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ABSTRACT 
 

     This article aimed to explore the optimization of mineral admixtures and water-
reducing and retarding admixture for high-performance concrete. In essence, fresh 
concrete can be regarded as a mixture in which both coarse and fine aggregates are 
suspended in a cement-based matrix paste. Based on this view, the test procedure was 
divided into three progressive stages of binder paste, mortar, and concrete to explore 
their rheological behavior and mechanical properties respectively. At each stage, there 
were four experimental control factors, and each factor had three levels. In order to 
reduce the workload of the experiment, the Taguchi method with an L9(34) orthogonal 
array and four controllable three-level factors was adopted. The test results show that 
the use of the Taguchi method effectively optimized the composition of high-performance 
concrete. In addition, the amount of water-reducing and retarding admixture was the main 
factor that affected the setting time and slump of concrete. In comparison, the water-
binder ratio was the main factor that affected the compressive strength, elastic modulus, 
and splitting strength of concrete. 
 
1. INTRODUCTION 
 
     Concrete is the most commonly used construction material, and its most basic raw 
materials are water, cement, and aggregates (Metha and Monteiro 2006). However, with 
the development of concrete technology, admixtures have become an important key to 
the manufacture of special concrete. According to ASTM C125 (2018), concrete 
admixture can be defined as a kind of other material added before or during mixing in 
addition to the three basic materials of hydraulic cement, aggregates, and water. 
According to this definition, it can be extended to all substances added to traditional 
concrete can be called admixtures. Basically, admixtures can generally be divided into 
two categories, namely mineral admixtures and chemical admixtures (Somayaji 2001). 
Natural pozzolan materials and industrial by-products (such as fly ash and ground 
granulated blast furnace slag) are mineral admixtures. These materials are processed or 

 
1) Professor 



The 2022 World Congress on
The 2022 Structures Congress (Structures22)
16-19, August, 2022, GECE, Seoul, Korea

  

