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The Taguchi Optimization of Mechanical and Durability
Properties of Accelerator Added Concrete

Highlights
«» Effect of the accelerator on fresh and hardened concrete properties

«» If the amount of accelerator exceeds 1%, it has a negative effect on compressive strength.
«» Obtaining the optimum mixture design with Taguchi optimization.

Graphical Abstract

In this study, it is aimed to produce a concrete mixture with high initial strength and workability by using an
accelerator.
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Figure. The graphical abstract of the study

Aim

In this study, it is aimed to produce a concrete mixture with high initial strength and workability using an accelerator.
Design & Methodology

The mixture with W/C ratio, cement, and accelerator at 4 different levels have been optimized by the Taguchi method.
Originality

An optimum mixture with the aimed properties has been achieved.

Findings

If the amount of accelerator exceeds 1%, it has a negative effect on compressive strength.

Conclusion

A mixture that provides rapid setting and high workability has been obtained. It has been determined that this mixture
can be used especially in the prefabricated industry where rapid production is important.

Declaration of Ethical Standards
The authors of this article declare that the materials and methods used in this study do not require ethical committee
permission and/or legal-special permission.



Politeknik Dergisi, 2022; 25(3) : 997-1006 Journal of Polytechnic, 2022; 25(3): 997-1006

The Taguchi Optimization of Mechanical and
Durability Properties of Accelerator Added Concrete

Arastirma Makalesi / Research Article

Mustafa Tolga COGURCUY, Mehmet UZUN?

!Department of Civil Engineering, Faculty of Engineering and Natural Sciences, Konya Technical University, Konya, Turkey.
2Department of Civil engineering, Faculty of Engineering, Karamanoglu Mehmetbey University, Karaman, Turkey.

(Gelig/Received : 10.01.2021 ; Kabul/Accepted : 17.03.2021 ; Erken Goriiniim/Early View : 31.03.2021)

ABSTRACT

It is very important to save time during the assembly of prefabricated elements. In wet connection types, the setting time of the
concrete might lead time lose. There are many studies investigates the methods to shorten the setting time of concrete. Especially
in the recent years, there are accelerators developed to shorten concrete setting time without causing corrosion. However, the
negative effect of accelerators on fresh concrete properties such as workability makes them difficult to use. In this study, it is
aimed to produce a concrete mixture with high initial strength and workability by using an accelerator. However, it is highly
difficult to determine proper ratio of the accelerator for the mixture without precasting significant number of concrete samples
which requires time, manpower and material consumption. Therefore, Taguchi optimization is very useful method in order to
reduce this number of samples and effort. The optimum mixture has been achieved by performing the required tests applied to
mixture designs obtained from Taguchi optimization.

Keywords: Taguchi methods, accelerators, prediction of compressive strength.

Priz Hizlandirici Katkili Betonun Mekanik ve
Dayaniklilik Ozelliklerinin Taguchi Optimizasyonu

(074

Prefabrike elemanlarin montaji sirasinda zamandan tasarruf etmek ¢cok dnemlidir. Islak baglant tiirlerinde betonun priz alma siiresi
zamandan tasarruf edilmesini engellemektedir. Betonun priz siiresini kisaltmak igin literatiirde birgok calisma vardir. Ozellikle son
yillarda korozyona neden olmadan beton priz siiresini kisaltmak i¢in gelistirilmis priz hizlandiricilar bulunmaktadir. Ancak priz
hizlandiricilarin iglenebilirlik gibi taze beton 6zellikleri lizerindeki olumsuz etkisi, kullanimini zorlagtirmaktadir. Bu c¢aligmada,
priz hizlandirict kullanilarak baglangig dayanimi ve islenebilirligi yiiksek bir beton karisimi amaglanmistir. Bununla birlikte,
kullanilacak priz hizlandirict oranini belirlemek i¢in ¢ok fazla karigim ortaya ¢ikmaktadir. Bu nedenle, Taguchi optimizasyonu ile
karisim sayilar1 azaltilmistir.  Taguchi optimizasyonundan elde edilen karigim tasarimlarina gerekli testler yapilarak optimum
karigim elde edilmistir.

