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CALORIMETRY OF PORTLAND CEMENT WITH SILICA FUME AND
GYPSUM ADDITIONS
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The use of active mineral additions is an important alternative in concrete design. Such use is not always appropriate, however, be-
cause the heat released during hydration reactions may on occasion affect the quality of the resulting concrete and, ultimately, struc-
tural durability. The effect of adding up to 20% silica fume on two ordinary Portland cements with very different mineralogical com-
positions is analyzed in the present paper. Excess gypsum was added in amounts such that its percentage by mass of SO; came to 7.0%.
The chief techniques used in this study were heat conduction calorimetry and the Frattini test, supplemented with the determi-
nation of setting times and X-ray diffraction. The results obtained showed that replacing up to 20% of Portland cement with silica
fume affected the rheology of the cement paste, measured in terms of water demand for normal consistency and setting times; the
magnitude and direction of these effects depended on the mineralogical composition of the clinker. Hydration reactions were also
observed be stimulated by silica fume, both directly and indirectly — the latter as a result of the early and very substantial pozzolanic
activity of the addition and the former because of its morphology (tiny spheres) and large BET specific surface. This translated into
such a significant rise in the amounts of total heat of hydration released per gram of Portland cement at early ages, that silica fume
may be regarded in some cases to cause a synergistic calorific effect with the concomitant risk of hairline cracking. The addition of
excess gypsum, in turn, while prompting and attenuation of the calorimetric pattern of the resulting pastes in all cases, caused the
Portland cement to generate greater heat of hydration per gram, particularly in the case of Portland cement with a high C;A content.
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Introduction

Cement studies range from the individual analysis of
each of the component phases, to research into highly
complex systems with all their variables. Joint studies
of Portland clinker components and their interaction
with the gypsum (CaSQO,4-2H,0) added to regulate set-
ting time, for instance, have found that:

e The C;A and C4AF in ordinary Portland cement
compete for gypsum, but as it is more reactive, C;A
consumes higher quantities of the addition more rap-
idly. This, in conjunction with constraints on the
amount of gypsum used to ensure that only the set-
ting time is regulated, leads to the formation of less
ettringite than might otherwise be expected [1].

* Gypsum also accelerates the hydration rate of cal-
cium silicates, which likewise compete for sulphate
ions during hydration, given the significant amount of
sulphates included in the CSH gel. The inclusion of 2
to 6% of gypsum has been found to accelerate alite
hydration, and from 2 to 4%, belite hydration [2].

A high gypsum content contributes to the forma-
tion of large amounts of ettringite, however, which re-
tards paste setting and hardening and prompts sub-
stantial changes in volume as a result of micro-
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structural expansion and cracking; a low gypsum con-
tent, in turn, favours the formation of monosulpho-
aluminate solid solutions before the end of the latent
period of C;S hydration, thereby retarding the accel-
eration period of this compound [1].

The study of mineral pozzolanic additions has
also developed from the analysis of discrete sys-
tems [3-5]. In the case of silica fume, which is a
highly pozzolanic addition, it has been found that:

» After three days, at addition rates of 5 and 10%, C5A
hydration is retarded [6].

» Additions of 5-10% accelerate alite hydration up to
the age of 28 days [6, 7].

» Lastly, including the addition also heightens the
hydration rate of BC,S during the first 28 days [8].

The outcome of all the foregoing is to produce
greater heat of hydration at early ages [9], an effect
that grows more intense as the percentage of the addi-
tion is raised from 5 to 10% [10]. The high BET spe-
cific surface of silica fume has been identified as the
cause of its over-stimulation of Portland cement
hydration reactions [11]. In addition, however, an in-
direct stimulatory effect on such reactions has been
attributed to the substance, due to the fixation of cal-
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cium hydroxide in the pozzolanic reaction from the
earliest ages [12]. On the one hand, the pozzolanic re-
action has been confirmed to take place even in the
first few days, chiefly on the grounds of the consump-
tion of Ca®" ions in the liquid phase, but also of the
uptake — in descending order — of OH and K" ions
[13—17]. And on the other, the amount of heat re-
leased per gram of Portland cement in pastes with sil-
ica fume has been found to amply exceed the amount
of heat released by the respective plain pastes [18].

