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The modified concrete rheometer (MCR) apparatus developed in this study is based on existing concrete
rheometers, the main differences being the gap size and measurement method, and thus the interpreta-
tion of the results. The gap between the inner cylinder wall and the tip of the vane was set to 6.4 times the
diameter of the largest coarse aggregate in order to reduce interaction between the aggregate and the
wall and the friction force from the wall. The MCR apparatus was used to measure yield torque directly
at different low rotational speeds (above 0.003 rev/s). A study of the yield torque and viscosity of 37 fresh
concrete mixtures was also made, with a particular focus on self-compacting concrete or self-consolidat-
ing concrete (SCC), and the results were compared with those obtained using other workability tests. The
test results showed that the MCR can differentiate between conventional concrete (CC), powder-type SCC
and SCC with viscosity-modifying agents (VMA). The rheological behavior of powder-type SCC was found
to be influenced by the composition of Class F fly ash and ground granulated blast-furnace slag (GGBFS),
and this type of concrete exhibited a wider range of viscosity and yield torque values. Despite the lower
powder content and larger water to binder ratio (w/b), the viscosity of VMA-type SCC was shown to be
slightly lower than that of powder-type SCC, and the values were clustered together within a certain
range; thus, the workability of SCC containing VMA is more easily controlled. In addition, the MCR appa-
ratus can also be applied to CC of differing viscosity and yield torque, thus making this apparatus suitable
for determination of the workability of all kinds of fresh concrete.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The slump test (ASTM C143 [1]) is often used to measure the
workability of CC, while the slump flow test (ASTM C1611 [2]) is
used for SCC and high-flowing concrete (HFC). Other existing test
methods for SCC include the V-funnel flow test, the U-box-filling
height [3,4], the J-ring test (ASTM C1621 [5]), and the column test
[6]; the current standards in Taiwan are based on the slump flow,
V-funnel, and U-box tests.

Previous studies have shown that concrete rheometer tests can
be used to analyze the intrinsic properties of fresh concrete, such
as viscosity and yield stress [7–9]. Commonly-used concrete
rheometers include: (1) coaxial rheometers (BML [10], CEMAG-
REF-IMG [7]); (2) Laboratoire Central des Ponts et Chaussées
(LCPC) rheometers (BTRHEOM [11]); and (3) mixing action rheom-
eters with an impeller (IBB [12–16], ICAR [17–20], a two-point
apparatus [21,22]). Notwithstanding the considerably different
geometries, the basic principle is to measure the relationship be-
tween the torque (T) and rotational speed (N); the slope (h) of
ll rights reserved.
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the oblique line and the intercept (g) of the torque axis after linear
regression can then be obtained, as shown in Eq. (1). According to
the theoretical model of the rheometer as described by Tattersall
and Banfill [21], the rheology of concrete can be simulated using
the Bingham model, as shown in Eq. (2), for which a shear stress
(s) similar to static friction exists prior to the initiation of flow
(strain rate). Only when the shear stress reaches a critical value
does the shear strain rate ð _cÞ begin to change. Eq. (1) can be con-
verted to represent the relationship between shear stress and shear
strain rate, as shown in Fig. 1; therefore, the plastic viscosity and
yield stress can then be calculated, as shown in Eq. (2).

T ¼ hN þ g ð1Þ
s ¼ sy þ g _c ð2Þ

These two parameters, the yield stress (sy) and the plastic vis-
cosity (g), are used to characterize the workability of concrete. In
particular, yield stress is closely related to slump and slump flow,
while plastic viscosity is more related to the strain rate of slump
flow [21,23]; Wallevik [10] pointed out that for various concrete
mixture proportions, the yield stress and the plastic viscosity
behaviors of fresh concrete differ: yield stress distinctly increases
with time, while plastic viscosity is not obviously affected. Thus,
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Fig. 1. The Bingham model transform.

Table 2
Chemical and physical characteristics of cementitious materials.

Type I Portland
cement

GGBFS Class F
fly ash

SiO2 (%) 20.11 33.52 50.70
Al2O3 (%) 5.31 14.42 24.60
Fe2O3 (%) 3.68 0.29 4.91
CaO (%) 62.76 42.80 2.33
MgO (%) 2.96 5.91 1.01
Na2O (%) 0.21 0.31 0.05
K2O (%) 0.34 0.25 1.74
LOI (%) 0.92 0.30 5.31
Specific gravity 3.15 2.91 2.17
Blaine surface area (m2/kg) 340 414 360
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the workability of concrete can be measured using a concrete rhe-
ometer, as once the yield stress and plastic viscosity have been
found, the rheological behavior of fresh concrete can then be
determined.

