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Abstract
The drive towards using eco-friendly binders with increasing proportion of supplementary 
cementitious materials (SCMs) will lead to the development of more complex mixtures. However, 
the availability of fly ash (FA) would not cover future needs due to restrictions on the combustion 
of coal in power plants. Accordingly, the addition of limestone filler (LF) has an inherent advantage 
throughout the world of its availability in large deposits. The first main aim of this study was to 
determine the effect of high-volume LF used as Portland cement replacement with up to 60% 
on the rheological properties of cement mortar compared to the FA and the slag (BFS). Unlike 
FA and BFS, an increase in LF replacement reduced the rheological properties of the mortar. 
The relationship obtained between relative solid concentration and rheological properties of 
mortar with different SCMs was reasonable. The second aim of this study was to determine 
the rheological behavior of the mortar with different superplasticizer (SP) admixtures. Three SP 
types were utilized, ether-polycarboxylic modified (SP1), phosphonate modified (SP2) and new 
generation of polycarboxylate (SP3), with various dosages. The results show that, SP2 reduced 
the rheological properties better than SP1 and SP3 with dosages of less than 1%.
Keywords: eco-friendly mortars, rheological behavior, limestone filler, fly ash, slag, superplasticizer
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1. Introduction
Just after the power sector, the cement industry is one of 

the biggest contributors to greenhouse gases emissions and 
anthropogenic carbon dioxide in the world [1]. One of the 
most effective ways to minimize environmental damage 
associated with cement production is to increase the wider 
exploit of supplementary cementitious materials (SCMs) in 
cement composition. In some countries, the amount of fly ash 
(FA) is expected to be significantly affected in the future due to 
recent limits on coal combustion. As a result, there is an urgent 
need for the development of new SCMs, that are comparable 
or superior to FA and finely blast furnace slag (BFS) [2–4]. 
Accordingly, the use of limestone filler (LF) has a benefit of 
its availability in large quantity. Recent studies [5–7] show 
that it is possible to replace up to 50% by mass of cement with 
LF without reduction or with a slight decrease in mechanical 
strength. According to John et al. [6], this can be achieved if the 
effect of dilution is offset by a decrease in the amount of water 
used. Nevertheless, this is not a simple task as the rheological 
behavior of the mixture becomes more and more difficult to 
control with a low water-binder (W/B) ratio.

Many authors have investigated the use of SCMs for the 
production of low-impact environmental cement-based materials 
(grout, mortar or concrete). They have studied their effects on 
rheology, mechanical properties, durability, thermal conductivity 
and microstructure analysis of cement suspensions [8–30]
as  a result of nonlinear behaviour of concrete carbonation and 
uncertainties of environmental factors affecting the progress of 
carbonation. In reality, the performance of a developed predictive 
model lies on its ability to accurately generalise (simulate. The fact 
that equivalent performance can be reached, combined with a 
significantly enhanced sustainability and in some cases improved 
long-term durability, is driving the development of Portland 
cement-SCM blends towards an increase in substitution levels 
[2]. Likewise, the use of SCMs with different morphology and 
grain-size distribution can improve rheological properties and 
packing of solid particles [31]. This improvement in workability is 
most frequently associated with the less chemical activity and the 
smooth surface of SCMs grains compared to ordinary Portland 
cement (OPC). The most commonly used model in the rheology 
of cement suspensions is that of Bingham [32–34]elasticity and 
plasticity and with the\nappearance of new materials and the 
complex behaviour of concrete\npumpability, since the field of 
civil engineering is interested in the\nstudy of concrete flow. This 
work will examine how the use of catodique\nray tube (CRT. 
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A low yield stress and a moderate viscosity can be achieved by 
increasing the paste volume, to replace some part of the OPC 
with one or more SCMs, for a given W/B ratio [29]. The increased 
paste volume due to the difference in specific density of SCMs 
(less than 2.5 g/cm3) and that of cement (3.0-3.2 g/cm3) [35]. 
However, the evolution of rheological properties as a function 
of the partial substitution of cement by SCMs, in the literature, 
seems to be contradictory in some cases. This is due to the use of 
SCMs with different physical properties, chemical compositions, 
activity and filling effect [35–39]consistency, flowability, and 
predict stability, pumpability, shootability, pressure of formwork, 
multi-layer casting. This paper presents a critical review on the 
rheological properties of fresh concrete in recent publications. 
The applicable rheological models for the flow of concrete are 
revealed. The effects of constituents of fresh concrete, including 
cement, supplementary cementitious materials (fly ash, ground 
blast furnace slag, and silica fume. Furthermore, even if the 
addition is considered chemically inert, it can have major 
physical effects like the effects of improved surface area and 
particle packing [40] heat evolution, microstructure, and setting 
time. The properties of hardened mortar and concrete made 
with limestone portland cement are examined and compared 
to those made with non-limestone portland cements–including 
compressive and flexural strength, volume stability, durability 
(permeability, carbonation, freeze/thaw resistance, sulfate and 
chloride resistance, and alkali-silica reaction.  On the other hand, 
it is important to know how different types of superplasticizer 
(SP) affect the rheological properties of cement-based materials. 
Since the nature of admixture used plays an important role in 
the rheology. It is usually reported that, the dispersion of cement 
particles, caused by SP, due to the electrostatic repulsion associated 
with zeta potential measurements. However, in reality this is not 
necessarily the case, it would seem that, at least for the acrylic 
polymer-based admixtures, the polymer adsorption itself is 
responsible for dispersing large agglomerates of cement particles 
into smaller ones resulting in a remarkable increase in the fluidity 
of cement mixes. It may be related more to a steric hindrance 
effect, i.e. repulsive particle-particle interactions [41,42]. 

