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Abstract
The dosage of superplasticizer is first determined in mortar 
mixtures and it is after adjusted in concrete mix trials. Other 
self compacting concrete (SCC) mix proportioning methods 
rely on the definition of the superplasticizer saturation dosage 
in pastes. These approaches to mix design have advantages 
over the ones based exclusively on concrete batching because 
it is less expensive and material demanding to perform tests 
in mortar and paste than in concrete. This paper presents the 
results of an experimental research carried out to investi-
gate the use of tests performed in paste to define the optimum 
dosage of superplasticizer for self-compacting concrete. The 
materials employed were Portland cement, pozzolana and 
three types of superplasticizers: poly naphthalene sulfonate 
(PNS), poly melamine sulfonate (PMS) and a polycarboxylate. 
The saturation point of each superplasticizer was determined 
in pastes by rheological tests using a coaxial cylinder rheom-
eter AR2000. Self-compacting concretes were prepared using 
the superplasticizer contents found. The results obtained led 
to the conclusion that in SCC mixture proportioning methods, 
the determination of the superplasticizer content in the paste 
phase is paramount. Nevertheless, final adjustment of w/c+f 
ratio was always needed in order to produce SCC.
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1 Introduction
Superplasticizers, also called as High Range Water Reduc-

ing (HRWR) Admixtures, are micro-molecular organic or 
chemically synthesized agents which, according to their 
chemical contents, have been divided into the following four 
groups [1, 2]: Sulphonate melamine formaldehyde, Sulphonate 
naphthalene formaldehyde, Modified lignosulphonates and 
Copolymers containing sulphonic and carboxyl groups which 
may contain polycarboxylates and polyacrylates [3]. These 
products are often used as a basic component in self-compact-
ing concretes.

Self-compacting concrete (SCC) is characterized by its fill-
ing ability and deformability, which is governed by fluidity 
and cohesion of the mixture. To these properties should also be 
added requirements for passing ability and resistance to segre-
gation, which are mostly related to the volume, dimension and 
distribution of the aggregate particles. These properties can 
be evaluated in SCC with specific tests, such as Slump flow, 
V-Funnel and L-Box [4, 5, 6] and sieve stability [7]. SCC can 
also be characterized by its rheological properties, which are 
a low yield stress (τ0 ), to guarantee the increase of the fluidity, 
and a moderate viscosity (η), to promote the necessary mixture 
stability. The yield stress relates with the distance between the 
particles in the paste matrix and governs the mix deformabil-
ity, while viscosity is governed by the contact between the 
particles and it can be used to indicate the resistance to the 
segregation. Self compacting concrete SCC has been satisfac-
tory described by the Bingham model (Eq. (1)) [9].

		          τ τ η= +
0

.Ɣ

Where
τ = shear stress 
τ0 = yield stress 
η = plastic viscosity 
Ɣ = shear rate
One of the critical parameters to be determined during SCC 

mixture proportioning is the superplasticizer content. The 
amount of superplasticizer affects the cost and the fresh and 
early-age properties of the SCC. Excess of superplasticizer can 

(1)
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cause mixture instability and setting delay; in small amounts, 
the superplasticizer does not promote the necessary fluidity 
and problems with fluidity maintenance are verified. Due to 
its economical and technological importance for the SCC, the 
definition of an optimum superplasticizer dosage is of extreme 
importance. Many technologists propose that superplasticizer 
dosage in concrete should relate well with the saturation dos-
age determined in studies carried out in cement paste, through 
the use of viscometers [8], Marsh-cone or mini-slump testing. 
Others indicate that a satisfactory definition of the superplas-
ticizer content to be used in SCC can derive from studies per-
formed in mortar [9]. 

This paper investigates the use of tests performed in pastes 
to define the optimum dosage of superplasticizer for self-com-
pacting concrete. The saturation point interval of superplas-
ticizers was determined in pastes by rheological tests using a 
coaxial cylinder rheometer AR2000.

2 Materials and methods
The materials used in this work come from the north region 

of Algeria:

2.1 Cement
The cement used is the Portland cement without mineral 

additives CEM I 42.5 with Blaine fineness of 3500 cm2/g and 
specific mass of 3.14 g/cm3. Its chemical and mineralogical 
composition is given in Table 1.