Boger et al. proposed an approach to obtaining the yield stress
that differs from the Bingham model [24,25], which involved using
a vane rheometer to measure the maximum value of the torque of
the plastic material at a very low rotational speed and converting
the torque into yield stress using a theoretical model. This ap-
proach was demonstrated using a vertical four-bladed vane in a
suspended solution system such as bentonite gels to obtain the
yield stress [26]. Other studies have applied this method to various
commercial greases [27], oil-in-water emulsions [28], and an oil-
well cement slurry [29].

Saak [30] used a rotational rheometer to investigate the influ-
ence of wall slip on the shear yield stress of cement paste. The
maximum shear stress (smax) can be obtained by measuring the
maximum peak value of the torque (Tmax) under a given rotational
speed. The minimum of smax measured at different rotational
speeds is defined as the yield stress, and the peak of the shear
stress–time plot is referred to as the dynamic yield stress (sy(d)),
which denotes the onset of viscous flow. Traditionally, the dynamic
yield stress is taken as the true yield stress of the material, as it
represents the full breakdown of the structural network [30]. Sch-
wartzentruber et al. [31] studied the rheological behavior of fresh
cement pastes formulated from SCC, and used the vane method to
measure the evolution of torque at an extremely low speed over a
constant duration, finding that the maximum value of the shear
stress corresponded to the yield stress.

Some scholars [17–20] used the ICAR (International Center of
Aggregates Research) concrete rheometer and a testing method
known as the stress growth test, which measures the maximum
torque of the concrete at a fixed rotational speed (0.025 rev/s)
and establishes the relationship between the slump, slump flow
and maximum torque of fresh concrete. In this study a wide scatter
pattern of the measured torque values was demonstrated, which
was attributed to effects of the coarse aggregates. In addition, for
a convenient in situ test, Roussel [32] developed a vane shear appa-
ratus similar to that used for the field vane shear test in soil
mechanics. A scissometer was used to measure the fresh concrete
yield stress in order to evaluate the thixotropic behavior of SCC,
and the uncertainty of this measurement was estimated to be
around 15%.
Table 1
Gaps of concrete rheometers.

BML C-2000 [7,8,10] CEMAGREF-IMG [7]

Gap (mm) 45 220
Gap/max. coarse aggregate size 1.8 8.8

Note: gap: the width between the inner cylinder wall and the tip of the vane.
Max. coarse aggregate size: 25.0 mm (1in.).
Ferraris and de Larrard [33] pointed out that the gap between
the aggregate and the wall of the rheometer needs to be at least
three to five times the size of the largest coarse aggregate in order
to avoid interaction. Table 1 summarizes the gap size versus max.
coarse aggregate size for various popular rheometers.

2. Experimental program

The MCR apparatus is geometrically similar to the popular com-
mercial IBB and ICAR rheometers, the differences in this study
compared to previous studies using IBB and ICAR being the size
of the gap, shape of the vanes, and method of obtaining the min.
yield stress. In order to enable fair comparison, the tests conducted
in this study were very similar to those performed in previous re-
searches using IBB [12–16] and ICAR apparatus [17–20], such as
the range of rotational speed and calculation of viscosity. Due to
the inherent characteristics of the MCR apparatus, there was no
intention in this study of comparing the results to those of investi-
gations using rheometers with a very small gap between the vanes
and the inner cylinder wall.

2.1. Materials

The cementitious materials used in this study include Portland
Type I cement, GGBFS and Class F fly ash, as listed in Table 2. It
should be noted that the low-calcium fly ash, ASTM Class F, exhib-
its slower rates of strength development and does not show early
hydration reactions. In addition, the loss of ignition of Class F fly
ash was 5.31%, and this combustible material may absorb SP and
water, which causes a reduction in workability [34,35,39]. The size
distributions of the coarse and fine aggregates are given in Fig. 2.
The fine aggregate used in this study was river sand, with a fine-
ness modulus (FM) of 2.8; the coarse aggregate and sand had spe-
cific gravities of 2.61 and 2.65, and absorptions of 0.85% and 1.44%,
respectively. Two types of high-range water-reducing admixtures
(HRWRAs) were used: (1) polynaphthalene sulphonate (PNS) and
(2) polycarboxylic acid (PC). The PNS-based HRWRA used for CC
had a solids content of about 39.5% with a specific gravity of
1.22; the PC-based HRWRA had a solids content of about 30.2%
with a specific gravity of 1.07 and was used for the SCC, HFC and
high-viscosity underwater concrete (HVUWC). The commercial
IBB [12–16] Mk II [21] TRM [23] ICAR [17–20] MCR

50 47 25.6 140 160
2.0 1.9 1.0 5.6 6.4
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Fig. 2. Grain size distributions of coarse aggregates and sand. #CA1: coarse
aggregate with a max. size of 25.0 mm (1 in.). &CA2: coarse aggregate with a max.
size of 19.0 mm (3/4 in.).
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VMAs used were as follows: (1) water-soluble powder hydroxypro-
pyl methyl cellulose (HPMC), denoted H; (2) water-soluble starch
ether derivatives in powder and emulsion form, denoted S1 and
S2, respectively – S2 had a solid content of about 20.3%; and (3)
a water-soluble acrylic-based polymer with a solid content of
about 7.5%, denoted A.
Table 3
Concrete mixture proportions.