For this purpose, the current study focuses on the rheological 
behavior of cement mortar containing various amounts of FA, 
LF and BFS as a partial replacement of cement. Thereafter, the 
effect of LF and tow SCMs used on laboratory tested rheological 
properties of cement mortar is compared. The aim of this study 
is also to compare the effects of the use of different types of SP 
admixtures (polymer and organic admixtures based). In view 
of the above, the rheological behavior of cement mortars with 
different content of LF, FA and BFS (0, 10, 20, 30, 40, 50 and 
60%) is studied. As well as with different dosages (0, 0.2, 0.4, 
0.6 and 0.8%) of three types of SP admixture. 

2. Experimental program
2.1 Materials

All mortar mixtures were prepared using an OPC (CEM 
I 52.5). The SCMs used are fly ash (FA), finely blast furnace 
slag (BFS), and whitened limestone filler produced by direct 
grinding of limestone (LF). Table 1 presents the chemical 
composition and physical properties of the cement and mineral 

additions used. The particles size distribution of these materials, 
which was obtained using a laser scattering technique, is given 
in Fig. 1. From the curves, the particles size distribution of LF is 
large compared to that of cement, FA and BFS, which is small. 
Fine aggregate with a maximum size of 4 mm was used, with 
specific gravity of 2.5 according to Standard EN 1097-6 [43], 
and fineness modulus is 1.88. Three types of superplasticizer 
(SP) were used in this study (Table 2). The first one is high 
water reducer (SP1) based on ether-polycarboxylic modified, 
with a specific gravity of 1.05, a solid content of 20%, and a 
pH of 7.0. The second one is based on phosphonate modified 
(SP2). It has a specific gravity, a solid content, and pH of 1.06, 
30%, and 4, respectively. The third one is high water reducer 
(SP3) from new generation of polycarboxylate with a specific 
gravity of 1.07, a solid content of 30%, and pH of 6.5.

 Fig. 1  Particle size distributions of cement and SCMs used
 1. ábra  A felhasznált cement kiegészítő anyagok és cement szemcse eloszlása

Fig. 2 presents the scanning electron microscopy (SEM) 
images of OPC, FA, LF and BFS obtained with a microscope at 
15.00 kV. The morphological characteristics of these powders 
are clearly shown in this figure. LF presents smaller particles 
with angular shape and rough surface (Fig. 2d). Both OPC and 
BFS present more regular particles with smooth surface (Fig. 
2a and 2c). However, FA exhibits spherical shape with slightly 
larger particles sizes and a smoother surface (Fig. 2d).

2.2 Mix proportioning
In this work, four series of cement mortars were produced: 
	■ Series A, B and C have of 10 to 60% per step of 10% of 

OPC weight replaced by FA, BFS and LF respectively, 
with a control cement mortar without SCMs for the 
three series. This replacement level was adopted in 
order to have a high volume of SCM in the cement 
mortar. A polycarbonate-based SP was used just to 
maintain the stability of the mixes; 

	■ Series D of SP has of 0.2 to 0.8%, per step of 0.2%, with a 
control cement mortar without admixture. This dose level 
was adopted in order to have an ordinary cement mortar. 
A total, 32 cement mortar samples were made for testing.

Note that, the water to binder ratio (cement plus SCM) is 
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equal to 0.37 for the SCMs series and 0.40 for admixtures 
series. The details of the mixing proportions are presented in 
Table 3.

