment 
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7.4 Evaluation of soluble alkalies and sulfate contents 

Alkalies and sulfates found in Portland cernent clinkers can be in the form of arcanite (K2S04), 

aphthitalite (K3Na(S04)i), thenardite (N~S04), calcium langbeinite (C~K2(S04)3), and syngenite 

(CaS04.K2S04.H20). Sulfate ions can also come from interground calcium sulfate such as 

gypsum (CaS04• 2H20), hemihydrate (CaS04.l/2H20) and anhydrite (CaS04). For the anhydrite 

(CaS04), it can be natural anhydrite, totally dehydrated gypsum, or uncrystallized synthetic 

calcium sulfate. Alkalies and sulfates rnay also be present in small quantities in the calcium 

silicate and the aluminate phases as inclusion or as solid solutions [Taylor 1997]. Depending on 

the amount of S03 available in the clinker and the molar ratio of S0l(K2o+N~O), the 

distribution of alkalies and 803 between these phases can be very different from one cernent to 

another. The alkali and sulfate-containing phases in Portland cernent can exist in various forms, 

and in different proportions and amounts. The relative solubility of these phases is very different 

and is temperature-dependent (see Table 3.2). The relative dissolution rates of these cornpounds 

are also very di:fferent and depend on the :fineness, the spatial distribution of these compounds 

within the cernent particles and also on the water/cernent ratio. Therefore, the soluble alkali and 

sulfate contents of a given Portland cernent depend not only on the relative amount of these 

different alkalies and sulfate-containing phases, but also on the experimental procedure used to 

measure them, especially on the W /C ratio and on the time period during wbich the sample is in 

contact with the water (extraction time ). 

The experimental procedure currently used to determ.ine the soluble alkali content of a Portland 
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cernent is described in ASTM Cll4 standard. The so-called water-soluble alkali content is the 

amount of alkalies extracted after 10 minutes in a suspension of 25 g of cernent mixed with 250 

ml of distilled water at the roorn ternperature. Another experimental procedure can also be used 

to determine the "available alkali" content. The availab!e alkali content corresponds to the 

amount of alkali extracted when 7 g of cernent are mixed wi;h 10 ml of distilled water at 3 8°C for 

28 days, according to the rnodified ASTM C311 test rnethod [Brandt et al 1981]. The water-

soluble alkalies and/or the available alkalies have been con:.sidered as the active pa..rt of the total 

alkalies to characterize the reactivity of cements with respect to the alkali-silica reactions 

[McCoy et al 1968, Brandt et al 1981]. 

However, the water-soluble alkalies and the available alkalies determined by ASTM procedures 

do not, in fact, truly reveal the concentration of soluble alkaljes in the pore solution of cernent 

pastes and concretes having very low water/cernent ratios. On such cernent pastes and concretes, 

the concentration of alkalies and sulfates at the very beginning of cernent hydration (a few 
minutes) is largely determined by the amount of alkali sulfates present in the cernent, which have 
relatively high solubility and dissolution rates. Therefore, in such a case, the water/cernent ratio 

becomes a limiting factor in determining the concentration of alkalies and sulfates in the 

extracted liquid at the very beginning of cernent hydration..- The results reported by Sorrentino 

(1996) clearly show that the concentrations of alkalies an.cl sulfates extracted in the interstitial 

solution after 1 minute of hydration vary widely as the water/ cernent ratio changes frorn 0.30 to 
4.0. 

As the ionic concentration of alkalies and sulfates in the initial interstitial solution play an 

important role not only on the kinetic of cernent hydration b1llt also on the nature and the number 

of hydrating products, and consequently on the short term properties such as setting time and the 

rheology of the cernent paste and concrete, it is very important to measure thern in conditions as 
similar as possible to actual conditions. Therefore, in c.ur study, the simple experimental 

procedure reported in chapter 3 was developed to rneasure the soluble alkali and sulfate content 

of the Portland cernent under study. The main difference witb the ASTM C 114 procedure is that a 
WIC ratio of 0.35 is used to prepare the sample, instead of a W/C ratio of 10. 
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As shown in chapter 5 and 6, the soluble alkalies and 803 contents determined from such cernent 

paste using the above experimental procedure were very use:ful in determining the relationship 

between the amount ofPNS adsorbed and the sulfate content of the interstitial solution. 