Anahtar Kelimeler: Taguchi yontemi, priz hizlandiricilar, basing dayanim tahmini.

1. INTRODUCTION construction elements are substantial during their service

Precast concrete structures are preferred all over the
world due to their fast production and low cost [1].
Prefabricated construction systems enable high-quality
structures to be produced cheaply and in a short time [2].
Prefabricated construction elements are manufactured in
the factory and assembled on the construction site [3].
Wet connection types are used during assembly at the
construction site slow down the installation rate.
Therefore, the type of concrete that gains early strength
is extremely important for the prefabricated industry.
There are many studies on early strength gain of concrete
[4-7]. The early-strength concrete should be able to meet
the minimum requirements of concrete in terms of
mechanical and durability. Hardened concrete properties
such as compressive strength, flexural strength, the
permeability of connection concrete between precast

*Sorumlu Yazar (Corresponding Author)
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life. However, most early-strength concrete mixtures are
not applicable for precast industry [8]. The early-strength
concrete mixtures have some disadvantages namely; very
short setting time, low workability, using expensive
composite materials [8]. Therefore, a low-cost and
applicable concrete mixture for the prefabricated industry
is sought. Some chemicals have been used as accelerators
in the recent years. Especially, inorganic salts containing
ions with lower activity such as Ca(NO,),, Ca(NOs); are
used as accelerators [6,7]. However, for these chemicals
to be used, appropriate mixing ratios must be obtained by
experiment. Furthermore, the most significant problem
in deciding the proper ratio is that high number of
concrete mixtures should be casted in the labrotaory. The
evaluations to obtain the optimum mixture are an
important area for engineering [9]. The researchers seek
ways to avoid the time and cost required by the
laboratory testing process [10,11]. The results are
obtained by trial and error in the traditional mixture
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design. Traditional mixture predictions or designs are
made by linear or nonlinear regression equations based
on statistical analysis. Hence, traditional mixture
prediction or design methods are very difficult tasks [12].
Besides, the nonlinear relationships obtained with these
equations may give inaccurate results [13,14]. Therefore,
it is increasingly common to optimize the mixture using
computational optimization methods. There are many
different optimization methods such as Taguchi [15-17]
and machine learning [18-22] methods. The Taguchi
optimization method is one of the most preferred
optimization methods to optimize experimental
parameters because it is used both in analysis and
optimization [23,24]. The Taguchi optimization method
is a method preferred to design parameters with a
minimum number of tests and samples [25]. Besides, the
combination of optimum parameters can be obtained
after analysis using the Taguchi method [26]. There are
many studies about design and estimation with the
Taguchi method in different research fields. Celik et al.
conducted the Taguchi optimization method on the factor
levels of turbulated heat exchangers [27]. Teimortashlu
et al. applied the Taguchi optimization method for
compressive strength optimization of tertiary blended
self-compacting mortar. 3 different factors as flay ash,
slag, and nano SiO; were used as input. Optimum mixing
ratio at 4 different levels for 3 factors was obtained by the
Taguchi optimization method [28]. Chen ve Kurniawan
used the Taguchi method to optimize process parameters
for different quality attributes in plastic infusion shaping.
Melting heat, infusion velocity, pressure packing,
packing time, and cooling time are defined as control
factors [29]. Gopalsamy et al. conducted the Taguchi
optimization method for process parameters optimization
of hard machining while machining strengthened steel.
Taguchi Lig orthogonal array was employed. Shear
velocity, advance, depth of shear, and width of width
were selected as control factors [30]. Mehta et al.
investigated the effect of several parameters on strength
and suction properties of fly ash-based geopolymer
concrete planned by the Taguchi optimization method.
The Taguchi Lis orthogonal array was employed. Fly ash
replacement by ordinary Portland cement, NaOH
molarity, and curing heat were determined as control
factors. Control factors were applied for four different
levels [31]. Jafari et al. optimized the mixture design of
polymer concrete. Polymer content, temperature, and
aggregate size were selected as control factors. Control
factors were determined for three different levels. The
mixture design with a polymer content of 14%,
containing coarse aggregates ranging size between 9.5
and 19 mm, and tested under a temperature exposure of -
15 °C was obtained as optimum design in terms of
compressive, flexural, and splitting-tensile strengths
[32].