Element (%) OPC FA BFS LF

SiO2
20.23 50.00 35.90 0.30

Al2O3
04.29 29.00 11.20 ---

Fe2O3
02.35 08.50 00.30 ---

TiO2
00.25 01.00 00.70 ---

MnO 00.02 00.50 00.40 ---

CaO 63.67 03.00 42.30 ---

MgO 03.88 03.00 08.00 ---

SO3
02.80 00.60 00.20 ---

K2O 00.69 00.60 --- ---

Na2O 00.14 00.60 00.70 00.01

P2O5
00.31 00.25 --- ---

CI 00.02 00.04 00.01 00.001

SO4
--- --- --- 00.011

CaO3
--- --- --- 98.80

LOI 01.63 04.50 --- ---

Activity coefficient 01.00 00.60 00.90 00.25

Specific density 03.13 02.19 02.91 02.70

Fineness Blaine (cm²/g) 4470 3930 5000 4690

Compactness 00.54 00.49 00.58 00.62

D10 (µm) 01.50 03.60 01.40 01.50

D50 (µm) 15.00 19.30 10.00 10.00

D90 (µm) 48.00 104.00 28.00 63.00

 Table 1  Chemical analysis and physical properties of cementitious materials used
 1. táblázat  A felhasznált anyagok kémiai összetétele és fizikai tulajdonságai

 Fig. 2  SEM images of the materials: (a) OPC, (b) FA, (c) BFS and (d) LF (x2000)
 2. ábra  A vizsgált anyagok pásztázó elektronmikroszkóppal készült képei: (a) OPC, 

(b) FA, (c) BFS és (d) LF (x2000)

2.3 Mixing procedure
A mixer according to European Standard EN 196-1 [44] at 

stage I (62.5 rpm) was used to prepare the all fresh cement 
mortars. The mixing process was kept constant in order to 
ensure the same homogeneity and uniformity for all mixtures. 
For the mixes containing SCMs, these additions were previously 
hand-mixed with the OPC and the necessary water containing 
SP during 2 min, before adding fine aggregates and mixing for 
1 min. The mixing procedure continues for 5 min. Then, the 
mixture was kept settling for 2 min before remixing for 1 min.

Id Trade name Main  
characteristic

Composition Manu-
facturer

SP1 Glenium SKY 537 SP and high rate 
water-reducing

Modified polycar-
boxylic ethers 

BASF

SP2 CHRYSO Fluid 
Optima 100

New generation 
SP

Modified phospho-
nate

CHRYSO

SP3 Glenium ACE 456 SP and high rate 
water-reducing 

New generation of 
polycarboxylates

BASF

 Table 2  Properties and composition of admixtures (SP) used
 2. táblázat  A felhasznált adalékszerek (SP) tulajdonságai és összetétele

2.4 Test methods 
The workability properties of mortars tested were determined 

immediately after mixing. Before starting the rheological test, 
the slump flow test according to standard EN 12350-2 [45] is 
performed as an empirical test.

The rheological test was conducted using a rheometer 
developed by Soualhi et al. [46]. It is a rotational rheometer 
model where four-bladed vane geometry rotates with axial 
symmetry at a variable speed. The agitator characteristics are: 
rotational speed from 4 to 540 rpm (± 1 rpm) and maximum 
torque of 740 Ncm (±0.1 Ncm). It is operated by a computer 
using software (watch & control). Fig. 3 presents the dimensions 
of the vane and the container.

 Fig. 3  Rheometer and position of the vane in cement mortar container
 3. ábra  Reométer és a lapát elhelyezése a cementhabarcs tartályában

The principle is to rotate at different speeds a vane in a 
cylindrical sample of fresh cement mortar and measuring 
the torques applied to maintain rotation. A rheological test is 
performed by imposing a decreasing rotational speed to the 
vane interrupted by a stabilization stage in order to perform 
the measurements (Fig. 4).
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Mix Vpaste(m
3) W/B C (kg) W (kg) Add (%) Add (kg) SP (%) Slump* (cm) Sand (kg)

Limestone

Control 0.426

0.37

616.6

227.4

0.0 0.0

1.4

5.0

1377

M LF1 0.429 555.0 10.0 61.7 9.0
M LF2 0.432 493.3 20.0 123.3 22.5
M LF3 0.435 431.6 30.0 185.0 26.0
M LF4 0.438 370.0 40.0 246.6 28.5
M LF5 0.441 308.3 50.0 308.3 34.0
M LF6 0.444 246.6 60.0 370.0 38.0

Fly ash

Control 0.426

0.37

616.6

227.4

0.0 0.0

1.4

5.0

1377

M FA1 0.435 555.0 10.0 61.7 7.0
M FA2 0.443 493.3 20.0 123.3 9.5
M FA3 0.451 431.6 30.0 185.0 11.5
M FA4 0.459 370.0 40.0 246.6 22.5
M FA5 0.468 308.3 50.0 308.3 24.0
M FA6 0.476 246.6 60.0 370.0 29.5