Table 1 Chemical and mineralogical composition of cement

Element (%) Mineral (%)

CaO 66.52

C2S 22.9SiO2 23.28

Al2O3 4.89

Fe2O3 1.98

C3S 58.12SO3 0.34

Na2O 0.03

K2O 0.55

C3A 9.6MgO 1.66

CaOfree 0.71

fire loss 0.41
C4AF 6.02

Insoluble 0.29

2.2 Fine material: Pozzolana
As fines, a finely ground Pozzolana is used, with a Blaine 

fineness of 7300 cm2/g and pozzolanic activity of 109.65 mg/g. 
its chemical composition is reported in Table 2.

Table 2 Chemical composition of pozzolana.

Element (%)

CaO 11.05

SiO2 44.72

Al2O3 16.42

Fe2O3 8.94

SO3 0.07

Na2O 3.07

K2O 1.35

MgO 4.37

fire loss 7.24

Cl- 0.02

2.3 Superplasticizers
Three superplasticizers were used in this experimental 

study, all from the company GRANITEX. 
MEDAFLOW 30: Third-generation water-reducing super-

plasticizer. It is designed based on ether polycarboxylates. In 
addition to its main function of superplasticizer, it makes pos-
sible to decrease the water content of concrete in a remarkable 
way. MEDAFLOW 30 does not exhibit a retarding effect. Its 
physical and chemical characteristics are as follows:

•	 Form			   Liquid
•	 Color			   Yellowish
•	 pH				   6–6.5
•	 Density			   1,07 ± 0.01
•	 Chlorine content		  <1g / L
MEDAFLUID SFA: Superplasticizer - Hardening acceler-

ator. It is an adjuvant based on poly melamine sulfonate PMS. 
Its physical and chemical characteristics are as follows:

•	 Form			   Liquid
•	 Color			   Translucent
•	 pH				   7 - 8
•	 Density			   1,20 ± 0, 01
•	 Chlorine content		  <1g / L
MEDAPLAST SP 40: Superplasticizer - High water 

reducer. It is an adjuvant based on poly naphtalene sulfonate 
PNS. Its physical and chemical characteristics are:

•	 Form			   Liquid
•	 Color			   Brown
•	 PH				   8.2
•	 Density			   1,20 ± 0 01
•	 Chlorine content		  <1g / L

3 Rheological study
The aim of the rheological study is to highlight the influ-

ence of each type of superplasticizer on the rheological behav-
ior of the paste (cement + pozzolana + water) as a function 
of the percentage of the incorporated superplasticizer and to 
deduce the saturation dosage of each superplasticizer.
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3.1 Pastes
Pastes were prepared according to the same proportions 

used in self-compacting concretes (Japanese method) [10]. The 
type and the superplasticizer dosage were varied by 0.25% 
with respect to the mass of cement.

The ponderal composition of the paste used in the labora-
tory is as follows:

•	 70% of cement: 300 g
•	 30% of pozzolana: 129 g
•	 Water/cement ratio (w/c + f) = 0.35
•	 Different dosages (%) of superplasticizer. 
The rheological tests were carried out at 20 °C, using an 

AR2000 rheometer (Fig. 1) equipped with a Rotor valve. The 
flow curves were analyzed and modeled by Rheology Advan-
tage data Analysis (Version -V4.021).

Fig. 1 Rheometer AR2000 

4 Results and discussion 
The different rheological behaviors of the different pastes 

with each type of superplasticizer are given below:

4.1 Paste based on polynaphthalene sulfonate PNS
The rheogram of shear stress as a function of the shear rate 

of the paste with different dosages of PNS superplasticizer is 
shown in Fig. 2.

It can be seen in Fig. 2 that the shear stress decreases with the 
increase of the PNS dosage. Moreover, the shear stress which is 
42 Pa with 0.5% PNS decreases and reaches about 4 Pa, with 
a dosage of 1.5%, which means that the suspension becomes 
more flowable. 

Furthermore, with a dosage of 1.75%, the dough flows with 
minimum effort (minimum yield value). Yield stress (τ0 ) is 
defined as the force a fluid must be exposed to in order to start 
flowing. It reflects the resistance of the fluid structure to defor-
mation or breakdown.

Usually, rheograms from rotational viscometer measure-
ments are used as a means to calculate yield stress and viscosity. 
It can also be obtained by applying rheological mathematical 
models [11]. There are several rheological mathematical models 
applied on rheograms in order to transform them to information 
on fluid rheological behaviour [12].

Fig. 2 Evolution of the rheological behavior of cementitious paste at different 
dosages of PNS.

