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Abstract

Five lime-silica fume pastes were investigated using initial CaO/SiO2 molar ratios of 0.80, 1.0, 1.30,

1.70 and 2.0. The kinetics and mechanism of hydration interaction between lime and silica fume

were studied on the basis of the phase composition and the physical state of the formed hydration

products. The developed strength could be related to the lime content of the lime-silica mixture and

the formed hydrates.
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Introduction

Condensed silica fume is a by-product during the manufacture of silicon and ferro-sili-

con. It is mainly composed of silica particles, and different impurities present in the

glassy phase. Its specific surface area is about 20 m2 g–1.

It is known that the lime-silica hydration reaction depends on many factors such as

the type of silica, CaO/SiO2 molar ratio, curing conditions, surface area of materials,

amount of water and type of lime. The CaO/SiO2 molar ratio of tobermorite is 0.83 as rec-

ommended by Brunauer and Greenberg [1], but in the artificially prepared tobermorite,

the ratio ranges up to 1.75 and possibly higher. Taylor differentiated between low-lime

calcium silicate hydrates {C–S–H(I)} with a C/S molar ratio <1.5 and high-lime calcium

silicate hydrates {C–S–H(II)} with a C/S molar ratio >1.5 [2]. The results of X-ray dif-

fraction analysis carried out by Burkes showed that the reaction product formed in

Ca(OH)2 – silica fume mixtures at ordinary temperatures consists mainly of {C–S–H(I)}

[3]. Other investigators reported that the C–S–H product formed at various curing periods

had a C/S ratio in the range 1.1–1.26 [4]. Further studies indicated the formation of differ-

ent hydrates. These are xonotlite and C–S–H(I) at 190–200°C [5], jennite at 80°C [6] as
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well as C–S–H(I) and/or C–S–H(II) at 25°C [7] depending on the initial C/S ratio of the

solid mixture.

The objective of the present investigation is to study the physicochemical and ther-

mal characteristics of lime-silica fume pastes at room temperature with respect to the ki-

netics and mechanism of hydration as well as phase composition of the formed hydrates.

Experimental

The oxide composition of silica fume was found to be: SiO2, 95.75%, Al2O3, 1.56%,

Fe2O3, 0.34% and ignition loss, 1.45%.

Five lime-silica fume mixtures were made using different CaO/SiO2 molar ra-

tios of 0.80, 1.0, 1.30, 1.70 and 2.0. The pastes were prepared by the mixing of each

dry mixture with distilled water up to standard consistency; mixing was carried out

continuously for 4 min. Each paste was hydrated for various time intervals of 0.5, 2, 6

and 24 h and 3, 7, 28 and 90 days. Curing was first done at 100% relative humidity for

24 h, then all pastes were cured under water for the successive hydration periods.

At each curing age, the hydration reaction was stopped, and then free lime [8], free

silica [9] and chemically combined water contents were determined using dried samples

according to the methods reported earlier [7]. The phase composition of the formed hy-

drates was studied using differential thermal analysis (DTA) and X-ray diffraction

(XRD). Compressive strength tests were carried out on one inch cubic specimens.

Results and discussion

Kinetics and mechanism of hydration

The kinetics of hydration of lime-silica fume mixtures was studied by determining

the contents of free lime, free silica and chemically combined water at various ages of

hydration. The results are represented in Figs 1–3, respectively.

The results in Fig. 1 indicate that the free lime content decreases with increasing

time of hydration. An initial sharp decrease was noticed during the first 0.5 h of
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Fig. 1 Free lime contents of hydrated silica fume-lime pastes as a function of curing time



hydration, this was followed by a slight decrease from 0.5 to 24 h and finally a contin-

uous decrease was observed up to 90 days of hydration.

In all mixes, about 45% of the total lime is consumed after 0.5 h indicating the

occurrence of a very fast stage in the hydration reaction during the first 30 min of

hydration (pre-dormant period). The free lime is completely consumed after 90 days

of hydration for mixes made with CaO/SiO2 molar ratios of 0.80 and 1.0, while the

free lime is still detected for the mixes made with CaO/SiO2 ratios of 1.3, 1.7 and 2.0

after 90 days of hydration.

