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Abstract

Silica fume is generally supplied as an ultrafine powder in its original state, densified or in suspension. The difference in states should
not influence the pozzolanic behaviour of this by-product in a cementitious matrix. In the present work, experimental results relating to
pozzolanic reaction have been obtained by different methods: a chemical method, in which lime fixed by pozzolanic material through time
is quantified, and a physicochemical method based on the Langavant calorimeter. By the second method, information regarding silica
fume is obtained from the value of heat of hydration released by a mortar containing this by-product. These results show that the silica
fume in its densified state considerably decreases its chemical reactivity with calcium hydroxide (pozzolanic activity). © 1999 Elsevier

Science Ltd. All rights reserved.
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In aprevious work the authors demonstrated the effect of
different pozzolanic materials on heat of hydration devel-
oped by blended cements compared to a control cement.
These results showed that pozzolanic materials do not cause
areduction in heat equivalent to the amount of cement sub-
stituted [1]. Thus, when silica fume (SF) reacts with cal-
cium hydroxide from the hydration of portland cement,
thereis an increase in the heat of hydration, particularly in
the early stages [2,3], which is not witnessed in the case of
fly ash or other materials of low activity at early ages. Reac-
tion rate of pozzolanic materials depends on various factors,
such as the origin, chemical and mineralogical composition,
morphology, fineness, and other factors[4].

SF is now commercially sold in densified form in order
to make its transport and management easier. This produces
changes in the origina state of the material. As aresult, im-
portant properties such as specific surface and particle size
are varied. Although it was originally believed that densi-
fied SF can maintain the original material characteristics,
some authors have expressed doubts concerning whether
agglomerate particles are totally desegregated in the bulk of
mortar or concrete [5].

This research is aimed at studying the influence of the
decrease of specific surface on the pozzolanic reaction rate.

* Corresponding author. Tel.: 34 1 3020 440; Fax: 34 1 3020 700;
E-mail: pesrg68@fresno.csic.es.

1. Methods
1.1. Materials

The materials chosen for this study are: cement, sand,
and SFinitsorigina state and in a densified form.

According to the Spanish UNE 80 301 standard [6], the
cement was a CEM 1/42,5R cement with a clinker content
equal to or above 95% and could have up to 5% additional
components. The sand used was of siliceous origin with a
silica content of more than 98% and maximum particle size
of less than 2 mm. SF powder was SF in its original state.
The main chemical constituent is silica (91.22%) and 6.6%
loss of ignition (LOI). Densified SF (DSF) had a silica con-
tent of 92.35% and 4.9% loss on ignition.

The high amorphicity of both products is evident from
the hump in the X-ray diffraction pattern (Fig. 1), although
peaks of quartz, silicon carbide, and trydimite can be seen.
Thus, both materials show similar chemical and mineral ogi-
cal compositions.

The fineness of SF was studied by scanning electron mi-
croscopy (SEM). Aggregation of particles is observed in
both cases (Fig. 2), although this effect is intensified with
densification process. In this way, whereas SF presents par-
ticles with a diameter about 10-20 um formed by aggre-
gated microparticles, in the case of SFD the densification
produces spheres with a diameter higher than 100 pwm, al-
though it is formed by small particles of less than 1 wm of
diameter (Fig. 2). Thisisaso confirmed by the specific sur-
face values, 15,000 cm?/g Blaine unity for origina SF and
5400 cm?/g for densified SF.
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Fig. 1. X-ray diffraction patterns: (a) SF; (b) DSF.

1.2. Blended cements

The blended cements were prepared in a high-speed
powder mixer to guarantee their perfect homogeneity and
safeguard their granulometry. Mixtures were prepared by
weight in the following proportions: cement/silica fumes
(SF, DSF): 100/0; 90/10. These cements were used to pre-

pare mortars whose sand/cement proportion was 3/1 and
water/cement ratio was 0.5.

1.3. Methods

Pozzolanic activity of materials is a well-studied field
[7-10]. There are a great number of test methodol ogies, but

Fig. 2. SEM: (a) SF; (b) DSF; (c) DSF.
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Fig. 3. Pozzolanic activity: fixed lime over time.

they are all based on the ability of reaction with the calcium
hydroxide in agueous medium to form hydraulic com-
pounds [11].

