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Abstract: Natural gypsum can degenerate into hemihy-
drate during cement clinker grinding which changes the
physical and chemical properties of cement hydration, af-
fecting therefore the fresh and hardened properties of ce-
ment based materials. Cement systems containing a con-
stant total amount of calcium sulfate (4%) with relative
proportions of hemihydrate and natural gypsum were
considered. Rheological measurements were executed on
an Anton Paar MCR51 rheometer to evaluate the flow
properties of cement pastes. Results show that, the yield
stress and the plastic viscosity of cement pastes were
affected when the degeneration of natural gypsum ex-
ceeded 50%. Above this concentration, the yield stress
remarkably increased and a variation in plastic viscosity
of about 50% was observed. Using TG-DSC techniques, it
was shown that, the amount of formed ettringite could
not explain these rheological changes. However, centrifu-
gational packing and SEM-SE measurements confirmed
that, more than the amount of ettringite precipitated, et-
tringite morphology plays a major role in controlling the
yield stress and plastic viscosity of fresh cement pastes.

Keywords: Natural gypsum, hemihydrate, ettringite, rhe-
ology and cement paste

1 Introduction
In ordinary Portland cement manufacturing, clinker is
ground together with calcium sulfate as a source of sul-
fate to prevent premature and detrimental precipitation
of some calcium aluminate phases during the early stage
of cement hydration. Subsequently, the aluminate reactiv-
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ity is regulated through preferential precipitation of sulfo-
aluminates.

After the first contact between cement and water, the
calcium concentration in the interstitial fluid of fresh ce-
ment pastes does not vary much with the water-to-cement
mass ratio. In most cases, calcium ions are around sat-
uration concentrations and favour the precipitation of
portlandite. Conversely, the concentration of sulfate ions
within cement suspensions varies depending on the water
to cement mass ratio (w/c) along with the amount and sol-
ubility of calcium sulfate sources in the system [1].

In practice, the amount and type of sulfate calcium
sources are generally chosen by the cement manufac-
turers by considering the C3A and alkali sulfate con-
tents present in the clinker. These can vary between gyp-
sum (CaSO4·2H2O), hemihydrate (CaSO4·0.5H2O), anhy-
drite (CaSO4) or mixtures of these sulfate sources. Even
when facedwith apure gypsum-based system, through the
grinding process, natural gypsummay dehydrate to hemi-
hydrate depending on the mill ambient temperature. The
final ground cement product results therefore into two dif-
ferent types of sulfate bearing materials with variant solu-
bility.

This variability in sulfate sources dictates the sul-
fate concentration during the early hydration and conse-
quently, chemical or physical interactions within the ce-
ment suspension [2]. Although the amount of hydrates
formed during the first minute after the contact between
water and cement is almost negligible, variations in sulfate
concentrations have been found able to affect the macro-
scopic rheological behaviour of fresh cement pastes [3, 4].
Yamada in [5] demonstrated that the source of sulfate ions
is of great significance for ettringite crystallisation. They
found that the amount and the morphology of formed et-
tringite depend largely on the type and the quantity of cal-
cium sulfate used. Ettringite is often considered as nucle-
ating under the formof a hexagonal rodwith six large elon-
gated rectangular prism faces and two six sided end faces.
Depending on the degree of super-saturation reached in
the interstitial solution,which is itself drivenby the sulfate
source solubility, ettringite develops different morpholo-
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gies that can vary from short hexagonal prisms to long nee-
dles [6–8].

To date, the effect of ettringite morphology on cement
rheological parameters during the early hydration has not
been thoroughly investigated. The main challenge in such
investigations lies in the difficulty of assessing ettringite
morphology at cement paste sample level. Relying solely
on SEM analysis of cement samples containing only a few
of these crystals should be considered only with care. In
this work, packing measurements are laterally used as a
fast andeasy tool to confirm theSEMresults. Thew/c ratios
of cement systems were kept constant along with the total
amount of calcium sulfate. The calcium sulfate availabil-
ity was changed by varying relative proportions of hemi-
hydrate and natural gypsum powders as the source of cal-
cium sulfate within the system.