Mixture no. w/b Cement (kg/m3) GGBFS (kg/m3) Class F fly ash (kg/m3)

SCC-1 0.315 500 0 0
SCC-2 0.378 400 0 100
SCC-3 0.384 300 0 200
SCC-4 0.388 200 0 300
SCC-5 0.354 400 100 0
SCC-6 0.360 300 200 0
SCC-7 0.366 200 300 0
SCC-8 0.352 400 70 30
SCC-9 0.350 325 123 53
SCC-10 0.362 250 175 75
SCC-11 0.357 175 228 98
SCC-H-12 0.50 210 140 0
SCC-H-13 0.50 210 140 0
SCC-H-14 0.50 210 140 0
SCC-H-S1-15 0.50 210 140 0
SCC-H-S1-16 0.45 247 164 0
SCC-H-S1-17 0.35 317 211 0
SCC-S1-18 0.50 210 140 0
SCC-S1-19 0.45 247 164 0
SCC-S1-20 0.35 317 211 0
SCC-S2-21 0.50 210 140 0
SCC-S2-22 0.45 247 164 0
SCC-S2-23 0.35 317 211 0
SCC-A-24 0.50 261 93 19
SCC-A-25 0.45 342 122 24
HVUWC-26 0.50 408 0 72
HVUWC-27 0.45 453 0 80
HVUWC-28 0.35 559 0 99
CC-29 0.50 280 84 36
CC-30 0.50 280 84 36
CC-31 0.50 280 84 36
CC-32 0.50 280 84 36
CC-33 0.50 280 84 36
CC-34 0.50 280 84 36
HFC-35 0.40 225 180 45
HFC-36 0.45 200 160 40
HFC-37 0.49 175 140 35

a PNS-based HRWRA was used for CC; PC-based HRWRA was used for SCC, HVUWC and
b The grain size of the coarse aggregate for CC was 30% CA1 + 70% CA2; the others we
c The powder mass is the mass of the cement, GGBFS and Class F fly ash.
2.2. Mixture proportions

The mixture proportions used in this study are shown in Table
3. The SCC had the following target values: slump P25 cm; slump
flow P50 cm; V-funnel flow time 620 s; U-box-filling height
(Bh) P 30 cm [3,4]. The mixtures denoted SCC-1–11 were pow-
der-type SCC containing GGBFS and Class F fly ash in differing pro-
portions, with a coarse aggregate content of 773 kg/m3 and a
powder content of 500 kg/m3. For the SCC with VMA, the water
to binder ratios were 0.5, 0.45, and 0.35, with different types of
VMA added: HPMC for SCC-H-12–14; HPMC and starch ether
derivatives (powder) for SCC-H-S1-15–17; starch ether derivatives
(powder) for SCC-S1-18–20; starch ether derivatives (emulsion) for
SCC-S2-21–23; and acrylic-based polymers for SCC-A-24–25.
HVUWC-26–28 included an anti-washout agent for underwater
application, with slump P22 cm; CC-29–34 were conventional
concretes with water to binder ratios of 0.5 and different dosages
of PNS-based HRWRA; and HFC-35–37 were high-flowing concrete
with a coarse aggregate content of 838 kg/m3, higher than that of
SCC-1–11, slump P22 cm, and slump flow P50 cm.

2.3. Test apparatus and measurements

The MCR apparatus used in this study to measure the yield tor-
que and viscosity of fresh concrete consisted of a drum of a large
diameter of 500 mm with a high capacity of 0.108 m3, as shown
CA b(kg/m3) Sand (kg/m3) HRWRA VMA (cmass of powder (%))

PCa PNSa H S1 S2 A

773 891 1.1 – – – – –
773 830 1.1 – – – – –
773 782 1.2 – – – – –
773 734 1.3 – – – – –
773 895 1.1 – – – – –
773 881 1.1 – – – – –
773 867 1.1 – – – – –
773 878 1.1 – – – – –
773 879 1.1 – – – – –
773 839 1.2 – – – – –
773 832 1.2 – – – – –
804 983 1.2 – – – – –
804 983 1.2 – 0.05 – – –
804 983 1.2 – 0.10 – – –
804 983 1.2 – 0.03 0.05 – –
804 904 1.2 – 0.03 0.05 – –
804 801 1.3 – 0.03 0.05 – –
804 983 1.2 – – 0.05 – –
804 904 1.2 – – 0.05 – –
804 801 1.3 – – 0.05 – –
804 983 1.3 – – – 0.75 –
804 904 1.3 – – – 0.75 –
804 801 1.2 – – – 0.75 –
773 913 1.2 – – – – 0.67
773 777 1.0 – – – – 0.67
773 718 1.0 – 0.70 – – –
773 670 1.0 – 0.70 – – –
773 583 1.0 – 0.70 – – –

