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To find the energy required during the mixing process of self-compacting concrete in a ready-mixed concrete plant and correlate
the results with the yield stress of concrete. Power consumption required during the mixing of concrete is measured with a
wattmeter connected to the mixing unit’s power supply. A coaxial cylinder viscometer is used to measure the yield stress of
concrete. The clamp meter measures the power when the impeller rotates inside the coaxial cylinder viscometer, which is filled
with concrete. When the impeller rotates in a coaxial cylinder filled with concrete, the power is measured by a clamp meter. Torque
is obtained through the power relationship, which is an essential factor in determining the yield stress. The cost of a rheometer is so
high that all construction industries, research institutions, and researchers cannot measure rheological parameters. Nowadays, all
rheometers are automated; hence, the cost is very high. Tattersall’s approach of power requirement in mixing the concrete and

calculating the yield stress reduces the complexity in determining the rheological parameter.

1. Introduction

Concrete is a universal material widely used in the con-
struction industry. Due to urban development, the use of
concrete has been increasing significantly over the last few
years. The performance of concrete is an essential factor for
the smooth completion of the project. The cost of making
concrete is an important consideration for all concrete
manufacturers. Resource optimization is the best cost-saving
method followed by most manufacturers [1]. Energy re-
search is normally conducted in all of the manufacturing
industries to optimize the use of resources. Priority should
be given to the energy required to mix concrete in a ready-
mix concrete (RMC) plant to minimize energy consumption
in concrete production. Moreover, the development of in-
frastructure has led to an increase in the production of RMC
plants. The introduction of new materials into concrete may
increase energy consumption during the mixing process and

affect the output during the concrete pouring and pumping
process [2-4]. Therefore, it is necessary to determine the
energy consumption and yield stress required by the con-
crete during the mixing process to have a proper under-
standing of the following aspects: how admixture dosage is
used to optimize the energy required during the mixing
process, reduction of yield stress, optimization of mixing
times, flow characteristics, the yield stress obtained during
concrete pouring, and also early completion of concrete
placing activities. The mixing kinematics can be well un-
derstood with the help of the power required in concrete
mixing [5-7]. The primary purpose is to find the effect of
energy consumption on the yield stress of concrete during
mixing. A flow test was also performed to find the impact on
energy consumption and yield stress. Furthermore, the
purpose of this investigation is to find the cause for the
increase in power consumption and its effect on yield stress.
Fly ash and GGBS (ground granulated blast-furnace slag) are
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two admixtures used in different proportions to find the
energy consumption and yield stress of concrete. The yield
stress is determined using a coaxial viscometer. Newtonian
and non-Newtonian fluids are used to find calibration
constant K and G of the coaxial viscometer. The yield stress
(7o) for different grades of concrete such as M25, M30, and
M40 with various w/p ratios are determined, and the results
are found analytically without using an automated system in
the coaxial viscometer.

L1. Role of the Power Consumption Curve in Ready Mix
Concrete Manufacturing. The power consumption curve
obtained during the mixing process is the only tool to
control the uniformity of the concrete during the
manufacturing process. In ready-mixed concrete, the power
consumption curve plays a vital role because it is impossible
to visually observe the concrete’s uniformity when mixing is
conducted in a closed chamber [8], as shown in Figure 1.
During the mixing process, the power consumption value
increases due to the torque resistance caused by the material
in the mixing drum. Torque resistance and power con-
sumption will change, while loading the material in the
mixer drum during the mixing process [9]. Monitoring
power consumption during mixing is a simple method to
check the homogeneity of concrete [10]. The addition of new
material may change the mixing time and delay the at-
tainment of concrete homogeneity. Therefore, the study on
material characteristics will give a clear understanding of
power consumption curves, attain homogeneity, and fix the
mixing time of different concrete types.