From the shape of the curves of Fig. 2, it is noted that they are 
not linear, thus, the rheological behavior of the different pastes 
is not Newtonian (Non-Newtonian fluids do not show a linear 
relationship between shear stress and shear rate). Yield stress 
and viscosity (rheological parameters) were extracted from 
each of the curves presented in Fig. 2 using Herschel Bulk-
ley (H-B) model. The Herschel Bulkley model is applied on 
fluids with a non linear behavior and yield stress. It is consid-
ered as a precise model since its equation has three adjustable 
parameters, providing data [13]. The Herschel Bulkley model is 
expressed in Eq. (2), where τ0 represents the yield stress.

		         τ τ= +
0
K.Ɣn

The consistency index parameter (K) gives an idea of the 
viscosity of the fluid. However, to be able to compare K-val-
ues for different fluids they should have similar flow behav-
ior index (n). When the flow behavior index is close to 1 the 
fluid ś behavior tends to pass from a shear thinning to a shear 
thickening fluid. When (n) is above 1, the fluid acts as a shear 
thickening fluid.

(2)
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The Yield stress and the viscosity were plotted versus PNS 
percentage (these two plots are actually made in the same fig-
ure with two different axes (Fig. 3). And, similarly, we plot 
these two dependences on PMS percentage (Fig. 5), and on 
polycarboxylate percentage (Fig. 7). 

Fig. 3 Evolution of the rheological parameters as a function of PNS %

From the results of Fig. 3, it may be noted that the yield stress 
is inversely proportional to the quantity of PNS introduced. In 
other words, the yield value decreases with the increase of the 
percentage of PNS, until the last incorporated concentration 
1.75%. The viscosity also decreases significantly until a dos-
age of 1.25%. Beyond this PNS concentration, there is some 
stabilization with low values ranging from 0.01103 to 0.06621 
Pa.s. This can be explained by the dispersing effect of PNS 
which is adsorbed at the interface of the grains of cement thus 
creating repulsive forces between the particles, reducing or 
eliminating squarely the adhesion between the neighboring 
particles.

4.2 Paste based on polymelamine sulfonate PMS
The results of the rheological tests on the paste containing 

PMS superplasticizer at different percentages are given in Fig. 
4. Fig. 5 represents PMS% dependence of yield stress and of 
viscosity.

From Fig. 4, it can be seen that the shear stress decreases 
with the addition of PMS and reaches a minimum value at a 
concentration of 2.5% of this superplasticizer.

It is also observed that with a dosage of 0.78%, the shear 
stress is about 50 Pa and it drops to 8 Pa with 2%, which amounts 
to the dispersion between the particles caused by the effect of the 
superplasticizer.

It can be concluded that the Newtonian flow is almost reached 
this time with a concentration of 2.5% of the PMS dosage.

The rheological behavior of the pastes at different concen-
trations is not linear; therefore the different suspensions pre-
sented in this rheogram do not correspond to Newtonian fluids.

Fig. 4 Evolution of the rheological behavior of cementitious paste at different 
dosages of PMS 

Fig. 5 Evolution of the rheological parameters as a function of PMS %

Figure 5 shows that yield stress decreases with increasing 
PMS. From 2% PMS, the yield stress is relatively stable until 
reaching the maximum dosage (2.5% PMS). The highest value 
is recorded with the minimum adjuvant dosage (0.78%) where 
it reached a value of 46.01 Pa, a relatively high value compared 
with the previous superplasticizer PNS (21.05 Pa at 0.75% 
PNS). Regarding the viscosity, the latter also decreases with 
the increase of the concentration of the superplasticizer until 
a precise dosage (1.75% PMS) before stabilizing with slight 
fluctuations.
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It can therefore be deduced that the PNS is more effective 
than the PMS in dispersion. Finally, it can be estimated that 
these suspensions correspond to Pseudoplastic fluids because 
since they become thinner when the shear rate increases.

4.3 Paste based on polycarboxylate
The same tests were carried out for the paste containing the 

polycarboxylate. The results are given in Fig. 6. Figure 7 rep-
resents polycarboxylate % dependence of yield stress and of 
viscosity.

Fig. 6 Evolution of the rheological behavior of cementitious paste at different 
dosages of polycarboxylate

From Fig. 6, it can also be seen that the polycarboxylate 
plays the same role as the PNS and PMS (the shear stress 
decreases with the increase of the polycarboxylate dosage but 
with remarkable efficiency. Moreover, with a concentration of 
0.54%, the value of shear stress is only 14 Pa and it becomes 
very low at only 1%. Moreover, with a concentration of 1.25%, 
the flow of the paste (suspension of cement) approaches New-
tonian behavior but can never be Newtonian. 