Experimental
Objective

In light of these considerations on substances such as
gypsum and silica fume; the objective or purpose of
the present study is, to analyze their overall effect on
the hydration of two Portland cements with widely
varying compositions, with a view to limiting their
use in high performance concrete.

Materials and methods

Two Portland cements with widely differing mineral-
ogical compositions were chosen for this study. One,
with a very high C;A content, called PCI1, and the
other, with a minimum C;A content (<1%) and a max-
imum CsS content, called PC2; the other constituents
were a very active pozzolanic mineral addition (silica
fume, SF) and rich ground natural gypsum. Distilled
water was used in the mortar in all cases.

The chemical composition, density and BET spe-
cific surface of the Portland cements and the addition
are given in Table 1. The potential composition of the

Table 1 Chemical composition of cementing materials

Materials

Parameters Portland cements Silica fume

PCl PC2 SF
Si0,/% 19.2 21.7 92.0
ALO5/% 6.4 1.5 0.7
Fe,05/% 1.7 4.1 0.4
Ca0/% 63.9 68.0 0.0
MgO/% 1.5 0.4 0.0
Na,0/% 0.9 0.4 0.0
K>0/% 0.5 0.2 0.0
SO3/% 3.5 2.3 0.1
L.O.1/% 1.6 1.1 6.3
L.R./% 0.7 0.2 -
Density 3.08 3.21 2.10
BSS/m’ kg 319 301 -
BET/m” kg - - 22100
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Portland cements found from their chemical composi-
tion and the Bogue equations was as follows: 51% C;S,
16% C,S, 14% C;A and 5% C4AF for PC1 and
79% C58S, 2% C,S, 0% C;A and 10% C4AF for PC2.

The different chemical and mineralogical com-
positions of the two cements Portland are partly re-
flected in the difference in their densities; their fine-
ness, on the contrary, is comparable. SF contains:
over 90% SiO,, 88.46% SiO; (reactive sil-
ica) [19, 20] and yet has a much lower density than
quartz (2.70) and a very high specific surface. Its
diffractogram, shown in Fig. 1, reveals the presence
of cristobalite (C); the diffuse pattern is indicative of
the substance’s primarily vitreous nature [21].
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Fig. 1 XRD pattern of the SF

The pastes for the study were made by mixing
each Portland cement separately with SF, in percent-
ages by mass of 90/10 and 80/20, in the absence of
gypsum or with sufficient amounts to bring the total
SO; content to 7.0%. Table 2 gives the setting times
and water demand for 500-g samples. These two
physical parameters were determined as laid down in
European standard EN 196, part 3 [22].

It may be deduced from Table 2 that particle size
and morphology had a significant effect on water de-
mand. The SF spheres separated the Portland cement
particles, making a greater surface area available for
hydration. Moreover, given its density and specific
surface, the silica fume comprised a larger number of
particles than the Portland cement replaced, signifi-
cantly increasing the water demand.

Pozzolanic activity was evaluated chemically by
Frattini’s test [23], by comparing the amount of calcium
hydroxide in an aqueous solution covering the hydrated
sample at 40°C for a given period of time (in this
case, 48 h), with the solubility isotherm for calcium hy-
droxide in an alkaline solution at the same temperature.
The indication of pozzolanic activity was defined to a
lower calcium hydroxide concentration in the sample
solution than on the solubility isotherm, due to its up-
take in the pozzolanic reaction (=tresult) (Fig. 2).
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The heat release pattern was ascertained by heat
conduction calorimetry for pastes. Measurements
were taken at a temperature of 25°C. Data were re-
corded during the first 48 h of hydration and the total
heat released was computed by integrating the area
under the rate of release-age curve. This methodology
is widely used to monitor hydration in pure Portland
cement [1] as well as for cements containing mineral
additions [24]. To obtain equally workable pastes, the
water:cementitious material ratios used were 0.5 for
pure Portland cements, 0.625 for mixes with 10% SF
and 0.75 for mixes with 20% silica fume.

