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a b s t r a c t

In design of self-consolidating concrete (SCC) for a given application, the mixture’s rheological
parameters should be adjusted to achieve a given profile of yield stress and plastic viscosity. Supplemen-
tary cementitious materials (SCM) can be useful for this adjustment in addition to their other advantages.
In this study, the rheological properties of 57 SCC mixtures with various SCM were investigated for a con-
stant slump flow value. For this aim, various amounts of silica fume (SF), metakaolin (MK), Class F fly ash
(FAF), Class C fly ash (FAC) and granulated blast-furnace slag (BFS) were utilized in binary, ternary, and
quaternary cementitious blends in three water/binder ratios. Results showed that SF and BFS decreased
plastic viscosity and V-funnel time values in comparison with mixtures containing only Portland cement
(PC). However the opposite tendency was observed when MK, FAC and FAF were incorporated with PC.
Substitution of PC with SF, MK and FAC increased high range water reducer (HRWR) demand in the
SCC mixtures having constant slump flow. Use of SCM in SCC mixtures increased yield stress values. Good
correlations were established between plastic viscosity and V-funnel flow time values for all w/b ratios.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

SCC is one of the innovative concrete that is progressively used
for experimental jobs and actual projects. It can flow readily under
its own weight and self-consolidate without any mechanical
vibration. Such a concrete must achieve magnificent deformability,
and great stability to ensure high filling capacity of the formwork,
even in a very congested structural member.

Yield stress and plastic viscosity are considered as two main
parameters that define concrete rheology. SCC has a low yield
stress and a moderate viscosity to ensure good consolidation and
a highly fluid mixture without any segregation among
constituents, especially between the binder phase and aggregate.
A low yield stress and a moderate viscosity can be achieved by
an increase in paste volume for a given rheology of paste and
dosage of high-range water-reducer (HRWR) [1–3]. One of the
ways to increase the paste volume is to replace some part of the
Portland cement (PC) with supplementary cementitious materials
(SCM). In addition to the enhancement of mechanical properties
and durability, the use of SCM, such as silica fume (SF), fly ash
(FA), metakaolin (MK) and granulated blast-furnace slag (BFS)
can improve rheological properties by adjusting the rheological
parameters for a given application. In other words, plastic viscosity
or yield stress can be tailored according to the desired performance
in a variety of civil engineering applications by the utilization of
SCM. Moreover, use of by-product SCM, like FA and BFS, can
decrease the cost of SCC and the amount of the CO2 production
related to the use of PC in concrete [4–13].

Despite the above-mentioned advantages of SCM in SCC, they
may also weaken SCC properties compared to the plain SCC
containing no SCM. For instance, SF and MK significantly increase
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Table 1
Physical and chemical properties of cement and SCM.

PC SF FAC FAF MK BFS

CaO (%) 64.06 0.25 36.56 3.24 0.3 35.2
SiO2 (%) 17.74 87.92 31.94 59.5 51.1 40.3
Al2O3 (%) 4.76 0.4 13.5 18.5 39.1 10.2
Fe2O3 (%) 3.17 0.35 4.09 6.96 2.15 0.67
MgO (%) 1.28 3.97 1.42 2.03 0.7 6.9
SO3 (%) 2.94 0.21 3.86 0.47 0.08 1.4
K2O (%) 0.8 0.81 0.94 1.93 1.78 0.97
Na2O (%) 0.45 1.79 1.1 1.27 0.11 1.12
Free lime (%) 2.21 – 2.69 0.42 – –
Other minor oxides (%) 0.64 1.43 0.91 1.26 0.88 1.34
Loss on ignition (%) 1.95 2.87 2.99 4.32 3.8 1.9
Specific gravity 3.13 2.29 2.73 2.38 2.54 2.97
Blaine fineness (cm2/g) 3310 – 3470 3220 – 3650
Surface area B.E.T.

(m2/kg)
– 24,520 – – 15,410 –

Residue 45 lm (%) 4.2 – 17.4 19.5 0.4 1.3
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Fig. 1. Particle size distributions of PC and SCM.
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early strength and considerably reduce the permeability of SCC but
may impair the required workability in fresh concrete. On the
contrary, BFS generally decreases early strength but improves
workability. Due to these opposite effects, combinations of SCM
have found significant importance in concrete technology [14–
17]. Assaad [10] studied the rheological behavior of SCC containing
SF, BFS and FA. It was reported that mixtures containing binary
cement (PC + SF), ternary cement (PC + SF + FA) and quaternary
cement (PC + SF + FA + BFS) showed lower plastic viscosity values
than corresponding plain SCC mixtures. In another research, the
effects of SCM on the rheological properties of cement grouts were
tested by Khayat et al. [6]. It was concluded that the partial substi-
tutions of cement with FA and BFS increased the plastic viscosity
compared to that of the reference grout made without any SCM,
regardless of the HRWR dosage. However in the case of SF,
decrease in plastic viscosity was visible.