1.2. Energy Consumption during the Mixing of Concrete in This
Project. The concrete is manufactured in the RMC plant in
many ways, such as thoroughly mixed state and partially
mixed concrete, that is, the fully mixed concrete is carried at
the plant, and in other cases, partial mixing is done at the
plant, while the remaining mix is processed in the truck
mixer. In some other cases like batched concrete, the
batching alone is executed at the plant, and the entire mixing
is done in a truck mixer [11]. In this investigation, the entire
mixing is processed at the plant, for which the power
consumption required during mixing is determined using a
wattmeter. The concrete ingredients are loaded from the top
of the drum by a conveyor (Figure 2). Cement, fly ash,
GGBS, and aggregates are stored in a silo, and through the
pipeline, the materials are discharged into the mixer drum.
As the ingredients are loaded, the mixer to overcome the
torque consumes excess power, which leads to an increase in
power consumption. Initially, the coarse aggregate loading
starts followed by fine aggregate and mineral admixtures,
finally cement with water and superplasticizer [12, 13]. Each
ingredient is loaded at 5 to 10-second interval, which leads to
an increase in power consumption gradually [13]. Initially,
the power consumption will be at the lower level and peaks
when the final discharge of water has taken place. These
water droplets form a liquid bridge between the particles and
consume peak power at this stage [14]. Then, the peak value
decreases gradually when the homogeneity is obtained [15].
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The power consumption will vary for different types of
concrete, which comprise different compositions. This
variation in power consumption depends on the charac-
teristics of the material, such as shape, size, moisture, and
absorption. All these factors determine how the materials
react in the drum during the mixing operation. It depends
on the attraction and repulsion between particles. Changes
in mixing time will also increase power consumption. After
the invention of high-performance concrete and self-com-
pacting concrete, all concrete mixtures’ mixing duration has
changed to achieve homogeneity [8, 12, 13, 16]. Some ad-
mixtures make the concrete mix more quickly and cause
minimum power consumption compared with concrete
consisting of rough-textured mineral admixtures [17]. For
this reason, the study of characteristics of the new material in
the manufacturing industry has been given prime impor-
tance. Introducing new admixtures makes the concrete mix
for a longer duration so it can eliminate inhomogeneity in
the concrete mixture [18-20].

2. Properties of the Fresh Concrete

Workability is an essential factor that must be maintained
throughout the concrete placing process. ACI defines
workability as the ease of use so that it can be easily mixed,
placed, consolidated, and finished to a homogenous con-
dition. The flow properties of concrete play another critical
role in the concrete manufacturing industry, such as RMC
plants. The concrete is pumped directly into the structure
from the transit mixer. The structure constructed with the
help of these materials plays a vital role in ensuring safety
and durability. The flow characteristics of concrete are called
concrete rheology [21]. Fresh concrete can cast the mixture
into any desired shape. The hardened concrete should meet
the standards in terms of shape, smoothness, strength,
durability, shrinkage, and creep, and the cost should be as
low as possible [22]. Due to the rheology of concrete, the
shape and size of the building are appropriate, and the
concrete mixture can be passed through the formwork to
reach the required size. A good concrete flow can better
complete the formwork without honeycombs and pores
[23]. In recent days, the pumping of concrete needs excellent
workability and flowability. The concrete will spread into the
structural forms to fulfill the required shape and size of the
structure. Hence, rheology is given prime importance in the
current scenario [24]. The rheology of concrete is mainly
determined by two parameters: yield stress and plastic
viscosity. In general, these two parameters give a clear
understanding of the flow characteristics of fresh concrete.
Therefore, rheology is the scientific way to measure the
workability of concrete [21].

2.1. Need for Rheological Studies. The flow of matter and the
deformation of particles are called rheology, which deals
with the relationship between stress, strain, strain rate, and
time [21, 23]. The rheology of concrete has played a vital
role in recent decades and has increased with the advent of
self-compacting concrete (SCC) and RMC concrete. In
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SCC and RMC, the flow characteristics are essential for the
easy conveying of concrete. The fluidity of concrete mainly
depends on the effective water content. This is the differ-
ence between the total water required to mix the concrete
and the water absorbed by the aggregate [13]. Recently, the
SCC production has increased in highly reinforcement
congested areas where the flow property is much con-
centrated to finish the formwork. The rheology of concrete
has received attention because it greatly influences the
hardened state of concrete [13, 21]. After the setting occurs,
cement concrete will develop strength and stiffness and can
withstand without support. This involves solid-like be-
havior, explained by the Bingham model, as shown in
Figure 3. The Bingham model equation is given by t =14 + y
7, where t = shear stress, y = plastic viscosity, y = shear rate,
and 7o =yield stress.