ground into a fine powder, and then added to concrete according to mix design to improve 
workability, durability, finishing, sulfur resistance, expansion resistance, impermeability, 
hydration heat, cement dosage, or other properties (Bazrafkan et al. 2020, Tangadagi et 
al. 2021, Ji et al. 2021). Chemical admixtures refer to formulated chemicals prepared on 
the market, mostly in liquid form. They are added to concrete in a very low amount 
(usually less than 0.5% by weight of cementitious) either before or during the mixing 
process to improve the fresh or hardened properties of concrete (Souza et al. 2020). 
     As far as the current concrete industry is concerned, proper use of mineral 
admixtures (such as slag, fly ash, silica fume, etc.) and chemical admixtures (such as 
superplasticizers) can not only reduce water consumption and improve fluidity, but also 
it can also maintain the non-segregation of aggregates and material homogeneity, which 
in turn promotes the advent of high-quality concrete products with excellent workability, 
durability and mechanical properties (Somayaji 2001, Cao et al. 2018). The successful 
development of special concretes, such as pervious concrete (Tang et al. 2019, Shen et 
al. 2021, Taheri and Ramezanianpour 2021), high-strength concrete (HSC)( Song and 
Hwang 2004, Parande 2013), high-performance concrete (HPC) (de Larrard and Sedran 
2002), fiber-reinforced concrete (FRC) (Khaloo and Kim 1996, Park et al. 2012, Dadmand 
et al. 2020), and ultra-high performance concrete (UHPC) (Wille et al. 2011, Graybeal 
2014, Kang 2020, Tang 2021), etc., is inseparable from the application of admixtures. 
     The mix design of conventional concrete is to mix the selected cement, water, 
aggregates, and other materials under the three criteria of safety, durability, and 
economy to produce concrete that meets the characteristics required at each stage of 
the project (Metha and Monteiro 2006). Basically, the main concept of conventional 
concrete mix design is that the strength is determined by the water-cement ratio, the 
gradation affects the workability, the water consumption controls the slump, and the ratio 
of aggregate and paste volume must be controlled (Yen et al. 1999, de Larrard and 
Sedran 2002). But it cannot be denied that the workability and strength of conventional 
concrete cannot be considered at the same time. In contrast, HPC not only considers 
safety, durability, and economy, but also takes workability and ecology into consideration, 
so its mix design is more complicated (Mehta and Aiticn 1990). In the past, the 
proportioning design of concrete used binder paste as a cementitious material, and 
aggregates as a filler. However, the new concept of concrete composition gradually 
regards the aggregates, which account for most of the volume, as the basic skeleton, 
and the voids in the accumulation of coarse aggregates are filled with fine aggregates. 
After the fine aggregate is filled, the remaining accumulation voids are then filled with 
binder paste. The amount of binder paste obtained in this way will be the lowest (Tang 
et al. 2001). Generally speaking, at the beginning of the proportioning design of HPC, 
the required nature of the following stages must be considered. In the fresh stage, the 
concrete has high fluidity and proper viscosity, and the formwork can be automatically 
filled without any vibration. In the early stage of setting and hardening, the heat of 
hydration must be low in order to reduce the initial cracks in the concrete caused by 
hydration hardening or drying shrinkage. In the later stage of hardening, concrete not 
only has sufficient mechanical strength, but also has high impermeability and durability. 
Although the mixture proportioning and optimization of HPC have been discussed in the 
literature (Mehta and Aiticn 1990, Okamura and Ozawa 1995, Yen et al. 1999, Tang et 
al. 2001, de Larrard and Sedran 2002, Sobolev 2004), there is no consistent mix design 
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method for HPC so far. In fact, many of the common HPC proportioning methods are 
semi-analytical and require trial mixing and adjustment to meet engineering requirements. 
     Due to the high awareness of environmental protection, pozzolan material has 
become an indispensable mineral admixture for concrete (Sharma and Bansal 2019). It 
is mainly a substance containing silicon dioxide (SiO2) and aluminum oxide (Al2O3) (Zhou 
and Zhang 2021). This material itself has little or no hydration reactivity. However, in the 
state of fine powder and moisture, it can react with calcium hydroxide (Ca(OH)2) in the 
cement hydration product at room temperature to form a pozzolanic reaction, forming 
compounds with cementitious properties, such as calcium silicate hydrate colloid (C-S-
H) and calcium aluminate hydrate colloid (C-A-H) (Wang et al. 2020, Wang et al. 2021). 
Therefore, pozzolan materials can be regarded as cementitious material, if it is mixed 
into concrete, it can replace part of the cement. Essentially, cement clinker minerals and 
pozzolan materials undergo different reaction processes at different hydration reaction 
rates, but the two materials affect each other. In other words, the hydration behavior of 
cement clinker minerals will change due to the existence of pozzolan materials, and its 
impact will be mainly revealed in the changes in the following characteristics: non-
evaporable water content, calcium hydroxide content, hydration heat, the degree of 
reaction of pozzolan materials, etc. (Tang 2015a). Although fly ash has been used to 
replace part of cement and mixed with concrete for many years, resulting in the 
development of high-strength concrete, high-fluidity concrete, and high-performance 
concrete, the ratio of replacing cement is relatively conservative, roughly between 15-25% 
(Reiner and Rens 2006, Wu et al. 2006, Burak et al. 2007). Yazici et al. (2010) used 
ground granulated blast furnace slag to replace 20%, 40%, and 60% of Portland cement 
to explore the influence of slag content on the compressive strength of reactive powder 
concrete (RPC). Their test results showed that after high-pressure steam curing, the 
compressive strength of RPC containing a large amount of slag can exceed 250 MPa. 
Silica fume particles are spherical, with an average diameter of 0.1 microns, which is 
about 100 times smaller than fly ash. Adding silica fume as a binder can improve the 
workability of UHPC, because its finer particle size and suitable spherical shape can fill 
the gaps between the coarser particles. In addition to this particle filling effect, silica fume 
can also enhance the strength performance of UHPC through its pozzolanic reaction 
(Richard and Cheyrezy 1995, Ma and Schneider 2002). According to research data 
(Matte and Moranville 1999, Chan and Chu 2004, Xing et al. 2006), the recommended 
dosage of silica fume is 20-30% of the total cementitious material to achieve denser 
particle filling and pozzolanic reaction in UHPC, thereby improving strength performance. 
For example, it is recommended to use 25% low carbon content silica fume (<0.5%) as 
the best dose in UHPC (Wille et al. 2011). In fact, the optimal silica fume content is highly 
dependent on the water-to-binder ratio, and a lower water-to-binder ratio requires a lower 
silica fume content (Shi et al. 2015). 
     Chemical admixtures are mostly supplied as ready-to-use liquids and added to 
concrete in factories or on-site. Certain additives, such as pigments, expansion agents, 
and pumping aids, are only used in very small quantities and are often prepared by hand 
in pre-metered containers. On the market, there are various chemical admixtures with 
different properties, including increasing plasticity, accelerating setting, improving 
strength development, and reducing the heat of hydration. Among them, some are used 
to improve the workability, setting, or hydration rate of freshly mixed concrete, and some 
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can improve the properties of freshly mixed and hardened concrete at the same time. 
Depending on the purpose and function, there are five different types of chemical 
admixtures: air-entraining agent, water reducing agent, retarder, accelerator, and 
superplasticizer. All other kinds of admixtures belong to special categories, and their 
functions include corrosion inhibition, shrinkage reduction, reduction of alkali-silica 
reactivity, enhanced workability, adhesion, moisture-proof, and coloring. On the other 
hand, ASTM C494 (2019) divides chemical admixtures into eight different types. The first 
seven types are based on water reduction and setting acceleration or deceleration 
characteristics, and the eighth type contains admixtures with specific properties. 
     Retarding admixtures are ASTM Type B admixtures. According to chemical 
composition, retarders can be divided into inorganic retarders and organic retarders 
(Metha and Monteiro 2006). A retarder can be added to the concrete to delay the setting 
and hardening, which is particularly effective in hot weather or in a working environment 
where the temperature is higher than 32 degrees Celsius (Somayaji 2001). High 
temperature will increase the hardening rate of concrete, making pouring and finishing 
difficult. The retarder can delay the setting and reduce the hydration rate, and can also 
keep the concrete working for a long time, so that it can be continuously poured without 
causing cold joints or discontinuous surfaces. The chemical composition of retarder is 
similar to water reducer, and there are many products on the market that can have both 
retarding and water-reducing properties (Somayaji 2001). Generally speaking, the use of 
this admixture will reduce the early strength of concrete. Many compounds can be used 
as concrete retarders, including hydroxy carboxylic acids and salts, but due to the 
relatively low cost, sugar derivatives are usually the first choice (Collepardi 1996). Some 
retarders can even provide longer retardation, such as phosphonates, known as super 
retarders (Ramachandran et al. 1993). In addition, some retarders are water-reducing 
agents, which can increase the initial consistency of concrete or the yield stress after 
mixing. Pang et al. (2014) studied the delayed exchange mechanism in which a powerful 
organophosphonate retarder was replaced by a much weaker phosphate retarder, and 
proposed the mechanism of retarder exchange to control cement hydration. Massarweh 
et al. (2020) evaluated the possibility of using electric arc furnace dust (EAFD) (a by-
product of the steel industry) to develop retarders and compared them with two other 
commercial retarders. Their experimental data showed that EAFD was effective in 
increasing the initial setting and final setting time. The calorimetric data indicated that the 
hydration of cement was delayed due to the addition of EAFD. The 28-day compressive 
strength of concrete was not adversely affected by EAFD or commercial retarders, and 
is in the range of 46.5 MPa to 50.7 MPa. However, the drying shrinkage strain increased 
by 24% to 37%. 
     The use of admixtures in the construction industry is mainly to reduce the cost of 
concrete construction; improve the performance of hardened concrete; ensure the quality 
of concrete in the process of mixing, transportation, pouring and hardening; and 
overcome some emergency situations in concrete operations (Somayaji 2001, Metha 
and Monteiro 2006). Generally, the use of admixtures is considered when the required 
properties cannot be achieved by changing the mix proportions. However, the effect of 
admixtures in improving the properties of concrete depends on many factors 
(Collivignarelli et al. 2021), such as the mix proportions, the type and size of aggregates, 
the ambient temperature, the type of admixture, the brand and amount, and the type of 
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cement. Taiwan is in a subtropical climate zone, where concrete pouring and construction 
are particularly vulnerable to hot weather. As far as the impact is concerned, the 
hydration reaction of cement is relatively rapid, which makes the workability loss of 
concrete more serious, and the initial setting time occurs earlier. In view of this, Taiwan's 
concrete industry often uses water-reducing and retarding admixtures to ensure the 
properties of fresh concrete. However, when constructing floor slabs and paving projects 
with a large surface area in a hot climate, prolonging the plastic stage time of fresh 
concrete can easily lead to plastic shrinkage due to the rapid loss of water vapor 
evaporation. This leads to the formation of tensile stress, which not only causes surface 
cracks, but also adversely affects the durability of concrete. Therefore, this study aimed 
to explore the proportioning design of HPC from the perspective of sustainable 
development, using pozzolan materials to replace part of the cement and using a water-
reducing and retarding admixture. The purpose is to optimize the mineral admixtures and 
water-reducing and retarding admixture to ensure the workability of HPC in the freshly 
mixed state and the realization of the mechanical properties after hardening. This 
research will help promote the application of high-quality HPC in related civil construction 
projects in Taiwan. 
 
