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Abstract

The rheological properties of cement paste in dependence on variation of
cement characteristics (chemical and physical properties) are widely
discussed in literature. Only a few studies show how the cement hydration
products influence the fluidity of the pastes. Results presented here
contribute to a better understanding of cement hydration and fluidity.

To induce the formation of certain hydration products we systematically
modified the cement composition by adding alkali sulphates. Furthermore
results of rheology, phase analysis and microstructural investigations were
combined in order to reveal the influence of hydration products on the
fluidity of the cement paste.

Thereby it is shown how the growth of long prismatic crystals like
syngenite decreases paste fluidity. The increase in fluidity during
continuous stirring is attributed to microstructural changes.
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1 Introduction

Workability of concrete is of great importance for realisation of modern
building projects. Admixtures like superplasticizers are applied to modify
the concrete flow characteristics. Many investigations have been carried
out on the influence of superplasticizers on cement and concrete
performance. But the basic understanding of rheological behaviour and
setting of cement paste is still being discussed.

Results of microstructural and phase composition analysis showed that
normal setting is related to alite hydration and it starts during the
acceleratory stage of hydration [1-4]. Microstructural investigations by
ESEM indicate that the interlocking of the nanostructured C-S-H phases
leads to setting of cement paste [5]. However, other investigations suggest
that setting is the result of particle agglomeration driven by cohesion
forces [6].

Contrary to normal set, undesired (early) set of cement paste is caused by
crystallisation of AFm phases (flash set) or gypsum and syngenite (false
set). Flash set is indicated by an increased release of hydration heat [1, 3].

The rheological behaviour of normal Portland cement pastes is explained
by several different mechanisms: Powers [7] introduced the model of
agglomerating / flocculating cement particles. Driving forces for
agglomeration / adhesion of cement particles are van der Waals forces,
electrostatic forces and hydration forces [7-10]. Recently Flatt et al. [11]
and Kauppi et al. [12] tried to model and to measure these forces with the
aim to predict plastic viscosity and yield stress of cement paste [13].

Other investigations [14-19] showed the dependence of rheological
properties of cement pastes on cement and hydration characteristics
(specific surface area of cement, clinker and set regulator reactivity etc.).
Several authors [15, 20] suggested that formation of short prismatic
ettringite increases the interparticle interaction and this leads to an
increased viscosity of the cement paste.

To better understand how the formation of hydration products influences
the fluidity of the cement paste we qualitatively and quantitatively
characterised cement hydration, microstructure and changes in specific
surface area of cement. Obtained results were compared with fluidity
measurements. On this basis we have been able to evaluate the influence
of hydration products like syngenite on the fluidity of cement pastes.
Exemplary studies on concrete fluidity have been carried out to determine
if an increased quantity of syngenite crystals in cement paste influences
concrete rheology.



2 Materials and methods

2.1 Cements

Two commercial cements of type CEM | 42.5 R (CEM A) and CEM | 52.5
R (CEM B) according to European Standard DIN EN 197-1 were used.
Chemical composition of studied cements is given in Table 1.

Table 1 — Chemical composition of cements (wt.%, ws = water soluble).
CEM | CaO S|02 A|203 Fe,O; [ K,O Na,O [ K,Ous | Na,Oys | SO3 MgO
A [63.2] 203 ]| 6.0 3.1 | 055|011 | 0.32 0.04 | 28| 1.1

B [66.0] 229 | 4.0 1.3 | 066 | 0.23 | 0.40 | 0.06 | 3.1 | 0.6

Potassium and sodium sulphate were added to the mixing water in order
to increase the amount of soluble alkali in the commercial cements. By
assuming that all water soluble potassium is bound to sulphate CEM A
contains 0.6 wt.% and CEM B 0.7 wt.% K3SOs. In both cements the
content of potassium sulphate was increased in three steps (Table 2). On
that way high alkaline cements are simulated. In practice higher alkali
quantities than 1.0 wt.% K;Ous (1.8 wt.% K3;SQO4) are not found. For the
present investigation higher alkali levels were chosen to enhance the
effects and to compare the data with findings for regular alkali contents.

Table 2 — Potassium sulphate content of cements in wt.%
(in brackets: respective amount of water soluble K,O)

CEM K>SO, 1 2 3
A 0.6 |1.6(0.9)[25(1.4)] 45(2.6)
B 0.7 |1.4(0.9)]1.8(1.0)| 2.6 (1.5)

In both cements the sodium sulphate content of the mixing water was
increased to the same molarities as potassium sulphate (i.e. 0.14, 0.28,
0.57 M for CEM A, 0.12, 0.18, 0.29 M for CEM B). Water to cement ratio
was 0.4 for mixes of CEM A and 0.39 for CEM B.