The purpose of this study is to obtain concrete that sets
rapidly and has high workability with little loss of
strength. Therefore, 3 factors are used as inputs. 4
different levels are determined by changing the cement,

water/cement (w/c), and accelerator ratios. Optimum
values are obtained for the compressive and spread
diameter of the mixture.Precast concrete structures are
preferred all over the world due to their fast production
and low cost [1]. Prefabricated construction systems
enable high-quality structures to be produced cheaply
and in a short time [2]. Prefabricated construction
elements are manufactured in the factory and assembled
on the construction site [3]. Wet connection types are
used during assembly at the construction site slow down
the installation rate. Therefore, the type of concrete that
gains early strength is extremely important for the
prefabricated industry. There are many studies on early
strength gain of concrete [4-7]. The early-strength
concrete should be able to meet the minimum
requirements of concrete in terms of mechanical and
durability. Hardened concrete properties such as
compressive strength, flexural strength, the permeability
of connection concrete between precast construction
elements are substantial during their service life.
However, most early-strength concrete mixtures are not
applicable for precast industry [8]. The early-strength
concrete mixtures have some disadvantages namely; very
short setting time, low workability, using expensive
composite materials [8]. Therefore, a low-cost and
applicable concrete mixture for the prefabricated industry
is sought. Some chemicals have been used as accelerators
in the recent years. Especially, inorganic salts containing
ions with lower activity such as Ca(NO-),, Ca(NOs3) are
used as accelerators [6,7]. However, for these chemicals
to be used, appropriate mixing ratios must be obtained by
experiment. Furthermore, the most significant problem
in deciding the proper ratio is that high number of
concrete mixtures should be casted in the labrotaory. The
evaluations to obtain the optimum mixture are an
important area for engineering [9]. The researchers seek
ways to avoid the time and cost required by the
laboratory testing process [10,11]. The results are
obtained by trial and error in the traditional mixture
design. Traditional mixture predictions or designs are
made by linear or nonlinear regression equations based
on statistical analysis. Hence, traditional mixture
prediction or design methods are very difficult tasks [12].
Besides, the nonlinear relationships obtained with these
equations may give inaccurate results [13,14]. Therefore,
it is increasingly common to optimize the mixture using
computational optimization methods. There are many
different optimization methods such as Taguchi [15-17]
and machine learning [18-22] methods. The Taguchi
optimization method is one of the most preferred
optimization methods to optimize experimental
parameters because it is used both in analysis and
optimization [23,24]. The Taguchi optimization method
is a method preferred to design parameters with a
minimum number of tests and samples [25]. Besides, the
combination of optimum parameters can be obtained
after analysis using the Taguchi method [26]. There are
many studies about design and estimation with the
Taguchi method in different research fields. Celik et al.
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conducted the Taguchi optimization method on the factor
levels of turbulated heat exchangers [27]. Teimortashlu
et al. applied the Taguchi optimization method for
compressive strength optimization of tertiary blended
self-compacting mortar. 3 different factors as flay ash,
slag, and nano SiO2 were used as input. Optimum mixing
ratio at 4 different levels for 3 factors was obtained by the
Taguchi optimization method [28]. Chen ve Kurniawan
used the Taguchi method to optimize process parameters
for different quality attributes in plastic infusion shaping.
Melting heat, infusion velocity, pressure packing,
packing time, and cooling time are defined as control
factors [29]. Gopalsamy et al. conducted the Taguchi
optimization method for process parameters optimization
of hard machining while machining strengthened steel.
Taguchi Lig orthogonal array was employed. Shear
velocity, advance, depth of shear, and width of width
were selected as control factors [30]. Mehta et al.
investigated the effect of several parameters on strength
and suction properties of fly ash-based geopolymer
concrete planned by the Taguchi optimization method.
The Taguchi Lis orthogonal array was employed. Fly ash
replacement by ordinary Portland cement, NaOH
molarity, and curing heat were determined as control
factors. Control factors were applied for four different
levels [31]. Jafari et al. optimized the mixture design of
polymer concrete. Polymer content, temperature, and
aggregate size were selected as control factors. Control
factors were determined for three different levels. The
mixture design with a polymer content of 14%,
containing coarse aggregates ranging size between 9.5
and 19 mm, and tested under a temperature exposure of -
15 °C was obtained as optimum design in terms of
compressive, flexural, and splitting-tensile strengths
[32].