2. EXPERIMENTAL DETAILS 
 
     2.1 Materials Properties 
     The materials used in this study included water, cement, slag, fly ash, water-
reducing and retarding admixture, coarse aggregate, and fine aggregate (sand). The 
properties and sources of these materials are as follows: 
 Water: general tap water that met the quality requirements of concrete mixing water. 
 Cement: ordinary Portland Type I cement produced by the Taiwan Cement 

Corporation. Its specific gravity and fineness were 3.15 and 3400 cm2/g, respectively. 
 Slag: purchased from Taiwan CHC Resources Co., Ltd., had a specific gravity of 2.89. 
 Fly ash: purchased from a company in Taiwan, had a specific gravity of 2.08. 
 Water-reducing and retarding admixture: purchased from Kwong-hui Co., Ltd. in 

Taiwan, conforming to ASTM C-494 Type G. 
Aggregate: purchased from a nearby aggregate plant. The fine aggregates were natural 
river sand and the coarse aggregates were crushed stone. Their physical properties are 
shown in Table 1. 
 
Table 1 The physical properties of the aggregates 

Type Specific gravity (S.S.D.) Water absorption rate (S.S.D.) (%) F.M. 
Fine aggregates 2.62 1 2.75 

Coarse aggregates 2.65 1 6.34 
Notes: SSD, saturated surface-dry condition; FM, fineness modulus. 
 
     2.2 Experimental Design 
     In essence, fresh concrete can be regarded as a mixture in which both coarse and 
fine aggregates are suspended in a cement-based matrix paste (Ukraincik 1980, Tang 
et al. 2001). The viscosity of the binder paste and the volume fraction of aggregate 
determine the rheological behavior of fresh concrete (Farris 1968, Yen et al. 1999, Li 



The 2022 World Congress on
The 2022 Structures Congress (Structures22)
16-19, August, 2022, GECE, Seoul, Korea

  

2015, Ivanova and Mechtcherine 2020). In view of this, in this study, the test procedure 
is divided into three progressive stages of binder paste, mortar, and concrete, to explore 
their rheological behavior and mechanical properties respectively. The test variables of 
binder paste included the water-binder ratio (W/B), the proportion of binders by mass 
(cement/slag/fly-ash), and the dosage of water-reducing and retarding admixture. The 
test variables of the mortar included W/B, the proportion of binders, the dosage of water-
reducing and retarding admixture, and the volumetric fraction of sand in mortar. The test 
variables of the concrete included W/B, the proportion of binders, the dosage of water-
reducing and retarding admixture, and the volumetric fraction of coarse aggregate in 
concrete. The volume fraction of sand in the mortar (𝜙𝜙𝐹𝐹𝐹𝐹), the volume fraction of coarse 
aggregate in the concrete (𝜙𝜙𝐺𝐺), and the volume fraction of mortar in the concrete (𝜙𝜙𝑀𝑀) 
can be calculated according to Equations (1)-(3), respectively (Tang et al. 2001). 

𝜙𝜙𝐹𝐹𝐹𝐹 =
𝑉𝑉𝐹𝐹𝐹𝐹
𝑉𝑉𝑀𝑀

=
𝑉𝑉𝐹𝐹𝐹𝐹

𝑉𝑉𝑊𝑊 + 𝑉𝑉𝐶𝐶 + 𝑉𝑉𝑆𝑆𝑆𝑆 + 𝑉𝑉𝐹𝐹 + 𝑉𝑉𝑅𝑅 + 𝑉𝑉𝐹𝐹𝐹𝐹
 (1) 

𝜙𝜙𝐺𝐺 =
𝑉𝑉𝐺𝐺

𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
=

𝑉𝑉𝐺𝐺
𝑉𝑉𝑊𝑊 + 𝑉𝑉𝐶𝐶 + 𝑉𝑉𝑆𝑆𝑆𝑆 + 𝑉𝑉𝐹𝐹 + 𝑉𝑉𝑅𝑅 + 𝑉𝑉𝐹𝐹𝐹𝐹 + 𝑉𝑉𝐺𝐺

 (2) 

𝜙𝜙𝑀𝑀 = 1 − 𝜙𝜙𝐺𝐺 (3) 
where 𝑉𝑉𝑊𝑊 , 𝑉𝑉𝐶𝐶 , 𝑉𝑉𝑆𝑆𝑆𝑆 , 𝑉𝑉𝐹𝐹 , 𝑉𝑉𝑅𝑅 , 𝑉𝑉𝐹𝐹𝐹𝐹 , 𝑉𝑉𝐺𝐺 , 𝑉𝑉𝑀𝑀 , and 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  stand for volumes of water, 
cement, slag, fly ash, retarder, fine aggregate, coarse aggregate, mortar, and concrete, 
respectively. Hornung et al. (1991) defined the ratio of the volume fraction between sand 
and binder paste in a mortar mixture as the filling ratio (𝑓𝑓𝑉𝑉), which can be calculated by 
Equation (4). The relationship between filling rate and the volumetric fraction of mortar is 
expressed as Equation (5). 

𝑓𝑓𝑉𝑉 =
𝑉𝑉𝐹𝐹𝐹𝐹
𝑉𝑉𝑃𝑃

=
𝑉𝑉𝐹𝐹𝐹𝐹

𝑉𝑉𝑊𝑊 + 𝑉𝑉𝐶𝐶 + 𝑉𝑉𝑆𝑆𝑆𝑆 + 𝑉𝑉𝐹𝐹 + 𝑉𝑉𝑅𝑅
 (4) 

𝑉𝑉𝐹𝐹𝐹𝐹
𝑉𝑉𝑀𝑀

=
𝑓𝑓𝑉𝑉

1 + 𝑓𝑓𝑉𝑉
 (5) 

     According to the available literature, the experimental control factors and levels of 
binder paste, mortar, and concrete are shown in Tables 2-4, respectively. Using traditional 
experimental planning methods to consider all combinations will result in a huge number 
of experiments, long working hours, and higher costs. In contrast, the Taguchi method 
uses a simple orthogonal array experimental design and concise analysis of variance, 
with a small amount of experimental data for analysis, which has the advantages of 
economy, operability, and robustness (Taguchi 1987, Roy 1990, Tang 2015b). Therefore, 
this paper used the concept of Taguchi’s orthogonal experiment design method and 
adopted the L9(34) orthogonal table to arrange the experiment plan, as shown in Tables 
5-7. 
 
Table 2 The parameters and design levels for the binder paste 
Parameter (experimental control factor) Levels of parameter Performance parameter 1 2 3 

Water-binder ratio, A 0.40 0.45 0.55 
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Proportion of binders, B C:S:F=10:0:0 C:S:F=6:3:1 C:S:F=6:2:2 Initial setting time, final setting time, and 
compressive strength. Retarder dosage, C (%) 0.50 0.75 1.00 

Error, D  - - - 
Note: C:S:F=cement:slag:fly ash by mass. 