In recent years, there has been a growing interest in the use of
MK and SF as SCM to produce SCC. However, only a limited number
of studies are available about the rheological properties of SCC con-
taining MK. In a recent study, Hassan et al. [18] investigated the
yield stress and plastic viscosity of SCC containing MK and SF. They
proposed that the addition of MK and SF increased the HRWR
demand in SCC mixtures having constant slump flow. Moreover,
the addition of SF appeared to require more HRWR when compared
to MK. It was also found that both plastic viscosity and yield stress
increased as percentage of MK was increased. At constant slump
flow, plastic viscosity of SF mixtures were similar to that of the
control mixture without any SCM. When the HRWR content was
kept constant, yield stress increased continuously with an increase
in SF content. Besides, as cited by Hassan et al. [18], Mouret and
Cyr [19] found that cement paste with MK exhibited high plastic
viscosity while cement paste with SF showed lower plastic
viscosity than reference cement paste. In another investigation
Boukendakdji et al. [20] noted that the SCC mixtures incorporating
BFS exhibited low plastic viscosity and low yield stress than the
reference mixture containing only PC.

Although a number of studies about the effects of using FA, SF
and BFS on the fresh and hardened properties of SCC have been
found in the literature, the effect of using these SCM on the rheo-
logical properties were discussed only in limited number of studies
[10,18,21,22]. Moreover, the potential benefit of using various
amounts of SCM in ternary and quaternary combinations with PC
on rheological properties of SCC is not well documented. The study
presented herein aims at the effect of binder type and content on
the benefits of SCM in SCC of different dispersion states that can
be used in a variety of civil engineering applications.

The current study focuses on the rheological properties of SCC
containing various amounts of SF, FA, MK and BFS as a partial
replacement of cement. These SCM were used in binary, ternary,
and quaternary cementitious blends to investigate the variations
of some properties such as V-funnel flow time, HRWR demand as
well as yield stress and plastic viscosity. The mixtures were
designed to have three water-binder ratios (w/b). The rheological
parameters were measured with a coaxial cylinder concrete rhe-
ometer. This study also aims at comparing the effects of utilization
of a viscosity modifying admixture (VMA) to those of SCM.
2. Experimental methods

2.1. Materials

An ordinary Portland cement CEM I 42.5 R, similar to ASTM C 150 [23] Type I
cement, was used. Five types of SCM, which are SF, FAC, FAF, MK, and BFS, were also
used in binary, ternary, and quaternary cementitious blends. The physical and
chemical properties and particle-size distribution of PC, SF, FAF, MK, and BFS are
presented in Table 1 and Fig. 1. In addition, the micrographs of SCM and PC are
shown in Fig. 2. Crushed limestone was used as aggregate. The maximum particle
size was 15 mm and 3 mm for coarse and fine aggregate, respectively. The bulk spe-
cific gravity of the coarse and fine aggregates were 2.64 and 2.61, respectively, and
their absorption capacities were 0.21% and 0.67%, respectively. A polycarboxylate
ether-based HRWR conforming to ASTM C494 Type F of [24] with a specific gravity
of 1.1 and solid content of 28% was incorporated in all mixtures. A liquid viscosity-
modifying admixture (VMA) was used in some SCC mixtures.
2.2. Mix proportions and preparation

As summarized in Tables 2–4 a total of 57 SCC mixtures were designed to have
three w/b (0.44, 0.50, and 0.56) with various binder contents (454.5, 400, and
357 kg/m3) and a constant water content. For all SCC mixtures the fine aggregate-
to-total aggregate ratio, by mass, was set at 0.53. The HRWR dosages used in the
mixtures were adjusted to secure an initial slump flow of 650 ± 10 mm. The three
control mixtures did not contain any SCM, whereas other mixtures incorporated bin-
ary (PC + SF, PC + FAC, PC + FAF, PC + MK and PC + BFS), ternary (PC + SF + BFS,
PC + FAC + BFS, PC + FAF + BFS and PC + MK + BFS) and quaternary (PC + SF +
FAC + BFS) cementitious blends in which a portion of PC was replaced with the
SCM. The replacement levels for various SCM were different: it was 4%, 8% and 12%
for SF, 4%, 8%, 18% and 36% for MK, 18% and 36% for FA and only 18% for BFS. In addi-
tion, a constant amount of VMA, selected within the recommended dosage range of
the manufacturer, was employed for each w/b ratio to compare the results with the
mixtures containing SCM. All substitutions of the cement by SCM were made on
the total mass basis of the binder. The mixtures were mixed in batches of 20 L using
a rotary planetary mixer. Mixing efficiency, mixer type, mixing sequence, ambient
temperature, etc. are the factors affecting the rheology of SCC during its production
[25,26]. Therefore, these factors were not changed throughout the study. The mixing
materials were kept at approximately 20 ± 2 �C (68 �F) temperature before mixing.
Following the end of mixing, mixtures had approximately constant temperatures of
24 ± 2 �C (75.2 �F). The mixing procedure for concrete mixtures consisted of homog-
enizing the fine and coarse aggregate for 1 min and introducing 35% of the mixing
water. Following a rest period of 1 min to allow the saturation of the aggregates, bin-
der and 40% of water were added. After 2 min of mixing, the HRWR diluted with the
remaining water was introduced gradually over 2 min. while the mixer was turned
on. Following 2 min of rest, the concrete was mixed for 3 additional min.