This simple equation is used to determine the rheo-
logical behavior of the concrete. Concrete is a non-New-
tonian fluid whose flow behavior is directly measured using
this simple equation. In the Bingham equation, the shear
stress and shear rate are a straight line where yield stress
(19) is an intercept on the x-axis and the slope is plastic
viscosity (4). For complex behavior, e.g., for special con-
crete, the Herschel and Bulkley equation is used. There are
various empirical models used to fit the flow curve mea-
surement. (i) Power law model, (ii) Bingham model, (iii)
Herschel-Bulkley model, and (iv) Casson model. The
power law model is expressed as t=k p, where k is the
consistency coefficient. The value of k is obtained by

The Bingham model

Shear stress, Pa

To

Shear rate, s-1

FIGURE 3: The Bingham model.

plotting a logarithmic graph between t and y [25]. The
Bingham model and the Herschel-Bulkley model are
widely used to determine the rheological parameters
[26, 27]. In the Herschel-Bulkley model, 7 = 7, + ky", where
the parameters 7, and k correspond to the yield stress and
consistency, respectively, and n is the power index intro-
duced for shear-thinning behavior, where it is less than 1
for shear-thinning behavior and greater than 1 for shear-
thickening behavior. When the index n is equal to 1, the
Herschel-Bulkley model leads to the Bingham model,
where k represents plastic viscosity. Here, nonlinear re-
gression analysis is used to determine rheological pa-
rameters [28, 29]. Another equation similar to the Bingham
model is the Casson model. It is very similar to the



Bingham equation, which is raised to a power of 0.5.
Compared with the Bingham model, it is suitable for other
materials and provides better results [30]. The Casson
equation is given by 7>=7}2+u"? }'"> where t-shear
stress, To-yield stress, y—plastic viscosity, and y-shear rate.

2.2. The Bingham Model vs. Power Equation. It has been
established that fresh concrete, mortar, and cement paste are
closely related to the Bingham model. The Bingham equa-
tion is the relationship between the stress we applied (7) and
the strain we obtained (§), which is very close to being linear,
and it always has a positive intercept on the stress axis. The
Bingham model equation is t=715+u  [24]. The flow of
concrete is very complex to measure the yield stress and
plastic viscosity. According to Metzner-Otto, the power
required by the coaxial viscometer during mixing, using
known properties of the fluid, gives the value of yield stress
and plastic viscosity. Here, the power equation is related to
the Bingham equation to determine yield stress and plastic
viscosity. The power equation T=g+hN is similar to the
Bingham equation t=1,+p y. The “g” and “h” value from
the power equation is similar to “ry” and “u” values from the
Bingham equation. Hence, less complication is involved in
determining the yield stress and plastic viscosity by com-
paring the Bingham equation with the power equation.

2.3. Concrete Rheometers. There are different types of
concrete rheometers available for the rheological study
which is used around the world.

(i) BML viscometer [23, 31]
(ii) BTRHEOM parallel-plate rheometer [23, 32, 33]
(iii) CEMAGREF-IMG coaxial rheometer [34]
(iv) IBB rheometer [23]
(v) Two-point workability apparatus [35]

For this research, a two-point workability apparatus is
used, and an updated version of the rheometer is developed
by Tattersall and Bloomer [35]. It is developed for concrete
with a slump value higher than 100. There are two impeller
systems, helical and H-shaped. The helical impeller is used in
concrete for workability ranges from medium to high. In this
study, an H-shaped impeller is more effective for the
workability range from low to medium. The flow of the
concrete is too complex to measure the yield stress. Here, the
torque is calculated from the power equation. The rela-
tionship between torque and speed is given by the power
equation, T=g+hN. The measured data is then plotted
against speed to get the rheological parameters.

3. Methodology

The RMC plant produces various grades of SCC. The power
consumption of different concrete mixtures during mixing is
measured in this study. A 100 amps wattmeter has been
connected to the mixer. The power value is recorded for
every second. The total power consumption obtained is
related to the yield stress of concrete. Rheological parameters
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can be measured with a rheometer’s aid and should be
simple, durable, and suitable for various conditions. M25,
M30, and M40 are the different concrete grades used here,
and a coaxial cylindrical viscometer is used to determine the
yield stress. The following steps are adopted, as shown in
Figure 4. The flow chart represents the method to determine
the yield stress of the concrete and power consumption
during mixing.