Slag

Control 0.426

0.37

616.6

227.4

0.0 0.0

1.4

5.0

1377

M S1 0.428 555.0 10.0 61.7 7.5
M S2 0.429 493.3 20.0 123.3 9.5
M S3 0.430 431.6 30.0 185.0 11.5
M S4 0.432 370.0 40.0 246.6 22.5
M S5 0.433 308.3 50.0 308.3 24.0
M S6 0.434 246.6 60.0 370.0 29.5

SP 1

M 0

0.397 0.4 550 220 0 0

0 6.5

1566.7
M SKY 02 0.2 9.5
M SKY 04 0.4 11.5
M SKY 06 0.6 13.5
M SKY 08 0.8 14.5

SP 2

M 0

0.397 0.4 550 220 0 0

0 6.5

1566.7
M OPT 02 0.2 12.0
M OPT 04 0.4 15.0
M OPT 06 0.6 15.0
M OPT 08 0.8 15.0

SP 3

M 0

0.397 0.4 550 220 0 0

0 6.5

1566.7
M ACE 02 0.2 10.0
M ACE 04 0.4 12.0
M ACE 06 0.6 13.0
M ACE 08 0.8 13.5

*: for a slump greater than 15cm, the flow diameter is measured using the mini-slump test.

 Table 3  Mix proportions for 1 m3 of cement mortar
 3. táblázat  1 m3 habarcs összetétele

 Fig. 4  The profile of the imposed rotational speed
 4. ábra  A forgási sebesség profilja

The results of the rheometer test are in the form of a linear 
function relating the torque and the rotational speed according 
the Eq. (1):
M = M0 + k.Ω     (1)
Where: M (Nm) total torque applied to the concrete, M0 (Nm) 
torque at the origin, k (Nms) coefficient of proportionality, and 
Ω (rpm) speed of rotation of the vane.

In order to develop the rheological parameters from 
measurements, a procedure was used to convert the vane torque 
and rotational velocity data into shear stress versus shear rate 
relationships. The method used considered the locally sheared 
material as a Bingham fluid (Eq. (2)) and determined the 
characteristic shear rate from Couette analogy [47].

 (2)
Where: τ is the shear stress applied to the material; τ0 the yield 
stress (minimum stress necessary for flow to occur: interaction 
of the linear curve with the shear stress axis); µ the plastic 
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viscosity (slope of the linear curve given by the plot of shear 
stress versus shear rate) and  is the shear rate. 

The shear rate is expressed by Eqs. (3) and (4):
 (3)

 (4)

Then, the characteristic shear rate is defined as:
 (5)

The derivative dΩ/dM in Eqs. (3) and (4) can be approximated 
by Eq. (6):

 (6)

The shear rate  corresponding to the rotation speed Ωj (i = j) 
can be calculated by Eq. (7):

 (7)
Once the shear rate has been estimated by Eq. (7), it is deemed 

to correspond to the following wall shear stress (Eq. (8)):
 (8)

Also, Mj and Mj+1 are calculated by Eq. (9):
Mi= Mt,i- Mv,i (9)
Where: i is the indication of speed level, Mt,i the average of total 
measured torque for each level when the container is filled with 
cement mortar, and Mv,i the average of measured torques for each 
level when the container is empty (without cement mortar).

Eqs. (7) and (8) allow drawing the shear stress curves τ(Pa) 
according to the shear rate  (1/s) and estimating then the 
rheological parameters τ0 and μ.

However, the maximum solid concentration of the powder 
(Φ*paste) (OPC + SCM) is measured with test water demand [48]. 
Whereas, the solid volume of paste (Φ) is calculated using Eq. (10):

 (10)

Where: VC, VSCM, VW, VSP are respectively the volumes of 
cement, SCM, water and SP.

