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Abstract

Calcium sulfoaluminate and Portland cement pastes, both prepared with a water/solid mass ratio equal to 0.5 and cured for time periods
comprised between 2h and 28 days, show completely different pore size distributions by mercury intrusion. Portland cement pastes aged at 12h
and 1day exhibit a unimodal distribution of pore sizes related to a continuous network of capillary pores with a threshold pore radius decreasing
from nearly 650 to 350nm. After 7 and 28 days of curing, this parameter shifts to about 150nm and a region having smaller pores appears (with a
second threshold pore radius roughly comprised between 10 and 30nm), made discontinuous by blockages of hydration products which occlude
the interconnected pore system and isolate the interior space. For calcium sulfoaluminate cement pastes, a bimodal distribution is rapidly
established, in which the regions with a lower porosity (threshold pore radii up to about 25nm) are dominant, while the decrease of total porosity
almost ceases at later ages. The porosimetric behaviour of calcium sulfoaluminate-based cement is related to its very fast hydration rate and to the

lack of water needed to continue the hydration reactions.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The most important property of C4A3S-based cements has
been considered for a long time the ability of their key
component, when hydrated in the presence of calcium sulfate
and calcium hydroxide, to generate expansive ettringite. Several
calcium sulfoaluminate (CSA) formulations, alone or mixed
with Portland cement, are used as shrinkage-compensating or
self-stressing binders [1-6]. However CSA4 cements show other
interesting features such as, for example, the environment-
friendly character of their manufacturing process [7—16]. In this
regard, compared to Portland clinkers, CSA4 clinkers can be
synthesized at lower temperatures (about 1250°C) and, due to
their higher porosity, are easier to grind. The limestone
concentration in the raw mix is reduced and, consequently,
kiln thermal requirements and CO, generation are decreased per
unit mass of clinker. Moreover, a large number of industrial
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wastes and by-products, whose disposal or reuse is sometimes
quite complicated, can be successfully used for the manufacture
of CS4 cements [12—16].

During the last decade, the interest of several researchers
and engineers has been attracted by rapid-hardening and
dimensionally stable CSA4 cements, containing also dicalcium
silicate and calcium aluminates, developed by the China
Building Materials Academy [4,17-20]. C4A5S reacts with
calcium sulfate (normally added but also present in the
clinkers) and water to give a non-expansive ettringite which
achieves high mechanical strength at early ages. Moreover,
well-made matrices have high freeze—thaw and chemical
resistance, low values of dry shrinkage, permeability and
solution alkalinity (but not such a low alkalinity that
embedded steel is depassivated). The remarkable properties
of Chinese CSA4 formulations are useful for a variety of
special applications. New uses have been recently suggested
[21,22]. In recent years, papers concerning both the study of
the hydration chemistry of CSA cements and the interpre-
tation of their engineering properties have been published
[23-26].
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Porosity development in hydrated cements generally plays
an important role in regulating their technical behaviour. This is
particularly true for hydrated CSA cements inasmuch as the
amount of chemically bound water is much higher than that of
hydrated Portland cements [19,27,28]: due to the reduction of
available free water, CSA cements are expected to have a
different evolution of porosity.

The aim of this paper is to investigate, by mercury intrusion
porosimetry, the development of the pore structure of a rapid-
hardening CSA4 cement hydrated at early ages, using Portland
cement as a reference matrix.

2. Experimental
2.1. Materials

2.1.1. Calcium sulfoaluminate cement

The rapid-hardening CSA4 cement was obtained from a
sulfoaluminate clinker synthesized in a pilot rotary kiln at
1300°C. Its Blaine fineness was 0.500m?/g.

The cement composition in terms of the major oxides is
reported in Table 1 and the crystalline phases identified by X-
ray diffraction analysis were C4A3S, CS, a/-C»S and Ci,A;
whose estimated concentration values are 53.0, 18.6, 13.2 and
10.3 mass%, respectively.

Table 2 shows the mortar compressive strength at 3h, 8h,
1 day, 2days, 7days and 28 days (sand/cement/water mass ratios
equal to 3:1:0.5, respectively).

2.1.2. Portland cement

A TI-A/L class 42.5R Portland limestone cement, containing
12% of limestone and 4.5% of natural gypsum, was also
investigated. Its Blaine fineness was 0.460m?/g. The chemical
composition and the compressive strength results on mortar
(3:1:0.5) are illustrated in Tables 1 and 2, respectively.

2.2. Characterization techniques

2.2.1. Mercury intrusion porosimetry

The porosity measurements were performed using a
Thermo Finnigan Pascal 240 Series porosimeter (maximum
pressure, 200MPa) equipped with a low-pressure unit (140
Series) able to generate a high vacuum level (10Pa) and
operate between 100 and 400kPa. Samples of both cements,
paste hydrated (w/c=0.5) and shaped as cylindrical discs

Table 1
Chemical composition of sulfoaluminate and Portland cements, mass%
Sulfoaluminate Portland

CaO 414 62.0
ALO; 27.6 4.8
Si0, 5.1 17.1
FeZO_; 1.5 2.4
SO; 22.3 3.1
MgO 1.0 2.2
Loss on ignition - 53
Total 98.9 96.9

Table 2

Mortar compressive strength of sulfoaluminate and Portland cements, MPa*®
3h 8h 1 day 2days 7days 28days

Sulfoaluminate 24.0 38.9 59.1 67.5 68.5 68.7

Portland - 2.0 20.2 29.1 41.3 46.1

* According to EN 196-1 Standard.