2 Materials and methods

2.1 Materials

An ordinary Portland cement clinker was sampled during
the production process of CEM I in accordance with ASTM
C150 under stable kiln operations at a local cement plant
using modern technology. This clinker was then crushed
and ground without any calcium sulfate bearing material
and was considered as the reference pure clinker. Two
types of calcium sulfatematerials, namely natural gypsum
(NG) and hemihydrate (HH), were also considered. The
chemical composition of the cement clinker and calcium
sulfate materials as determined by XRF spectroscopy are
presented in Table 1. The difference between these two cal-

Table 1: Chemical and phase composition of clinker and calcium
sulfate

Compounds Clinker Gypsum Hemihydrate
SiO2 23.2 0.81 1.01
Al2O3 5.96 0.03 0.10
Fe2O3 3.61 0.00 0.00
Mn2O3 0.38 0.08 0.08
TiO2 0.27 0.01 0.02
CaO 62.38 42.08 40.63
MgO 1.68 0.46 0.56
P2O5 0.09 0.05 0.05
Cl 0.02 - -
SO3 0.81 44.71 52.43
K2O 0.45 0.03 0.03
Na2O 0.07 - -

cium bearing materials can mainly be depicted from their
CaO and SO3 contents.

2.1.1 Cement sample and characterisation

Cement samples were obtained by adding directly to the
clinker 4% of calcium sulfate from a mixture of natural
gypsumandhemihydrate in different proportions. The pre-
pared rawmaterials were homogenised in a ballmill bottle
for a fewhours as done in [9]. Cement sampleswere charac-
terised by assessing their particle size distribution using a
laser particle analyser (Malvern Mastersizer 2000 Malvern
Instruments, UK) under constant agitation at 2000 rpm in
isopropanol as solvent. The equipment has the capacity to
detect particles within the range of 0.02 – 2000 µm.

Particle size distributions of cement mixes are given
in Table 2. It can be seen that the addition of 4% calcium
sulfate bearingmaterials to the clinker doesnot havemuch
effect on the specific surface area of the cement systems.
The characteristic sizes such as d10, d50 and d90 of all the
cement mixes also remain similar to the original clinker
size.

The total sulfate content of raw materials was esti-
mated using a Leco and are presented in Table 3. The
nomenclatureNG/HHmeans that the cement ismadeupof
NG percent natural gypsum fraction and HH percent hemi-
hydrate fraction within the gypsum cement phase set at
4% total mass concentration. It can be noted that, such
procedure results in an effective sulfate content decrease
of around 10% when totally substituting natural gypsum
by hemihydrate within the cement system.

Table 2: Particle sizes distribution of the clinker and cement with
different mass proportions of NG and HH for a 4% total mass of
calcium sulfate within the system

Sample ID/
characteristic size

d10 d50 d90 SSA
[cm2/g]

Clinker 5.96 16.4 36.1 3,840
NG 1.95 7.96 23.7 13,600
HH 1.82 8.69 42.9 13,700
100/0 4.86 15.8 35.2 4,220
70/30 5.35 16.2 36.5 3,990
60/40 5.80 16.3 36.4 3,880
50/50 5.32 16.1 36.2 3,990
40/60 5.19 16.4 37.2 4,000
0/100 4.85 15.9 35.1 4,230
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Table 3: Total SO3 concentration within the clinker with 4% calcium sulfate provided by a mixture of NG and HH in different proportions

NG/HH concentration 0/100 40/60 50/50 60/40 70/30 100/0
SO3 [%] 2.89 2.56 2.97 2.46 2.69 2.38
Mole of sulfate/g of cement 0.69 0.63 0.62 0.61 0.59 0.55

It is worth noting that, in most commercial cements,
the total amount of SO3 is advised to be between 2.5-3% at
a calcium sulfate content of not more than 5% [10–12].