1017 762 – – – – – –
1017 762 – 0.2 – – – –
1017 762 – 0.4 – – – –
1017 762 – 0.6 – – – –
1017 762 – 0.7 – – – –
1017 762 – 0.8 – – – –

838 867 1.2 – – – – –
838 912 1.2 – – – – –
838 985 1.3 – – – – –

HFC.
re CA2 only.
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in Fig. 3; the gap was 160 mm, which is about 6.4 times the max-
imum aggregate size of 25 mm, chosen in order to avoid the wall
effect. The vane had six blades, with a spacing of 60�, whereby
the radius ratio (r1/r0) of the vane (r1) and steel drum (r0) was
0.36. This apparatus was designed to measure torque at low rota-
tional speeds (above 0.003 rev/s): torque and rotational speed
were measured and stored in the data acquisition system, which
was connected to a computer. The measurable range of the torque
and the maximum data collection frequency were 0.01–
100.00 N m and 60 Hz, respectively. A built-in program was used
to read the data and plot charts.

This apparatus was used to measure the fresh concrete torque
at different rotational speeds, which was then converted to yield
torque and viscosity. Workability tests such as the slump, slump
flow, V-funnel flow time, and box-filling height test were con-
ducted to identify any correlation of yield torque with viscosity.
CC, HFC, HVUWC, and in particular, different types of SCC were
tested in order to assess the effectiveness of the MCR. As the gap
of the MCR apparatus was relatively large, the measured data could
not be transformed into yield shear stress and viscosity in funda-
mental units, owing to the fact that the shear strain rates measured
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Fig. 4. Typical rheological curves of fresh concrete (using SCC-6, HFC-38, CC-31, and
HVUWC-27 as examples).
at the drum do not have a linear flow gradient relationship with
the shearing surface [33].

2.3.1. Plastic viscosity measurement
In this test, the rotational speed was set to change from 0.2 rev/

s to 1.0 rev/s within 30 s and the plastic viscosity was calculated as
the slope of the linear regression of torque and rotational speed, as
shown in Fig. 4. Similar ranges of rotational speed, the unit of
which is N m s, have been used by many other researchers, for
example, Beaupré et al. [7,8], Khayat et al. [12–16] and Koehler
et al. [17–20].

2.3.2. Yield torque measurement
In this study, referring to Saak et al. [30–32], the torque was

measured at a rather low rotational speed using a vertical six-
bladed vane. Under a given rotational speed, the torque can be ob-
tained by:

T ¼ 2pr2
1Hsc þ 4p

Z r1

0
ser2 dr ð3Þ

where T is the torque (N m), r1 is the vane radius (90 mm), H is the
vane height (150 mm), sc is the shear stress (Pa) at the tip of the
vane, and se is the shear stress (Pa) along the top and bottom edges
of the vane. The maximum torque measured at the fixed speed is as
shown in Fig. 5; the minimum torque of Tmax at different rotational
Time (sec)
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Fig. 5. Illustration of the maximum torque measurement method.
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speeds was then defined as the yield torque (Ty), as shown in Fig. 6.
(The same test method was used by Saak et al. [30], while similar
methods were also used in other studies [25,29].) Note that the dif-
ferent rotational speeds were reached within a very short period of
time, i.e., 0.1 s.
2.4. Testing procedures

Following the mixing of 0.15 m3 of fresh concrete, various
workability tests were performed, as shown in Table 4. Slump
was measured according to ASTM C143 [1]; slump flow (ASTM
C1611 [2]) was measured as the average of the maximum and min-
imum diameters of the spread of the concrete after the standard
slump test; and the U-box-filling height and V-funnel flow time
according to JSCE [4] were ascertained for each SCC, HVUWC, and
HFC, as shown in Figs. 7 and 8. Fresh concrete was also assessed
using the MCR, and the yield torque was measured at seven rota-
tional speeds, specifically, 0.003, 0.015, 0.03, 0.045, 0.090, 0.300,
and 1.35 rev/s. The torque of the concrete was subsequently mea-
sured as the rotational speed of the vane increased from 0.2 to
1.0 rev/s in 30 s.

