
JOURNAL OF CIVIL ENGINEERING AND MANAGEMENT
ISSN 1392-3730 print/ISSN 1822-3605 online

2013 Volume 19(Supplement 1): S125–S130
doi:10.3846/13923730.2013.851111

THE EFFECT OF CEMENT MODIFICATION ON THE RHEOLOGICAL 
PROPERTIES OF CEMENT PASTE 

Eugenijus JANAVIČIUSa, Mindaugas DAUKŠYSb, Gintautas SKRIPKIŪNASc, 
Džigita NAGROCKIENĖc, Ala DAUGĖLIENĖb

aDepartment of Building Materials, Kaunas University of Technology, Studentų g. 48, 51367 Kaunas, Lithuania
 bDepartment of Civil Engineering Technologies, Kaunas University of Technology,  

Studentų g. 48, 51367 Kaunas, Lithuania 
cDepartment of Building Materials, Vilnius Gediminas Technical University,  

Saulėtekio al. 11, 10223 Vilnius, Lithuania

Received 31 Aug. 2012; accepted 18 Jul. 2013

Abstract. Experimental tests have determined the effect of slag, opoka (silica-calcite sedimentary rock), silica fume 
(SiO2) suspension, dolomite dust and sodium silicate solution (NaSS) together with the polycarboxylatether based plas-
ticizing admixture on the yield stress and viscosity of Portland cement paste the rheological properties of which have 
been defined applying a rotational viscometer with co-axial cylinders. The tests have revealed that slag, opoka, silica 
fume suspension and dolomite dust added to cement paste by replacing 10% of Portland cement (by weight) have an 
effect on the yield stress and viscosity of the paste subject to the form and fineness of additive particles. When 10wt% 
of Portland cement is replaced with slag cement, the yield stress of Portland cement paste reduces by about 25.9%, and 
viscosity increases by about 3.5 times compared with the yield stress and viscosity of reference cement paste. The yield 
stress of Portland cement paste with 0.5% NaSS admixture increases insignificantly, and viscosity grows approximately 
twice compared with reference cement paste. The tests have also showed that the modifying admixtures of Portland ce-
ment paste enable to control the rheological properties of cement paste. 
Keywords: portland cement, plasticizing admixture, sodium silicate solution, cement slurry, yield stress, viscosity, vis-
cometer. 
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Daugėlienė, A. 2013. The effect of cement modification on the rheological properties of cement paste, Journal of Civil 
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Introduction

The possibilities of using alternative secondary materials 
that modify the rheological properties of concrete mixes 
as well as the physical and mechanical properties and 
structure parameters of hardened cement systems are 
explored in order to contribute to global climate protec-
tion and reduce the use of pure Portland cement clinker, 
the production of which causes environmental impacts 
at all stages of the process (Nochaiya et al. 2010, Turk 
2012, Grzeszczyk and Janowska-Renkas 2013, Hou et al. 
2013). 

Both yield stress and viscosity (apparent or plastic) 
are strongly dependent on the particle characteristics of 
the powders employed in preparing a blended cement/
fly ash paste with a constant volume fraction of water. 
By measuring the PSDs (cement particle size distribu-
tion (PSD)) of both mixture components, it was found 
that both particle densities and particle surface areas, as 
determined from these measured PSDs, are critical pa-

rameters influencing rheological response. Yield stress is 
dominated by the particle density of the cement com-
ponent, with the fly ash mainly acting as a diluent that 
effectively decreases the cement particle number density. 
A percolation-type relationship can be employed to re-
late yield stress to cement particle density in the blended 
systems. Viscosities are influenced by both cement and 
fly ash particles, with approximate linear relationships 
between plastic viscosity values and either total particle 
surface area or total particle density being found (Bentz 
et. al. 2012, Perrot et. al. 2012). 

Cement slurry is concentrated suspensions of small 
and heavy particles so rheological measurements are 
suffering to the disruption of cement operation (Miran-
da et  al. 2010). Using concentration of silica fume at 
different ratios the rheological properties gradually im-
prove with increase concentration but one thing should 
be noted that rheological properties does not always truly 
represent the material property and sometime could be 
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misleading because of high error involved in the fitting 
model i.e., Bingham model (Memon et al. 2013). Silica 
fume has a singular effect for improving cement slurry 
and set cement properties, such as decreasing free water 
and fluid loss, increasing compressive strength and sig-
nificantly decreasing water permeability in high WCR 
(water to cement ratio) slurry (Shadizadeh et. al. 2010).