2.2 Scanning Electron Microscopy (SEM)

Observation of early cement hydration was carried out with an
Environmental SEM (FEI, Netherlands) equipped with a Field Emission
Gun (ESEM-FEG). The operational parameters for the “Environmental”
mode were the following: water vapour pressure in the chamber was set to
10 — 12.5 mbar and sample temperature to 12 °C. According to this the
relative humidity was kept between 75 and 90 % for the area of the cooled
sample. Micrographs were taken at 25 keV acceleration voltage. For
ESEM observations of the early cement hydration it is crucial to avoid
drying artefacts. Three adjustments to address this problem were made:
the first step (outside the microscope chamber) was to remove the
residual solution with filter paper. Then the sample was immediately
inserted into the microscope chamber, where the desired pressure and



temperature were achieved after approx. 3 minutes. The second step of
sample preparation was carried out inside the chamber: a few millimetres
of the sample surface were removed by scratching with a
micromanipulator. A third preparation procedure was carried out on
selected samples known to be prone to produce extra hydration products
during environmental adjustments in the SEM in the following manner:
pastes have been washed several times in ethanol and blotted with filter
paper in order to remove the solution of the cement paste and then
inserted into the microscope. By having established this set of procedures
we compared morphologies of syngenite and detected residues of the
pore solution. At the surface of the samples that were not washed with
ethanol, residues of the pore solution cover the cement and ettringite
grains. Additionally agglomerates of long prismatic crystals (syngenite)
occur on the surface. By ethanol washing these structures can be
avoided. But no matter how intense the ethanol washing was, some
syngenite crystals were always observed. On that way we were able to
prove that the detected hydration products resulting from the addition of
alkali sulphates (i.e. syngenite) are not drying artefacts.

2.3 X-ray diffraction

Cement pastes were mixed by hand. The hydration was stopped by
adding 2-propanol to the paste and subsequent drying at 35 °C. To en-
hance the syngenite amount for quantification, the silicate clinker phases
were removed by selective dissolution in salicylic acid methanol solution.
All samples were ground to a grain size below 45 um. Because only short
hydration periods were investigated it has been assumed that the samples
contain only a small amount of amorphous phases. Therefore, no internal
standard was added. Measurements have been performed with an X-ray
powder diffractometer (D-5000, Siemens, Germany).

The CuKa (A = 1.5418 A) radiation was generated at 40 mA and 40 kV.
Data have been collected over a Bragg angle range of 8-60° (2 8), using
an angular step width of 0.05° and 5 s counting time. Quantification was
done by Rietveld analysis with software Autoquan (BGMN, Germany).

2.4 Viscometric testing

Fluidity of the cement pastes was determined with a speed controlled
rotational viscometer (Viskomat NT, Schleibinger, Germany). This measu-
ring system consists of a stationary paddle which is mounted concen-
trically in a rotating cylindrical vessel. The shear resistance of the sample
flowing around the stationary paddle generates a torque which is contin-
uously monitored. Generally in ideal liquids, fluidity is the reciprocal of
viscosity. Since cement suspensions possess yield strength and non
linear flow behaviour, the fluidity of cement pastes depends on shear rate,
yield strength and viscosity. By the applied viscometric measurement it is
not possible to discriminate yield strength and viscosity. Therefore in the



following the term fluidity is used to describe the consistency of pastes.
The axial torque of the paddle at constant rotational speed (60 rpm) was
recorded over time (120 minutes). Measurements were carried out at
20 °C. Cement pastes were prepared according to a defined mixing
procedure (6 min low speed mixing in Hobart mixer ).

Concrete consistency was tested by slump test (EN 12350-2: 1999). Mix
proportions of concrete were as follows: maximum grain size of
aggregates 16 mm, 1744 kg aggregates / 405 kg CEM B, w/c of 0.6, one
batch of concrete was mixed with addition of 1.2 % K,SO4 (referring to the
amount of cement) to the mixing water.

2.5 Extraction and analysis of pore solution (cement paste)

Samples were mixed by hand at w/c of 0.4. Extraction of the solution was
accomplished by centrifugation for 10 minutes at 15.550 g. Additionally the
solution was filtered through a 0.45 um syringe filter. Inductively Coupled
Plasma — Optical Emission Spectroscopy (ICP-OES, Optima 3000, Perkin-
Elmer, USA) was used to measure Ca, Na, K, S, Al, Mg, Si and Fe
concentrations. The pH-value was measured with a glass electrode.