Concrete cylinder specimens (£15 � 30 cm) were made
according to ASTM C192 [36], while to obtain SCC specimens, con-
crete was poured into molds without consolidation. The 28-day
compressive strength test was then conducted according to ASTM
C39 [37].
3. Test results and discussion

3.1. Comparison of the rheological behavior of the different types of
fresh concrete

This study investigated the relationship between torque and
rotational speed as measured using the MCR. Linear regression
was performed on the data and the R2 values of the regression
for SCC and HFC were found to be above 0.9, as shown in Fig. 4.
It was also found that the torque values fluctuated erratically for
CC because of its poor workability. The resistance of the coarse
aggregate against the rotation of the vane was higher for CC than
for SCC and HFC, and the R2 values of linear regression for CC were
below 0.9. The experimental results showed that fresh concrete of
better workability and higher uniformity yielded a rheological
behavior more suitable for applying linear regression. With regards
to the rheological behavior of HVUWC, the torque and the slope
(viscosity) were larger than those of the other concretes tested at
the same rotational speed due to the higher viscosity required
for its anti-washout property.

3.2. Influence of mixture proportions on the workability of powder-
type SCC

SCC has been developed and used in Japan since the 1980s, and
can be divided into three types: powder-type, VMA-type, and com-
bination-type [3,4], of which powder-type SCC (without VMA) in-
cludes Class F fly ash and GGBFS as the cementitious materials
and limestone powder as the inorganic filler to replace part of
the cement or fine aggregate, and has a larger powder content
(480–700 kg/m3) in order to enable the consistency of the concrete
to be controlled. However, powder-type SCC is very sensitive to
water variance, which greatly affects the self-compacting property,
causing problems in producing stable SCC. The addition of VMA to
SCC solves this problem, effectively improving the anti-segregation
property and stability of the fresh concrete [38]. Such types of con-
crete are referred to as VMA-type SCC and combination-type SCC,
the powder contents of which are in the range of 300–450 kg/m3

and 450–600 kg/m3, respectively [3,4].
In this study, it was found that the higher the replacement ratio

of Class F fly ash, the higher the yield torque, as shown in Table 4
and Fig. 9. Therefore, inclusion of an adequate replacement amount
of Class F fly ash could improve the workability of powder-type
SCC; however a high volume of Class F fly ash (SCC-3, SCC-4) re-
duces the workability of the concrete, a possible reason for which
is that Class F fly ash may absorb water and HRWRA [34,35,39]. In
the same table and figure, it is shown that at a 60% replacement ra-
tio of GGBFS, the yield torque is lowest. A higher GGBFS content
was found to reduce the yield torque in the different types of con-
crete examined in this study.

Fig. 10 shows the viscosity data for the powder-type SCC. The
amount of Class F fly ash used in this study did not change regu-
larly; on the other hand, the more GGBFS that was used, the higher
the viscosity. Nevertheless, the viscosity of the concrete mixed
using replacement ratios of 20% and 40% was lower than that of
the control concrete.

In SCC-8–11, supplementary cementitious materials (SCM)
composed of GGBFS and Class F fly ash (at a mass ratio of 7:3) were
used to replace cement. When the replacement ratio of SCM was
higher than 35% of the cement, the viscosity began to increase,
while the yield torque decreased, as shown in Fig. 11. This is be-
cause the higher the replacement ratio, the higher the content of
SCM, and as mentioned in previous paragraphs, SCM is composed
of 70% GGBFS, and hence the overall rheological behavior is then
controlled by GGBFS – i.e., the greater the SCM content, the lower
the yield torque and the higher the viscosity.

3.3. Influence of VMA on the workability of SCC and HVUWC

Khayat [40] indicated that commonly-used VMAs in cement-
based materials include polysaccharides of microbial or starch
sources, cellulose derivatives, and acrylic-based polymers. The re-
sults of the tests conducted in this study showed that the viscosity
of VMA-type SCC increased with increased dosage of HPMC, along
with producing a reduced yield torque, as shown in Fig. 12, thereby
improving the self-compactability of the concrete. It can be seen
from Fig. 13 that the viscosities of all of the VMA-type SCC were
lower than those of the powder-type SCC, with the exception of
SCC-HS1-17, SCC-S1-20, SCC-S2-23, and SCC-H-14. The first three
of these mixes had a w/b of 0.35, and the amount of powder



Table 4
Test results.

Mixture
no.

Workability test Rheological parameters Mechanical test

Slump
(cm)

Slump flow
(cm)

U-box-filling height
(cm)

V-funnel flow time
(s)

Yield torque, Ty

(N m)
Viscosity, h
(N m s)

28-day compressive strength
(MPa)

SCC-1 28 72 30 10 3.83 3.77 65.4
SCC-2 28 72 31 7 1.47 4.36 43.2
SCC-3a 24 42 31 8 4.32 5.42 32.7
SCC-4a 24 44 30 7 8.34 4.60 23.2
SCC-5 28 72 30 4 5.98 3.24 57.8
SCC-6 28 73 31 10 4.51 3.55 53.5
SCC-7 26 66 31 7 0.69 4.41 54.9
SCC-8 27 70 30 5 7.65 2.94 53.5
SCC-9 25 65 30 7 6.57 2.94 50.1
SCC-10 28 73 30 5 3.43 4.62 47.3
SCC-11 27 70 31 11 2.06 7.84 34.0
SCC-H-12a 26 61 19 16 2.83 1.88 35.2
SCC-H-13 27 66 31 12 2.28 2.38 33.5
SCC-H-14 27 67 31 20 2.11 4.03 31.8
SCC-H-S1-