Fly ash is an effective cementitious filler for im-
proving the performance of cement paste and concrete. 
Consequently, the addition of superfine fly ash could in-
crease flowability at same strength, increase strength at 
same flowability, or increase both strength and flowabil-
ity (Kwan and Chen 2013).

Authors (Mansour et al. 2010) in our work sever-
al rheological tests were carried out at 20 °C, by using 
the stress controlled rheometer AR2000, on the fresh ce-
ment pastes incorporating 0%, 5%, 10%, 15% and 20% 
of metakaolin (MK). The MK exhibit better rheological 
parameters (viscosity, shear stress) and improve the ce-
ment paste flowability, especially the replacement rate of 
10% MK and 15% MK. Addition of MK improves the 
cement paste behaviour. It has significant effect when 
the replacement takes 10% MK and 15% MK. Cassag-
nabere et al. (2013) examined the flow properties (slump, 
flow time, apparent viscosity at different shear rates) of 
cement/metakaolin-based mortars determined that me-
takaolins can produce significant differences in the flow 
of mortars, depending on their physical and chemical 
properties.

Sonebi et al. (2013) investigated the effect of dif-
ferent mineral admixtures and superplasticizer on the 
rheological properties of cement grout and determined 
that metakaolin increased yield stress, plastic viscosity, 
cohesion plate, and flow time due to the higher surface 
area associated with an increase in the water demand. 
Different types of extenders are used as the additives, 
such as bentonite, pozzolan; microspheres and foam are 
use in Light weight cement slurry. Silica fume particles 
in the filter cake decrease the loss of fluid in high per-
meable formation. This improves the permeability which 
increasing the performance of cement slurry (Shahriar 
and Nehdi 2012).

Sodium silicate solution (Na2O ⋅ nSiO2), like a plas-
ticizing admixture, contains nano-structures, whereas so-
dium silicate solution contains non-dissolved SiO2 parti-
cles with a radius of 0.7 nm size (Nordstrom et al. 2013). 
To obtain better characteristics of construction materials 
at a macro level, the formation of nano-phases must be 
controlled and the properties of such materials have to 
be analysed at a micro level because nano-admixtures act 
as supplementary crystallization centres in cementitious 
materials and change the direction and rate of physical 
and chemical processes (Raki et al. 2010, Sanchez and 
Sobolev 2010, Pacheco-Torgal and Jalali 2011). Hommer 
(2010), Najigivi et al. (2013) reported that new gener-
ation superplasticizers acted as dispersion agents thus 
actively affecting the cement hydration process and im-
proving the nanostructure of cementitious materials.

The goal of research was to investigate the effect 
of the current content of cement modifiers and polycar-
boxylate ether based plasticizing admixture on the rhe-
ological properties of cement pastes using a rotational 
viscometer with co-axial cylinders.

1. Methods and materials of research
Two types of cement, namely Portland cement CEM I 
42.5 N and blast furnace slag cement CEM III/B 32.5 N, 
were used as binders in the tests. Both types are produced 
in AB Akmenės cementas (Lithuania). A comparison of 
these two cement types revealed that slag cement had 
a larger specific surface area than Portland cement and 
made 420 m2/kg and 360 m2/kg, respectively. The con-
tent of blast-furnace slag in this cement is 70%, and that 
of Portland cement is 30%. 

Composition I (control) of cement paste is designed 
only with Portland cement; Composition II is designed 
mixing appropriate amounts of Portland cement and blast 
furnace slag. The content of slag in Composition II ce-
ment is 49%. 10% of cement content was replaced (by 
weight) with modifying admixtures: opoka (Composition 
III), silica fume suspension (Composition IV) and dolo-
mite dust (Composition VI). Plasticizing admixtures and 
sodium silicate solution (hereinafter NaSS, Composition 
V) were added to the cement mix in the liquid form to-
gether with water at 0.5wt% (Table 1).