3 Results

3. 1 Influence of potassium sulphate on fluidity and microstructure of
cement pastes

Measurements with the viscometer express fluidity by a value of torque.
An increase in torque is equivalent with a decrease in fluidity of the
cement paste and vice versa. Figure 1 shows the influence of potassium
sulphate content and hydration time on the measured torque (fluidity).
Generally with increasing potassium sulphate content the torque is
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increased, i.e. the fluidity is decreased. For CEM B the paste with 2.6 %
potassium sulphate developed a fluidity that was beyond the detection
limits of the viscometer (i.e. > 300 Nmm). Within the first 5 minutes of
measurement the torque over time curves for cements with high
potassium sulphate concentration show an increased maximum in torque

(Fig. 1).

Investigations of the cement paste microstructure (ESEM) on ethanol
washed and unwashed samples clearly show that by increasing the

F|g 2: Syngenlte formatlon |maged by ESEM after 2 hours of hydratlon of CEM A
with 4.49 wt.% potassium sulphate. a) cement hydrated without agitation; random
orientation of syngenite crystals b) cement paste after 2 h of shearing in the
viscometer; preferred orientation of syngenite crystals.

amount of potassium sulphate an increased quantity of long prismatic
crystals is observable. By ESEM these crystals were first detected after a
hydration period of ~5 min and stayed part of the microstructure over the
investigated 2 hours of hydration. The dimensions of these crystals are
approx. 2-10 ym long and 0.2 pm thick (0.5-1 ym wide (Fig. 2a). This
typical morphology and results of microanalysis (EDX, results not shown)
in the ESEM indicated that those crystals are syngenite. Figure 2b shows
that after 2 hours of stirring in the viscometer the typical morphology of
syngenite is unchanged but a preferred orientation of crystals (alignment
in shear direction) is visible.

Additionally to this qualitative detection of syngenite, results of XRD-
Rietveld quantification on CEM B confirmed the findings and are shown in
Figure 3. The obtained data clearly show that if the amount of potassium
sulphate was increased by factor of 2 the syngenite content of the cement
paste was doubled too. Comparison with results of viscometer
measurements (Fig. 1) reveal that a syngenite content of 1 wt.% (referred
to the amount of cement) results in a significant decrease of the cement
paste fluidity.
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3. 2 Influence of potassium sulphate on concrete fluidity

Results of concrete slump test are shown in Figure 4. Data reveal that an
increased potassium sulphate concentration of the cement leads to a
reduced concrete slump during the first 30 min of hydration. After 60 and

160 m concrete of CEM-B O

140 4 O concrete of CEMB + 1.2% K,SO, —
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o 80 Fig. 4: Time
S 60 - dependent concrete
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increasing potassium
sulphate content.

90 minutes of hydration the measured differences are within the detection
limit of the measurement.

Comparing with fluidity of cement pastes (CEM B, Fig. 1) it is obvious that
potassium sulphate also decreases the fluidity of concrete. During the first
30 minutes of hydration the results show a major decrease in concrete
and cement paste fluidity due to increased potassium sulphate content. At
later stages of hydration the difference in fluidity, that result from
increased potassium sulphate content, decrease for both the concrete and
cement paste. Generally slump is correlated with yield stress [25]. The
torque measured at the viscometer is influenced by both factors: viscosity
and yield stress. For the investigated cement pastes this means that the



loss in fluidity as detected by the viscometer is at least partly caused by
increased yield stress.

3. 3Influence of sodium sulphate on fluidity of cement paste

No syngenite or equivalent sodium containing mineral is formed if the
sodium sulphate content in the cement paste is increased. Thus, by
addition of sodium sulphate the influence of higher ionic strength in the
pore solution on the fluidity is evaluated.

The molarities of sodium sulphate in the mixing water were adjusted to the
same levels as potassium sulphate. Figure 5 shows the fluidity of cement
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pastes in dependence of sodium sulphate content. Compared to the
addition of potassium sulphate the fluidity loss is very minor when low
molarities of sodium sulphate were added. At the highest molarity the
fluidity of CEM A is even improved. In contrast the fluidity of CEM B is
diminished by addition of 0.29 M Na,SO, solution as mixing water. It is
important to note that the maximum in torque (minimum in fluidity) within
the first 10 minutes is unchanged by addition of sodium sulphate.