15
27 68 31 6 2.11 1.48 34.9

SCC-H-S1-
16

26 63 31 5 1.48 1.42 40.0

SCC-H-S1-
17

26 60 31 9 4.41 2.76 63.7

SCC-S1-18a 25 58 21 10 4.12 1.58 34.6
SCC-S1-19 26 64 31 6 3.43 1.88 48.5
SCC-S1-20 27 68 31 6 1.53 2.94 64.5
SCC-S2-21a 26 60 15 18 3.13 1.94 32.8
SCC-S2-22 26 65 31 9 2.21 2.59 48.1
SCC-S2-23 27 70 31 6 1.58 4.60 70.5
SCC-A-24 26 53 31 8 3.50 1.82 44.2
SCC-A-25 28 64 31 7 2.65 2.48 47.0
HVUWC-

26a
27 61 30 120 1.15 6.60 23.2

HVUWC-
27a

26 57 30 285 3.40 11.26 33.7

HVUWC-
28a

24 45 19 378 4.97 14.13 40.5

CC-29 5 – – – 30.70 4.42 33.8
CC-30 8 – – – 27.57 4.53 35.1
CC-31 12 – – – 22.95 4.66 36.2
CC-32 15 – – – 11.48 4.30 35.7
CC-33 18 – – – 9.91 2.71 34.8
CC-34 22 – – – 9.81 1.77 36.5
HFC-35a 26 65 26 8 5.98 4.53 53.0
HFC-36a 26 63 21 16 6.77 3.77 49.1
HFC-37a 25 59 17 10 3.15 2.41 42.8

The italicised test values do not meet the target values.
a Workability experiment results did not fully meet the following requirements: slump of SCC, P25 cm; slump flow, P50 cm; V-funnel flow time, 620 s; U-box-filling

height, P30 cm.
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reached 528 kg/m3. The higher the dosage of powder, the lower the
w/b, and the necessary addition of VMA therefore caused the high
viscosity.

Fig. 13 also shows that most yield torque–viscosity test results
of the VMA-type SCC were distributed within a certain area, the
box marked by the dashed lines, which is relatively narrow as com-
pared with the distribution range for the powder-type SCC. VMA-
type SCC is easy to produce and has a comparatively more stable
workability owing to the high moisture variation tolerance of the
fine aggregates [41,42].

As shown in Figs. 14 and 15, among the VMA-type concrete
with a w/b of 0.5 used in this experiment, the yield torque of the
SCC with HPMC was lower than that of the starch ether-type or ac-
ryl-type SCC, while its viscosity was higher. From Fig. 15, it can also
be seen that a decrease in w/b causes an increase in the viscosity,
due to more powder being used for a lower w/b mix.

SCC-H-S1-15–17, shown in Table 3, contained VMA made from
a mixture of HPMC and starch ether derivatives. The viscosities of
these concretes were similar to those of SCC with starch ether
derivatives only (SCC-S1-18–20), as shown in Fig. 15; however,
the yield torque varied irregularly, as shown in Fig. 14. For SCC
containing an acrylic-based polymer, the viscosity and yield torque
variations were similar to those of the SCC with starch ether, and a
larger amount of powder in the mixture proportions led to a smal-
ler yield torque and a slight increase in viscosity.

The high viscosity of HVUWC containing a high dosage of HPMC
reduced the segregation or washout in water [43,44], and the yield
torque was between 1.15 and 4.97 N m, similar to that of VMA-
type SCC; however, it had the highest viscosity of 14.13 N ms,
which is far larger than the viscosities of the other types of con-
crete studied, as shown in Table 4. Therefore, although the box-fill-
ing height of HVUWC reached 30 cm at w/b ratios of 0.5 and 0.45,
the V-funnel flow time were 120 s and 285 s, respectively. These
flow times are much longer than those of other types of SCC; how-
ever, HVUWC still meets the self-consolidating property and can
fill the formwork at these high viscosities.
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3.4. Comparison of the rheological behavior and on-site workability
test results