Table 1. Compositions of tested cement pastes

No.

Amount of 
cement, %

Modifying additives and 
admixtures, wt %

CEM I 
42.5 N

CEM III 
32.5 B Opoka SiO2 Dust  Plast. NaSS

I 100 – – – – 0.5 –
II 30 70 – – – 0.5 –
III 90 – 10 – – 0.5 –
IV 90 – – 10 – 0.5 –
V 100 – – – – 0.5 0.5
VI 90 – – – 10 0.5 –

The composition of cement paste was modified by 
replacing 10wt% of cement with industrial by-products: 
dolomite dust was used for experimental research. For 
experimental research, silica fume suspension Centrilit 
Fume S (SF) and carbonate opoka from Stoniškės (re-
placing 10wt% of cement) were used as active mineral 
additives. 

One type of superplasticizers, namely a pure su-
perplasticizer having the characteristics, including con-
centration – 36.1%, pH index – 4.4 and electrical con-
ductivity 4.390 mS/cm based on polycarboxylatether 
ether (produced by MC-Bauchemie Miuler GmbH and 
Co, Germany) was used in the conducted research. An-
other admixture used was sodium silicate water solution 
(produced by Lithuanian company Remesta) with dry 
Na2O·nSiO2 and water ratio 60:40 and an average den-
sity value of 1.382 Mg/m3.
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The dynamic viscosity of cement pastes was test-
ed by means of Malvern Instruments vibro-viscometer  
SV-10 where two paddle type sensors are stimulated by 
an electromagnetic drive at a constant frequency in a 
13 ml container. The interval of viscosity measuring is 
0.3–10000 mPa·s. 

Cement pastes were mixed by an automatic forced 
mixer Automix in accordance with LST EN 196-1:2005. 
Cement and materials were dosed by weight, water and 
chemical admixtures were added by volume. Chemi-
cal admixtures were mixed into water used to produce 
slurry. The constant water/binder (w/b) ratio 0.27 was 
maintained during the entire test. 

The rheological properties of slurry were tested 
using the rotational viscometer with coaxial cylinders 
BCH-3. The simplified scheme for the viscometer is dis-
played in Figure 1.

Cement slurry was poured into a container (3) (ex-
ternal cylinder) rigidly fixed in the equipment stand. The 
internal cylinder (2) was able to rotate inside the external 
cylinder. The intrinsic friction of the layers of slurry (4) 
between the rotating internal cylinder and the cylinder 
(1) positioned in the internal cylinder and connected to a 
measuring scale made the internal cylinder (1) turn and 
the data displayed on the measuring scale changed. There 
was a 2 mm gap between the rotating internal cylinder 
(1) and the cylinder inside it.

The viscosity of slurry was tested at various speeds 
of the rotating cylinder, including 200, 300, 400 and 
600 rpm. According to the displayed scale, shear force 
F(mN) is calculated on the calibration curve that depends 
on the stiffness of the springs of the viscometer. 

Shear rate γ , for different rotating speeds of the 
cylinder (2), is calculated using the equation:

	
12 ,   s ;−

π ⋅ ⋅
γ = i

i
s

r n
d

,	 (1)

where: r is the radius of the cylinder connected to scale 
m; ni is the rotation speed of the cylinder ( 1, 4=i ), 
r.p.m.; ds is the distance between cylinders (1) and (2), m.

Shear stresses t in cement slurry are calculated us-
ing the equation:
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where: Fi is shear force calculated from the calibration 
curve according to the turning angle of the scale, mN; r 
and h are the radius and height (r) of the cylinder con-
nected to the measuring scale.

The viscosity of cement slurry hi is calculated using 
the equation:
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where t0 is yield stress found out of the γ − t  curve – the 
point where the curve crosses t axis.

2. Results of research

The flow curves of Portland cement pastes of different 
compositions (W/C = 0.27) are presented in Figure 2. 
The curves in the figure show that the flow curve of Port-
land cement paste with cement CEM I 42.5 N and the 
plasticizing admixture added at 0.5wt% (Composition I) 
is not linear, as in the Bingham plastic model, but has a 
shape of a curve. This is a property of dilatancy which is 
explained as a change in the distribution of solid phase 
particles and diminishing the liquid phase, i.e. the vis-
cosity of a dispersive system increases with higher shear 
stress. The flow curve of Portland cement paste modi-
fied with slag cement CEM III 32.5 B (Composition II) 
corresponds with the flow curve of a quasi-plastic body, 
i.e. the viscosity of the dispersive system decreases with 
higher shear stress.