3. Results and discussion
3.1 Rheological properties of limestone fillers based mortar

The rheological properties of SCM based mortar, under 
the same conditions, were followed in order to understand 
its behavior at fresh state. The effect of partial cement 
replacement by LF on the rheological properties and relative 
solid concentration of cement mortar is shown in Fig. 5 and 
Table 4. The Fig. 5.a shows that the incorporation of LF reduces 
the yield stress and the plastic viscosity of cement mortar in 
an approximately linear way. However, it can be seen that, the 
rheological properties are not influenced when using 10 to 
30% of LF in mixtures. Then, both properties decrease more 
for up to 60% of LF. These results are in agreement with those 
reported in previous studies [19,25]. It should be noted that, 
this research work does not disclose contradictory results with 
those reported in the study conducted by Safiddine [27]. In the 
present work, the LF used was a powder produced by direct 
grinding of limestone and its addition was made by replacement 

of the cement. While, the authors in reference [27], have used a 
quarry waste limestone powder and have incorporated LF as a 
replacement of crushed sand, where the specific surface of the 
sand is much smaller than that of LF. Even, these results are 
in good agreement with those found by Felekoglu [38,39]. It 
should be noted that, the physical effect, such as particle size 
distribution and compactness, is clear on the obtained results of 
rheological properties of mixtures made with LF. Apparently, in 
this situation, the effect of the morphology of the LF particles 
on the rheology of the cement mortar is more dominant than 
the effect of their specific surface. In fact, since the cement 
mortar contains a SP admixture, it is very important to keep in 
mind that, once the SP admixture is adsorbed on the surfaces 
of the particles, the water requirement is no longer a function 
of the surface to be wet, but of the interparticles space to be 
filled. According to Panesar and Zhang [3] partly because of the 
limited availability of SCMs in some geographic regions. This 
study provides a comprehensive review based on published 
literature on the properties of cement-based materials (paste, 
mortar and concrete, LF has physical effect on the behavior 
of cement by modification the particles size distribution, and 
leads to the dilution of the paste. The modification of particle 
size distribution can improve the rheology of concrete, whereas 
the dilution may have potentially an adverse effect on the fresh 
and rheological properties of the material. In addition, the 
ease of grinding of LF compared to the clinker acquires it a 
large particle size distribution, as shown in Fig. 1. As a result, 
replacing cement with LF improves particle size distribution of 
the resulting binder. This allows the LF particles (with average 
size D50 = 10µm) to occupy the space between the coarser cement 
(with average size D50 = 15µm) and sand particles. This results 
in the release of an amount of water, which is trapped in this 
space, making it accessible as a supplementary inner lubricant. 
This leads to increase in the release water and improves the 
workability of the mortar. 

In other words, the quantity of water released reduces the 
water demand for the same slump, which decreases the plastic 
viscosity and the yield stress of the cement mortar. 

Mix Lime-
stone 
(%)

VPaste (m
3) Φ Paste Φ* Paste Φ/Φ*Paste µ (Pa.s) τ0 (Pa)

Control 0.0 0.426 0.458 0.539 0.850 10.8 33.8

MLF1 10.0 0.429 0.462 0.542 0.853 7.6 24.1

MLF2 20.0 0.432 0.465 0.545 0.853 7.6 23.8

MLF3 30.0 0.435 0.469 0.551 0.852 8.3 26.1

MLF4 40.0 0.438 0.472 0.559 0.845 6.0 22.4

MLF5 50.0 0.441 0.476 0.568 0.837 5.6 21.8

MLF6 60.0 0.444 0.479 0.568 0.844 4.4 16.0

 Table 4 Rheological parameters of limestone fillers based mortar
 4. táblázat A mészkő kitöltőanyag alapú habarcs reológiai paraméterei
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(a)

(b)
 Fig. 5  Evolution of (a) rheological properties and (b) relative solid concentration 

with plastic viscosity of limestone fillers based mortar
 5. ábra  A (a) reológiai tulajdonságok és (b) relatív szilárd koncentráció alakulása a 

mészkő kitöltőanyag alapú habarcs viszkozitásának függvényében

Fig. 5.b and Table 4 show the influence of LF content in cement on 
the viscosity and the relative solid concentration of the cement paste 
(without sand). From Fig. 5 it is revealed that, the influence of the Lf 
on the viscosity and compactness of mortar is quite logical, although 
it can be poorly explained. Since the decrease in the 𝜙/𝜙* ratio is 
due to the increase in 𝜙* and not to the decrease in 𝜙. According to 
Table 4, these last two parameters increase simultaneously with the 
increase of the LF, due to the higher compactness of LF compared 
to that of cement as seen in Table 1. Therefore, decreasing this 
ratio could mean that the distance between particles is increasing, 
which increases their mobility by reducing friction and reduces the 
rheological parameters of the cement mortar. This argues well for 
the interpretation given previously regarding the effect of LF on the 
rheology of the cement mortar.

According to Hawkins et al. [40] heat evolution, microstructure, 
and setting time. The properties of hardened mortar and concrete 
made with limestone portland cement are examined and compared 
to those made with non-limestone portland cements–including 
compressive and flexural strength, volume stability, durability 
(permeability, carbonation, freeze/thaw resistance, sulfate and 
chloride resistance, and alkali-silica reaction, the influence of LF 
on rheology could be more pronounced, if the hydration reaction 
is delayed by the low reactivity of LF (coefficient of reactivity 
0.25) compared to cement. However, the chemical effect of LF is 

far from being present here, because the tests were carried out in 
the first 30 minutes, i.e.: before the start of setting of the cement.