2.1.2 Cement paste preparation

Unless specified, a constant w/c ratio of 0.4 is used
throughout this experimental study. Cement paste is
batched with a laboratory Hobart mixer using distilled wa-
ter at a constant temperature of 23 ± 1∘C. Water is first in-
troduced into themixer and the cement is gradually added
over a period of 2 min. After a resting time of about 2 min,
themixing resumes for a further totalmixing time of about
10 min. A portion of the fresh cement is then collected for
rheological measurements and stored in a water bath at
23 ± 1∘C for 15 minutes prior to the test. This curing time
was suggested to allow for the precipitation of at least one
third of the total ettringite amount [13]. The other portions
are cast in small plastic containers and kept for an hour in
a curing room at room temperature for TG-DSC and SEM-
SE analysis. The hydration reaction of the one hour hy-
drated cement paste is later stopped by immersing it in iso-
propanol for 24 hours. The solvent is successively changed
after 1 hour and 15 hours thereafter, washed with diethyl
ether as suggested in [14]. The sample is then collected and
further stored for 1 day under vacuum drying at room tem-
perature to remove the remaining isopropanol.

3 Methods

3.1 Rheometry

Rheological experiments were carried out on a stress-
controlled Anton Paar MCR 51 rheometer with a 50 mm di-
ameter roughened parallel plate geometry and a set gap
of 0.6 mm. This rheometer is fitted with a circulating wa-
ter bath keeping the sample isothermally at 23∘C during
all rheological measurements. The pre-shearing was done
at 100 s−1 for 30 s to ensure a homogeneous distribu-
tion of the sample within the rheometer shear gap as de-
scribed in [15]. Immediately after pre-shearing, the rheo-
logical measurements were performed.

The dynamic yield stress and the plastic viscositywere
obtained from the flow curve by extrapolating the mea-
sured data of the down curve to zero shear rate using avail-
able rheological constitutive equations. Since the famous
“Yield stress Myth” paper was published by Barnes and
Walters in 1985 [16], much debate has raged on whether
the yield stress is real or not. Much depends on the shear
rate range overwhich data ismeasured. Formost engineer-
ing applications the yield stress is a reality. The impact
that rheological models have on accuracy and repeatabil-
ity of rheologicalmeasurements have been reported in [17].
Although the Bingham model does not fit the experimen-
tal data well at low shear rates (due to the prevalence of
a nonlinear relationship between applied shear rates and
shear stresses), for cementitious materials, it is the most
used model by virtue of its simplicity and the physical in-
terpretationof its parameters [18]. For lower shear rates the
modified Bingham or Herschel Buckley models are mostly
used to adjust for this reality. Data collected within these
regions however are not very reliable and difficult to re-
produce as a result of the low torques applied [19]. Jayas-
ree and Gettu [19] compared the Bingham (linear) and Her-
schel Buckley (polynomial) models for cement paste ma-
terials and found that both fit the experimental data well
and provide comparable yield stress values. Compared to
the Binghammodel, the Herschel Buckley model provides
higher yield stress values in case of shear thickening and
lower values in shear thinning materials such as cement
paste. They therefore recommend the Bingham model es-
pecially for parametric studies. The low shear rates that ce-
mentitious suspensionspractically experienceduring cast-
ing, placing or pumping are within the applicable range of
stresses that are well fitted by the Bingham model. In this
investigation, experimental data were therefore fitted by
the Bingham model. The measuring cycle time was 300 s
with a shear rate ramp of 0-100 s−1 for both up and down
curves.

3.1.1 Thermogravimetric analysis

A TGA/DSC Nersch STA model was used for the thermal
gravimetric analysis. This is a simultaneous thermal anal-
yser equipped with a data acquisition system using Ner-
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sch software. This allows the instrument to carry out at the
same time the thermal gravimetric analysis and the differ-
ential scanning calorimetry of the sample. The base line
was set by using an aluminium crucible pan. The nitro-
gen (N2) flux was used as the flowing gas at 50 ml/min.
The heating started at 23∘C at a rate of 5 K/min in order to
allow the equipment to stabilise beforehand and to elimi-
nate all possible defects due to the setting up of the instru-
ment. The reference sample was air and the experimental
heating temperature ranged from 24-1000∘C. The hydrate
phaseswere quantified by calculating themass losswithin
the specified range of temperatures as described in [20, 21].