When 10wt% of cement is replaced with opoka ad-
ditive (Composition III, dotted curve), the flow curve of 
the cement paste comes close to the line compared with 
cement paste without the additive, and in the case of ce-
ment replacement with 10wt% of silica fume suspension 
(Composition IV), the flow curve of cement paste cor-
responds to the linear Bingham model. From the angle 
of flow curve inclination towards the shear stress axis 
(Fig.  2), we may observe that both opoka and silica 
fume suspension additives reduce the dilatancy of ce-
ment paste. 

Fig. 1. Scheme for the rotational viscometer with coaxial cyl-
inders: 1  – cylinder connected with a measuring scale (r = 
20 mm, h = 60 mm); 2 – internal (rotating) cylinder; 3 – exter-
nal (fixed) cylinder; 4 – cement slurry
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Fig. 2. The dependence of shear rates and shear stress  
in cement pastes of different composition
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The flow curve of cement paste with 0.5wt% of 
polycarboxylatether based superplasticizer and 0.5wt% 
of sodium silicate solution (NaSS) (Composition V) is 
declined away from the shear stress axis, compared with 
the flow curve of cement paste without NSS common to 
dilatant mixtures. The flow curve of cement paste with a 
dolomite dust admixture (Composition IV) is similar to 
the flow curves of cement pastes with opoka and silica 
fume suspension (Compositions III and IV). The flow 
curve is linear and corresponds to the Bingham plastic 
model, i.e. the viscosity of the dispersive system increas-
es in proportion to higher shear stress. 

 Figure 3 presents a change in yield stresses depend-
ing on the composition of cement paste containing differ-
ent cement modifiers (weight percentage). 

Figure 3 shows that the replacement of 10% of 
Portland cement (by weight) with opoka and dolomite 
dust additives (Compositions III and VI) reduce the yield 
stresses of cement pastes by 9.1% and 21.7%, respective-
ly. The replacement of Portland cement with slag cement 
(containing 49% of slag) (Composition II) reduces the 
yield stresses of the paste by 25.9%. The modification of 
cement pastes with 0.5wt% of the NaSS admixture and 
silica fume suspension (Compositions IV and V) have 
little effect on the yield stresses of the pastes compared 
with the yield stresses of control paste. 

Figure 4 illustrates a change in the viscosity of 
Portland cement paste with different cement modifiers 
(weight percentage) at the shear rates of 205 s–1 and 
630 s–1 subject to cement paste composition. Compared 
with control cement paste, the viscosity of cement pastes 
of all compositions increases, except for Composition IV 
where Portland cement was modified with silica fume 
suspension. The viscosity of cement paste, in which 10% 
of cement is replaced (by weight) with silica fume sus-
pension, reduced twice compared with reference cement 
paste at the shear rates of 205 s–1 and 630 s–1. 

Figure 4 demonstrates that the viscosity of cement 
paste with slag cement (Composition II) increased about 
3.5 times compared with the viscosity of control Portland 
cement paste.

Daukšys et  al. (2008) reported the results of a 
microscopy test showing that silica fume particles are 
smaller than 1 micrometer and have a spherical form; 
therefore they have a greater effect on the rheological 
properties of the paste. Silica fume suspension increases 
the yield stresses of cement paste and the viscosity of the 
paste reduces with a higher content of silica fume. When 
the suspension gets dry, very fine silica particles form the 
agglomerates of the size of cement particles; therefore, it 
is very important to find an appropriate manner of mixing 
in the silica fume in order to avoid the formation of ag-
glomerates in cement paste. In our tests, silica fume was 
mixed in as suspension (Fig. 5).

Electronic microscopy tests on cement particles 
showed that the edges of most Portland cement particles 
were polished during grinding and that the majority of 
those had a cubic or even a spherical shape (Skripkiūnas 
et al. 2005) (Fig. 6a). 