Results and discussion

Figure 2 shows [OH | and [CaO] determined at 48 h.
Note that the pastes with SF showed pozzolanic activ-
ity at 48 h (i.e., 6 days before its first specified age,
8 days [25]), in the case of PC1 at (addition-cement)
replacement rates of 10%, and in PC2 at rates of 15%
or higher. Some of these mixes failed to show pozzo-
lanicity at that age because the rate of the hydration
reaction was so high that it could not be countered or
compensated for by the fixation of the calcium hy-
droxide resulting from the pozzolanic reaction.

35 —
— solubility isotherm
0% SF o -+ blends PC1, without 7.0% SO
301 10% SF o <~ blends PC2, without 7.0% SO3
20% S'F - blends PC1, with 7.0% SO3
251 -e- blends PC2, with 7.0% SO3
i 0% SF LI
Q 0% SF
S 20 10% SE 0% SF
£ 20% SF
% 154 20% SFo
O
10
00% SF
5 [m]
20% SF
0 - : - : .
0 20 40 60 80 100 120

OH /mM L'
Fig. 2 Pozzolanicity (Frattini test) at 48 h: results

When gypsum was added to the samples, the
[CaO] increased due to its partial dissolution in water,
whereas [OH ] declined, partially because of the ef-
fect dilution of the Portland cement, although no
pozzolanic activity was detected in any of the samples
within the first 48 h.

Figures 3 and 4 show the first 48-h calorimetric
curves for the samples containing PC1 and PC2, re-
spectively. The first stage or induction period for
plain PCI1, visible in Fig. 3, shows a high rate of heat
release due to initial hydrolysis and the hydration of
the aluminous phase (primarily C;A); the rate
dropped to 0.91 W kg™ after 2 h, accounting for the
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first trough on the calorimetric curve. This was fol-
lowed by the acceleration of hydration reac-
tions — with the initial precipitation of the CSH gel,
primarily from C;S —, until the rate of heat release
peaked for a second time at 2.97 W kg ™' at reaction
time 11:12. During acceleration, PC1 began to set
(Table 2). Thereafter the rate of the hydration reac-
tions declined through the 13™ hour, overlapping in
this stage with the aluminous phase transformation re-
actions, which take place when the SO3/Al,0; molar
ratio falls to under 3 (in this case, 0.69). But the most
prominent effect of the reaction was the enormous
amount of heat released, which rose to 3.33 W kg ',
forming the third peak on the calorimetric curve, 17 h
and 24 min into the reaction. Finally, the hydration re-
actions slowed to and remained at a low rate.

20% SF, without 7.0% SO3

20% SF, with 7.0% SO3

10% SF, without 7.0% SO3
10% SF, with 7.0% SO3

[N TVS I N B e NN e o)

Heat of liberation rate/W kg !

0 10 20 30 40 50
Age/h

Fig. 3 Calorimetric curves for mixes with PC1

The test was considered completed after 48 h,
taking the reading at that time as the third trough on
the calorimetric curve.

Although when 10 and 20% SF was added to the
PCI1 the calorimetric phases or stages observed were es-
sentially the same as for the plain PC1, certain differ-
ences were noted. During the first stage, for instance
(from =0 to the first trough), the effect of the SF parti-
cles was to dilute the Portland cement, with rates of 0.83
and 0.88 W kg ', respectively. At the same time, how-
ever, the hydration reactions were enhanced in the frac-
tion of the PC1 with which they were mixed, given that
the first trough appeared earlier than in plain PC1 (1:36
and 1:42 h, respectively). This was followed by the ac-
celeration of the hydration reactions — with the initial
formation, in this case, of gels of chiefly C;S and SF ori-
gin and silanol groups of SF origin — with the second
trough recorded at reaction times of 10:12 and 7:54, re-
spectively. That is to say, both minima appeared earlier
than in plain PC1, and the interval between the first and
second troughs was narrower with both 10 and 20% re-
placement rates. This confirmed that the hydration reac-
tion was stimulated by the SF, an effect that was further
corroborated by the higher rate of heat release values
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Table 2 Times of setting and normal consistency