3.4.1. Relationship between rheological behavior and slump
The slump test has long been used as an index of workability;

however the flowability, pumpability, self-compactability, and seg-
regation resistance cannot be obtained from the slump test. There-
fore, this study used a MCR apparatus to measure the internal
physical parameters of the concrete, and analyzed the relation-
ships between yield torque, viscosity, and slump, as shown in
Fig. 16. A smaller concrete slump means a larger yield torque
and viscosity. The concrete mixture proportions of CC-29–34 were
the same except for the dosage of superplasticizer, a higher dosage
of which led to a larger slump and increased lubrication between
the particles within the concrete. The linear relationship between
slump and yield torque can be represented as in Eq. (4), and the
slump and viscosity can be represented as in Eq. (5):

Ty ¼ �1:750� Slumpþ 41:168; R2 ¼ 0:946 ð4Þ
g ¼ �0:004� Slump3 þ 0:118� Slump2 � 0:992� Slump

þ 6:984; R2 ¼ 0:935 ð5Þ

However, de Larrard [11] pointed out that, for the same cone
slump, the viscosity of concrete can vary by a factor of 1–4. The
relationship between viscosity and slump needs further study in
order to better understand the effect of viscosity on slump. These
equations apply to CC, as the slump test is not suitable for SCC,
for which the slump flow test is usually performed.

3.4.2. Relationship between rheological behavior and slump flow
Although different types of SCC can be of similar workability,

such as powder-type SCC (SCC-1, 2, 5, 6, 8, 11) and VMA-type
SCC (SCC-S2-23), with a slump flow of 70–73 cm, the yield torque
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and viscosity may differ greatly, as shown in Table 4. The slump
flow depends on both the yield torque and viscosity and is not
influenced by only one single physical property. Ferraris used thir-
teen concrete mixes targeted to the same slump flow with a vari-
able dosage of HRWRA. These mixes showed a wide range of flow
properties; therefore, the slump flow alone is not sufficient infor-
mation from which to determine whether a flowable concrete is
SCC [45]. The rheological behavior of VMA-type SCC showed that
the larger the slump flow, the smaller the yield torque, as shown
in Fig. 17. The variation in the yield torque of the VMA-type SCC
was smaller than that of the powder-type SCC, and the slump flow
was found to be about 60 ± 10 cm, indicating that the VMA-type
SCC was relatively more stable than the powder-type SCC. In addi-
tion, slump flow was found to correlate better with yield torque
than with viscosity, as shown in Fig. 17. These findings are in
agreement with the results of Sedran [46].
3.4.3. Relationship between rheological behavior and V-funnel flow
time

The V-funnel flow time of the powder-type SCC was found to be
within 4–11 s, that of the VMA-type SCC was within 5–20 s, and
that of the HFC was within 8–16 s, as shown in Table 4. The test re-
sults show that the yield torque of the VMA-type SCC increased
gradually when the V-funnel flow time increased from 5 to 12 s.
No clear relationship between viscosity and yield torque was found
for powder-type SCC in this test. Domone [47] showed that there
are no obvious relationships between V-funnel flow time, slump
flow, and T50 (the time at which the slump flow diameter reaches
50 cm). The greater the coarse aggregate content (larger yield tor-
que), the longer the V-funnel flow time. However, in this study, the
coarse aggregate contents of the VMA-type SCC and HFC were only
slightly higher than that of the powder-type SCC, and therefore the
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difference in the V-funnel flow time was not significant. In addi-
tion, the high viscosity of the underwater concretes HVUWC-26–
28 resulted in a V-funnel flow time greater than 120 s. For a given
deformation capacity, the longer the flow time, the higher the vis-
cosity of the concrete [12]; therefore, higher viscosity and yield
torque greatly prolonged the V-funnel flow time. Similar results
were also reported by Chai [48].

3.4.4. Relationship between rheological behavior and U-box-filling
height

According to the reports of Okamura et al. [3,4], the absolute
volume of coarse aggregate (with a maximum aggregate size of less
than 19 mm) should be within 0.3–0.32 m3 in order to pass
through the gap of the steel bars in the U-box test (R2 grade). If
the coarse aggregate content is too high, it will easily become
blocked between the bars. The absolute volume of the coarse
aggregate in this study was about 0.3 m3, which reduced the pos-
sibility of blockage. In this research, the viscosity and yield torque
of both the powder-type and VMA-type SCC were not found to be
obviously related to the U-box-filling height. Even the filling
heights of HVUWC-26–27, were greater than 30 cm, owing to its
low yield torque (but the V-funnel flow time was long). Because
of the high absolute volume of the coarse aggregate (0.32 m3)
and the low powder volume of HFC-35–37, these concretes did
not pass the U-box filling test. From Table 4, it can be seen that
the highest yield torque of concrete with the ability to pass the
U-box test was 8.34 N m, while viscosity was not a major factor.
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3.5. Influence of the concrete mixture proportions on compressive
strength

The 28-day compressive strength data are presented in Table 4.
The cement content of the powder-type SCC was 500 kg/m3, and
the strength reduced greatly with increasing Class F fly ash con-
tent, with contents of 100, 200, and 300 kg/m3 (SCC-2, SCC-3 and
SCC-4) replacing cement resulting in strengths of 66%, 50% and
35.5% of that of SCC-1, respectively. The same dosage of GGBFS re-
sulted in strengths of 88.4%, 81.8%, and 83.9% that of SCC-1, respec-
tively. Therefore, when GGBFS was used to replace 60% of the
cement, the 28-day relative compressive strength was still above
80%, while that of the concrete in which cement was replaced by
the same percentage of Class F fly ash was below 40%.