1.3.1. Pozzolanic activity test

To study the pozzolanic activity of these materials, an
accelerated method was used that measured the evolution of
the material-lime reaction as a function of time. The test
consists of putting the different pozzolanic materialsin con-
tact with the saturated lime solution at 40 + 1°C for 2 h, 1,
7, and 28 days. At the end of that time, the CaO concentra-
tion in the solution was measured. The fixed lime (mM/L)
was obtained from the difference between the concentration
in the saturated lime solution and CaO in solution in contact
with the sample at the end of the given period. The lime
fixed value is a good indicator of pozzolanic activity of the
materials. Thisislarger asthe lime fixed amount increase.

1.3.2. Heat of hydration test

The method used for determining hydration heat in the
Spanish standard [12] is based on the Langavant cal orimeter
[13]. This semiadiabatic method consists of quantifying the
heat generated during cement hydration using a Dewar
flask, or, more exactly, athermally isolated bottle. Since the
exterior conditions have a strong influence, the test is car-
ried out in a perfectly climatized room at 20 = 2°C. The
measurements were made over 5 days, since the heat in-
creaseisvery low at later times, and the relative error of the
measurement increases beyond that time.

2. Results and discussion
2.1. Pozzolanic activity of the materials

The results obtained are shown in Fig. 3. After 24 h the
SF hasfixed 14.1 mM/L of limein comparison to 10.7 mM/L

by the DFS. Thus, pozzolanic activity is higher in the case
of undensified SF although they are equal at 3 days.

However, studies carried out on SEM samplesin contact
with saturated lime solution for 28 days show a very differ-
ent morphology of the resultant product. Whereas dense
masses of hydration products are formed with SF (see Fig.
4), hydration products joined to unreacted or partidly re-
acted silica particles are seen with DSF, which shows a ma-
trix with a different morphology.

2.2. Heat of hydration

The mortars that have pozzolanic materia incorporated
in them usually have decreased heat of hydration compared
to cement during the first hours of the test, depending on the
pozzolanic activity of the material; the reaction taking place
with the lime also gives off some heat. However, between 5
and 12 h of the test, reactions due to portland cement are
strongly exothermal, which makes the ascending slope of
the curves very steep; after 48 h the temperature begins to
stabilize and the heat given off is of little significance.

Fig. 5 shows positive and negative heat increments
where plain cement mortar is considered as zero. As can be
seen, the mortar with SF undergoes a positive increment
with respect to base mortar while it is the opposite when
densified SF isincorporated. This shows that SF activity [2]
that increases heat of hydration at early ages, decreases no-
tably when this material isin densified state.

3. Conclusions

This study confirms the direct relationship between poz-
zolanic activity of materials (expressed as fixed lime) and
heat of hydration. The results show that densified SF par-
tially affects the characteristic properties of the original ma-
terial.
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Pozzolanic activity for nondensified silica fumes is
higher in the first setting stages in comparison with other
pozzolanic materials (natural pozzolans, fly ashes, etc.) and
hence, mortar with this product has positive heat increment.
However, when SF is densified, the material shows a nor-
mal pozzolanic activity during the first hours, decreasing
heat of hydration due to the effect of cement substitution
and then losing the most interesting characteristic of SF—
its high activity at early ages.

Thus, precautions must be taken when SF is used to ob-
tained the desired performance. It is necessary to reach a

Heat of hydration incremental, J/g
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Fig. 4. SEM: SF in the saturated lime solution for 28 days. (a) Dense
masses of hydration products formed with SF; (b and c) hydration products
joined to unreacted or partially reacted silica particles (DSF).

good dispersion of particles before and during their incorpo-
ration in the mortar or concrete mass. This factor becomes
important when low water/cement ratios are used to obtain
high performance concrete in which a bad dispersion of SF
particles may have a negative effect, mainly at initial stages.
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Fig. 5. Heat of hydration incremental over time.
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