4. The Coaxial Cylinder Viscometer

For this study, Tattersall’s two-point workability apparatus is
used to measure the yield stress of the concrete. Several
attempts have been made in the coaxial viscometer to de-
termine the flow characteristics, workability measurement,
and power requirement in mixing the fresh concrete [21].
The power measurement determines the mixing evolution of
the concrete. The viscometer consists of a cylindrical drum
with a volume of 25 L. This drum is operated with a choice of
gear. The hook provided makes the drum to rotate at dif-
ferent speeds at 0.06rev/sec, 0.43rev/sec, 0.608 rev/sec,
1.09 rev/sec, and 1.43 rev/sec. The electrical power input is
measured by a clamp meter (electrical device). It measures
the power in two conditions, i.e., when the drum is filled
with concrete and empty conditions as P, and P, respec-
tively. The difference between these two powers P; and P,,
divided by the speed, will give the torque [22]. The impeller is
mounted above the cylinder. The inspected material is kept
inside the cylinder and made to rotate the impeller, and the
power consumption is measured. This type is used because
of the simplicity of measuring the torque and its robustness.
The clamp meter is mounted on the input line of a coaxial
cylindrical viscometer measures voltage (V) and current (I).
The power (P) is calculated by P= VL

4.1. Calibration of the Coaxial Viscometer. The coaxial vis-
cometer is calibrated to reduce empiricism and to obtain the
value independent of the method of measurement [21, 36].
The calibration is done by Newtonian and non-Newtonian
fluids whose viscosity is determined by a commercially used
viscometer called the redwood viscometer. An experimental
investigation is carried out from the determination of vis-
cosity of the Newtonian and non-Newtonian fluid, and
hence, it is used to calibrate the coaxial viscometer to de-
termine the calibration constant K and G. The heavy gear oil
is used for the Newtonian fluid, and for the non-Newtonian,
a drilling fluid is used. The gear oil viscosity is higher than
the viscosity of the drilling fluid. During calibration, it is
necessary to equalize the Newtonian and non-Newtonian
fluid viscosity by diluting with diesel. So, the gear oil is
diluted with diesel to match the viscosity of the drilling fluid.
Hence, the impeller rotated at the speed N in the Newtonian
material will be equivalent to the viscosity of the non-
Newtonian fluid.

(i) The viscosity of the Newtonian fluid is obtained as
1253 centistoke (cSt) (Table 1)

(ii) The viscosity of the non-Newtonian fluid is obtained
as 35.11 ¢St (Table 2)
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Finding energy consumption during the mixing of self-compacting concrete
and relating to the yield stress

Calibration of the coaxial cylinder viscometer
with Newtonian and non-Newtonian fluid

Energy consumption curve is plotted against
time vs. power consumed during the mixing of
concrete

Determination of the viscosity of Newtonian &
non-Newtonian fluid using
redwood viscometer

Collected concrete is filled into the coaxial
viscometer drum to find yield stress

Relating the results: energy
consumption vs. yield stress

FIGURE 4: Methodology to determine energy consumption during mixing of concrete and its yield stress.

TABLE 1: Viscosity of the Newtonian fluid.

S. Temperature Time for 50 cc oil flow A B V(S
no. (sec)
1 34 466 2.7 2000 1253.90

The apparent viscosity is calculated as viscosity V = A * t — B/t (centistokes).
For any value, A=2.7 and B=2000. Hence, viscosity of the Newtonian
fluid = 1253 centistokes (cSt).

TaBLE 2: Viscosity of the non-Newtonian fluid.

. Time for 50 cc oil flow
Temperature A
no. (sec)

1 34 144 0.247 65 3511

Viscosity v=A * t — B/t, where t=time for 50 cc oil flow of oil in seconds
and A and B=constants of the redwood viscometer varying with time. If
t=40 to 80sec, A=0.264 and B=190. If =85 to 200 sec, A=0.247 and
B=65. Therefore, viscosity v=0.247 x146-65/146 =1258.2-2000/
466=35.11cSt.

B V(cSt)

From Tables 1 and 2, it is observed that the viscosity of
the Newtonian fluid does not match with the non-New-
tonian fluid. Hence, the heavy gear oil is diluted with diesel
to match gear oil viscosity with the drilling fluid [21]. Several

combinations of diesel and gear oil are taken to match the
viscosity with the drilling fluid. Finally, the combination of
100 ml of gear oil with 50ml of diesel has matched the
viscosity of the drilling, as shown in Table 3.