Granulated blast furnace slag particles are easy to 
recognize in slag cement: most of them are sharp and an-
gular and covered with finer and rounder clinker particles 
(Fig. 6b). Slag cement particles are of a more irregular 
form than Portland cement particles. Skripkiūnas et al. 
(2005) described that yield stress and viscosity were 
higher in slag cement paste than in Portland cement paste 
due to an irregular and sharp shape of slag particles. 

When 10% of Portland cement is replaced (by 
weight) with opoka additive (Composition III), an in-
crease in the viscosity of cement paste compared with 
reference cement paste cement paste is insignificant. The 

Fig. 3. Dependence of the yield stresses of cement pastes  
on different modifiers

Fig. 4. Dependence of the viscosity of Portland cement pastes 
on different modifiers at the shear rates of 205 s–1 and 630 s–1

Fig. 5. A microscopy image of silica fume SiO2 particle
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same trend is observed when Portland cement is replaced 
(by weight) with a dolomite dust additive (Composition 
IV). The results of viscosity tests on Portland cement 
paste modified with the polycarboxylatether superplas-
ticizer added at 0.5wt% and NaSS solution added at 
0.5wt% (Composition V) showed that NaSS solution 
increased cement paste viscosity 1.7 times at the shear 
rates of 205 s–1 and 630 s–1. 

Daukšys et  al. (2009) tested an integrated nano-
modifying effect of polycarboxylate polymers and so-
dium silicate solution on the rheological properties of 
cement pastes (yield stress, viscosity and dilatancy) and 
agreed that sodium silicate solution could be used for 
modifying the rheological properties of the mixtures. 
The addition of NaSS at 0.5wt% causes cement paste to 
thicken, which can be explained by various physical and 
chemical processes. One of the possible processes is the 
transformation of the dispersive system from sol to gel 
that is specific, semi liquid and semi solid continuous im-
mobile thick mass formed through the dispersion of col-
loid particles in liquid. Sol is a colloidal dispersed system 
or colloidal solution with particle size in the dispersed 
phase ranging from 1 to 100 nm. Sodium silicate solu-
tion contains non-dissolved SiO2 nano-particles that are 
1–2 nm in size. New generation superplasticizers contain 

the particles of a nano-dispersion size. Therefore, these 
solutions can be regarded as colloidal solutions or sols. 
Such solutions tend to coagulate or turn into gels, i.e. 
the particles of colloidal solution stick together to form 
coarser aggregates that readily precipitate. Coagulation 
starts with diminishing the charge of colloidal particles 
and becomes very fast when charge becomes neutral. The 
coagulation of colloidal particles is promoted by adding 
electrolytes or opposite charge sol into colloidal solution 
by increasing the temperature of the solution or applying 
electrophoresis. Most of hydrophilic colloids coagulate 
in the presence of electrolytes, because hydrating electro-
lyte ions attach plenty of water, even the one connected 
with the particles of the dispersed phase.

The tests have showed that the modifying materials 
of Portland cement paste used in the research enable to 
control the rheological properties of cement paste. 

Conclusions

1.	The critical shear stress and viscosity of Portland ce-
ment paste is affected by the form and fineness of the 
particles of the active mineral admixture and interac-
tion of sodium silicate solution with polycarboxyla-
tether superplasticizer.

2.	The replacement of Portland cement with slag cement 
(slag content up to 50%) reduces the critical shear 
stress of cement paste by 25.9% and increases viscos-
ity 3.5 times compared with reference cement paste.

3.	The replacement of 10wt% of Portland cement with 
opoka and dolomite admixtures reduces the critical 
shear stress of cement paste by 9.1% and 21.7%, re-
spectively, compared with reference cement paste.

4.	The opoka additive insignificantly increases the vis-
cosity of cement paste.

5.	NaSS and silica fume suspension modifiers added at 
0.5wt% to the tested Portland cement pastes had an 
insignificant effect on the critical shear stresses of the 
pastes. 

6.	The replacement of 10wt% Portland cement with sili-
ca fume suspension reduced the viscosity of the paste 
twice at the shear rates of 205 s–1 and 630 s–1 com-
pared with reference cement paste. 
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