3.1.2 Packing density measurements

The morphology of ettringite was assessed by measur-
ing the paste packing properties after contact with water.
Pastes with different proportions of natural gypsum and
hemihydrate were prepared with distilled water at a w/c
ratio of 0.5. After mixing, the paste was kept in a sealed
container at room temperature for 1 hour allowing for suf-
ficient precipitations of early hydrate products (ettringite).
Thereafter, the paste was remixed, and 1.5 mL was col-
lected, placed in a specified tube and transferred to the
centrifuge equipment. The centrifuge was done at 5000
rpm (4193 g) for 10 minutes. The liquid on top was re-
moved and weighed on an electronic balance. This was
preferred to measuring the height of compacted cement
due to the fact that, after centrifuging, the paste was
not evenly spread around the circumference of the tube.
The solid volume fraction of the consolidated suspension,
which corresponds to the packing density of the suspen-
sion under these experimental conditions (duration and
acceleration), was then computed.

3.1.3 Scanning electron microscopy

The microstructure of the hydrated cement systems was
analyzed by scanning electron microscopy (SEM–SE) and
their atomic ratio was assessed by energy dispersive X-ray
spectroscopy (EDS) analysis. The samples were prepared
as described in section 2.1.2 and further treated for SEM
measurements. Samples were impregnated in LR White
epoxy-based resin overnight and polished using 100 nm
fine diamond lapping paper to create a flat surface re-
quired for quantitative EDS analyses. The samples were
thereafter coated with a thin carbon film (<5 nm). A Zeiss
Auriga field emission gun scanning electron microscope
(FEG-SEM) operated at 15 kV for imaging and 20 kV for EDS

analyses was used during analysis; all EDS analyses were
completed using an Oxford Instruments X-Max solid-state
silicon drift detector.

4 Experimental results

4.1 Flow properties

The yield stress and viscosity values of the cements were
estimated from typical flow curves as shown in Figure 1. It
was noticed that, the characterisation of all down curves
of hysteresis loops on flow curves could be fitted with the
Binghammodel. However, cement systemswith only hemi-
hydrate presented higher Bingham parameters than those
with pure natural gypsum. These parameters seemed to
change with respect to the replacement of natural gypsum
by hemihydrate in cement systems with mix proportions
of these two calcium-sulfate bearing materials. The effect
of the presence of hemihydrate within the gypsum on the
flow behaviour of cement paste can be seen by establish-
ing a relationship between these obtained rheological pa-
rameters and the actual concentration of hemihydrate as
illustrated in Figure 2.

It can be observed from Figure 2 that, the presence of
hemihydrate above a critical fraction around 60%, results
in an increase in both yield stress and plastic viscosity of
the cement pastes. In particular, below 50% hemihydrate
fraction, yield stress values are similar to those of cement
with only natural gypsum. Above this critical concentra-
tion, cement paste yield stress values and plastic viscosity
significantly increase.

4.2 Effect on ettringite formation

The quantity of ettringite and portlandite were estimated
based on the results from thermogravimetric and differ-
ential scanning calorimetry (TG-DSC) as presented in Fig-
ure 3. These characteristic TG-DSC curves clearly show ap-
preciable mass loss occurring between the ranges of 100-
140∘C for all cement pastes after one hour of hydration.
This is mainly attributed to the dehydration of ettringite.
Modest mass losses are also depicted in a temperature
range of 170-200∘C in all cements. This loss is mainly at-
tributed to the dehydration of AFm (calcium hydroalumi-
nate or monosulfate) phase [22]. Further mass losses are
noticed within the ranges of 350-530∘C corresponding to
the de-hydroxylation of portlandite. The decarbonation of
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Figure 1: Typical flow curves of cement pastes with different proportions of natural gypsum and hemihydrate within gypsum cement phase.
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Figure 2: Effect of hemihydrate fraction among the total calcium-sulfate bearing materials on (a) yield stress and (b) plastic viscosity.

carbonated phases are depicted between a temperature
range of 600-900∘C.

Figure 4 shows the quantity of ettringite and port-
landite estimated within specified temperature ranges as
described in [23–25]. After 1 hour of hydration, it can be
observed that, increasing the hemihydrate fraction within
the cement system did not result in any major increase in

the amount of formed hydrate products. In all systems the
average amount of ettringite formed was 4.6% and port-
landite 1.8%.
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Figure 3: Typical thermogravimetric analysis and differential scanning calorimetry of one hour hydrated cement pastes with different
proportions of natural gypsum and hemihydrate within the gypsum phase set at 4%. (a): Cement with hemihydrate 0/100; (b): cement with
natural gypsum 100/0; (c): cement with 70/30 proportion; (d): cement with 60/40 proportion.