3.2 Rheological properties of fly ash based mortar
The evolution of the yield stress and plastic viscosity of FA 

based mortars is shown in Fig. 6. From Fig. 6a, it is shown that, 
the yield stress increases exponentially with an increase in FA 
replacement level. Likewise, the plastic viscosity increases 
linearly with an increase in percentage of FA. According to 
Koehler and Fowler [49], there are two conflicting mechanisms 
that influence the workability of concrete with FA. As the FA 
particles are much smaller than the cement particles, for which 
they replace them, the area to be wetted is increased. Hence, 
the workability is reduced. However, the spherical shape of the 
FA particles produces a bearing that allows larger particles to 
flow more easily and improves the workability of the mixture. 
The spherical shape of the FA particles has the smallest specific 
surface area compared to other SCMs used (Table 1). This does 
not lead to a reduction in the rheological properties of the cement 
mortar, contrary to what is expected. The use of FA is generally 
recognized to reduce the yield stress, but has varying effects on 
plastic viscosity [49]. However, there are also some researchers, 
[4,13,29]the mixture’s rheological parameters should be adjusted 
to achieve a given profile of yield stress and plastic viscosity. 
Supplementary cementitious materials (SCM, who have found 
that FA increases the rheological properties of concrete.

(a)

(b)
 Fig. 6  Evolution of (a) rheological properties and (b) relative solid concentration 

with plastic viscosity of flay ash based mortar.
 6. ábra  A (a) reológiai tulajdonságok és (b) relatív szilárd koncentráció alakulása a 

pernye alapú habarcs viszkozitásának függvényében
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In this study, the rheological behavior of the FA based mortar 
could be explained in physical manner using the evolution of 
𝜙/𝜙* ratio, as shown in Fig. 6.b and Table 5. The density of 
FA (2190 kg/m3), which is slightly lower than that of cement 
(3130 kg/m3), increases the solid volume of the paste by a rate 
of about 43%, with the same mass replaced. This is expressed 
in the increase in 𝜙 (Table 5) and 𝜙/𝜙* ratio of cement mortar. 
According to Roussel [50], as the fraction of solid volume 
increases, the viscosity of cement-based materials increases 
exponentially until it reaches infinity, while the fraction of solid 
volume approaches to a maximum value. This is exactly what 
happened with the increase in the rate of cement replacement 
with FA. The evolution in viscosity is due to the decrease in 
interparticle distance, which contributes to a significant 
increase in the interparticle hydrodynamic forces.

Mix Fly ash 
(%)

VPaste (m
3) Φ Paste Φ* Paste Φ/Φ*Paste µ (Pa.s) τ0 (Pa)

M T 0.0 0.426 0.458 0.539 0.850 10.8 33.8

MFA1 10.0 0.435 0.468 0.538 0.870 13.2 36.3

MFA2 20.0 0.443 0.478 0.539 0.887 14.1 46.4

MFA3 30.0 0.451 0.487 0.540 0.902 15.6 49.0

MFA4 40.0 0.459 0.496 0.543 0.914 16.3 51.3

MFA5 50.0 0.468 0.505 0.546 0.925 17.4 55.3

MFA6 60.0 0.476 0.514 0.551 0.932 18.8 78.4

 Table 5 Rheological parameters of fly ash based mortar
 5. táblázat A pernye alapú habarcs reológiai paraméterei

3.3 Rheological properties of slag based mortar

Fig. 7 and Table 6 show the evolution of the rheological 
behavior of the cement mortar through the measurement 
of the plastic viscosity and the yield stress and they give the 
variation of 𝜙/𝜙* ratio up to 60% replacement of cement by 
BFS. From Fig. 7.a, it is noted that, the yield stress increases 
for mass replacement of the BFS up to 40%, and decreases for 
50% and 60% of BFS. However, it remains higher compared to 
that of the control cement mortar without BFS. Furthermore, 
the plastic viscosity increases in an approximately linear way 
with an increase in mass replacement of BFS in the cement 
mortar as shown in Fig. 7.b. These results are in agreement 
with some previous studies [13,30]. The same interpretation 
could be given as with FA, except that in the case of BFS this 
result was expected, with shape, size, specific surface, particle 
size distribution and density of BFS. The use of BFS in general 
improves workability and its effect on yield stress is variable, 
while increases plastic viscosity [49]. Indeed, this is what is 
noted from Table 3, the slump increases as well as the plastic 
viscosity and the yield stress. This is may be due to an increase 
in viscosity, which means that the viscosity has an impact on 
the yield stress [51].