 
Table 3 The parameters and design levels for the mortar 
Parameter (experimental control factor) Levels of parameter Performance parameter 1 2 3 

Water-binder ratio, A 0.40 0.45 0.55 
Initial setting time, final setting time, flow, 
and compressive strength. 

Proportion of binders, B C:S:F=10:0:0 C:S:F=6:3:1 C:S:F=6:2:2 
Retarder dosage, C (%) 0.50 0.75 1.00 

Volumetric fraction of sand, D (%) 50 55 60 
Note: C:S:F=cement:slag:fly ash by mass. 

 
Table 4 The parameters and design levels for the concrete 

Parameter (experimental control factor) Levels of parameter Performance parameter 1 2 3 
Water-binder ratio, A 0.40 0.45 0.55 Initial setting time, final setting time, slump, 

slump flow, compressive strength, elastic 
modulus, and splitting strength 

Proportion of binders, B C:S:F=10:0:0 C:S:F=6:3:1 C:S:F=6:2:2 
Retarder dosage, C (%) 0.50 0.75 1.00 

Volumetric fraction of coarse aggregate, D (%) 30 35 40 
Note: C:S:F=cement:slag:fly ash by mass. 

 
Table 5 The L9(34) orthogonal array for the binder paste 

Designation Water-binder ratio Proportion of binders Retarder dosage (%) Error 
P1 0.40(1) C:S:F=10:0:0 (1) 0.50(1) -(1) 
P2 0.40(1) C:S:F=6:3:1 (2) 0.75(2) -(2) 
P3 0.40(1) C:S:F=6:2:2 (3) 1.00(3) -(3) 
P4 0.45(2) C:S:F=10:0:0 (1) 0.75(2) -(3) 
P5 0.45(2) C:S:F=6:3:1 (2) 1.00(3) -(1) 
P6 0.45(2) C:S:F=6:2:2 (3) 0.50(1) -(2) 
P7 0.50(3) C:S:F=10:0:0 (1) 1.00(3) -(2) 
P8 0.50(3) C:S:F=6:3:1 (2) 0.50(1) -(3) 
P9 0.50(3) C:S:F=6:2:2 (3) 0.75(2) -(1) 

Note: The numbers in parentheses indicate the level of the factor; C:S:F=cement:slag:fly ash by mass. 
 

Table 6 The L9(34) orthogonal array for the mortar 
Designation Water-binder ratio Proportion of binderss Retarder dosage (%) Volumetric fraction of sand (%) 

M1 0.40(1) C:S:F=10:0:0 (1) 0.50(1) 50(1) 
M2 0.40(1) C:S:F=6:3:1 (2) 0.75(2) 55(2) 
M3 0.40(1) C:S:F=6:2:2 (3) 1.00(3) 60(3) 
M4 0.45(2) C:S:F=10:0:0 (1) 0.75(2) 60(3) 
M5 0.45(2) C:S:F=6:3:1 (2) 1.00(3) 50(1) 
M6 0.45(2) C:S:F=6:2:2 (3) 0.50(1) 55(2) 
M7 0.50(3) C:S:F=10:0:0 (1) 1.00(3) 55(2) 
M8 0.50(3) C:S:F=6:3:1 (2) 0.50(1) 60(3) 
M9 0.50(3) C:S:F=6:2:2 (3) 0.75(2) 50(1) 

Note: The numbers in parentheses indicate the level of the factor; C:S:F=cement:slag:fly ash by mass. 
 

Table 7 The L9(34) orthogonal array for the concrete 
Designation Water-binder ratio Proportion of binders Retarder dosage 

(%) 
Volumetric fraction of coarse aggregate 

(%) 
C1 0.40(1) C:S:F=10:0:0 (1) 0.50(1) 30(1) 
C2 0.40(1) C:S:F=6:3:1 (2) 0.75(2) 35(2) 
C3 0.40(1) C:S:F=6:2:2 (3) 1.00(3) 40(3) 
C4 0.45(2) C:S:F=10:0:0 (1) 0.75(2) 40(3) 
C5 0.45(2) C:S:F=6:3:1 (2) 1.00(3) 30(1) 
C6 0.45(2) C:S:F=6:2:2 (3) 0.50(1) 35(2) 
C7 0.50(3) C:S:F=10:0:0 (1) 1.00(3) 35(2) 
C8 0.50(3) C:S:F=6:3:1 (2) 0.50(1) 40(3) 
C9 0.50(3) C:S:F=6:2:2 (3) 0.75(2) 30(1) 

Note: The numbers in parentheses indicate the level of the factor; C:S:F=cement:slag:fly ash by mass. 
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     2.3 Mix Proportions and Casting of Specimens 
     According to the orthogonal arrays, namely L9(34), the mix proportions of the binder 
paste, mortar, and concrete are listed in Tables 8-10, respectively. In the mix proportions 
of concrete, the filling ratio (𝑓𝑓𝑉𝑉) of sand was maintained at a fixed value of 45%. Once 
the mixture was uniformly mixed, the fresh properties of each mixture were measured 
and recorded. Afterward, specimens required for each test were cast in accordance with 
the relevant ASTM regulations (ASTM C192/C192M-19 2019, ASTM C172/C172M-14a 
2014). The compressive specimens of binder paste and mortar were cubes with a side 
length of 50 mm. The compressive strength and elastic modulus test of concrete were 
cylindrical specimens with a diameter of 100 mm and a height of 200 mm. The splitting 
strength test of concrete used a cylindrical specimen with a diameter of 150 mm and a 
height of 300 mm. After casting the specimens, they were covered with polyethylene 
sheets for 24 hours overnight. The demolding operation was then carried out and each 
specimen was placed in a laboratory water bath until the day before the mechanical test. 
 
Table 8 The mix proportions of the binder paste 

Mix No. Water-binder ratio Cement 
(kg/m3) 

Slag 
(kg/m3) 

Fly ash 
(kg/m3) 

Water 
(kg/m3) 

Retarder 
(kg/m3) 

P1 0.4 1364 0 0 546 7 
P2 0.4 789 394 131 526 10 
P3 0.4 772 257 257 515 13 
P4 0.45 1271 0 0 572 10 
P5 0.45 737 369 123 553 12 
P6 0.45 729 243 243 547 6 
P7 0.5 1191 0 0 596 12 
P8 0.5 698 349 116 582 6 
P9 0.5 685 228 228 571 9 

 
Table 9 The mix proportions of the mortar 

Mix No. Water-binder ratio Cement 
(kg/m3) 

Slag 
(kg/m3) 

Fly ash 
(kg/m3) 

Water 
(kg/m3) 

Retarder 
(kg/m3) 

Fine aggregate 
(kg/m3) 

M1 0.4 902 0 0 361 5 873 
M2 0.4 505 252 84 336 6 930 
M3 0.4 478 159 159 319 8 983 
M4 0.45 788 0 0 354 6 983 
M5 0.45 488 244 81 366 8 873 
M6 0.45 466 155 155 350 4 930 
M7 0.5 762 0 0 381 8 930 
M8 0.5 432 216 72 360 4 983 
M9 0.5 453 151 151 378 6 873 