The mix proportions of VMA-bearing mixtures were similar to that of the con-
trol mixtures except that VMA content was 4.6 kg/m3 for all w/b ratios and HRWR
content was 8, 6, 5.48 kg/m3 for w/b ratios of 0.44, 0.50 and 0.56, respectively. The



Fig. 2. SEM images of (a) PC, (b) FAC, (c) FAF, (d) MK, (e) SF and (f) BFS particles.

Table 2
Mix proportions of SCC mixtures having w/b = 0.44 (kg/m3).

Mixture ID Water PC SF FAC FAF MK BFS HRWR Aggregates (SSD)

Fine Coarse

Control 200 454.5 – – – – – 5.75 883 783
4SF 200 436.5 18 – – – – 6.70 880 778
8SF 200 418.5 36 – – – – 7.50 875 774
12SF 200 400 54.5 – – – – 8.0 870 771
8SF18BFS 200 337 36 – – – 81.5 6.70 874 774
18FAC 200 373 – 81.5 – – – 5.82 878 778
36FAC 200 291 – 163.5 – – – 6.35 872 773
36FAC18BFS 200 209.5 – 163.5 – – 81.5 5.50 871 772
18FAF 200 373 – – 81.5 – – 4.67 872 772
36FAF 200 291 – – 163.5 – – 4.36 859 762
36FAF18BFS 200 209.5 – – 163.5 – 81.5 4.31 858 761
4MK 200 436.5 – – – 18 – 6.18 881 781
8MK 200 418.5 – – – 36 – 6.50 878 779
18MK 200 373 – – – 81.5 – 7.50 873 773
36MK 200 291 – – – 163.5 – 10.0 861 762
36MK18BFS 200 209.5 – – – 163.5 81.5 9.35 860 761
18BFS 200 373 – – – – 81.5 5.35 881 781
8SF18FAC18BFS 200 255.5 36 81.5 – – 81.5 7.0 868 769

Table 3
Mix proportions of SCC mixtures having w/b = 0.50 (kg/m3).

Mixture ID Water PC SF FAC FAF MK BFS HRWR Aggregates (SSD)

Fine Coarse

Control 200 400 – – – – – 4.50 908 805
4SF 200 384 16 – – – – 5.0 905 802
8SF 200 368 32 – – – – 5.33 901 799
12SF 200 352 48 – – – – 6.33 897 795
8SF18BFS 200 296 32 – – – 72 4.80 900 798
18FAC 200 328 – 72 – – – 4.60 905 801
36FAC 200 256 – 144 – – – 5.05 900 797
36FAC18BFS 200 184 – 144 – – 72 4.47 898 796
18FAF 200 328 – – 81.5 – – 4.0 899 796
36FAF 200 256 – – 163.5 – – 3.67 890 787
36FAF18BFS 200 184 – – 163.5 – 72 3.65 889 786
4MK 200 384 – – – 16 – 4.85 906 803
8MK 200 368 – – – 32 – 5.10 904 801
18MK 200 328 – – – 72 – 6.0 899 797
36MK 200 256 – – – 144 – 8.0 889 788
36MK18BFS 200 184 – – – 144 72 7.45 888 787
18BFS 200 328 – – – – 72 4.30 907 803
8SF18FAC18BFS 200 224 32 72 – – 72 5.60 895 793
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Table 4
Mix proportions of SCC mixtures having w/b = 0.56 (kg/m3).

Mixture ID Water PC SF FAC FAF MK BFS HRWR Aggregates (SSD)

Fine Coarse

Control 200 357 – – – – – 3.90 929 822
4SF 200 342.7 14.2 – – – – 4.20 925 820
8SF 200 328.5 28.5 – – – – 4.53 922 818
12SF 200 314.5 42.5 – – – – 5.66 918 815
8SF18BFS 200 264.5 28.5 – – – 64 4.50 921 816
18FAC 200 293 – 64 – – – 4.0 925 818
36FAC 200 228.5 – 128.5 – – – 4.15 919 815
36FAC18BFS 200 164.5 – 128.5 – – 64 4.0 918 814
18FAF 200 293 – – 81.5 – – 3.47 921 814
36FAF 200 228.5 – – 163.5 – – 3.23 911 807
36FAF18BFS 200 164.5 – – 163.5 – 64 3.20 910 806
4MK 200 342.7 – – – 14.25 – 4.10 927 822
8MK 200 328.5 – – – 28.5 – 4.20 925 820
18MK 200 293 – – – 64 – 5.26 920 816
36MK 200 228.5 – – – 128.5 – 7.20 911 807
36MK18BFS 200 164.5 – – – 128.5 64 6.80 909 805
18BFS 200 293 – – – – 64 3.65 928 820
8SF18FAC18BFS 200 200.5 28.5 64 – – 64 4.87 917 812
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identification of the mixtures was made according to the type and amount of SCM.
For example, (8SF18FA18BFS) shows the quaternary mixture containing 8% SF, 18%
FA and 18% BFS.
2.3. Testing procedure