(a)

(b)
 Fig. 7  Evolution of (a) rheological properties and (b) relative solid concentration 

with plastic viscosity of slag based mortar
 7. ábra  A (a) reológiai tulajdonságok és (b) relatív szilárd koncentráció alakulása a 

salak alapú habarcs viszkozitásának függvényében

Mix Slag (%) VPaste (m
3) Φ Paste Φ* Paste Φ/Φ*Paste µ (Pa.s) τ0 (Pa)

M T 0.0 0.426 0.458 0.539 0.850 10.8 33.8

M S1 10.0 0.428 0.460 0.528 0.871 12.3 43.19

M S2 20.0 0.429 0.461 0.517 0.892 13.9 49.33

M S3 30.0 0.430 0.463 0.506 0.914 15.9 51.5

M S4 40.0 0.432 0.465 0.496 0.937 16.4 67.0

M S5 50.0 0.433 0.466 0.485 0.960 16.5 62.8

M S6 60.0 0.434 0.468 0.475 0.984 17.7 36.4

 Table 6 Rheological parameters of slag based mortar
 6. táblázat A salak alapú habarcs reológiai paraméterei

3.4 Comparison of rheological behavior of SCM based 
mortars 

Fig. 8 shows the rheological behavior of cement mortars with 
20, 40 and 60% of different SCMs used as cement replacement. 
At high content of SCM (60%), it is clear that, LF reduces 
the rheological properties. In contrast, the BFS and the FA 
increase the rheological properties, in particular the plastic 
viscosity. However, according to Figs. 5.a, 6.a and 7.a, it can 
be seen that, the evolution of the yield stress varies from one 
SCM to another under the same dosage conditions. Indeed, the 
evolution of the plastic viscosity is almost superimposed for the 
FA and the BFS by increasing this parameter. On the contrary, 
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the variation of the plastic viscosity takes on another meaning 
with the LF, which improves this parameter. For this reason, it 
is very important to combine the effect of LF with other SCMs, 
to produce ternary cement (OPC-LF-BFS or OPC-LF-FA), in 
order to improve the rheology of the cement mortar and reduce 
the release of CO2 in one hand. Also, to fill the gap induced by 
the decrease in the amount of FA in the near future, due to 
recent limits on coal combustion in power plants to reduce air 
pollution. Since, in practice, it is usually important to have a 
certain viscosity in order to prevent segregation and improve 
the quality of the cement-based materials thus obtained. This 
is particularly important with the evolution of admixtures use 
and long-distance pumping.

 Fig. 8  Comparison of (a) the yield stress and (b) the plastic viscosity of cement 
mortar with 20, 40 and 60% of SCMs content

 8. ábra  A cementhabarcs (a) folyási feszültségének és (b) viszkozitásának 
összehasonlítása 20, 40 és 60% cement kiegészítő anyag tartalom esetén

3.5 Relationship between the plastic viscosity of cement 
mortar and the relative solid concentration

In this study as shown in Fig. 9, the measured values of 
plastic viscosity were plotted against the measured values of 
relative solid concentration of nineteen fresh cement mortars 
with different SCMs (six mixes for each SCM in addition to 
the control mortar). According to Roussel [50], the relative 
solid concentration of fresh paste (ϕ/ϕPaste*) is the ratio of the 
solid volume of powder (ϕ) (i.e. the ratio of the total volume of 
the powder to the total sample volume of cement mortar) and 
another critical parameter namely (ϕPaste*); i.e. the maximum 
solid concentration of powder, which is the maximum volume 
fraction that can be reached with the grains. Usually, when the 
solid fraction approaches to ϕ*, the concentrated regime is 
established and the viscosity tends to infinity. 

(a)

(b)
 Fig. 9  Relationship between relative solid concentration (a) the yield stress; (b) the 

plastic viscosity of SCMs based mortar
 9. ábra  A cement kiegészítő anyag alapú habarcs relatív szilárd koncentrációjának 

kapcsolata (a) a folyási feszültséggel; b) viszkozitással

Fig. 9.a indicates the good relationship between the relative 
solid concentration and the yield stress. Similarly, Fig. 9.b 
shows a reasonable relationship between the relative solid 
concentration and the plastic viscosity. It is concluded that, the 
trend of yield stress is similar to that of plastic viscosity for all 
mixtures with the different SCMs used. The increase in relative 
solid concentration increased the rheological properties 
regardless the SCM used. Similar results have been reported by 
previous studies on rheological behavior of concrete.