(15mm high, 30mm in diameter), were cured for times
ranging between 2h and 28days. Before the test, at the end of
each aging period, the samples were broken, treated with
acetone and diethyl-ether to stop hydration and stored in a
desiccator over silica gel-soda lime ensuring protection
against water and carbon dioxide. Residual gases and vapours
were evacuated in the porosimetric low-pressure unit. For each
sample, two plots can be obtained from the porosimetric
analysis: (a) cumulative and (b) derivative Hg intruded volume
vs. pore radius.

With increasing pressure, mercury gradually penetrates the
bulk sample volume. If the pore system is composed by an
interconnected network of capillary pores in communication
with the outside of the sample, mercury enters at a pressure
value corresponding to the smallest pore neck. If the pore
system is discontinuous, mercury may penetrate the sample
volume if its pressure is sufficient to break through pore walls.
In any case, the pore width related to the highest rate of mercury
intrusion per change in pressure is known as the “critical” or
“threshold” pore width [29]. Unimodal, bimodal or multimodal
distribution of pore sizes can be obtained, depending on the
occurrence of one, two or more peaks, respectively, in the
derivative volume plot.

2.2.2. X-ray diffraction and differential thermal—-thermogravi-
metric analyses

X-ray diffraction (XRD) and differential thermal—thermo-
gravimetric analyses (DTA-TG) were used for characterizing
CS A cement samples. XRD analysis was performed by a Philips
PW1710 apparatus operating between 5° and 60° 20 (Cu Ka
radiation). A Netzsch Tasc 414/3 apparatus, operating between
20°C and 1000°C with a heating rate of 10 °C/min, was used to
carry out simultaneous DTA-TG analysis.

In addition to the assessment of the clinker mineralogical
composition, XRD was employed for detecting reactants and
products in cement pastes. Before the test, the pastes (w/s mass
ratio, 0.5) were placed in polyethylene bags inside a Haake
DC50 thermostatic bath at 20°C; at the end of curing time, they
were removed from the bags and treated with the same
procedures used for the porosimetric specimens except for a
final step of grinding after which they were obtained in a
pulverized form.

The main reaction products, ettringite and aluminium
hydroxide, were also identified by DTA-TG analysis; they
are formed according to the following reaction of C4A;S
hydration:

C4A3S +2CS + 38H=C4AS 3Hj3, + 2AH; (1)
(610) (136)  (18) (1254) (156)
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Table 3

Reactants conversion and products formation in CS4 cement pastes cured at various aging times—XRD data®

I5m 30m 1h 3h 6h 1 day 2days 7days 14days 28days

Reactants C4A;S -+ A+ -+ -+ A+ 4+ ++ +++ +++ ++
cs ++ ++ ++ ++ ++ ++ ++ ++ ++ ++
o’-C,S + + + + + + + + + +
Ci2A7 + + - - - - - - - -

Products CeAS;,Hso + + ++ ++ -+ -+ -+ A+ -+ -+
AHj - - - + + + + + + +
CS-2H,0 + - - - - - - - -

# Symbols indicate peak intensities. ++++=very high, +++=high, ++=medium, +=low.

Each figure in parenthesis under the compound formula
indicates its molecular weight.

3. Results and discussion

It is well assessed that the peculiar strength development of
rapid-hardening CS'4 cements is related to the C4A;S hydration
which is very rapid at early ages and then quickly decreases due
to the lack of water: the reaction of C4A5S with CaSO,4 and H,O
for the full formation of ettringite and aluminium hydroxide
requires a high stoichiometric water/solid mass ratio, (W/s)g.
According to Eq. (1), (w/s)y = giisaase = 0.78.

The XRD kinetic data (Table 3 and Fig. 1) clearly show the
fast generation of ettringite and the persistence of unhydrated
phases at longer curing times. With regard to C4A3S hydration,
the rapid increase of the ettringite concentration, followed by
the attainment of a steady-state, can be also observed from the
DTA-TG thermograms, shown in Fig. 2, where the DTA
endothermal peaks at about 160—170°C and 270-280°C are
related to ettringite and aluminium hydroxide, respectively.