 
Table 10 The mix proportions of the concrete 

Mix No. Water-binder ratio Cement 
(kg/m3) 

Slag 
(kg/m3) 

Fly ash 
(kg/m3) 

Water 
(kg/m3) 

Retarder 
(kg/m3) 

Fine aggregate 
(kg/m3) 

Coarse aggregate 
(kg/m3) 

C1 0.4 654 0 0 262 3 557 795 
C2 0.4 351 175 58 234 4 516 928 
C3 0.4 316 105 105 211 5 476 1060 
C4 0.45 521 0  0 234 4 476 1060 
C5 0.45 354 177 59 265 6 557 795 
C6 0.45 324 108 108 243 3 516 928 
C7 0.5 530 0 0 265 5 516 928 
C8 0.5 286 143 48 238 2 476 1060 
C9 0.5 328 109 109 274 4 557 795 

 
     2.4 Test Methods and Data Analysis 
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     The rheology of the binder paste was tested using a viscometer (Brookfield HBDV-
II + Mode, Middleboro, MA, USA) with a viscosity measurement accuracy of ±1% of the 
measurement range and a type of spindle (#HB04) was selected. The rotational speed 
of the spindle was set in an appropriate range, that is, between 5-100 RPM. In addition, 
the change of the rotational speed of the spindle was gradually reduced from high speed 
to low speed (i.e., 100→50→20→10→5 RPM). The setting time and compressive 
strength tests of the binder paste were carried out in accordance with ASTM C191-19 
and ASTM C109/C109M-21, respectively. The setting time, flow, and compressive 
strength tests of the mortar were carried out in accordance with ASTM C807-20, ASTM 
C1437-20, and ASTM C109/C109M-21, respectively. The setting time, slump, slump flow, 
compressive strength, elastic modulus, and splitting strength tests of the concrete were 
in accordance with the compressive strength respectively in accordance with ASTM 
C403/C403M-16, ASTM C143/143M-15a, ASTM C1611/C1611M-21, ASTM C39/C39M-
21, ASTM C469/C469M-14, and ASTM C496/C496M-17, respectively. 
     Taguchi’s experimental design method usually calculates the deviation between 
the experimental value and the expected value through a so-called loss function. In short, 
the loss function can be used to measure performance characteristics that deviate from 
the expected value. Conventionally, the value of the loss function is usually converted to 
a signal-to-noise (S/N) ratio (η) (Montgomery 2005). In general, there are three types of 
performance characteristics such as the following (Montgomery 2005, Tang 2014): 

The smaller-the better: η = −10 × log10(𝑀𝑀𝑀𝑀𝑀𝑀) = −10×log 10(1
𝐶𝐶
∑ 𝑦𝑦𝑖𝑖2𝐶𝐶
𝑖𝑖=1 )            (6) 

The larger-the better: η = −10 × log10(𝑀𝑀𝑀𝑀𝑀𝑀) = −10×log 10(1
𝐶𝐶
∑ 1

𝑦𝑦𝑖𝑖
2

𝐶𝐶
𝑖𝑖=1 )              (7) 

The nominal-the better: η = −10 × log10(𝑀𝑀𝑀𝑀𝑀𝑀) = −10×log 10(1
𝐶𝐶
∑ (𝑦𝑦𝑖𝑖 − 𝑦𝑦0)2𝐶𝐶
𝑖𝑖=1 )     (8) 

where MSD is the mean squared deviation around the target value; n is the number of 
repetitions or observations; yi is the observed data; and y0 is the nominal value desired. 
     In this study, the S/N ratio of the observed value of final setting time was calculated 
by the smaller-the better criterion, and the S/N ratio of the observations of other fresh 
properties and mechanical properties was calculated by the larger-the better criterion. 
On the other hand, the range analysis and analysis of variance (ANOVA) were also 
carried out to explore the influence of the combination of various factors on the properties 
of binder paste and mortar. Moreover, the performance of concrete under different coarse 
aggregate dosage conditions was further discussed. 
 
 
3. RESULTS AND DISCUSSION 
 
     3.1 Test Results of the Binder Pastes 
 
     3.1.1 Rheological Behavior of the Binder Pastes 
     Rheology is defined as a science that explores the deformation process and flow 
of matter (Schowalter 1978). It mainly discusses the relationship between stress, strain, 
shear strain rate, and time. Essentially, cement paste can be divided into two parts: liquid 
phase (water) and solid phase (cement particles) (Roy and Asaga 1979). Based on this 
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point of view, the ratio of liquid-solid phase (i.e., water-binder ratio) is the main factor 
affecting the rheological behavior of cement paste. There are three water-binder ratios 
(0.40, 0.45, and 0.50) used in the rheological test of the binder pastes. Taking three pure 
cement pastes as examples, the test results are shown in Fig. 1. It can be clearly seen 
from the figure that a smooth correlation curve was obtained between the spindle speed 
and the apparent viscosity of the cement pastes, and the apparent viscosity decreased 
with the increase of the water-binder ratio. This is because the cement was mixed with 
water to produce hydration and gradually became a colloidal suspension of solid particles 
of different sizes. The structure of this suspension was mainly controlled by the size 
distribution of the cement particles. When the water-binder ratio increased, the solid-
phase particle content per unit volume of the paste decreased, the particle spacing 
became larger, and the gravitational force became smaller. Therefore, the viscosity that 
could be possessed was relatively small. 
 

 
Fig. 1 The relationship between the apparent viscosity and the rotational speed of 

spindle  
 
     On the other hand, it can be seen from Fig. 2 that under the same spindle speed 
condition, the larger the cement paste water-binder ratio, the smaller the torque of the 
spindle. In addition, each cement paste had a good linear relationship between the torque 
of the spindle (T) and the rotational speed of the spindle (N). Furthermore, the intercept 
(g) and the slope (h) in the T-N relationship graph can be obtained from Fig. 2. It can be 
found from the figure that the values of g and h decreased with the increase of the water-
binder ratio, and the trend of change was generally quite obvious. Therefore, rheological 
parameters could be used to evaluate the rheological properties of cement paste. The 
smaller the g value, the easier it is for the paste to overcome flow obstacles; the smaller 
the h value, the lower the viscosity of the paste. This result shows that these binder 
pastes had proper rheological behavior and confirms that the cement pastes conformed 
to the Bingham model (Roy and Asaga 1979, Wu and Kou 2019). 
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Fig. 2 The relationship between the torque of spindle and the rotational speed of 

spindle  
 
     3.1.2 Range Analysis of the Test Results of the Binder Pastes 
     The orthogonal design test results of the binder pastes and the corresponding S/N 
Ratio are shown in Table 11. Regarding the setting time of the binder pastes, the initial 
setting time was between 360 and 815 minutes, and the final setting time was between 
480 and 1080 minutes, as shown in Table 11. These results meet the requirements of 
ASTM 494, that is, the initial setting time must be greater than one hour and the final 
setting time must be greater than 3.5 hours. In addition, the P6 mix had the shortest initial 
setting time, the P3 mix had the longest initial setting time, the P1 and P6 mixes had the 
shortest final setting time, and the P3 mix had the longest final setting time. It can be 
seen from Table 11 that the setting time of the binder pastes was a function of the water-
binder ratio and the retarder dosage. When the water-binder ratio was maintained at 0.40 
(the P1-P3 mixes), and the retarder dosage was increased from 0.5% (the P1 mix) to 
1.0% (the P3 mix), the initial setting time of the binder pastes would be significantly 
prolonged. This result is consistent with the findings in the literature (Burris and Kurtis 
2018, Huang et al. 2020). 
 