In order to estimate the reproducibility of the present experimental procedure in determining the 

soluble alkalies and S03 contents, a round-robin test was organized with the participation of five 

laboratories. The same cernent samples (Cl and C2) were sent to the :five different laboratories to 

rneasure the soluble alkalies and SO-; contents using the present experimental procedure. The 

results are given in Table 7.1. The soluble alkali contents rneasured by ail of the participants were 

higher for cernent C2 than for cernent CL There are not significant differences among the soluble 

alkali contents measured by the five di:fferent laboratories. 

The soluble S03 contents were rneasured by four laboratories. The soluble S03 contents in 

cernent C2 are higher than that in cernent CL The soluble S03 contents rneasured at 5 minutes by 

the four laboratories are always a little higher than those rneasured at 30 minutes, because after a 

while sorne sulfate could have been combined as ettringite, lowering the 803 content of the 

solution. 

Based on these results, it can be suggested that the soluble S03 and aikali contents rneasured at 5 

minutes can give a fair evaluation of the alkalies and 803 available at the very beginning of 

cernent hydration. Therefore, this study suggests that cernent producers could provide the soluble 

alkali and sulfate contents determined by the present experimental procedure as part of technical 

support to their custorners with respect of the cornpatibility of their cernent in a superplasticized 

high-performance concrete. 

7.5 Alkali content in cement 

Alkalies are unavoidably present in Portland cernent clink:er. They aroused particular interest 

because alkaline solutions present in a hardened concrete could subsequently react with so-called 

reactive aggregates causing disruptive expansion and deterioration of concrete structure in sorne 

cases [Jawed et al 1977]. 
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Alkali and sulfate contents in many clinkers have increased during the last decades because of 

the limited availability of low-alkali raw materials, tightened environmental restrictions, and the 

increase use of coal or petcoke rich in sulfur as the primary fuel source because these sources of 

fuel are cheap and because the cernent industry can use them safely from a production and 

environmental point of view. Moreover, as an.y means to remove alkalies :from clinker production 

is technically difficult and expensive, there is a trend to produce cernent having a higher alkali 

and sulfur content. The alkali content of present Portland cements ranges from 0.3 to 1.3 %. 

However, the maximum limit of alkalies expressed as Na.iO equivalent (Na.iO + 0.658 K20), 

specified when the cernent is to be used in concrete with potentially reactive aggregates, is 0.6 % 

(ASTM C 150-74). 

TABLE 7.1 Soluble alkalies and S03 contents of cernents Cl and C2 measured by five 

laboratories 

so~. % Na,O, % K20,% 
5min. 15 min. 30 min. 5 min. 15 min. 30 min. 5 min. 15 min. 30 min. 

Cl 
Lab.01 0.14 0.12 0.02 0.02 0.16 0.16 
Lab.02 0.13 0.12 0.11 0.02 0.02 0.03 0.20 0.20 0.2 
Lab.03 0.12 0.10 0.11 0.03 0.03 0.03 0.15 0.13 0.17 
Lab.04 0.09 0.06 0.03 0.02 0.23 0.18 
Lab.05 0.02 0.02 0.02 0.16 0.16 0.18 

Avera2e 0.12 0.11 0.10 0.02 0.02 0.02 0.18 0.16 0.18 
C2 

Lab.01 0.43 0.40 0.06 0.06 0.41 0.41 
Lab.02 0.38 0.35 0.35 0.05 0.06 0.07 0.45 0.48 0.50 
Lab.03 0.36 0.31 0.30 0.06 0.06 0.06 0.40 0.38 0.21 
Lab.04 0.27 0.18 0.08 0.07 0.58 0.48 
Lab.05 0.07 0.08 0.07 0.41 0.42 0.42 

Avera2e 0.36 0.33 0.31 0.06 0.07 0.07 0.45 0.43 0.40 

Sorne cernent manufacturers are presently trying to reduce the alkali content of their cements to 

satisfy engineers frightened by the possible developrnent of alkali aggregate reaction. As a result, 

cernents containing extrernely low-alkali contents, such as cernents CS and C6 used in this study 

are available in some places. 
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Advanced concrete tecbnology promotes the use of a superplasticizer to obtain better rheological 

and mechanical properties. Through the results obtained :from this study, it was found that 

superplasticized concrete made with a PNS and with a low-alkali cernent are more likely to 

present significant rheological problems. That is, the alkali content, which controls to some 

extent the soluble so·2
4 contents, is an important factor to control the rheology of high-

performance concretes. As also found in this study, the soluble alkali content, rather than the 

total alkali content, significantly influences the rheological properties of cernent pastes and 

concretes. In this study, it was found that the optimum soluble alkali content (NaiO sol. eq.) is 

about 0.4 - 0.5 % by weight of cernent when tested in cernent pastes. This optimum content 

could be sornehow reduced to prevent sorne decrease in late compressive strength. 