Setting times (h:m)

Cements Normal consistency/%
initial final

PC1, without 7.0% SO; 3:20 5:10 31
PC1, with 7.0% SO; 3:35 6:15 32
PC1/SF 90/10, without 7.0% SO; 1:40 4:10 36
PC1/SF 90/10, with 7.0% SO; 2:20 4:45 35.7
PC1/SF 80/20, without 7.0% SO; 0:35 3:55 45
PC1/SF 80/20, with 7.0% SO 0:50 4:35 43.5
PC2, without 7.0% SO; 4:30 6:15 28
PC2, with 7.0% SO; 4:15 6:10 28
PC2/SF 90/10, without 7.0% SO; 4:45 8:55 36
PC2/SF 90/10, with 7.0% SO; 5:00 8:55 354
PC2/SF 80/20, without 7.0% SO» 3:30 9:20 44
PC2/SF 80/20, with 7.0% SO; 3:40 9:45 46.2

(3.92 and 4.11 W kgﬁl) found for the mixes than for 4.0

plain PC1. Subsequently, the low SO;/Al,0; molar ra- is

tios in the two cement mixes (0.68 and 0.67, respec-
tively) prompted aluminous phase transformation. The
outcome was third peak reaction times of 14:24
and 11:34, respectively, for 10 and 20% replacement,
both higher than for plain PC1. Moreover, the rate val-
ues at these third peaks were 4.77 and 8.20 W kg ' —
higher than for plain PC1 —, again providing dual confir-
mation (troughs appearing in shorter times and higher
heat of hydration release values) of hydration stimula-
tion as a result of replacing PC1 with SF.

In short, the first troughs on the heat release
curves for the samples containing PC1 appeared ear-
lier and were attenuated for all mixes, and the second
and third peaks appeared earlier for all mixes and
their intensities were higher than in plain PC1.

When gypsum was added to the PC1, the calori-
metric curve was substantially attenuated and the
third peak disappeared; when gypsum was included in
the SF — PC1/SF mixes —, in turn, all the curves were
slightly retarded and the first trough and second peak
were slightly attenuated. As in the case of plain PC1,
the third peak disappeared altogether.

The first stage or induction period for plain PC2,
visible in Fig. 4, is also characterized by a high rate of
heat release due to initial hydrolysis; after 1:37 h, the
rate dropped to 0.64 W kg ', accounting for the first
trough on the calorimetric curve. This was followed
by the acceleration of hydration reactions — with ini-
tial precipitation, this time at a higher rate, of the CSH
gel, primarily from the C;S —, up to a second heat re-
lease rate peak of 3.25 W kg ', reached at 7:39 h (the
fact that this value was higher than for PC1 confirmed
that PC2 had a higher C;S content). PC2 also began to
set during acceleration (Table 2). The reactions
slowed thereafter and although hydration continued,
the rate remained low. The test was considered com-
pleted after 48 h, taking the reading at that time as the
second trough on the calorimetric curve. In this case,
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Fig. 4 Calorimetric curves for mixes with PC2

there was no transformation of the aluminous phase,
since the C;A content in PC2 was nil, virtually.
Although when 10 and 20% SF was added to the
PC2 the calorimetric phases or stages observed were
essentially the same as for the plain PC2, certain dif-
ferences were noted. During the first stage, for in-
stance (from time=0 to the first trough), the effect of
the SF particles was to dilute the PC2, with rates
of 0.27 and 0.26 W kg ', respectively. Moreover, the
hydration reactions were observed retarded, with the
troughs appearing at reaction times of 2:27 and 1:51,
respectively. The hydration taking place between the
first trough and the second peak lasted longer, with
the second peak appearing at 9:24 and 8:55, respec-
tively, for 10 and 20% replacement: i.e., not only later
than in the case of PC2, but with a longer interval be-
tween the first trough and the second peak. The time
lapsing between initial and end setting times was also
longer and final setting was retarded in all these
pastes. And yet, in this stage also, SF was observed to
stimulate the hydration reactions in the fraction of the
Portland cement with which it was mixed, with rates
of release at the second peak equal to and greater than
(2.92 and 2.84 W kg "), respectively, the proportional
rate for PC2 (2.92 and 2.60 W kg ). For the same rea-
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son as in the case of plain PC2, the third stage (trans-
formation of the aluminous phase) was absent.