The purpose of this study is to obtain concrete that sets
rapidly and has high workability with little loss of
strength. Therefore, 3 factors are used as inputs. 4
different levels are determined by changing the cement,
water/cement (w/c), and accelerator ratios. Optimum
values are obtained for the compressive and spread
diameter of the mixture.

2. EXPERIMENTAL and OPTIMIZATION
PROGRAM

The number of mixtures to be carried out is determined
to be 16 which is required by Lis Taguchi Orthogonal
Array optimization method. Fresh and hardened
properties of the mixtures are performed for 16 designs.
Taguchi optimization method is conducted to the
experimental results of 16 designs to obtained
optimization mixture ratios.

999

2.1. Materials, Mixtures, and Test Program

In this study, standard CEM Il 42.5 portland cement is
utilized. The density of the cement is 3200 kg/m3. The
chemical and physical features of cement are given in
Table 1.

Table 1. Chemical and physical features of cement

Properties Values Unit
CaO 54-62 %
Al203 3.5-5.7 %
SOs 2.2-35 %
Cl 0-0.17 %
MgO 0.8-2.3 %
Na,O 0.2-0.7 %
SiO; 20-26 %
Fe,03 2.1-3.7 %
K20 0.2-0.8 %
Initial setting- 168 Min.
Finai.setting- 199 Min.
Bulk density 875 gl
2 days strength 27.6 MPa
28 days strength 59.8 MPa

Silica sand is utilized as fine aggregate. The density of
silica sand is 2540 kg/m®. The chemical composition of
silica sand is given in Table 2. The particle size
distribution of silica sand is given in Figure 1.

Volume (%)

0.01 0.10 1.00 10.00 100.00 1000.00  10000.00

Particle size distribution (pm)

Figure 1. The particle size distribution of silica sand
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Table 2. The chemical composition of silica sand

Chemical composition (%)
SiO; 92.5
TiO, 0.087
CaO 2.16

Al,O3 1.63
SOs3 0.0228
CI’203 0.178
MgO 0.145
Zn0; 0.0176
BaO 0.00548
Fe,O3 1.65
K20 0.348
Na.0 0.027

Polycarboxylic ether-based accelerator is used. The
technical features of the accelerator are given in Table 3.

Table 3. Technical features of accelerator

T e actelerator - Value
Material structure Polycarbboxylic ether-
ased
Colour Light Brown
Density 1.13+0.05 kg/l

Melting point -
Burning point -
pH value -

Chlorine content % <0.1

Alkali content % <3

The technical properties of the hyperplasticizer are
presented in Table 4.

Table 4. Technical features of hyper plasticizer

Technical properties of Value
hyperplasticizer
Colour Milky brown
Boiling point 95-105 °C
Thermal decomposition >720°C
Density 1.25 g/cm?®
Ph value 9.2-12.0
Water solubility Water-soluble

In this study, Taguchi optimization is carried out as 3
factors (cement, w/c, and accelerator) and 4 levels. 16
mixture designs are prepared according to Taguchi
optimization. All mixture designs are given in Table 5.
The concrete production process is given in Figure 2.