In addition, through an extensive study on how the soluble alkalies affect the rheological 

properties of PNS superplasticized concretes [Nkinamubanzi et al 1999], it was found that 

concretes made with a low-alkali cernent and a PNS showed a non-robust behavior of the fluidity. 

That is, a very slight change (+0.05 %) in the dosage of the PNS con'iiiderably alters the fluidity 

of the concrete. A slightly too low dosage immediately results in a significant decrease in the 

initial slump and a slightly too high dosage results in severe bleeding and segregation. The use of 

a non-robust PNS/cernent cornbination is very problematic in the field. 

Therefore, it can be concluded that it is necessary to reduce the alkali content (Na20 eq) under 

0.6 % to prevent the alkali-aggregate reaction, but too strong a decrease of the alkali contents 

should also be avoid, otherwise, compatibility problems may occur when a PNS superplasticizer 

is used with such a cernent to make a concrete having a low water/cernent ratio. 
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CHAPTER 8. CONCLUSION 

The main theme of this thesis was to study the e:ffects of the al.kali content of portland cernent and 

the rnolecular weight of PNS superplasticizers on the properties of cement pastes and ~oncretes. 

In order to carry out the experimental program, six cements having a wide range of C3A (2- 11 %) 

and total Na.iO equivalent contents (0.31 - 0.92 %) were selected and fully characterized by 

chemical analysis, Bogue composition, XRD analysis, soluble alkalies, and fineness. Three PNS 

superplasticizers (LMW, MMW, and HMW) were also used and well characterized by their 

average molecular weight and the distribution of molecular weight, their viscosity, and their ionic 

concentrations. 

The six cernents under study were identified as compatible or incompatible cements with a PNS 

superplasticizer (MMW) using the mini-slump and Marsh cone methods on cernent pastes. The 

e:ffect of an addition of sodium sulfate on the tluidity of cernent pastes was also studied. In order 

to understand the role of alka1i sulfates in improving the tluidity of superplasticized cernent 

pastes, the amount of PNS remaining in the interstitial solution and the chemical composition of 

the interstitial solution were analyzed at di:fferent times after m.ixing of cernent pastes. A 

relationship between the amount of PNS rernaining and ionic concentrations in the interstitial 

solution was established and its relation with the tluidity of cernent pastes was analyzed. The 

influence of the alkalies on the heat evolution during cernent hydration for the first 24 hours was 

also studied. Based on the results obtained from this study, a tentative explanation of the role of 

alkalies, as well as the free PNS in solution in improving the tluidity of cernent pastes and 

concretes is proposed. Moreover, the results obtained in the study of cernent pastes were 

confirm.ed in the study on concrete. 

The e:ffect of the rnolecular weight of the PNS on the fluidity of cernent pastes was studied with 

high- and low-alkali cements. In order to understand the effect of al.kali content on the tluidity of 

cernent pastes containing the three di:fferent molecular weights PNS, the tluidity of cernent pastes 

in the presence of an addition of sodium sulfate was studied. The interstitial solution was 

analyzed in order to obtain the amount of PNS remaining in the interstitial solution and its 

chemical composition at di:fferent times after m.ixing of cernent pastes. The effect of the 



rnolecular weight of the PNS in the presence and absence of sodium sulfate on the heat evolution 

during cernent hydration for the first 24 hours was also studied. Moreover, the studies on concrete 

were carried out to confirm the results obtained from the studies on cernent pastes 

The following is a list of detailed find.ings from the experimental work carried out on cement 

pastes and concretes. 

From the study of cement pastes 

• The three cements having a high-alkali content were found to be compatible with a PNS 

superplasticizer, while the three others having a low-alkali content were incompatible. 

• The addition of an alkali sulfate was tested in order to increase the soluble aikali content of 

the three incompatible cements. The results showed that the addition of sodium sulfate 

significantly decreases the fluidity loss of cement pastes made with the three low-alkali 

cements. 

• On the contrary, the addition of sodium sulfate slightly decreased the fluidity of cement pastes 

containing a high amount of the soluble alkalies. Therefore, the existence of adequate 

soluble alkali content in the interstitial solution during the very first few minutes after 

mixing is of primary importance to ensure cement/superplasticizer compatibility. 