In short, both the first trough and the second
peak were retarded and attenuated in all the mixes,
and although stimulation was observed, it was much
less pronounced than for mixed cements containing
PC1. This is an unequivocal sign that the higher C;A
content in the latter is a determining factor in the en-
hanced stimulation of the hydration reaction.

Adding gypsum to PC2 significantly attenuated
and retarded the first trough and second peak with re-
spect to plain Portland cement. Similarly, adding gyp-
sum to the mixes retarded the first trough and the sec-
ond peak and widened the interval between the two.

The percentage of total heat of hydration re-
leased per gram of Portland cement after 48 h is
shown in Fig. 5. It will be noted that both the nature of
the additions and the composition of the cements af-
fected mix behaviour, as did the presence or absence
of gypsum up to an SO; content of 7.0%.

without with
7.0% SO3

1801 without with

7.0% SO3 7.0% SO3 7.0% SO3

160 4
140 A
1204

100 puuu R S . =
80
60

Total heat/cement g /%

40
20

0 0% 10% 20% 0% 10% 20%
Blends with PC1

0% 10% 20% 0% 10% 20%
Blends with PC2

Fig. 5 Changes of hydration heat per gram of Portland cement
for PC/SF mixes

Silica fume, at percentages of both 10 and 20%,
produced mixes that generated greater heat of hydration
with PC1 than with PC2. This behaviour can be ex-
plained by the composition of the Portland cements
used. The high C;A content in PC1 naturally produced
more heat of hydration at the early ages. After 48 h of
hydration, SF indirectly prompted the respective frac-
tion of the PC with which it was mixed to generate a
larger amount of heat of hydration than the plain PC.
(This involved direct stimulation of hydration via the in-
ternal and external humidification of each particle from
the time the mixing water was initially added and/or in-
direct stimulation, due to the substantial pozzolanic ac-
tivity of the silica fume in the early ages.)

When gypsum was added to the mix, the total heat
after 48 h declined in all cases (calorimetric curves in
Figs 3 and 4). Nonetheless, more heat per gram of Port-
land cement was released by the samples with gypsum.

J. Therm. Anal. Cal., 87, 2007

Conclusions

The conclusions that may be drawn from the experi-
ments conducted with two types of Portland cement
with very different mineralogical compositions, mixed
with silica fume and gypsum, are as follows:

+ Silica fume, which exhibited pozzolanic activity
at 48 h, stimulated the hydration reactions in the PC
fractions with which it was mixed, both:

— directly: because of its size and shape (very small
spheres, high specific surface), it demands greater
amounts of mixing water, which would ultimately
be the actual cause of this direct stimulation, and

— indirectly: its chemical properties favour very sig-
nificant pozzolanic activity at early stages.

This effect was so intense that in some cases it
could be compared to a synergistic calorific effect. For
this reason, when SF is added to cement to be used to
make high performance bulk concrete, account must be
taken of its direct and indirect effect on the generation
of heat of hydration to minimize undesirable conse-
quences, the risk of cracking, among others.

* Whilst the addition of gypsum retarded and attenu-
ated the hydration reactions in all cases (with a
smaller amount of total heat after 48 h), it also gen-
erated greater heat of hydration per gram of Port-
land cement than when no gypsum was added.

 The differences in the amount of heat produced per
gram of Portland cement were more significant in
mixes with Portland cement with a high C;A and
low C3S content than in Portland cement with a low
C;A and high C;S content.
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