Immediately after the end of mixing (9 min after the initial contact of water
with cement), slump flow diameter was measured. Then, rheology and V-funnel
time testes were made in parallel. The slump flow values were represented by
the mean diameter (measured from two perpendicular directions) of the concrete
spread after lifting the standard slump cone. The V-funnel time test consisted of
a V-shaped container with an opening of 65 � 65 mm at the bottom and
500 � 65 mm at the top. The rheological parameters were evaluated using a coaxial
cylinder concrete rheometer (ConTec 4SCC). A four-bladed vane rotating coaxially
was used for the impeller. The container of the rheometer had a diameter of
240 mm and a depth of 240 mm, allowing a concrete sample volume of approxi-
mately 8 L. The testing protocol consisted of increasing the impeller speed, N, grad-
ually to 0.7 revolutions/s (rps) during 36 s, subsequently reducing the speed
stepwise to carry out the measurements of the torque, T, data. Each rotational
velocity (0.70, 0.55, 0.40, 0.25, and 0.10 rps) was maintained for 6 s to ensure break-
down of the structure. However, the torque values obtained during the last 5 s were
used in calculating the average torque value corresponding to that speed. Since the
rheometer can take 4 torque data per 1 s, 4 � 4 = 16 data were averaged. Hereby
torque-rotational velocity chart (rheograph) was generated, for each concrete
mixture. The torque-rotational velocity data in the descending curve were linear
corresponding to a Bingham fluid, as follows: T = g + hN, where g (N mm) and h
(N mm s) are coefficients related to apparent yield stress and torque plastic viscos-
ity, respectively. A typical example of a rheograph is presented in Fig. 3. It can be
deduced from this graph that torque-rotational velocity data are straight linear
according to a Bingham fluid. In this figure slope of the linear fit and intercept with
the torque axis were related to the torque plastic viscosity (h) and apparent yield
stress (g), respectively. The linear fit always resulted in coefficient of correlation
(R2) values greater than 0.92. The g and h values obtained from such figures drawn
for each mixture were turned to yield stress (Pa) and plastic viscosity (Pa s) after
multiplying with special coefficients recommended by the manufacturer of the rhe-
ometer (yield stress = 0.18 ⁄ g and plastic viscosity = 0.017 ⁄ h).
y = 9521.x + 938.2
R² = 0.996
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Fig. 3. An example rheograph.
3. Results and discussion

3.1. HRWR demand

The HRWR concentrations to produce a 650 mm slump-flow
diameter for each SCC mixture are illustrated in Fig. 4a–c. The
partial replacement of PC by FAF and BFS decreased the HRWR
requirement of when compared to the control mixture (see the
mixtures at the left hand side of the control mixtures in these
figures). Mixtures containing SF, MK and FAC showed more HRWR
demand than the control mixtures. Incorporation of greater
amounts of SF, MK and FAC present in binary, ternary, and quater-
nary cements increased the HRWR demand further, while, the
opposite tendency was observed when cement was incorporated
with FAF in binary and ternary cement blends (i.e. as the FAF
content increased, the HRWR demand decreased).

As expected, in all of the w/b ratios, SF and MK had higher
HRWR demand to obtain constant slump flow value than other
SCM. The effect was more pronounced in SF containing mixtures.
For example, when w/b = 0.44, HRWR demand increased by
approximately 40% when the percentage of SF increased from 0%
to 12% but the increase in HRWR demand was approximately
30% when the percentage of MK was changed from 0% to 18%. Sim-
ilar results are reported by other investigations [18,27,28]. The
high HRWR demand of SF is probably due to extremely fine nature
and high surface area of grain content (Fig. 2e).

The causes of increase in HRWR admixture demand upon MK
incorporation were studied by several researches [29,30]. They
concluded that very small MK particles, owing to their high surface
energy, tend to agglomerate resulting in a high amount of HRWR
necessary for the deflocculation of fine agglomerate particle sys-
tem to lubricate the flowing system. Furthermore as shown in
Fig. 2d, irregular structure, elongated shape and high surface area
(15,410 m2/kg) of MK particles can be related to the higher utiliza-
tion of HRWR to obtain the target slump value.

When BFS was incorporated with other SCM to obtain
ternary and quaternary systems, HRWR demand was lower
when compared to the mixtures without BFS. This effect of
BFS is mainly due to the morphology of glassy slag particles
as well as their smooth surface, resulting in low adsorption
potential (Fig. 2f).