4.2. Redwood Viscometer. Redwood viscometer is a com-
monly used viscometer to determine the viscosity of the fluid.
It consists of a capillary diameter of 3.5 mm, length of 5 mm,
and a cup with a pointer. The constant head of oil and an agate
jet is closed with the help of the ball. The ball is lifted to allow
the flow of oil, and the oil is collected with the help of the
container. The flow of oil in the container is measured. The
jacket is provided for maintaining the oil at a constant
temperature, and it is electrically heated. The uniform level of
temperature is maintained by rotating the stirrer. A wire
stirrer is also provided for pricing the oil samples. The vis-
cosity of heavy gear oil and drilling fluid is determined using a
redwood viscometer and is mentioned in Tables 1 and 2.

4.3. Test Method of the Redwood Viscometer. The gear oil is
filled in the redwood viscometer’s vertical chamber to
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TABLE 3: Viscosity of heavy gear oil dilution.
uantity (ml
S. no. Temperature Q ] y (ml) ) Time of 50 cc oil flow (sec) A B V (cSt)
Heavy gear oil Diesel
1 34 20 200 30 0.247 65 5.243
2 34 40 200 34 0.247 65 6.482
3 34 90 200 36 0.247 65 7.086
4 34 100 50 148 0.247 65 35.11
5 34 100 50 144 0.247 65 35.11
determine its viscosity. The cylinder is covered with a
constant temperature bath and a capillary tube. The viscosity
of the gear oil is measured by removing the stopper from the
tube. Now, the Saybolt second is measured, i.e., the time g
taken for 60ml of oil to flow into the bottom of the s
i A
container. = 300
=
. i & 200
4.4. Determination of the Calibration Constant (K and G)
Using the Non-Newtonian Fluid and Newtonian Fluid. 100
The calibration constants K and G are found out by using h s N = )

non-Newtonian and Newtonian fluids. The graph is plotted
between torque and speed, and the relationship between
them is explained by an equation T'= g+ h N. The constant
“g” is the intercept on x-axis, and “h” is the slope. This is
similar to the equation of the Bingham model, t=1,+y .
When comparing both equations, it is found that “g” and “h”
are the measure of “7y” and “u,” respectively, where 7 is the
yield stress and y is the plastic viscosity [21, 24, 26]. The
calibration constant K for various speeds is finally deter-
mined using the relation, # app = (7o/K x N) + 4 where 7 app
is the apparent viscosity of the non-Newtonian fluid, which
is equal to 35.11 cSt. The constant G is determined using the
Newtonian fluid by formula G=(T/N #). Power con-
sumption Pl and P2 are shown in Figure 5. The graph
plotted between torque and speed for the non-Newtonian
fluid is obtained to determine the value “g” and “h,” which
give the value 1y=73.793 and y=-27.884, as shown in
Figure 6. The calibration constant K and G obtained for
various speeds are shown in Table 4 [21, 24].

4.5. Testing with the Coaxial Cylinder Viscometer.
Concrete is input into the coaxial viscometer drum to de-
termine the yield stress. The hook arrangement controls the
speed and can adjust for various speeds [36]. The electrical
power consumption P; and P, are calculated. The difference
between these two powers (P;-P,) = P, divided by speed, N,
gives the value of torque, and T, in an arbitrary unit. The
calculated data is recorded, and the graph is plotted against
torque vs. speed. The best fit is obtained by linear regression
[21, 22]. The linear curve is represented by the power
equation, T'=g+h N [36-38]. “g” and “h” are obtained from
the graph. The yield stress of the concrete is obtained from
the constant K and G by the formula 7, = (K/G) g and y=(1/
G) h [21]. The concrete mix whose slump ranges from 20 to
300 mm is used in this coaxial viscometer. It shows a good
result for normal grade concrete, self-compacting concrete,
and high-performance concrete, whose size of aggregate
ranges from 12mm to 25mm [22]. Concrete for various

Speed, N (rev/sec)

-@- Empty load
—@®- Non-Newtonian
—O—- Newtonian

FIGURE 5: Power consumption for empty load, non-Newtonian
fluid, and Newtonian fluid.