Table 11 The experimental results and corresponding S/N ratio of the binder pastes 

Mix No. 

Experimental results S/N ratio (dB) 
Setting time (min.) 28-day 

Compressive 
strength (MPa) 

Setting time 28-day 
Compressive 

strength Initial setting time Final setting time Initial setting time Final setting time 

P1 435 480 94  52.77  -53.62  39.46  
P2 540 600 66  54.65  -55.56  36.39  
P3 815 1080 56  58.22  -60.67  34.96  
P4 500 615 64  53.98  -55.78  36.12  
P5 700 870 54  56.90  -58.79  34.65  
P6 360 480 51  51.13  -53.62  34.15  
P7 600 710 57  55.56  -57.03  35.12  
P8 480 540 49  53.62  -54.65  33.80  
P9 550 720 47 54.81  -57.15  33.44  

 
     In terms of the hardened properties of the binder pastes, the compressive strength 
of each mixture increased with the increasing age of the specimen, as shown in Fig. 3. 
The data in the figure is the average of the test results of three specimens. The 
compressive strength of the binder pastes at 7 days, 14 days, and 28 days were 
respectively between 18-62, 38-80, and 47-94 MPa. Among them, the P9 mix with a 
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water-binder ratio of 0.50 had the lowest compressive strength at all ages; the P1 mix 
with a water-binder ratio of 0.40 had the highest compressive strength at all ages. 
 

 
Fig. 3 The compressive strength of the binder pastes at different ages 

 
     The role of experimental design is to make scientific research work economical, 
efficient, accurate, and reliable. Its connotation includes two aspects: one is to emphasize 
the completeness and timeliness of the experimental plan; the other is to focus on the 
analysis of experimental observations. As far as the analysis of experimental 
observations is concerned, it is mainly to analyze the data obtained from the experiment 
through appropriate methods to judge the result. Therefore, for each experimental factor, 
its impact on performance parameters was evaluated by range analysis. Generally, this 
is achieved by dividing the total variability of the S/N ratio into the contribution of each 
process parameter and error (Tang et al. 2019). 
     Table 11 lists the corresponding S/N ratio of each test result of the binder pastes. 
Then the S/N ratio data were further converted into an auxiliary table (Table 12) to 
analyze the influence of each level of experimental control factors on each performance 
parameter. Taking the water to binder ratio as an example, the mean S/N ratio at levels 
1, 2, and 3 were calculated by averaging the S/N ratios of experiments 1–3, 4–6, and 7–
9, respectively. For other experimental control factors, the average S/N ratio for each 
level was calculated in a similar manner. The delta column in Table 12 shows the 
difference between the maximum and minimum values of the mean S/N ratio from Level 
1 to Level 3. In theory, the importance of each control factor can be measured by its delta 
value. The greater the delta value, the greater the impact of the change in the level of 
the control factor on performance parameters. That is, its importance is more obvious. It 
can be seen from Table 12 that for extending the initial setting time, the order of 
importance of the control factors is the retarder dosage, the error, the water-binder ratio, 
and the proportion of binders. This shows that the retarder dosage has the greatest 
influence and is the main factor, while the proportion of binders is an unimportant factor. 
 
Table 12 The auxiliary table for range analysis of the binder pastes 

Performance 
parameter 

Parameter 
(experimental control factor) 

Mean S/N ratio (η, Unit: dB) Delta 
(Max. η − Min. η) Rank Level 1 Level 2 Level 3 

Initial setting time 

Water to binder ratio, A 55.21 54.00 54.67 1.211 3 
Proportion of binders, B 54.10 55.06 54.72 0.954 4 
Retarder dosage, C (%) 52.51 54.48 56.90 4.389 1 

Error, D 54.83 53.78 55.28 1.497 2 
Final setting time Water to binder ratio, A -56.62 -56.06 -56.27 0.555 4 
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Proportion of binders, B -55.48 -56.33 -57.15 1.671 2 
Retarder dosage, C (%) -53.97 -56.17 -58.83 4.862 1 

Error, D -56.52 -55.40 -57.03 1.627 3 

Compressive strength 

Water to binder ratio, A 36.94 34.97 34.12 2.818 1 
Proportion of binders, B 36.90 34.95 34.19 2.716 2 
Retarder dosage, C (%) 35.81 35.32 34.91 0.896 3 

Error, D 35.85 35.22 34.96 0.887 4 

 
     Moreover, Fig. 4 shows the S/N ratio response graph for the initial setting time. It 
can be seen from Fig. 4 that as the retarder dosage increased, the S/N ratio tended to 
increase. In other words, the initial setting time was extended. The purpose of the 
prepared binder pastes is to emphasize the need to extend the initial setting time, that is, 
the longer the initial setting time, the better. The optimal combination in this experiment 
is A1B3C3, and the longest initial setting time was 815 minutes. However, the best 
combination estimated by the range analysis is A1B2C3, i.e., the water-binder ratio at level 
1, the proportion of binders at level 2, and the retarder dosage at level 3. In terms of 
shortening the final setting time, the order of importance of the control factors is the 
retarder dosage, the proportion of binders, the error, and the water-binder ratio. This 
shows that the retarder dosage is the most important factor affecting the final setting time 
of the binder pastes, while the water-binder ratio is an unimportant factor. In addition, Fig. 
5 shows that the less retarder dosage, the shorter the final setting time. The purpose of 
the prepared binder pastes is to emphasize the need to shorten the final setting time, so 
the shorter the final setting time, the better. The optimal combination of this experiment 
was A1B1C1 and A2B3C1, and the shortest final setting time was 480 minutes. However, 
the best combination is estimated to be A2B1C1 based on the range analysis. For 
improving the compressive strength of the binder pastes, the order of importance of the 
control factors is the water-binder ratio, the proportion of binders, the retarder dosage, 
and the error. It can be seen that the water-binder ratio has the greatest influence and is 
the main factor, while the proportion of binders is a secondary factor. On the other hand, 
the 28-day compressive strength of the binder pastes decreased with the increase of the 
water-water ratio and the retarder dosage, as shown in Fig. 6. The purpose of the 
prepared binder pastes is to emphasize the need to increase the compressive strength, 
and the higher the compressive strength, the better. The optimal combination in this 
experiment was A1B1C1, and the highest 28-day compressive strength that could be 
obtained was 94 MPa. Based on the range analysis, the optimal combination is also 
estimated to be A1B1C1. 
 