• It was found for the six cement tested that there is an optimum of soluble alkali with respect 

to fluidity and fluidity loss. This optimum was found to be 0.4 - 0.5 % Na20 soluble 

equivalent in the cements having the C3A content ranging between 2 °/o to 11 %, and a 

fineness ranging between 370 to 480 m2/kg. 

• It was found that there is not a close relation between the total alkali and the soluble alkali 

content measured on cernent pastes having a W/C = 0.35. Therefore, it is important to 

measure the soluble alkali content rather than the total alkali content. A simple method 

to measure the soluble alkali content in a cement paste having a W/C = 0.35 has been 
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proposecL It can be easily implemented in a cernent plant. 

• Three methods were also studied in order to try to better understand the compatibility problem 

with the three incompatible cements: an addition of calcium sulfate, an addition of a retarder, 

and a delayed addition of the superplasticizer. None of these methods was found suitable to 

reduce the fluidity loss for the three incompatible cements in all cases. 

• From the adsorption tests, it was found that the three incompatible cements containing a low 

amount of soluble alkalies had a tendency to remove a high amount of PNS superplasticizer 

from the interstitial solution, while the three compatible cements containing a higher amount 

of soluble alkalies did not, leaving a higher amount of PNS superplasticizer in solution. For a 

given cernent, the PNS adsorption capacity of a cernent is strongly influenced by its soluble 

alkali content. 

• There is a direct relationship between the amount of PNS remaining in the interstitial 

solution and the slump area of cement pastes at 30 minutes, as well as between the 

amount of PNS removed from the interstitial solution and the slump loss rate. 

• The addition of sodium sulfate to the three incompatible cements contributes (low-alkali 

cements) to increase the fluidity of cernent pastes by reducing significantly the amount of PNS 

removed from the interstitial solution. On the contrary, the addition of sodium sulfate to the 

three compatible cements (high-alkali cements) decreases the fluidity of cernent pastes 

although it reduces slightly the amount of PNS removed from the interstitial solution. 

• From the study of the chemical composition of the interstitial solution, it was found that the 

three incompatible cements have much lower alkali and 803 contents th.an the three compatible 

cements. Moreover, it was also found that the three compatible cements had higher pH values 

th.an the three incompatible cements because of their higher alkali contents. The difference in 

pH between compatible and incompatible cements was comprised between 0.3 and 0.8. 

• A close relationship between the pH value and the amount of PNS removed from the 
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interstitial solution was also established. For a given cernent paste, the amount of PNS 

removed is progressively reduced when the pH value of the interstitial solution increases. 

• It was found that the addition of alkali sulfate increases the concentration of sulfate ions, 

and the pH of the interstitial solution, while it decreases the concentration of calcium 
ions, when the fluidity of the cernent pastes was improved. However, it has been found that 

the addition of calcium sulfate does not reduce the amount of PNS removed from the 

interstitial solution because it does not significantly increase either the 803 concentration nor 

the pH ofinterstitial solution at W/C = 0.35. 

• The relationship between the presence of PNS molecules and the S03 concentration in the 

interstitial solution was quantitatively established. The amount of PNS remaining in solution 

increases as the ionic concentration of the sulfates increases. Therefore, the presence of a large 

amount of SO /- ions in the initial solution is necessary to decrease the removal of PNS 

superplasticizer, leaving more PNS molecules in solution. 

• In order to confirm the e:ffect of the pH on the rheological properties of cernent pastes, an 

alkali hydroxide was used. It was found that the addition of sodium hydroxide was also an 

efficient method to reduce the slum.p loss. A relatively small amount of sodium hydroxide 

(0.2 %) influences the fluidity of cernent pastes more than sodium sulfate (0.8 %). However, it 

was found that 0.2 % of sodium hydroxide was less effective to reduce the amount of PNS 

adsorbed than 0.8 % of sodium sulfate. It was also found that there is an optimum dosage of 

sodium hydroxide because the fluidity of cernent pastes in the presence of the sodium 

hydroxide at 60 minutes begins to decrease with 0.4 % of sodium hydroxide compared to the 

cernent pastes containing 0.2 % of sodium hydroxide. 

• Regardless of the additives used such as sodium sulfate, calcium sulfate, sodium hydroxide 

and potassium hydroxide, there is a direct relationship between the amount of PNS 

remaining and the concentrations of hydroxide and sulfate ions in the interstitial solution. 