For the mixtures containing VMA, it observed from Fig. 4a–c
that the HRWR demand was higher when compared to the control
mixtures. These results are in agreement with other studies
[10,20,29,31].
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Not only the shape and surface texture of FA particles, but also
the loss on ignition (LOI), sulfate content, and particle size distribu-
tion of FA particles are factors that influence the HRWR require-
ments of cement pastes and concretes containing FA. Previous
observation showed that w/b ratio or HRWR needed to obtain a
paste of normal consistency is greater for FA with high carbon con-
tent, irregular or harsh grain content or with large mean grain size
[32–34]. From Fig. 4a–c, it can be noticed that all mixtures contain-
ing FAC require additional HRWR to secure the target slump flow
value, as compared to the control mixtures. The increase in HRWR
demand was negligible in binary mixtures containing lower
amount of FAC but it was considerable when FAC content was
increased. This can be attributed to the irregular and cellular
surface and high porosity of the grains (Fig. 2b), as well as high
fineness. On the other hand, in all w/b ratios, in spite of having a
higher LOI than FAC, FAF exhibited the lowest HRWR demand
values in binary and ternary mixtures. The low HRWR demand in
the mixtures containing FAF can be ascribed to the spherical mor-
phology, smooth surface texture of the grains and low porosity of
the particles (Fig. 2c) and lower fineness.

Finally, the effect of w/b ratio on the HRWR demand is shown in
Fig. 4d. As expected HRWR contents increased as the w/b decreased.
It is also possible to conclude that the trend of HRWR demand (the
shape of curves in Fig. 4d) was similar for all w/b. In other words,
the variation of HRWR demand with the binder system followed
the same behavior regardless of the w/b ratio. Fig. 4d also shows that
for a given binder system, the increase in HRWR demand between
the mixtures with w/b = 0.50 and 0.56 was not as significant as
the increase between the mixtures with w/b = 0.50 and 0.44 (the
lower two curves in Fig. 4d are closer to each other).

3.2. Plastic viscosity

The variations of plastic viscosity values for binary, ternary and
quaternary mixtures containing SCM and VMA are demonstrated
in Fig. 5a–c. For all w/b ratios, the partial replacement of PC by
FAC, FAF and MK have increased plastic viscosity of control
mixtures (see the mixtures at the right hand side of the control
mixtures in these figures). Highest increase was observed in
36MK mixture with 0.50 w/b ratio whose plastic viscosity was
approximately 90% greater than the viscosity of the control mix-
ture. On the other hand, for all w/b values, plastic viscosity was
reduced when SF and BFS were incorporated in the binder systems
(Fig. 5a–c). 12% replacement of SF in the mixture with 0.44 w/b
ratio resulted in the greatest reduction (approximately 2.3 times
less) in plastic viscosity. The amount of reduction was less as the
replacement level of SF was decreased. This behavior was contrary
to the behaviors of MK and FAC: as the percentage of MK and FAC
was increased, plastic viscosity also increased. Meanwhile, except
for the mixture with w/b ratio of 0.44, negligible reduction in plas-
tic viscosity was observed when amount of FAF was increased.
Moreover, it can be emphasized that among the SCM having extre-
mely high fineness, addition of SF has a more significant effect on
the mixture viscosity compared to that of MK at the same level of
cement replacement. These results are in agreement with other
studies [6,10,18,20,27,35].

Lower plastic viscosity of the mixtures containing SF can be
related to difference in the volume of the binders. Owing to the dif-
ference between the specific gravity of cement and SF, mixtures
containing SF had greater binder volumes causing reduction in
plastic viscosity values. Note that SF has the lowest specific gravity
among the SCMs used in this study. Another reason for reduction of
plastic viscosity with increasing percentage of SF can be attributed
to the higher packing density of SF mixtures when compared to
that of PC mixtures. There is an assumption that spherical particles
typically pack better than irregularly-shaped ones [33]. SF particles
owing to have spherical morphology can pack better than PC par-
ticles. Increasing the packing density can reduce shear stress to
enhance the flow by filling the voids and providing additional
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lubrication [36]. Spherical shape and smooth surfaces of SF parti-
cles can also lead to the lower plastic viscosity of the mixtures
incorporating SF.

Morphology was again an important factor that affected the
plastic viscosity of the mixtures with MK: contrary to the lubrica-
tion effect of spherical shape and smooth surface (as was the case
in SF), open pores at the surface, elongated shape, irregular surface
texture of the MK particles increased the plastic viscosity. The
same result was reported by Cassagnabere et al. [30]. Meanwhile,
MK particles, owing to their high porosity, can absorb water and
HRWR, leading to a reduction in inter-particle distance between
solid particles and an increase in the level of attractive forces
within solid particles that can be significant sake for obtaining high
plastic viscosity values.

The higher plastic viscosity values obtained for FAC mixtures in
comparison with FAF one can be related to grain shape of former
SCM. As shown in (Fig. 2c), FAF particles have spherical shape which
typically pack better than irregularly-shaped FAC particles and can
lead to a higher ball-bearing effect to reduce interparticle friction,
thereby enhancing workability and reduction in plastic viscosity.