90
80
70
60
50
40
30
20
10

y=-27:884x+73.793

Torque, T (N-m)

0 0.5 1 1.5 2
Speed, N (rev/sec)

FIGURE 6: Torque vs. speed for the non-Newtonian fluid to de-
termine “g” and “h” which are equal to “7,” and “u.” Hence,
7o ="73.793 and y = —27.884. The apparent viscosity is calculated by
the formula, # app = (7o/K x N) + p, 3511 =73.79/(K x N) = -27.88,
35.11+27.88=73.79/(Kx N), 62.99 =73.79/(K x N), and K=73.79/
(62.99 x N).

TaBLE 4: Determination of the calibration constant K and G for the
various speeds.

S. no. Speed  Torque n K G=(T/N* 1)
1 0.06 29.16 3511 19.52 13.8
2 0.43 74.51 35.11 2.72 4.9
3 0.608 32.87 3511 1.92 1.53
4 1.09 51.27 35.11 1.07 1.3
5 1.41 52.98 35.11 0.82 1.07
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FIGURE 7: (a) M-sand in the RMC plant. (b) C-sand in the RMC plant.
TaBLE 5: Chemical composition of the binding material in % of the composition.

Components SiO, AL, O3 CaO MgO Fe,03 SO; S Cl K,O Na,O TiO, Mn,0;

Cement 23.2 6.3 63.5 1.5 31 1.7 — 0.02 0.2 0.35 — —

Fly ash 55.9 22.5 4.1 1.6 8.8 1.5 0.4 0.005 2.7 1.09 0.78 0.17

GGBS 33.5 13.7 39.4 5.9 6.1 0.5 0.32 0.005 — — 0.3 0.24

grades is designed, and the required quantity of cement, fine TaBLE 6: Physical properties of the binding material.

aggregate, coarse aggregate, and water are mixed with the -

help of a drum-type mixer uniformly. The thoroughly mixed Properties Cement asﬁ GGBS

concrete is input into the coaxial cylinder which is fitted with - -

an H-type impeller. The quantity of the concrete is taken in Specific gravity o 31 2527

. .. . Specific surface area (Blaine’s method)

such a way that the impeller is immersed in concrete. m2/k 330 450 390

Con.cr.eFe is allqwed to settle for a few seconds before taking Initia% setting time (min) 28 240 80

the initial reading. Final setting time (min) 450 600 570
Normal consistency 28% — —

5. Composition of the Concrete Ingredients

The OPC 53 grade cement conforming to IS 269-2015

(Indian Standard) is used for concrete manufacturing. Lo- TABLE 7: Properties of aggregates.

cally available coarse aggregate, 12 mm, 20 mm size, and fine

aggregate, C-sand (crusher sand), and M-sand (manufac- Properties (C-sand) (M-sand) Gravel 1 Gravel 2

tured sand) conforming to IS 383-2016 are used. Fly ash . . (12 mm) (20 mm)

conforming to IS 3812-2003, which was obtained from Specific gravity 26 273 2.67 2.6

Ennore Thermal Power Plant in India, is used as a mineral Vﬁater ) 0.9 15 0.9 1

admixture. GGBS, conforming to IS 16714:2018, is used as ;i:e);z leon

another mineral admixture. Polycarboxylate ether is used as modulus 3.26 3.5 5.5 7.1

a chemical admixture, as shown in Figures 7(a) and 7(b). The
chemical compositions of binding materials are mentioned
in Table 5. The physical properties of the binding material,
aggregate, and chemical admixture are mentioned in
Tables 6-8. In this study, three grades M25, M30, and M40
concrete mix were tested. Concrete is manufactured in the
ready-mix concrete plant. Some quantity of concrete is taken
from the manufacturing unit to measure the yield stress. The
entire test is carried out in a ready-mix concrete plant. The
freshly prepared concrete is immediately collected from the
outlet of the mixer machine for testing before it is discharged
into the truck. The slump test is also carried out to check the
rheological behavior of concrete. The mix compositions are
shown in Table 9.

6. Determination of the Rheological
Parameter for Concrete

The coaxial cylinder viscometer is now filled with concrete
which is collected from the RMC mixer outlet before

TaBLE 8: Properties of the chemical admixture.