 
Fig. 4 The S/N ratio response graph for initial setting time of the binder pastes  
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Fig. 5 The S/N ratio response graph for final setting time of the binder pastes  

 

 
Fig. 6 The S/N ratio response graph for compressive strength of the binder pastes  

 
     3.1.3 ANOVA of the Test Results of the Binder Pastes 
     From the above-mentioned range analysis method, it can be seen that it has the 
advantages of simplicity and clarity, easy-to-understand, less calculation workload, and 
easy promotion. However, the range analysis method cannot distinguish the data 
fluctuations caused by the changes in the test conditions and the data fluctuations 
caused by the test errors in the experiment. In contrast, analysis of variances (ANOVA) 
is a statistical examination of the differences between all of the variables used in an 
experiment. Basically, the analysis is to decompose the total variance of the data into 
two parts: the variance caused by the factor and the variance caused by the error, and 
then perform the F statistic and F test to determine whether the effect of the factor is 
significant.  
     The results of the ANOVA of the binder pastes are given in Table 13. In addition, 
the F values were obtained with a 95% level of confidence, and the percentage 
contribution of each parameter was also calculated. It can be seen from Table 13 that 
the most significant factor affecting the initial setting time of the binder pastes was the 
retarder dosage, and its contribution percentage (PZ) was 91.87%. Furthermore, Table 
13 shows that the most significant factor affecting the final setting time of the binder 
pastes was the retarder dosage, and the main contributions of the factors were: retarder 
dosage (PZ=83.32%), proportion of binders (PZ=8.38%), and error (PZ=8.30%). On the 
other hand, Table 13 shows that the most significant factor affecting the 28-day 
compressive strength of the binder pastes was the water-binder ratio, and the main 
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contributions of the factors were: water-binder ratio (PZ=42.31%), proportion of binders 
(PZ=39.48%), retarder dosage (PZ=18.06%), and error (PZ=0.16%). 
 
Table 13 The analysis of variance and F test of the binder pastes 
Performance 

parameter 
Parameter 

(experimental control factor) 
Sum of square 

(SSZ) 
Degree of 
freedom 

Variance 
(MSZ) 

F value 
(FZ) 

Percentage 
contribution (PZ) 

Initial setting 
time 

Water to binder ratio, A 2.21 3 0.74 1.57 2.22 
Proportion of binders, B 1.40 3 0.47 1.00 0.00 
Retarder dosage, C (%) 29.00 3 9.67 20.66 91.87 

Error, D 3.54 3 1.18 2.52 5.91 
All other 1.40 3 0.47 – – 

Total 36.15 12 12.05 – 100.00 

Final setting 
time 

Water to binder ratio, A 0.47 3 0.16 1.00 0.00 
Proportion of binders, B 4.19 3 1.40 8.90 8.38 
Retarder dosage, C (%) 35.57 3 11.86 75.59 83.32 

Error, D 4.15 3 1.38 8.83 8.30 
All other 0.47 3 0.16 – – 

Total 44.38 12 14.79 – 100.00 

Compressive 
strength 

Water to binder ratio, A 12.53 3 4.18 10.37 42.31 
Proportion of binders, B 11.77 3 3.92 9.74 39.48 
Retarder dosage, C (%) 1.21 3 0.40 1.00 18.06 

Error, D 1.25 3 0.42 1.04 0.16 
All other 1.21 3 0.40 – – 

Total 26.76 12 8.92 – 100.00 

 
     3.2 Test results of the Mortars 
 
     3.2.1 Range Analysis of the Test Results of the Mortars 
     Mortar is a mixture of cement, sand, and water, which can be regarded as a two-
phase material and is obtained by adding sand to cement paste (Tang et al. 2001). The 
orthogonal design test results of the mortars and the corresponding S/N Ratio are shown 
in Table 14. In terms of the setting time of the mortars, the initial setting time was between 
101 and 645 minutes, and the final setting time was between 390 and 1260 minutes, as 
shown in Table 14. These results meet the requirements of ASTM 494 for the setting 
time of water-reducing and retarding admixture. In addition, the M6 mix had the shortest 
initial setting time, the M3 mix had the longest initial setting time, the M6 mix had the 
shortest final setting time, and the M5 mix had the longest final setting time. It can be 
seen from Table 14 that the setting time of the mortars was a function of the water-binder 
ratio, the retarder dosage, and the volumetric fraction of sand. Under the condition that 
the water-binder ratio was maintained at 0.40 (the M1-M3 mixes), and the retarder 
dosage was increased from 0.5% (the M1 mix) to 1.0% (the M3 mix), the initial setting 
time of the mortars would be quadrupled. This result is consistent with the findings of 
Khudhair et al. (2018). Furthermore, the flow of the mortars was between 27.3-38.5 cm, 
as shown in Table 14. Among them, the flow of the M1 mix was the lowest, and the flow 
of the M3 and M7 mixes was the highest. 
 
Table 14 The experimental results and corresponding S/N ratio of the mortars 

Mix No. 

Experimental results S/N ratio (dB) 
Setting time (min.) Flow 

(cm) 

28-day 
Compressive 

strength (MPa) 

Setting time 
Flow 

28-day 
Compressive 

strength Initial setting Final setting Initial setting Final setting 

M1 154 420 27.3 80 43.75 -52.46 28.72 38.06 
M2 366 510 30.9 76 51.27 -54.15 29.80 37.62 
M3 645 1050 38.5 75 56.19 -60.42 31.71 37.50 
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M4 240 480 31.1 69 47.60 -53.62 29.86 36.78 
M5 420 1260 37.1 61 52.46 -62.01 31.39 35.71 
M6 101 390 28.5 60 40.09 -51.82 29.10 35.56 
M7 368 870 38.5 56 51.32 -58.79 31.71 34.96 
M8 216 435 33.3 51 46.69 -52.77 30.45 34.15 
M9 328 645 34.7 46 50.32 -56.19 30.81 33.26 

 
     Regarding the hardened property of the mortars, the compressive strength is the 
average of the test results of three specimens. Fig. 7 shows that the compressive 
strength of each mixture increased with the increasing age of the specimen. The 
compressive strength of the mortars at 7 days, 14 days, and 28 days were respectively 
between 32-62, 40-73, and 46-80 MPa. Among them, the M9 mix with a water-binder 
ratio of 0.50 had a relatively low compressive strength at each age; the M1 mix with a 
water-binder ratio of 0.40 had a relatively high compressive strength at all ages. This 
result is more or less consistent with the trend of compressive strength test results of the 
binder paste, as shown in Fig. 8. The above results confirm that the performance of the 
mortar is closely related to the performance of its matrix. 
 