In general a moderate viscosity seems to be necessary to pro-
duce desired SCC mixtures to generate enough flow without any
segregation. For a given application, plastic viscosity values should
be adjusted to various requirements. A high amount of plastic vis-
cosity can reduce concrete flowability and workability, whereas a
very low-viscosity can accelerate the speed of segregation. As dis-
cussed above, use of some SCM in SCC mixtures may change
amount of plastic viscosity of mixtures irrationally. For example
88% enhancing and 230% reduction of plastic viscosity in w/
b = 0.44 mixtures containing 36% FAC and 12% SF, respectively,
probably is undesirable. Due to these opposite effects, combina-
tions of SCM have found significant importance to study in this
investigation. The cement containing 8% SF, 18% FAC and 18% BFS
(quaternary system) led to a decrease in plastic viscosity relative
to the mixture containing only PC and 18% FAC in all w/b ratios.
Besides in all ternary systems, use of 18% BFS with other SCM
resulted in a considerable decrease in plastic viscosity compared
to those of binary systems without BFS. The reason why ternary
systems have lower plastic viscosity can be explained as follows:
Hydration of PC increases the solid volume concentration, thus
increasing the viscosity. When BFS is incorporated, the amount of
SCM in the system is increased and the magnitude of restructuring
and strength of inter-particle links can be reduced due to lower
reactivity of such materials than PC. Thus, the bond between two
cement particles may be stronger than the bond between two slag
particles or the bond between a slag and a cement particle.
Therefore, lower plastic viscosity of the mixtures containing BFS
compared to those without BFS was an expected observation.

As seen in Fig. 5a–c, the plastic viscosity of VMA mixtures was
higher than that of control mixtures. In fresh concrete, the mixing
water tends to be physically adsorbed by hydrogen and ionic
bonding to the long chain polymers of the VMA. Besides, those
molecules may develop attractive forces among each other, to form
a gel and inter-particle links causing higher cohesiveness, thereby,
greater plastic viscosity. Depending on the VMA dosage, its effect
on SCC rheology can be altered. In this study, only a single dosage,
which lies between the range recommended by the manufacturer,
was used. It was aimed to see whether VMA can be an alternative
material to SCM, when they are not available or feasible to use, for
the benefit of increasing the plastic viscosity (which may be neces-
sary for higher stability of SCC), without significantly altering the
other SCC properties. The results of this study showed that VMA
resulted in comparable plastic viscosity and HRWR demand with
other SCM.
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As plotted in Fig. 5d, in rich (w/b = 0.44) SCC mixtures, varying
the binder system had a significant effect on plastic viscosity rela-
tive to lean SCC mixtures. In other words, the effect of SCM type
and amount was more observable when w/b was lower. For
instance, the difference between the control mixture and 36% MK
mixture was 73% for w/b of 0.44 while it was only 30% when w/b
was 0.56. Also it should be emphasized that the trend of change
of plastic viscosity with binder system was similar irrespective of
w/b ratio of the mixtures (Fig. 5d).

As mentioned earlier, in all SCC mixtures amount of water was
kept constant and different w/b values were achieved by varying
the binder content. Accordingly, the relative content of aggregate
increased with the reduction in binder content as w/b ratio was
increased (Tables 2–4). It is well known that the amounts of binder
and aggregate are two important factors affecting plastic viscosity
of SCC mixtures. The increase in the concentration of aggregate
can lead to higher degree of internal friction, to produce greater
encounter and resistance to flow, thereby resulting in greater plastic
viscosity. On the other hand, for constant water contents, mixtures
with higher binder contents result in higher degree of cohesiveness,
progressive tendency to formation of a gel structure and inter-
particle links and developing internal networks. Therefore, greater
amount of plastic viscosity is expected in rich mixtures [10,37]. As
shown in Fig. 5d plastic viscosity values decreased as w/b was
increased. From these results it can be emphasized that among
these two opposite effects on plastic viscosity values, (high
aggregate content and low binder content), the effect of reduction
in binder content (or increase in w/b ratio) was dominated over
the increase of aggregate content.

3.3. Yield stress

Low yield stress can be regarded as the main property that
makes a concrete self-consolidating. However, a very low yield
stress can indicate segregation, suggesting the importance of
monitoring the yield stress in SCC mixtures.

The results of yield stress for all the mixtures having a constant
slump flow diameter of (650 mm) are presented in Table 5 and
Fig. 6. As seen, the vales are quite low (max. 54 Pa), indicating
proper values for SCC.

As mentioned earlier, in this investigation the dosage of
required HRWR to secure target slump flow value was variable.
Measurement of the yield stress at a constant HRWR was not
Table 5
Rheological properties of the SCC mixtures having slump flow at 650 mm.