4 Discussion and Conclusions

If significant syngenite quantities are formed during cement hydration, a
loss in fluidity (maximum in torque) is detected. Because the maximum in
torque correlates very well with the time of syngenite formation, it is clearly
indicated that crystallisation of this mineral affects the fluidity of the
cement paste. This view is supported by the fact, that addition of sodium
sulphate to cement paste does not significantly influence the fluidity of the
paste. If the mineral quantity that is formed is significant to diminish the
fluidity, depends on the starting consistency of the mixture, i.e. water-to-



cement ratio etc. For the investigated CEM B (CEM | 52.5 R), at water-to-
cement ratio of 0.39, it was shown that formation of 1 wt.% syngenite
results in a marked loss in fluidity. Furthermore it was shown that gain in
fluidity is achieved by continuous shear of the paste in the viscometer (at
constant rotation speed).

Present models for the rheological behaviour of cement pastes describe
the fluidity by means of particle flocculation / coagulation due to
interparticle forces (van der Waals and / or electrostatic attraction [7]). The
basic assumption is that due to the high ionic strength of the pore solution
the particles are always flocculated / coagulated [10]. By increasing the
amount of alkali sulphates, the ionic strength (calculated according to [10])
of the cement pore solution is increased. For example addition of 0.28 M
K2SO4 solution to CEM A increases the ionic strength of the pore solution
from 0.22 (reference) to a value of 0.71. The addition of the same molarity
sodium sulphate increases the ionic strength to 0.96. According to Flatt et
al. [11] higher ionic strength of the pore solution might be a cause for a
stronger flocculation and a varied fluidity of the paste. Results of the
present study showed that only the addition of potassium sulphate leads
to a significant fluidity decrease. But the ionic strength of the pore solution
was significantly increased by the addition of both alkali sulphates.
Therefore it is concluded that the fluidity decrease does not origin from
increased flocculation / coagulation state. But rather, that the crystalli-
sation of syngenite has a marked influence on cement and concrete
fluidity.

A further reduction in fluidity that is caused by addition of alkali sulphates
might origin from additional gypsum or ettringite formation. Beyond this the
pH-value of the cement pore solution is increased by addition of alkali
sulphates. According to [3] this can result in a higher hydration degree of
clinker phases and diminished cement paste fluidity. Investigations of that
sample by ESEM revealed no additional hydration products like gypsum.
Results of XRD-Rietveld analysis (data not shown) showed that CzA
consumption was not significantly altered (i.e. variations <1 wt.%). Thus it
is further indicated that in the presence of relevant potassium sulphate
contents the fluidity is influenced solely by crystallisation of syngenite.

According to the flocculation model the floc structure is destroyed by
mixing and rebuilt at rest of the paste. In order to evaluate the contribution
of increased flocculation / coagulation on the fluidity the measurements of
CEM A were halted after 40 min and restarted after 50 min (Figs. 1 & 5).
The magnitude of the torque maximum after restart is approx. <10 Nmm
for all investigated cement pastes. It is always lower than the maxima
caused by syngenite formation within the first 10 minutes of hydration (Fig.
1). From that we deduce that compared to formation of long prismatic /
elongated crystals, the increased ionic strength and the following



flocculation / coagulation has a minor impact on cement paste fluidity.
Furthermore it is deduced that after 40 minutes of hydration, the
precipitation rate of syngenite is marginal as compared to the very first
minutes of hydration.
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General rheological models for suspension indicate that two competing
processes induce the minimum and subsequent gain in fluidity: a) an
increasing formation of hydrate phases [20] and b) the movement of
particles (for example hydrate phases) in the sheared suspension [22-24].
For process a) it is known that with increasing asymmetry of particles
(from spheroid to rod like) the viscosity of a suspension increases [25]. For
b) according to the rheological models it is expected that elongated
particles rotate into the shear direction [22, 27]. The formation of a
preferred orientation of elongated particles in the shear flow results in
fluidity gain. Figure 6 illustrates the process of alignment of syngenite in
simple shear conditions of cement paste. If the syngenite crystallisation
rate is high and the orientation of the new formed crystals is random to the
shear (flow) direction the fluidity of the cement paste is lowered.
Continuous shear leads to rotation of syngenite crystals. Thereby a
preferred orientation is developed. This process is accompanied by an
increase in fluidity (decrease in viscosity and yield stress).

Viscometer measurements at constant rotational speed are affected by
both factors that define fluidity: apparent viscosity and yield stress. It is
known that the crystallisation of elongated crystals affects not only the
viscosity but also the yield stress of suspensions [24, 25]. Kurdowski and
Grzeszczyk [18] showed that yield stress and plastic viscosity of cement
pastes increases when potassium sulphate concentrations exceed a
certain value. Since slump is regarded to correlate with yield stress we
confirmed the findings of [18]. Additionally it was shown that the concrete
yield stress is increased by potassium sulphate concentration and that the
formation of 1 wt.% syngenite has a marked influence on fluidity of the
investigated cement paste.
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