Parameter PCE SNF
Reddish-brown . I
Appearance liquid Reddish-brown liquid
. Polycarboxylic ~ Sulphonated naphthalene
Chemical name ether formaldehyde
Retarding . -
Type superplasticizer Retarding superplasticizer
pH 6 6
Relative density 1.11 1.11
Chloride 02 02

content (%)

discharging into the truck. Power consumption for the
various grade, w/p ratio, and speeds are shown in
Figures 8-10. The torque obtained is plotted against the
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TaBLE 9: Composition of the concrete ingredients.
Components S11 S12 S13 S21 S22 S23 S31 S32 S33
Grade M25 M25 M25 M30 M30 M30 M40 M40 M40
Cement 200 200 330 200 260 370 360 280 410
Fly ash 0 50 70 50 0 72 100 0 80
GGBS 150 150 0 170 140 0 0 200 0
Sand 1 458 438 432 444 382 320 349 350 363
Sand 2 305 292 322 290 382 339 349 350 363
Gravel 1 517 505 515 510 734 415 461 483 451
Gravel 2 665 649 661 652 400 580 644 647 629
Superplasticizer 2.8 2.4 2.6 2.52 2.8 2.4 2.76 2.88 2.45
Water 165 165 167 165 165 165 168 154 165
w/c ratio 0.47 0.41 0.41 0.39 0.41 0.37 0.36 0.34 0.33
Density 2463 2451 2500 2484 2466 2263 2434 2478 2463
Production
Quantity 6 6 6 6 6 5 5 6 6
Batch size 1 1 1 1 1 1 1 1 1
Bulk density 15000 14862 14778 14904 14796 13578 14868 14508 14778
Materials in kg, density in kg.m?, quantity in m>.
700 800
600 .’_—./.\./. o 700
b= : : : £ 500
< [ <
% 400 7 7 7 7 7 7 7 § 400
a9
o 300 = 300
15 1
g 200 g 200
= ~
100 100
0 0
0 0.5 1 1.5 0 0.5 1 1.5 2
Speed, N (rev/sec) Speed, N (rev/sec)
-o- S11 -o- S31
o S12 -0 532
e 513 -o- 533
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FiGUre 17: Wattmeter.
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TaBLE 10: Yield stress for various rev/sec.
Mix 0.06 0.43 0.608 1.09 1.43
S11 371.71 144.69 327.63 209.84 203.29
S12 126.22 49.13 111.25 71.25 69.03
S13 152.61 59.41 134.51 86.15 83.46
S21 313.61 122.08 276.42 177.04 171.51
S22 241.28 94.70 214.43 137.34 133.05
S23 258.4 100.58 227.76 145.87 141.49
S31 106.08 41.29 93.50 59.88 58.02
S32 267.86 104.27 236.10 151.21 146.49
S33 764.41 297.55 673.76 431.52 418.05
TaBLE 11: Power consumption, relative yield stress, and slump for M25, M30, and M40 grade concrete.
Components Mi11 M12 M13 M21 M22 M23 M31 M32 M33
Power consumption (Watt-sec) ~ 349.15  350.85 35532 36827 35827  378.04 36747 3441  410.062
Relative yield stress (N/mm?) 317.09 105.4 127.92 267.57 182.7 220 90.506 161.36 652.19
Slump (mm) 190 150 150 170 180 180 150 180 200
900 450
800 -| 400
2 700 1350 ’g
\E/ 600 300 t‘;
Né : %
Z 500 1250 §
:
3 400 200 £
g =
% 300 {150 8
= o)
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= 200 {100 3
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I 0.06 [rps] 143 [rps]
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3 0.608 [rps] ® Slump (mm)
E 1.09 [rps]

FIGURE 18: Yield stress for the different mix for various rev/sec and corresponding slump value versus power consumption.

speed, as shown in Figures 11-13. From the graph, “g” and
“h” are obtained and then used to calculate 7, and g.

7. Energy Consumption Curve of M25, M30,
and M40

The energy consumption curve of all the mix is shown in
Figures 14-16. The wattmeter reading during the mixing
process is recorded, as shown in Figure 17. Later, voltage and
current are noted down to obtain the power consumption
curve. The curve is plotted between time and power

consumption. The total power consumed during mixing was
also calculated.

8. Result

(i) The yield stress measured in the coaxial viscometer
for M25, M30, and M40 for various rev/sec is
mentioned in Table 10. The corresponding relative
stress and power consumption are shown in
Table 11.

(ii) It is evident from Figure 18 that an increase in the
slump value will increase the yield stress. The
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slump value is very high for the mix S$33, $23, and
S21 which gives high yield stress and high power
consumption during the mixing of concrete.