As far as Portland cement hydration is concerned, the
evolution of the porosimetric curves as a function of curing time
and water/cement ratio is well established [30—37]. Both
increased curing time and decreased w/c ratio give rise to lower
values of total porosity and threshold pore width. The
differential curves for pastes cured at early ages tend to
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Fig. 1. Net intensity (above the background level) of the main XRD peaks of
calcium sulfoaluminate, anhydrite and ettringite in CS4 cement pastes cured at
various ages.

exhibit a sharply defined initial peak, indicating a unimodal
distribution of pore sizes. As curing time increases, a second
peak appears at smaller pore sizes thus suggesting a bimodal
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Fig. 2. Thermograms for CSA cement pastes cured at 3h (A), 1day (B) and
28days (C). DTA, solid line; TG, dotted line.
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distribution. The first peak is related to the lowest size of pore
necks connecting a continuous system. The second peak
seems to correspond to the pressure required to break through
the blockages formed by the hydration products which isolate
the interior pore space.

According to widespread opinion [36,37], mercury intrusion
porosimetry plots do not represent the actual distribution of
pore sizes in hydrated cementitious systems. Large internal
pores mostly open only to smaller pores communicating with
the outside. They cannot fill until the higher pressures are
reached that are needed for the mercury penetration into the
smaller pores. Therefore, almost all the volume of larger pores
is mistakenly allocated to the size of the smaller ones.
Moreover, the measured intrudable porosity does not coincide
with the total porosity because, in addition to the pore space
actually intruded by mercury, finer pores are present in cement
pastes that require a pressure value for entry higher than the
maximum available pressure of the commercial instrumenta-
tion. A few isolated pores that are entirely sealed against
intrusion may exist as well. However, for comparative
evaluations like those performed in this investigation, the
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threshold pore radius and the total volume of intruded mercury
can be taken as useful indicators of the process of space filling
and of pore refinement.

Fig. 3 illustrates the porosimetric curves for the pastes of
both investigated cements. Fig. 3A and B show, respectively,
cumulative and derivative Hg volume for Portland cement
pastes cured at 12h, 1day, 7days and 28 days. As expected, the
distribution of pore sizes is unimodal at earlier ages while it is
bimodal at longer periods. As curing time increases, both
cumulative Hg volume and first threshold pore radius decrease
from 169 to 79mm’/g and from 650 to about 350nm,
respectively. The second threshold pore radius is roughly
included within the range 10-30nm.

Fig. 3C and D show, respectively, cumulative and derivative
Hg volume for CSA4 cement pastes cured at 2h, 6h, 12h, 1day,
7days and 28days. It can be noted that a bimodal distribution
rapidly occurs. After 2h of aging the lower porosity region
contributes about 25% of the total intruded volume while at
longer curing times the role of the smaller pores becomes
dominant. Within the first 12h of hydration, the cumulative Hg
volume and the first threshold pore radius decrease from 119 to
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Fig. 3. Intruded Hg volume vs. pore radius for cement pastes cured at various ages: (A) Portland cement, cumulative plot; (B) Portland cement, derivative plot; (C)

sulfoaluminate cement, cumulative plot; (D) sulfoaluminate cement, derivative plot.
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61mm’/g and from 200 to about 150nm, respectively; the
second threshold pore radius is about 20—25nm.

According to the characteristics of the CS4 cement hydration
pointed out by XRD, DTA, and TG analyses, the development
of the pore structure is initially very fast and a prevailing region
of lower porosity is established because sufficient hydration
products are rapidly formed to reduce and isolate the interior
space. At longer curing times, the evolution of porosity
proceeds very slowly because hydration is almost stopped.

The comparison between the results obtained with Portland
and CSA cement pastes at 12h of aging clearly shows the
strong difference in the porosimetric characteristics. The
evolution of porosity for CSA4 cement pastes cured in the
period of 1-28-days is also completely different from that
observed for Portland cement pastes, even if at 7 and 28 days
of aging total intruded volume, first and second threshold pore
radius do not vary significantly. It is interesting to note the
appearance of a trimodal distribution inasmuch as the lower
porosity field is split in two regions with two threshold pore
radii ranging from 20 to 25nm and from 5.5. to 7nm.

4. Conclusions

A rapid-hardening calcium sulfoaluminate cement, when
paste hydrated at early ages, shows porosimetric characteristics
completely different from those of a Portland cement. The very
fast reaction rate of calcium sulfoaluminate consumes the mix
water in a short time so as to stop at later ages the evolution of
total porosity. The hydration products, quickly generated in a
large amount at earlier curing times, are able to decrease and
refine the interior pore space. Hence, a bimodal distribution of
pore sizes is achieved quickly, in which , except at the shortest
aging time (2h), the regions of smaller pores (having a threshold
pore radius up to 25nm) prevail over that related to an
interconnected capillary network (with a threshold pore radius
up to 200nm).

For Portland cement pastes, on the contrary, a continuous
pore network (with a threshold pore radius between about 350
and 650nm) solely contributes at early ages (up to 1 day) to total
porosity (unimodal distribution). Only at longer ages discon-
tinuous regions of lower porosity appear, due to the blockages
of the hydration products (bimodal distribution).

The special evolution of porosity in hydrated calcium
sulfoaluminate cements undoubtedly has a very important role
in promoting their better performance in terms of early strength,
impermeability, chemical resistance and other engineering
properties.
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