• In order to understand whether the sulfate ions from sodium sulfate added may react with C3A 
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and/or just block its hydration, the amount of ettringite formed was measured as a :tùnction of 

the dosage of sodium sulfate. It was found that the amount of ettringite is not significantly 

increased when the amount of sodium sulfate increases and that the amount of ettringite 

form.ed is mainly dependent on the ~A content of the cernent used. 

• It was found that the influence of the molecular weight of PNS superplasticizers on the 

rheological behavior of cernent pastes depends greatly on the alkali content in the cernent; 

relatively high-molecular-weight (HMw, MMW) PNS is more effective in tluidizing 

pastes made with high-alkali cements than Iow-molecular-weight PNS (LMW), however, 

PNS molecular weight has little effect in fluidizing pastes made with Iow-alkali cements. 

• The addition of sodium sulfate to a low-alkali cernent improves significantly the fluidity of the 

cernent pastes made with low-alkali cements containing high-molecular-weight PNS (M:Mw, 

HMW). However, in the presence of LMW, the addition of sodium sulfate does not 

significantly affect the initial slump and slump loss of pastes made with low-alkali-cements 

• When the amount of alkali content in low-alkali cements is optimized by the addition of 

sodium sulfate (0.8 %), it is also found that high-molecular weight PNS is more efficient to 

increase the fluidity of cernent pastes than LMW. 

• It was found that the optimum content of soluble alkali does not depend on the molecular 

weight of the PNS superplasticizer. In order to have a high initial slump and a low slump loss 

in a cernent paste, it is necessary to use a cernent having the optimum soluble alkali content 

and a high-molecular-weight PNS. 

• From the study of adsorption tests, it was found that the amount of PNS adsorbed is 

dependent mainly on the alkali content included in cernent used and partly on the molecular 

weight of PNS. It was also found that the effectiveness of sodium sulfate to decrease the 

amount of adsorbed PNS is dependent of the alkali content in the cernent rather than the 

molecular weight of PNS. 
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• The heat evolution during cernent hydration shows that the addition of PNS superplasticizer 

to the high-alkali cements retards hydration for a few hours during the induction period. This 

initial retardation is not dependent on the molecular weight of PNS. On the contrary, during 

the acceleration period, the acceleration effect of a PNS superplasticizer seems to be 

dependent on the molecular weight of the PNS. 

• It is clearly shown that the effect of the molecular weight of a PNS on cement hydration 

is dependent on the alkali content which determines the amount of PNS and size of PNS 

molecules adsorbed or remaining in solution; in tum, the amount of PNS remaining in 

the interstitial solution affects the hydration of C3S. 

From the results obtained in this study, the following mechanism including a competition 

mechanism between PNS superplasticizer and hydro:xide as well as sulfate ions is proposed 

to explain cement/superplasticizer compatibility: In general, when a PNS superplasticizer is 

added to a cernent paste having a low water/cernent ratio which does not contain enough alkali 

sulfate, most PNS is removed from the interstitial solution and is trapped within the 

organomineral compound and/or hydration products when the C3A reacts with water. In addition, 

larger PNS molecules are preferentially removed from the interstitial solution because they are 

more rapidly adsorbed on cernent particles; there exist a few PNS molecules which consist of 

monomer, dimer, and smaller PNS molecules in interstitial solution. Since the amounts of PNS 

molecules remaining ("free" PNS) and large PNS molecules are insufficient in the interstitial 

solution, the multi-Iayer of PNS adsorbed becomes rapidly thinner. Therefore, the multi-layer of 

PNS adsorbed does not generate strong repulsive forces between cernent particles. In such a case, 

some slump loss is likely to occur. 

However, when a PNS superplasticizer is added to a cernent paste containing enough alkali 

sulfates, a smaller amount of PNS is removed from the interstitial solution and large amounts of 

PNS, including larger PNS molecules, remain in the interstitial solution. The reason for this 

phenomenon is that the alkali sulfate significantly inhibits PNS molecules from being trapped 

within the organomineral compound and/or hydration products by rapidly increasing the 

concentrations of sulfate and bydroxide ions and by decreasing the concentrations of 
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calcium ions. The multi-layers of PNS adsorbed on cernent particles maintain their thickness 

much longer because there are many free and large PNS molecules available to be continuously 

adsorbed in interstitial solution. Therefore, the multi-layers of PNS adsorbed generate strong 

repulsive forces between cernent particles. In addition, the fi:ee PNS molecules remaining in 

solution may actas additional repulsive forces between cernent particles, which are generated 

from the depletion effect, Tom's effect, and tribology effect. As hydration proceeds, the PNS 

adsorbed on the solid surface becomes ineffective in dispersing cernent particles because it is 

incorporated into the organomineral compound and/or the hydration products. The free PNS in 

solution is then progressively adsorbed onto the newly hydrated surfaces. The continuous supply 

of PNS molecules to hydration products maintains the fluidity of the paste much longer because 

the additional repulsive forces from the free PNS are gradually converted to the electrostatic and 

steric repulsive forces generated after being adsorbed on cernent particles. 