Mixture ID w/b Pl. visc.
(Pa s)

Yield stress
(Pa)

V-f time
(s)

w/b Pl. visc.
(Pa s)

Control 0.44 174 10.0 16 0.50 131
4SF 0.44 150.8 26.2 15 0.50 97.2
8SF 0.44 107.7 26.5 13 0.50 85.6
12SF 0.44 74.3 35.0 8 0.50 70.4
8SF18BFS 0.44 87.6 32.2 12 0.50 78.2
18FAC 0.44 228.3 11.1 21 0.50 153.7
36FAC 0.44 328.3 14.5 25 0.50 202
36FAC18BFS 0.44 277.5 17.6 22 0.50 144.5
18FAF 0.44 184.5 16.2 14 0.50 159.5
36FAF 0.44 206.1 21.4 14 0.50 151.1
36FAF18BFS 0.44 189 27.0 12 0.50 138.6
4MK 0.44 178.6 22.3 18 0.50 131.6
8MK 0.44 184.9 20.7 20 0.50 139.6
18MK 0.44 203.3 23.4 19 0.50 144.5
36MK 0.44 302.2 14.6 24 0.50 248.8
36MK18BFS 0.44 270.5 15.3 21 0.50 216.8
18BFS 0.44 131.6 9.30 15 0.50 119
8SF18FAC18BFS 0.44 124.3 28.8 14 0.50 112.8
VMA 0.44 195.4 25.8 18 0.50 159.8

Notes: Pl. visc: Plastic viscosity; V-f: V-funnel.
possible because of limited capacity of rheometer. Literature shows
that there is a well correlation between slump flow and yield stress
[38–40]. Therefore, when slump flow is kept constant, a wide range
of difference in yield stress values is not expected in different mix-
tures. This was also the case in this study; however, the change of
yield stress with binder system was still observable. SF and MK
were two remarkable SCM that had most significant influence on
the yield stress of the mixtures regardless of their w/b ratios. As
SF and MK contents increased, the yield stress also increased.
The yield stress of the mixtures with SCM was higher than that
of the control mixtures. Obtaining a greater yield stress with
utilization of the SCM can be pertaining to higher surface area of
these materials (Table 1). Enhancing surface area increases the
interaction between solid particles thereby increases yield stress
values.

As illustrated in Fig. 6 yield stress values increased as w/b ratios
were increased. This statement seems to be contrary to the
well-known facts but recall that in this study slump flow was kept
constant and HRWR content was adjusted for the target slump
flow. Since the mixtures with higher w/b ratio required lower
amounts of HRWR (Fig. 4d), such mixtures had lower yield stress
values, emphasizing the importance of HRWR on yield stress.
Moreover, aggregate content can be another factor affecting the
yield stress values. The higher aggregate concentration (as it is case
for higher w/b mixtures) enhances greater collision and resistance
to initiation of flow, resulting in a greater yield stress. In this study,
w/b ratio was varied by keeping the water content constant and
changing the binder content, resulting in different aggregate con-
tents. Thus for higher w/b ratio, aggregate content of the mixture
was higher resulting in a higher yield stress.

Fig. 6 also shows that the trends of change of yield stress of
different SCM combinations were generally similar to each other
for all w/b ratios except a few mixtures such as the ones with
MK and FAF for w/b = 0.44.
3.4. V-funnel time

The V-funnel time test can be applied to evaluate indirectly the
flowability and viscosity of SCC. In fact this time value
characterizes the rate of flow and is affected by the potential defor-
mability of concrete. Although it cannot measure the amount of
viscosity of SCC, but a relationship between flow time and viscosity
Yield stress
(Pa)

V-f time
(s)

w/b Pl. visc.
(Pa s)

Yield stress
(Pa)

V-f time
(s)

23.2 19 0.56 96.7 31.2 21
35.8 17 0.56 90.3 43.7 19
41.0 15 0.56 83.5 43.1 17
46.3 10 0.56 72.7 54.3 13
42.5 15 0.56 60.5 44.2 14
27.2 24 0.56 139.6 31.9 27
27.0 28 0.56 151 30.6 34
33.9 22 0.56 98.7 36.9 24
29.6 17 0.56 122.9 44.3 18
25.1 17 0.56 119.6 41.7 19
31.5 15 0.56 98.7 44 18
26.1 18 0.56 113 32.1 20
29.6 20 0.56 118 35.2 22
35.4 21 0.56 95.9 38.7 21
31.3 29 0.56 126 34.7 30
36.9 26 0.56 119 41.2 27
29.8 18 0.56 94 36.2 20
35.3 17 0.56 96.9 40.7 18
30.7 22 0.56 126.6 33.9 23
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Fig. 6. Variation of yield stress in SCC mixtures made with various SCM.
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can be estimated [39]. Several researchers found good correlations
between these parameters [10,18].

The V-funnel times obtained from 57 SCC mixtures with three
w/b ratios are presented in Table 5. These values were ranged from
8 to 25 s for mixtures with w/b ratio of 0.44, 10–29 s for mixtures
with w/b ratio of 0.50, and 13–34 s for those having 0.56 w/b ratio.
Such significant difference in flow time for the mixtures having
same w/b ratio was due to the use of SCM with very diverse
properties in these mixtures.