] A\ W' Hg
e T 0.0

Figure 2. The concrete production process

The flow table test was conducted according to TS-
EN12350-5 [33]. Cement paste was placed in a mold in
two layers. Then the spread diameter was measured by
dropping the table 15 times. Nine samples were taken
from each mixture at 1 day, 7 days, and 28 days
compressive strength test. The test samples were taken
into the curing pools at 20 °C [34]. The compressive
strength tests were conducted on the 150x150x150 mm
cubic specimens according to TS 3114 [35]. The
compressive strength tests were performed for 1 day and
28 days. The compressive strength tests are given in
Figure 3.

Figure 3. The compressive strength tests
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Table 5. Mixture designs (per 0.6 m®)

Mixture Silica Cement | W/C | Accelerator (% by | Hyperplasticizer (%
Design | Sand (kg) (kg) wt. of cement) by wt. of cement)

So 500 470 0.30 0 0.50

S1 500 470 0.30 0.50 0.50

Sz 500 470 0.32 0.75 0.50

Ss 500 470 0.34 1.00 0.50

S4 500 470 0.36 1.25 0.50

Ss 500 480 0.30 0.75 0.50

Se 500 480 0.32 0.50 0.50

Sz 500 480 0.34 1.25 0.50

Ss 500 480 0.36 1.00 0.50

So 500 490 0.30 1.00 0.50

Sio 500 490 0.32 1.25 0.50

Su 500 490 0.34 0.50 0.50

S1z 500 490 0.36 0.75 0.50

Si3 500 500 0.30 1.25 0.50

Su4 500 500 0.32 1.00 0.50

Sis 500 500 0.34 0.75 0.50

Sie 500 500 0.36 0.50 0.50

2.2. Optimization Program

The Taguchi optimization method is a powerful method
for optimizing a product. Taguchi optimization
minimizes signal-to-noise (S/N) factors. S/N ratios are
conducted as ‘Larger is better’ for the strength and spread
diameters. The Taguchi optimization was used to obtain
optimum mixture to maximize workability and minimize
the setting time during saving compressive strength. Each
control factor and level for optimization are given in
Table 6.

Table 6. Control factors and levels

Control Factors | Level | Level | Level | Level
1 2 3 4
Cement (kg) 470 480 490 500
W/C 0.30 0.32 0.34 0.36
Accelerator
(%by wt. of 0.50 0.75 1.00 1.25

3. RESULTS and DISCUSSION

3.1. Experimental Test Results

Spread diameter test results are given in Figure 4. An
increase in the W/C ratio has a positive impact on spread
diameter test. Increasing cement decreases the spread
diameter due to the need of water incrases to obtain the
same WI/C ratio. As the accelerator accelerates the
hydration reactions which results in formation of C-S-H
gel and ettrringite , the increase of the accelerator
decrease the spread diameter. [36]. During the formation
of C-S-H gel and ettringite, the mixture loses its plasticity
rapidly. The reason for this is that increasing the amount
of accelerator decreases the nucleation of hydration
products and thus increases the cement hydration rate
[37]. The highest spread diameter was determined to be
193 mm in the mixture design that has 490 kg cement,
0.36 W/C ratio, and 0.75% accelerator by weight of
cement.
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Figure 4. Spread diameter of mixture design samples

Compressive strength test results for 1 day, 7 days, and
28 days are given in Figure 5. As it can be seen from
Figure 5, the accelerator increases the compressive
strength due to its contribution to the occurrence of C-S-
H[38,39]. In the medium and long term, its compressive
strength decreases compared to the mixture without an
accelerator. The main reason for this is that the volume
of C-S-H that produced at the normal chemical reaction

30

W o
L o un

[7%]
=

Compressive Strength (MPa)
= = =] =]
(%] (=] [%,] = [%,]

[=]

W Compressive Strength Test Results (Mpa, 1 day)

B Compressive Strength Test Results (Mpa, 28 days)

(the concrete without accelerator) is greater than the C-
S-H volume produced in the chemical reactions in which
accelerator used.. The decrease in the volume of C-S-H
negatively affects the compressive strength. The highest
compressive strength for 28 days was obtained to be
48.21 MPa in the mixture design that has 500 kg cement,
0.30 W/C ratio, and 1.25% accelerator by weight of
cement.