The free silica contents shown in Fig. 2 indicate that the silica fume-lime hydration

reaction is very fast in the very early stages of hydration (30 min); a marked decrease in

free silica content was observed in all mixes at 0.5 h of hydration where about 40–50% of
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Fig. 2 Free silica contents of hydrated silica fume-lime pastes as a function of curing time

Fig. 3 Combined water contents of hydrated silica fume-lime pastes as a function of
curing time



the silica reacted. The mode of variation of the free silica content with the time of

hydration shown in Fig. 2 is similar to the variations of the free lime content (Fig. 1).

The chemically combined water contents shown in Fig. 3, for all mixes investi-

gated indicate relatively high values of combined water content during the first

30 min, followed by a gradual increase up to 6 h, a slight increase between 6 and 24 h

and finally a noticeable increase from 24 h up to 90 days of hydration.

From the results in Figs 1–3, a mechanism for the hydration of silica fume-lime

mixtures could be derived which can be summarized as follows:

1. Due to the amorphous character and the very large surface area of silica fume,

it possesses a very high pozzolanic activity and acts as sites for the rapid hydration re-

action with calcium hydroxide to form a hydrated layer of calcium silicate hydrate

(C–S–H) on the silica surface as lime-rich C–S–H. This is mainly associated with the

sharp decrease in both of free lime and free silica during the first 30 min of hydration;

during this very early stage, the combined water content is high. During this stage, the

initially formed high-lime C–S–H is highly amorphous in character. This is the

‘pre-dormant period’ as suggested by several investigators [10–15].

2. During the period 0.5–6 h, the hydration interaction between the silica fume

grains and the initial lime-rich C–S–H coatings lead to a decrease in the lime content

of the initially formed C–S–H product [12, 14]. This results in a slight decrease in

both of the free lime and free silica contents with a gradual increase in the chemically

combined water content. From 6–24 h, the hydration reaction is retarded due to the

impervious coatings of the amorphous C–S–H around the silica fume grains; this is

the ‘dormant period’ as reported in earlier publications [12–14]. The ill-crystallized

character of the formed C–S–H around the active silica fume might hinder the

hydration interaction between lime and silica fume with a preferential hydration reac-

tion between the hydrated C–S–H layers and active silica up to one day of hydration.

There appeared a very slight decrease in both of the free lime and free silica contents

and a very slight increase in the combined water content between 6 h and one day of

hydration (Figs 1–3).

3. An ‘acceleration stage’ was observed during the hydration period from 24 h

up to 90 days for the pastes made with CaO/SiO2 molar ratios of 0.80, 1.0 and 1.30;

the results in Figs 1–3 reflect the increase in the rate of hydration as indicated by the

decrease of free silica at 24 h for most samples and around 72 h for the free lime,

while the combined water content increases. For the pastes made with CaO/SiO2 mo-

lar ratios of 1.70 and 2.0, there appeared a ‘second dormant’ period between 7 and

28 days; i.e. the hydration period 1–90 days is divided into 3 stages, namely: a ‘first

acceleration’ period between 1 and 7 days , a ‘second dormant’ period between 7 and

28 days and a ‘second acceleration’ period between 28 and 90 days (Fig. 3). The rela-

tively low values of combined water contents observed at the later stages of hydration

(28–90 days) for mixes made with CaO/SiO2 molar ratios of 1.70 and 2.0 are mainly

due to the presence of large amounts of free lime which act as coating layers on the

silica fume grains leading to a sort of retardation of the hydration reaction [15–17].
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Phase composition of the formed hydrates

From the free lime and free silica contents, the CaO/SiO2 molar ratios of the formed

C–S–H, obtained as a result of hydration of the different lime-silica fume mixtures, could

be calculated. The derived CaO/SiO2 molar ratios of the hydrated calcium silicate phases

are (1.078–1.154), (1.135–1.168), (1.250–1.255), (1.81–1.75) and (1.79–1.89) at the

hydration ages 28–90 days for the mixes made with initial CaO/SiO2 molar ratios of 0.80,

1.0, 1.30, 1.70 and 2.0, respectively. Therefore, C–S–H(I) represents the main hydration

product of the mixes made with the lower initial CaO/SiO2 ratios (0.80, 1.0 and 1.30),

while C–S–H(II) represents the main hydrate formed as a result of hydration of lime-rich

mixes (CaO/SiO2 molar ratios of 1.70 and 2.0).