SF had significant influence on V-funnel time. As the amount of
SF was increased, reduction in flow time values was visible. Also
reduction in flow time values was observed with the use of FAF
and BFS in SCC mixtures. On the other hand, adding MK, FAC,
and VMA increased flow time values in all of the mixtures,
irrespective of their w/b ratio. The binder containing 36% MK or
36% FAC increased V-funnel times up to 30 and 34 s respectively,
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The relationship between flow time and plastic viscosity for the
mixtures having different w/b ratios are plotted in Fig. 7a–c. Good
relationships between V-funnel time and plastic viscosity, with R2

values ranging between 0.73 and 0.81, were observed.
HRWR content, binder content and aggregate content are among

the factors affecting the flow time of SCC. Greater concentration of
HRWR in the solution can enhance fluidity of the mixtures and
reduce flow time values. The increase in the concentration of
aggregate increases the degree of internal friction and reduces the
mobility of the concrete [37]. Also increasing aggregate content
can lead to greater risk of collision among coarse aggregate particles
at the tapered outlet of the V-funnel [10]. In this study, increase in
the flow time values in mixtures with low binder content and high
concentration of aggregate was observed (Fig. 7d).

European Guidelines [41] provides a classification of SCC viscos-
ity according to V-funnel times. The mixtures having a V-funnel
time between 9 and 25 s are classified as VF2. Among the 57 mix-
tures prepared in this study, 50 of them belong to this category,
while the remaining five mixtures showed flow times greater than
25 s. It can also be noted that according to the same guidelines, the
slump flow of the mixtures (650 mm) used in this study can be
classified as SF1, which corresponds to slump flow values ranging
between 550 and 650 mm.
4. Conclusion

The rheological properties of an SCC mixture containing a
certain type and amount of SCC can be affected by the test methods
(such as rheometer type) and material characteristics. Therefore, it
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should be kept in mind that the following conclusions were
derived for the materials used and tests applied in this study:

1. For the same slump flow values, mixtures containing SF, MK
and FAC showed higher the HRWR demand compared to that
of mixtures made with FAF, BFS and only PC. Incorporation
of greater contents of SF, MK and FAC necessitated greater
HRWR than control mixtures.

2. In all w/b ratios, SF submitted highest and FAF exhibited the low-
est HRWR demand in SCC mixtures. Incorporation of BFS to
obtain ternary and quaternary mixtures decreased HRWR
demand, compared to that of counterpart mixtures without BFS.

3. In all SCC mixtures HRWR contents increased as the w/b
ratio decreased. The variation of HRWR demand with the
binder system followed the same behavior for all w/b ratios.
The difference between HRWR demand of the mixtures hav-
ing w/b ratios of 0.5 and 0.56 was not as significant as the
difference between HRWR demand of mixtures having w/b
ratio of 0.50 and 0.44.

4. Plastic viscosity of the mixtures containing FAC, FAF, MK or
VMA was higher than that of the control mixtures, regard-
less of the w/b ratio. The highest increase (90%) in plastic vis-
cosity was observed in 36% MK mixture with w/b ratio of
0.50. As the percentage of MK and FAC was increased, plastic
viscosity was also increased.

5. Plastic viscosity was reduced when SF and BFS were incorpo-
rated with PC. 12% replacement of SF in the mixture having
w/b ratio of 0.44 reduced the plastic viscosity value approx-
imately 2.3 times.

6. The quaternary system containing 8% SF, 18% FAC and 18% BFS
led to a decrease in plastic viscosity relative to the mixture con-
taining only PC. Also in all ternary systems, use of 18% BFS with
other SCM resulted in a considerable decrease in plastic viscos-
ity compared to those of binary systems without BFS.

7. Among the SCM having extremely high fineness, addition of
SF has a more significant effect on the mixture viscosity com-
pared to incorporation of MK at the same level of cement
replacement. The change of plastic viscosity with the binder
system was more significant as the w/b was decreased.

8. Plastic viscosity decreased as w/b ratio was increased. Since
the water content of the mixtures was kept constant, any
increase in w/b ratio caused reduction in binder content and
consequent increase in aggregate content. Among two factors
having opposite effects on plastic viscosity the former was
dominated over the latter. The trend of change of plastic vis-
cosity with binder system was similar for different w/b ratios.

9. The yield stress of the mixtures with SCM was higher than
that of the control mixtures. Having considerably higher
finenesses than the others, SF and MK were two remarkable
SCM that had most significant influence on the yield stress
values for all w/b ratios.

10. Yield stress values were higher for the mixtures with higher
w/b ratios. Although this conclusion seems unexpected, it
could be due to the lower HRWR requirements and higher
aggregate contents of these mixtures.

11. Use of SF, FAF and BFS in SCC mixtures reduced the V-funnel
flow times while addition of MK, FAC and VMA increased the
flow times.

12. V-funnel test was found to be successful in indicating the
plastic viscosity for a given w/b ratio since good correlations
were established between plastic viscosity and V-funnel
flow time values for each w/b. However, the test failed to
correlate these parameters when w/b was changed.

13. SCC has to be designed to have adjusted rheological proper-
ties considering a given application since the required yield
stress or plastic viscosity of the mixtures would not be the
same in all cases. SCM were found useful for this adjustment.
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