3.6 Influence of superplasticizer admixture type and dosage
As shown in Fig. 10 that, the rheological behavior of cement 

mortar each type of admixture is affected differently by each 
type of admixture. At least for dosages of less than 1%, the SP 
based on modified phosphonate (SP2) has better efficiency 
than the admixtures based on polycarboxylates (SP1 and 
SP3), which results in reducing the rheological properties of 
the cement mortar. However, its effectiveness decreases as 
the dosage increases, unlike SP1 and SP3, which reduces the 
rheological properties, in particular the plastic viscosity.

It is reported that, the phosphonates are organophosphorus 
compounds containing C-PO(OH)2 or C-PO(OR)2 groups 
(where R=alkyl, aryl), while the polycarboxylates are linear 
polymers. According to Criado et al. [52], organic admixtures 
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based on both hydrophilic and hydrophobic group. The 
electrical charge resulting from the adsorption of these 
compounds on the surface of cement particles induces the 
repulsive forces that increase fluidity of the paste. However, 
the lateral chains in admixtures based on polycarboxylates 
generate steric repulsion among the cement grains, causing 
deflocculation and dispersion of the particles, which in turn 
improves workability by releasing the water trapped in the 
flocs, which results in decreasing the slump of the cement 
mortars (Table 3).

(a)

(b)
 Fig. 10  Influence of SP admixtures on: (a) the yield stress and (b) the plastic viscosity
 10. ábra  Az SP adalékszerek hatása a: (a) a folyási feszültségre és (b) a viszkozitásra

The results show that, the dosage of 0.2% for SP2 results in 
a similar effect to the dosage of 0.6% for SP3 and better than 
the dosage of 0.8% for SP1. However, beyond 0.4%, SP2 has 
become steadily less efficient compared to SP1 and SP3. This is 
may be due of the steric effect of polycarboxylates, which has 
become more and more dominant as the dosage increases.

4. Conclusions
The rheology of cement mortars containing three SCMs (LF, 

FA, BFS) and three different SP admixture types is compared 
based on an evolution of the plastic viscosity and the yield 
stress of the control mix without SCMs and SP, respectively. 
The following conclusions can be drawn from this research 
work:

	■ Increasing the amount of LF from 0 to 60% reduced the 
yield stress and the plastic viscosity of cement mortar 
by 52% and 59%, respectively. 

	■ The cement mortar containing FA or BFS exhibited 
higher yield stress and plastic viscosity compared to 
those of the control mortar. In addition, with the use 
of 60% of FA, the yield stress and the plastic viscosity 
increased by 132 % and 75% respectively.

	■ At a replacement level up to 40% of BFS, the yield 
stress of cement mortar increased with a rate of 98%. 
However, for a replacement level of 50 to 60%, the 
yield stress is decreased. When using 60% of BFS, an 
improvement rate of about 8% and 64% for the yield 
stress and the plastic viscosity is recorded, respectively

	■ Cement mortar incorporating FA has similar behavior 
in increasing the plastic viscosity compared to that of 
cement mortar containing BFS.

	■ In addition, the obtained results confirm the 
compatibility of the incorporation of SP with LF. This 
makes the use of the high-volume eco-friendly binder 
in mortars and concretes very promising in terms of 
improving workability or reducing the W/B ratio for a 
given slump.

	■ For dosage less than 1% of SP, the SP2 based on 
phosphonate reduced the rheological properties better 
compared to the SP based on polycarboxylate (SP1 and 
SP3).

	■ Dosage of 0.2% of SP2 had an equivalent effect to that 
when using dosage of 0.8% of SP1 and 0.6% of SP3, 
in terms of reducing the rheological properties of the 
cement mortar.

	■ In the same way, the steric effect of polycarboxylates became 
more and more dominant as the dosage of SP increases.

This study provides a reference for use of FA, BFS and LF to 
develop green building materials with the desired rheological 
properties. Overall, LF can be used to produce the low 
rheological properties cement mortar. While, FA and BFS can be 
used for the production of high rheological properties cement 
mortar. This helps to reduce the high cement consumption in 
the production of cement-based materials and contributes to 
environmental sustainability and resource savings.

In this regard, it is recommended that, this study to be 
accompanied by scientific investigations on combining LF 
with the BFS and the FA, with a high percentage of the LF, 
in order to have the sufficient rheological properties for 
different applications and different types of concrete, in 
particular self-compacting concrete. Moreover, future research 
is recommended in order to study the synergistic effect of 
these additions on the rheology of ternary and quaternary 
cementitious blends-based materials.
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