Non-Newtonian fluids do not show a linear relationship 
between shear stress and shear rate. This is due to the complex 
structure and deformation effects exhibited by the materials 
involved in such fluids.

From Fig. 7, it can be noted that the yield stress decreases 
significantly with the increase of the polycarboxylate dos-
age. At 0.75%, the yield stress recorded is estimated at 4.49 
Pa, a much lower value compared to those of the two previ-
ous superplasticizers (PNS = 21.05 Pa, PMS = 46.01 Pa), this 
proves that this adjuvant is more dispersant.

On the other hand, three phases of behavior of the viscosity 
are distinguished as a function of the polycarboxylate dosage:

•	 Significant decrease between 0.54% and 0.75%
•	 Relative stabilization between 0.75% to 1%
•	 Light increase (low values:  0.019 to 0.0535 Pa.s) between 

1 and 1.25%, this is possibly due to the inverse effect of 
the superplasticizer.

This rheological performance is obtained by the length 
of the main chain as well as its grafting by side chains non-
adsorbing which extend into the solution when the polymer is 
adsorbed. This is the action mode of polycarboxylate-based 
superplasticizers.

However, negative yield stress values may arise using H-B 
model; this is due to experimental errors.

Fig. 7 Evolution of the rheological parameters as a function of  

Polycarboxylate %

4.4 Mechanism of action of Superplasticizers
Overall, the fluidification of fresh concrete by the introduc-

tion of superplasticizers can be explained by the dispersion of 
the grains of cements. Superplasticizers are currently consid-
ered to be powerful dispersants. They make it possible to avoid 
the agglomeration of the cement particles and to release the 
water trapped in its agglomerates.

The deflocculation and the dispersion of the cement grains are 
directly linked to the adsorption of the superplasticizers on the 
surface of the cement particles. Consequently, the physical and 
chemical characteristics of the cement grains will be modified.

When a superplasticizer adsorbs on a cement grain, its 
dissociated acid functions modify the surface charges of the 
cement particles and minimize the interactions between this 
particles by creating repulsive forces.

•	 Polycarboxylates
The superplasticizers at the water/cement interface will 

also induce a short-range repulsive force due to the steric hin-
drance between two layers of polymers adsorbed on neighbor-
ing particles.
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The amplitude of the steric effects and the relative impor-
tance of the electrostatic and steric effects vary according to 
the type and the molar masses of the superplasticizers. For 
sulphonated superplasticizers (PNS and PMS), electrostatic 
effects are predominant [1].

For polycarboxylates, steric effects are predominant, in 
particular for polymers having long hydrophilic side chains. 
Because of their low charge density, the electrostatic effect of 
this class of superplasticizers is reduced compared with that of 
the sulfonated polymers.

•	 Sulfonated polymelamines (PMS) 
belong to the category of superplasticizers/water reducers. 

They are effective at temperatures below 85 °C due to their 
limited chemical stability. They do not train air. They are pre-
ferred to PNS for resistance to fasting ages, by adsorbing on 
the hydrates being formed. The PMS superplasticizers interact 
with all the physico-chemical processes of hydration, so their 
role is not limited to a simple dispersing effect.

•	 Sulfonated polynaphthalenes (PNS) 
have a dispersing efficiency linked to the nature of the cement. 

They are more retardant than PMS and are slightly air-cooled.

4.5 Saturation point of superplasticizers
Saturation point is the dosage beyond which the superplas-

ticizer no longer has any effect on the rheological properties of 
the cement paste or concrete. In our pratical case, it was deter-
mined by the AR 2000 Rheometer.

Through the rheograms - flow curves illustrating shear 
stress vs shear rate for cement pastes -, and according to the 
rheological behavior obtained, yield stress and viscosity have 
been extracted. The evolution of these two rheological param-
eters as a function of the percentage of superplasticizer intro-
duced is plotted and exploited.

From the results obtained from the rheological study (Fig. 
2, 3, 4, 5, 6 and 7), it is possible to estimate approximately 
the saturation point interval (percentage relative to the cement 
mass) of each superplasticizer which are as follows:

•	 Polycarboxylate ≈ 0,75 to 1% ; 
•	 Polynaphtalene sulfonate PNS ≈ 1,25 to 1,75% ;
•	 Polymelamine sulfonate PMS ≈ 2 to 2,5%

4.6 Self compacting concrete
According to the saturation dosages intervals found in the 

rheological study, a pourcentage (%) of each superplasticizer 
is used to prepare self-compacting concretes SCCs. The same 
cement and pozzolana are used as binder with a ratio W/C+f 
equal to 0,35. The maximum aggregate size was chosen as 16 
mm. A fresh state characterization of these concretes was car-
ried out according to the standardized tests of SCCs.