An appropriate dosage of VMA did not significantly affect the
28-day compressive strength, while the compressive strength of
the concrete with a high dosage of HPMC (HVUWC-26–28) was re-
duced as compared with other concretes of the same w/b. This re-
sult was also observed by Khayat [40,44], i.e., the higher the
viscosity, the more air is entrapped in the concrete. For the starch
ether emulsion concrete S2, at a dosage of 0.75% of powder by
mass, the 28-day compressive strength was not significantly af-
fected, which is similar to the results of Rols et al. [49].

3.6. Application of the MCR test results

Fig. 18 shows the yield torque and viscosity results of the fresh
concretes examined in this study. For CC, the wide-ranging values
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que, viscosity, and slump flow of SCC.
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of yield torque and viscosity fall outside Region I and BOX I, while
for SCC, the values can be divided into two different regions: first,
for VMA-type SCC, the values fall within BOX I, while those for
powder-type SCC fall in Region I, the boundaries of which are
demarcated by dashed lines. If the values of Ty and g fall within Re-
gion I, the concrete would be considered to be a SCC. The condi-
tions for CC are 9.81 6 Ty 6 30.70 N m and 1.77 6 g 6 4.66 N m s,
and those for BOX I are 1.42 6 Ty 6 4.41 N m and 1.42 6 g 6
2.94 N m s. The region enclosed by the dashed lines is character-
ized by Eq. (6):

Ty 6 27:172� g�1:2784; ð2:940 6 g 6 7:839Þ; R2 ¼ 0:975 ð6Þ

Therefore, the MCR apparatus is able to measure the yield tor-
que and viscosity of fresh concrete and to distinguish between
types of concrete, such as CC, SCC, and most VMA-type and pow-
der-type SCC. In addition, the slump of fresh concrete can be pre-
dicted using this apparatus.
4. Conclusion

Based on the test results, the following conclusions were
drawn:

1. The MCR apparatus developed in this study is similar to the
IBB and ICAR devices, the difference being a different gap
size in order to reduce interaction between the aggregate
and the wall and the friction force from the wall.

2. The yield torque obtained by testing and the calculated vis-
cosity can be used to distinguish between CC, powder-type
SCC, and VMA-type SCC within the range of mixture propor-
tions used in this study.

3. A relationship between slump and yield torque was estab-
lished for CC, and the measured ranges of yield torque and
viscosity for CC were 9.81 6 Ty 6 30.70 N m and 1.77 6 g 6
4.66 N m s, respectively.

4. For powder-type SCC, the higher the yield torque, the lower
the viscosity, and vice versa. Self-consolidating behavior can
be expected if the yield torque and viscosity values fall in
Region I, as shown in Fig. 18.

5. For VMA-type SCC, the values of yield torque and viscosity
must fall within BOX I, and have the following constraints:
1.42 6 Ty 6 4.41 N m and 1.42 6 g 6 2.94 N m s, respectively.

6. For powder-type SCC, a Class F fly ash replacement ratio of
20% reduced the yield torque; however, replacement ratios
of 40% and 60% caused the yield torque to increase substan-
tially, thus reducing the workability. When the GGBFS
replacement ratio was increased from 20% to 60%, the yield
torque was greatly reduced. When Class F fly ash or GGBFS
was used to replace cement in differing mixture proportions,
the changes in the viscosity of SCC were not as significant as
the changes in yield torque.

7. The yield torque needs to be lower than 8.34 N m in order
for the concrete to pass the U-box test (R2 grade), while vis-
cosity was not found to be a major factor influencing the fill-
ing height. Both a high viscosity and a high yield torque
prolong the V-funnel flow time, and the box-filling height
is not directly related to the V-funnel flow time.

8. The viscosity ranges of CC, HFC, and SCC are similar, while
the yield torque of CC is large as compared with the other
concrete tested. SCC exhibited a lower yield torque; there-
fore, fresh concrete of a smaller yield torque is of better
workability.

9. The viscosity–yield torque range of most VMA-type SCC is
more concentrated than that of powder-type SCC, and there-
fore the stability of the workability is better.
10. An appropriate VMA dosage does not significantly affect
the 28-day compressive strength of SCC, while the com-
pressive strength of HVUWC with a high dosage of HPMC
is greatly reduced in comparison with other concrete of
the same w/b.
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