From the study of concretes 

• It was confirmed that the addition of sodium sulfate has a positive effect on the fl.uidity of 

concrete made with a low-alkali cernent, while the effect is negative in concrete made with a 

high- alkali cernent. 

• The addition of sodium sulfate in the range of 0.4 % - 0.5 % to a low-alkali cernent (Cl, C5, 

and C6) was help:ful in making a high performance concrete. However, it was also found that 

the late compressive strength was dependent on the dosage of sodium sulfate added and the 

cernent used. An excess addition (0.8 % ) of sodium sulfate to a low-alkali cement could be 

detrimental in terms of the late compressive strength of the concretes. 

• The addition of sodium sulfate accelerated the initial and the final setting of superplasticized 

concrete made with high-alkali cements; however, it retarded or accelerated the setting of 

superplasticized concretes made with low-alkali cements, which was dependent on the amount 

of sodium sulfate added and the cernent used. 
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• Through the measurement of the effect of the addition of sodium sulfate on compressive 

strength of superplasticized concrete made with low- and high-alkali cements, it was found 

that the early strength was increased much more in low-alkali cements than in high-alkali 

cements, while the later strength at 28 days and 91 days are dependent on the amount of 

sodium sulfate added and the cements used. 

• It was found that the high-molecular weight PNS (MMW or BMW) is more efficient to 

increase the fluidity of concrete than the low-molecular weight PNS (LMW) regardless of 

the alkali content in the cement. 

• The addition of sodium sulfate also significantly promotes the :tluidity of concretes made with 

a low-alkali cernent, containing HMW or MMW superplasticizers. However, the addition of 

sodium sulfate does not significantly increase the :tluidity of concrete made with a low-alkali 

cernent, containing LMW superplasticizer. 

• The effect of the molecular weight ofPNS on the setting time of the concrete is not significant 

in high- and low-alkali cements, except that the final setting time is significantly retarded with 

LMW compared to HMW and J.\.flvfW in low-alkali cernents. Moreover the compressive 

strength results show that the molecular weights of the PNS influence only the early strength 

(1 day) of concretes made with low-alkali cements, while the compressive strength of 

concretes made with high-alk:ali cements is not affected by the PNS with different molecular 

weight. 

In conclusion, it has been found that: 

• There exists an optimum soluble alkali content in cernent, from a rheological point of view 

when a PNS superplasticizer is used to lower the water/cernent ratio. The optimum soluble 

a1k:ali content is about 0.4 - 0.5 % Na20 eq. When considering that the effect of the alk:alies 

on the late compressive strength of the concrete varies with the dosage of alkali added and the 

cernent used, it is necessary to measure the late compressive strength with the optimum 
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soluble aikali content. 

• Therefore, if it is suitable to reduce the total alkali content (N~O eq) under 0.6 % in some 

cements to prevent the alkali-aggregate reaction, the total alkali content should not be 

decreased too much in order to avoid compatibility problem with PNS superplasticizers. 

Moreover, most alkalies should be combined as alkali sulfates which can rapidly increase the 

concentration of sulfate and hydroxide ions in the interstitial solution. When we select 

cements to perform a comparative study of the quality or efficiency of some superplasticizers, 

the alkali content, especially the soluble alkali content, should be considered. 

• In order to increase the e:fficiency of PNS superplasticizer at equal dosages to disperse cement 

particles, it is necessary to increase the amount of PNS remaining that includes many large 

PNS molecules in the interstitial solution. 

• In this study, the results obtained on concrete were similar to the findings on cernent pastes, 

except in very few cases where some minor differences were found. Therefore, when studying 

cement/superplasticizer compatibility, it is preferable to start to test it on cement pastes 

because it does not consume a lot of materials nor require much time, however it is still 

necessary to verify the results on a few concretes. 
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