(iii) From Figure 18, it is observed that yield stress is
maximum at minimum rev/sec, i.e., 0.06 rev/sec,
and it gives peak value for M40 grade concrete, i.e.,
$33 mix at minimum rev/sec.

(iv) For all of the mixes, the maximum yield stress is
obtained at minimum rev/sec, i.e., at 0.06 rev/sec,
and gives minimum yield stress at 1.09 rev/sec.

(v) It is understood from Figure 18 that further
scrutinization is required for power consumption.
The increase in power consumption may depend
on some other factor, such as powder content
(cement + fly ash + GGBS), admixture content, and
cement content. Hence, from Figure 19, the rela-
tion between power consumption and other fac-
tors such as total powder content and amount of
cement, fly ash, and GGBS can be found.

(vi) From Figure 19, it is observed that power con-
sumption for a M40 grade concrete, i.e., for mixes
S31 and $33, consumes more power during mixing
of concrete in RMC production which is due to the
presence of fly ash and absence of GGBS. The S32
mix consumes a minimum power due to the
presence of GGBS and the absence of fly ash. The
maximum and the minimum power consumptions
are due to the absence and the presence of GGBS,
respectively. Oppositely, the presence of fly ash
consumes more power during mixing, and the
absence of fly ash consumes less power.

(vii) In M30 grade concrete, mixes S21 and S22 con-

sume a minimum power in the presence of GGBS
content and with the absence of fly ash. The S23

mix consumes maximum power in the absence of
GGBS and with the presence of fly ash.

(viii) In M25 grade concrete, the S13 mix consumes
more power than mixes S11 and S12 in the
presence of fly ash. The S12 mix consumes mini-
mum power in a higher content of GGBS and fewer
fly ash. The S11 mix consumes maximum power
during mixing even in the presence of GGBS. The
reason behind this may be due to the presence of
minimum powder content compared to all other
mixes.

(ix) Overall results indicate that the presence of the
GGBS consumes less power consumption and fly
ash consumes more power during the mixing
process.

9. Conclusion and Discussion

Concrete is an exceptional material, which cannot be
compared with any other Newtonian and non-Newtonian
material. Concrete is highly sensitive since its yield stress
measured within fifteen minutes will show different values
after concrete starts its initial setting. Therefore, there is a
random variation in the yield stress and relative yield stress
for different rev/sec in this study. The power consumption
during mixing of the self-compacting concrete in the RMC
plant varies mainly due to different admixtures added into
the concrete mix. The mineral admixtures used in the
concrete have different physical and chemical properties. As
a consequence, all materials do not behave in the same
manner. Identifying the material that minimizes the power
consumption and using it in the manufacture of concrete
reduces the manufacturing process’s energy. Optimization
of energy in all the fields is the ultimate goal to protect our
natural resources. From the results above, it is concluded
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that power consumption does not directly have an impact on
the yield stress of concrete. The ingredients added to the
concrete cause an increase or decrease in power con-
sumption, and these ingredients are the cause for an increase
or decrease in the yield stress. The power consumption varies
for every mix depending on the admixtures, such as fly ash
and GGBS, added. The addition of GGBS and fly ash is the
leading cause of the increase in yield stress. Power con-
sumption and yield stress increase or decrease due to the
mineral admixtures added into the concrete. It also depends
on the total amount of powder content and characteristics of
the ingredient added into the concrete. The texture of the
ingredients is another factor that causes inner abrasion on
the surface of the drum. Abrasion and interparticle collision
of the mineral admixtures with aggregate is another factor
that causes a rise in power consumption. The mixing drum
finds it difficult to rotate since the hard particle resists the
rotation, and in order to balance the torque, the drum
consumes greater power to rotate. This is the main reason for
the difference in power consumption when using different
admixtures. The flowability of concrete is another factor for
an increase or decrease in the yield stress and power con-
sumption. That is, an increase in the slump value leads to a
considerable increase in the vyield stress and power
consumption.

Glossary

RMC: Ready-mix concrete

SCC: Self-compacting concrete

GGBS:  Ground granulated blast-furnace slag
K and G: Calibration constant for coaxial viscometer
Yield stress

Plastic viscosity

Shear stress

Shear rate

Intercept of x-axis

Slope

Torque

Speed

Power

Voltage

Current

Centistoke

Viscosity.

Data Availability

The energy consumption data used to support the findings of
this study have been deposited in the reference [5].
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