Figure 4: Amount of hydrate products precipitated after 1 hour of cement hydration with different fractions of hemihydrate within the
sulfate-carriers; (a): Ettringite and (b): Portlandite. The dashed line is the average of all measurements.

4.3 Effect on packing density

Figure 5 presents the packing densities measured at an ac-
curacy estimated around 0.2% for all hemihydrate concen-
trations within the cement systems. It can be seen that,

the packing density of the suspension stays almost the
same up to the 50% hemihydrate fraction and thereafter
decreases with the increase in hemihydrate concentration.
This implies that the paste has higher packing properties
when natural gypsumwas solely used ormixedwith hemi-
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hydrate up to 50%.Beyond this concentration, thepacking
density decreases from 44.4% to 43.4% indicating a less
compacted paste.

Figure 5: Effect of hemihydrate fraction within cement gypsum
phase on cement paste packing.

5 Discussion
Results of this research suggest that, rheological proper-
ties of cement paste are more influenced by the morphol-
ogy than the amount of precipitated ettringite during the
early hydration. Evidently, this morphology depends on
both the presence and content of hemihydrate within the
cement paste.

Morphology of ettringite and sulfate sources
Ettringite is the main stable hydrate product precipitat-
ing from the interaction of aluminate and calcium sulfate
phases during the early stage of ordinary Portland cement
hydration. This hydrate precipitates until sulfate deple-
tion [26, 27]. Previous research has shown that the type
and content of sulfate used as set regulator can also affect
the chemical structure of ettringite thus altering the perfor-
mances of cement paste [4, 28–31].

On the one hand, a significant amount of sulfate ions
within the suspension results in a large amount of ettrin-
gite formation that, in turn, may affect hydration kinet-
ics and cause microstructure expansion [32, 33]. On the
other hand, Evju and Hansen [34] found that the morphol-
ogy of ettringite formation depends on the source of the
sulfate used. They observed radial crystal ettringite in the
presence of β-hemihydrate and, whenmixed with another
source of sulfate, its crystal growth was altered. Yamada
and Xu [4, 35] have also shown and reported the signifi-

cance of these sulfate-source parameters on ettringite crys-
tallisation. It is thus understood from literature that the
morphology of formed ettringite largely depends on the
type and content of calcium sulfate used.

Rheology and its driving parameters
Flatt andBowen [36] have shown that the yield stress of tra-
ditional cement paste depends on inter-particle attractive
forces, solid volume fraction, particle size and maximum
packing density. On the one hand, themaximumattractive
force between cement particles is assumed to come from
non-retarded Van der Waals forces. On the other hand, co-
hesion forces which originate from C-S-H nucleation can
considerably increase cement yield stress values at rest,
due to the bridging that C-S-H provides between cement
particles [37].

It was shown in [38, 39] that hydration of tricalcium
aluminate along with sulfate ions that are not consumed
by ettringite formation may affect the growth of these C-
S-H and potentially cohesion forces they induce. However
as soon as the mixing power is sufficient to break the
bonds which originates from C-S-H nucleation, the effect
of the corresponding cohesion forces on the yield stress
becomes negligible [8]. In this work, rheological measure-
ments were made immediately after the samples were pre-
sheared at a high shear rate and the attractive forces at the
origin of the dynamic yield stress are therefore assumed to
be independent of hydrates formation.

For non-Brownian and non-colloidal particles, viscos-
ity increaseswith solid volume fraction and divergeswhen
the maximum packing density is approached [40]. For col-
loidal flocculated suspensions like cement paste, it was
shown that their viscosity mostly depends on the surface-
to-surface separating distance between cement grains im-
posed by attractive Van der Waals forces [41] and the po-
tential presence of adsorbed plasticisers.

Within the above framework, both yield stress and vis-
cosity depends on the ratio between solid volume frac-
tion and maximum packing fraction. As the volume vari-
ations induced by hydration at such early ages was neg-
ligible, variations in maximum packing fraction are ex-
pected to have a strong influence on rheological param-
eters. As maximum packing fraction mostly depends on
particle morphology and polydispersity, modifications in
the cement paste rheological behaviour are expected if the
sulfate source affects the morphology of hydrate products
changing therefore the maximum packing fraction of the
system.
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Figure 6: SEM-SE images of cement surface hydrated for 1 hour and prepared with (A) natural gypsum and (B) hemihydrate.