50 51 52 53 54 55 56 57 58 58 510 s11 312 513 514 515 516

W Compressive Strength Test Results (Mpa, 7 days)

Figure 5. Compressive strength of mixture design samples

3.2. Optimization Results

Spread diameter optimization results based on the
Taguchi method are shown in Figure 6. The highest
spread diameter according to design results was obtained
as 470 kg cement, 0.36 W/C ratio, and 0.50% by weight
of cement contents. As the W/C ratio increases, the
workability of fresh concrete increases. While excess
water in hydration increases workability, it will cause
voids in the concrete as a result of the evaporation of
excess water in the medium and long term. Therefore, it
causes compressive strength to decrease. The spread
diameter optimization results changed from 155 mm to
193 mm with changing cement, W/C ratio, accelerator

dosage. These results are consistent with the literature
results [36].

Compressive strength optimization results at 1 day and
28 days are given in Figure 7 and Figure 8, respectively.
Maximum compressive strength is obtained as 500 kg
cement, 0.30 W/C ratio, and 1.00% accelerator dosage
for 1 day and 28 days. The compressive strength for 28
days optimization results increased from 36.42 MPa to
48.21 MPa. These results are consistent with the
literature results [38,39]. Optimization results for the
Taguchi optimization method are plotted in Figure 9.
Optimization results for the Taguchi optimization
method are plotted in Figure 9.
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Figure 6. Spread diameter optimization results
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Figure 7. Compressive strength for 1-day optimization results
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Figure 8. Compressive strength for 28 days optimization results
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Figure 9. Optimization results based on Taguchi method

As it can be seen in Figure 6, Figure 7, and Figure 8, the
mixture required for the maximum spread diameter and
the mixture required for the maximum compressive
strength differ from each other. Therefore, a design
obtained from the Taguchi Orthogonal Array should be
chosen as a mixture that will increase the spread diameter

Consequently, the mixing ratios given in Table 7 are
chosen by the literature results [36,40,41]. Prediction was
carried out for the optimum mixture. 10 samples were
prepared from the mixture obtained from Taguchi, and
their tests were performed for validation. Test results and
prediction results obtained from the optimum mixture are

without much loss of compressive strength. given in Table 8.
Table 7. Optimum mixture design
Silica Cement | W/C | Accelerator (% by | Hyperplasticizer
Sand (kg) (kg) wt. of cement) (% by wt. of
cement)
500 480 0.32 1.00 0.50
Table 8. Optimum mixture design validation test results

Tests Prediction Experimental Results Ratio
Spread Diameter 179.12 184 1.0272
Compressive Strength (MPa, 1 day) 4.58 4.37 0.954
Compressive Strength (MPa, 28 days) 44.73 43.26 0.967

4. CONCLUSION

In this paper, optimization was performed for rapid-
setting and high workability concrete added accelerator

using the Taguchi method. Validation tests were
conducted for the optimum mixture obtained from the
Taguchi optimization. The main conclusions are given
below:
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- Accelerators positively affect the compressive
strength up to a certain level which is %1.

- Accelerators increase early compressive
strength, due to their contribution to ettringite
formation.

- The mixture obtained by Taguchi optimization
can be used in the precast industry that requires
rapid production. Especially, it will be much
more convenient to use in precast connection
points.

- Concrete with high initial strength and high
workability was obtained with little loss of final
strength by using Taguchi optimization.

- More detailed optimization can be performed
using genetic algorithms. These results should
be compared with optimization results in this

study.
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