The results of differential thermal analysis (DTA) of the hydrated lime-silica

fume samples at different curing ages are shown in Figs (4–6) for the mixes made

with CaO/SiO2 molar ratios of 0.80, 1.0 and 1.70, respectively. The DTA curves indi-

cate endothermic effects at 100–150, 160–200, 350–400, 500–550 and 700–800°C as

well as an exotherm at 800–900°C. The endothermic effects located below 400°C are

attributed to the release of interlayer water of calcium silicate hydrates (C–S–H) hav-

ing various compositions and degrees of crystallinity. The endothermic peak at

500–550°C is due to the decomposition of free Ca(OH)2, whereas the endotherm in

the range 700–800°C is due to the decomposition of CaCO3. The exotherm located at

800–900°C is mainly characteristic of the calcium silicate hydrate; this exotherm is
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Fig. 4 DTA curves of the pastes having a CaO/SiO2 ratio of 0.8 with curing time



developed during the process of crystallization of monocalcium silicate as a result of

the decomposition of CSH(I) [18].

With increasing age of hydration, the intensity of the peak characterizing

Ca(OH)2 decreases, it disappears completely at 90 days of hydration for mixes made

with low lime contents (initial CaO/SiO2 molar ratios of 0.80 and 1.0), whereas for

lime-rich mixes (e.g. CaO/SiO2 molar ratios of 1.70 and 2.0) this peak is still existing

over all ages of hydration. In addition, the endotherm at 160–200°C characteristic of

a more crystalline C–S–H only appeared at the later ages of hydration (28–90 days).

The increased degree of crystallinity of C–S–H with increasing age of hydration is

actually reflected by the increased intensity of the exotherm located at 800–900°C

which is due to C–S–H(I) [19].

The DTA curves obtained for the hydrated samples made from lime-silica mix

with CaO/SiO2 molar ratio of 1.70 exhibit the lowest endotherms of C–S–H up to

400°C, the lowest exotherms of C–S–H(I) and highest endotherms of Ca(OH)2 until

the age of 90 days of hydration (Fig. 6) as compared with those of the other two mixes

(Figs 4 and 5). Therefore, an increase in the initial CaO/SiO2 molar ratio of lime-sili-

ca fume mix results in a decrease in the amount of C–S–H(I) which is confirmed by

the exotherm at 800–900°C and the appearance of C–S–H(II) with a higher CaO/SiO2

molar ratio. The indication of the appearance of CSH(II) in the DTA curves is the ap-

pearance of the exotherm at 800–900°C [16].
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Fig. 5 DTA curves of the pastes having a CaO/SiO2 ratio of 1.0 with curing time



Compressive strength

Compressive strength values of the hydrated lime-silica fume pastes are plotted as a

function of curing time in Fig. 7. Obviously, the strength of each paste increases with

increasing time of hydration for all the mixes investigated. As hydration proceeds,

more hydrated calcium silicates, C–S–H(I) and/or C–S–H(II), are formed and depos-

ited in the open pore system of the hardened paste leading to a continuous increase in

compressive strength of the hardened paste. With the exception of the low-lime mix
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Fig. 6 DTA curves of the pastes having a CaO/SiO2 ratio of 1.7 with curing time

Fig. 7 Compressive strength of hydrated silica fume-lime specimens with curing time



made with an initial CaO/SiO2 molar ratio of 0.80, the strength values decrease with

increasing initial CaO/SiO2 molar ratio of the lime-silica fume mixture. This result is

mainly due to the presence of larger amounts of C–S–H(II) as well as appreciable

quantities of free lime which possess weaker binding forces; lime-rich C–S–H(II) has

poorer strength characteristics as compared with low-lime C–S–H(I) [20]. In addi-

tion, the strength of lime-rich mixes (1.70 and 2.0 CaO/SiO2 molar ratios) is slightly

increased at the later ages of hydration due to the process of carbonation of free lime

which retards the continuous formation of C–S–H as representing the main binding

centres of the hardened paste. However, the relatively low later strength values of the

0.80 CaO/SiO2 molar ratio mix is mainly attributed to the presence of insufficient

amounts of lime for the continuous formation of C–S–H. These findings account with

the results obtained in recent publications [21–24].
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