Total ettringite formed in the system
In the tens of minutes following the contact of cement
and water, calcium, sulfate and hydroxyl ions are released
into the suspension [42–45]. These ions are consumed for
the formation of hydrate products, mainly ettringite and
portlandite [46]. The amount of these two hydrates after
one hour of hydration is shown in Figure 4. We note that
the variations of these early hydrate products were respec-
tively around 0.5% and 1% and were of the order of the un-
certainty of our measurements.

Assuming the density of cement, ettringite and port-
landite to be 3.15 g/cm3, 1.8 g/cm3 and 2.4 g/cm3 respec-
tively, the variations in solid volume fraction due to those
of ettringite and portlandite can therefore be estimated
to be 1% and 0.5% respectively. At such variations, the
solid volume fraction of ettringite could slightly affect the
rheological behaviour of the suspension. There was how-
ever no correlation found between the solid volume frac-
tions and the observed rheological parameters of the cor-
responding cement paste. These observations are in agree-
ment with those reported by [47] who also found no cor-
relation between variations in the amount of ettringite
formed and the rheological properties of cement pastes.

Ettringite morphology and packing fractions
Maximum packing density measurements in Figure 5 sug-
gest that the increase of the hemihydrate fraction alters

the packing of the suspension. Considering that the parti-
cle size distribution of cement particles remains almost un-
changed during the first hour of hydration, the only factor
that might affect themaximumpacking fraction of the sus-
pension is the shape of the particles. A variation in themor-
phology of ettringite could explain the modification of the
packing properties. Figure 6 (A) and (B) show the SEM-SE
morphology images of ettringite at the surface of cement
particles hydrated during 1 hour in the presence of natu-
ral gypsum and hemihydrate. Elongated rod-like ettringite
hydrates are observed at the surface of cement with hemi-
hydrate while short rod-like ettringite hydrates are seen in
the presence of natural gypsum. A similar phenomena per-
taining to ettringite morphology changes resulting from
aluminate and calcium sulfate interactions in different ce-
ment systems have also been reported by [4, 48].

We note from Figure 6 that the presence of these elon-
gated hydrates at the surface of cement particles affect
the regularity of their shape. Previous research has shown
that particles with regular shapes and flat surfaces lo-
cally arrange themselves better than those with irregular
shapes [49–51]. When a long rod is inserted into a pack-
ing of particles and if it is not small enough to occupy
the space between particles, the overall packing density
of the system decreases accordingly. We suggest therefore
that the decrease in packing density with the increase in
hemihydrate fraction within the cement system can be at-
tributed to the elongated shape of ettringite formed.
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Consequently, it can tentatively be assumed that,
at concentrations below 50% hemihydrate, spherical or
stubby rod ettringite prevails within the suspension and
above this concentration elongated ettringite dominates.
Interestingly, the trend observed in Figure 6 converges
with that of rheological parameters as illustrated in Fig-
ure 2.

Considering this, rheological properties of fresh ce-
ment paste seem to be controlled more by the morphol-
ogy than the available amount of ettringite triggered by the
presence of a high concentration of hemihydrate within
the suspension. These observations would thus explain
the decrease of the packing density, which results in the
increase of both yield stress and viscosity as the hemihy-
drate fraction increases.

6 Conclusions
The results obtained in this research show that more than
the amount of ettringite precipitated, ettringite morphol-
ogy plays amajor role in controlling the packingproperties
and consequently the yield stress and plastic viscosity of
fresh cementpastes. Thismorphology stronglydependson
the change in sulfate availability depending, for instance,
on thepresenceof thehemihydrate fractionwithin the gyp-
sum phase.

This leads to a large increase in yield stress values and
a variation in plastic viscosity value of approximately 50%.

In practice, it is difficult to control the availability or
sulfate consumption within cement suspensions for con-
crete rheological purposes. This makes it challenging to
directly implement this approach as a rheology control
tool. However, considering what has been shown in this
research, it is suggested that practical and effective ways
for changing the ettringite morphology be investigated by
incorporating intercalating polymers.
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