The results obtained are too mediocre: the concretes were 
very segregables and not homogeneous (sieve stability greater 
than 50%).

To remedy this, other SCCs were made by keeping the same 
dosages of superplasticizers), but the ratio W/C + f was opti-
mized.

The results obtained on fresh and hardened concrete are 
given in Table 3:

Where:
SCC-PNS: Self compacting concrete based polynaphtalene 

sulfonate. 
SCC-PMS: Self compacting concrete based polymelamine 

sulfonate. 
SCC-Poly: Self compacting concrete based polycarboxy-

late. 

Table 3 Rheological and mechanical characteristics of SCCs.

SCC-PNS SCC-PMS SCC-Poly

Superplasticizer (%) 1.75 2.5 1

W/C + F 0.31 0.31 0.31

Sieve stability (%) 1     1 1,5

Slump flow cone (cm) 72 72 73

L-box (H1/H2) (%) ˃ 90 90 90

Compressive strength at  
28 days (MPa) 39 47 41

From the results of Table 3, it can be said that very satisfac-
tory rheological characteristics meeting the requirements of 
self-compacting concrete were reached with a water/cement + 
fine ratio of 0.31%.

The maximum compressive strength is recorded by the 
PMS-based concrete, with a maximum value of 47 MPa, this 
is due to its effect of accelerator of hardening which will reper-
cute positively on the mechanical resistances to the young 
ages.

 It can also be concluded that the resistance to segregation 
is very satisfactory for all SCCs (verified by sieve stability), 
which can be explained by the decrease in the quantity of 
water and the increase of the superplasticizer dosages.

The test of slump flow bye Abrams cone is illustrated in 
Fig. 8 

Fig. 8 Slump flow test by Abrams cone
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5 Conclusions 
This experimental study allowed to understand the action 

of three types of superplasticizers (PNS, PMS and polycarbox-
ylates) on the rheological and mechanical properties as well as 
the existing relation between the rheology of the cement pastes 
and their use in self-compacting concretes.

The superplasticizers have a critical concentration beyond 
which the adjuvant has no additional effect on the rheological 
properties of the concrete. This is called the saturation point.

The results of the tests performed on pastes with a coaxial 
cylinder rheometer indicated that the definition of the super-
plasticizer saturation point was more adequate when viscosity, 
and yield stress, was use as parameters affected by the admix-
ture dosage.

The saturation dosages (intervals) of superplasticizers deter-
mined by rheometry on paste can be used for making self-com-
pacting concretes, but the W/C + F ratio must be optimized 
(decrease). This will result in a gain in mechanical strengths.

The use of superplasticizer based PMS makes it possible 
to obtain better mechanical strengths at young age but with 
relatively high concentrations. On the other hand, the use of 
polycarboxylates favors obtaining excellent rheological prop-
erties with lower dosages with the same W/C + F.

Through the results of this study, it is advisable to start 
with the determination of saturation point of superplasticizer 
then to proceed with the formulation of the self-compacting 
concrete. This is valid if the obtaining of better rheological 
and mechanical properties is favored to the detriment of the 
economic aspect (use less quantity of superplasticizer because 
of its high price which will reflect negatively on the mechani-
cal resistances since in this case the W / C ratio should be 
increased.

The determination of a yield stress as a true material con-
stant can be difficult as the measured value can be very much 
dependent on the measurement technique employed and the 
conditions of the test. In fact, negative yield stress values may 
arise. In order to avoid this, it is recommended:

First, do not let the sample lose the memory after the load-
ing. It is very common to see at low shear stresses, negative 
shear rates. The reason is that the sample is moving the cyl-
inder because of the residual stresses in one direction while 
the rheometer moves the cylinder in the other direction with a 
shear stress lower than the residual stress.

Second, to perform the experiment in a ramp instead of in 
a steady state experiment, it is almost mandatory to measure 
accurate yield stress the sample must be in equilibrium at each 
point of shear stress. If not we will have a yield stress that 
depends on the shear stress rate versus time.

Although the simplicity of H-B model could be naive to 
address more complex phenomena, it can be helpful in a fast 
screening and it is widely reported when studying this cement 
suspensions.
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