 
Fig. 7 The compressive strength of the mortars at different ages 

 

 
Fig. 8 The relationship curve of compressive strength between mortar and binder paste 
 
     The corresponding S/N ratio of each test result of the mortars is shown in Table 14. 
Then the auxiliary table for range analysis of the mortars is listed in Table 15. It can be 
seen from Table 15 that for extending the initial setting time, the order of importance of 
the control factors is the retarder dosage, the water-binder ratio, the volumetric fraction 
of sand, and the proportion of binders. This shows that the retarder dosage has the 
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greatest influence and is the main factor, while the proportion of binders is an unimportant 
factor. Moreover, Fig. 9 shows the S/N ratio response graph for the initial setting time of 
the mortars. It can be seen from Fig. 9 that as the retarder dosage increased, the S/N 
ratio tended to increase. In other words, the initial setting time was extended. The 
purpose of the prepared mortars is to emphasize the need to extend the initial setting 
time, that is, the longer the initial setting time, the better. The optimal combination in this 
experiment is A1B3C3D3, and the longest initial setting time was 645 minutes. However, 
the best combination estimated by the range analysis is A1B2C3D3, i.e., the water-binder 
ratio at level 1, the proportion of binders at level 2, the retarder dosage at level 3, and 
the volumetric fraction of sand at level 3. 
 
Table 15 The auxiliary table for range analysis of the mortars 

Performance 
parameter 

Parameter 
(experimental control factor) 

Mean S/N ratio (η, Unit: dB) Delta 
(Max. η− Min. η) Rank Level 1 Level 2 Level 3 

Initial setting time 

Water to binder ratio, A 50.40 46.72 49.44 3.685 2 
Proportion of binders, B 47.56 50.14 48.87 2.584 4 
Retarder dosage, C (%) 43.51 49.73 53.32 9.816 1 

Volumetric fraction of sand, D (%) 48.84 47.56 50.16 2.604 3 

Final setting time 

Water to binder ratio, A -55.68 -55.82 -55.92 0.237 4 
Proportion of binders, B -54.96 -56.31 -56.15 1.349 3 
Retarder dosage, C (%) -52.35 -54.66 -60.41 8.055 1 

Volumetric fractions of sand, D (%) -56.89 -54.92 -55.61 1.967 2 

Flow 

Water to binder ratio, A 30.08 30.11 30.99 0.911 2 
Proportion of binders, B 30.10 30.55 30.54 0.449 4 
Retarder dosage, C (%) 29.42 30.15 31.60 2.179 1 

Volumetric fraction of sand, D (%) 30.31 30.20 30.67 0.469 3 

Compressive strength 

Water to binder ratio, A 37.73 36.02 34.12 3.603 1 
Proportion of binders, B 36.60 35.82 35.44 1.161 2 
Retarder dosage, C (%) 35.93 35.88 36.06 0.174 4 

Volumetric fraction of sand, D (%) 35.67 36.05 36.14 0.469 3 

 

 
Fig. 9 The S/N ratio response graph for initial setting time of the mortars  

 
     In terms of shortening the final setting time, it can be seen from Table 15 that the 
order of importance of the control factors is the retarder dosage, the volumetric fraction 
of sand, the proportion of binders, and the water-binder ratio. This shows that the retarder 
dosage is the most important factor affecting the final setting time of the mortars, while 
the water-binder ratio is an unimportant factor. In addition, Fig. 10 shows that the less 
retarder dosage, the shorter the final setting time. The purpose of the prepared mortars 
is to emphasize the need to shorten the final setting time, so the shorter the final setting 
time, the better. The optimal combination of this experiment was A2B3C1D2, and the 
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shortest final setting time was 390 minutes. However, the best combination is estimated 
to be A1B1C1D2 based on the range analysis. 
 

 
Fig. 10 The S/N ratio response graph for final setting time of the mortars 

 
     For improving the flow of the mortars, it can be seen from Table 15 that the order 
of importance of the control factors is the retarder dosage, the water-binder ratio, the 
volumetric fraction of sand, and the proportion of binders. It can be seen that the retarder 
dosage has the greatest influence and is the main factor, while the water-binder ratio is 
a secondary factor. Moreover, the flow of the mortars increased with the increase of the 
retarder dosage and the water-water ratio, as shown in Fig. 11. The purpose of the 
prepared mortars is to emphasize the need to increase the flow, and the higher the flow, 
the better. The optimal combinations in this experiment were A1B3C3D3 and A3B1C3D2, 
and the highest flow that could be obtained was 38.5 cm. Based on the range analysis, 
the optimal combination is also estimated to be A3B2C3D3. 
 

 
Fig. 11 The S/N ratio response graph for flow of the mortars  

 
     In order to improve the compressive strength of the mortars, it can be seen from 
Table 15 that the order of importance of the control factors is the water-binder ratio, the 
proportion of binders, the volumetric fraction of sand, and the retarder dosage. It can be 
seen that the water-binder ratio has the greatest influence and is the main factor, while 
the proportion of binders is a secondary factor. On the other hand, the 28-day 
compressive strength of the mortars decreased with the increase of the water-water ratio, 
as shown in Fig. 12. The purpose of the prepared mortars is to emphasize the need to 
increase the compressive strength, and the higher the compressive strength, the better. 
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The optimal combination in this experiment was A1B1C1D1, and the highest 28-day 
compressive strength that could be obtained was 80 MPa. Based on the full range 
analysis, the optimal combination is also estimated to be A1B1C3D3. 
 

 
Fig. 12 The S/N ratio response graph for compressive strength of the mortars  

 
     3.2.2 ANOVA of the Test Results of the Mortars 
     The results of the ANOVA of the mortars are given in Table 16. It can be seen from 
Table 16 that the most significant factor affecting the initial setting time of the mortars 
was the retarder dosage, and its contribution percentage (PZ) was 93.66%. In addition, 
Table 16 shows that the most significant factor affecting the final setting time of the 
mortars was the retarder dosage, and the main contributions of the factors were: the 
retarder dosage (PZ=91.95%), the volumetric fraction of sand (PZ=5.24%), and the 
proportion of binders (PZ=2.81%). Furthermore, Table 16 shows that the most significant 
factor affecting the flow of the mortars was the retarder dosage, and the main 
contributions of the factors were: the retarder dosage (PZ=87.01%), the water-binder ratio 
(PZ=12.66%), and the proportion of binders (PZ=0.33%). On the other hand, Table 16 
shows that the most significant factor affecting the 28-day compressive strength of the 
mortars was the water-binder ratio, and the main contributions of the factors were: the 
water-binder ratio (PZ=88.34%), the proportion of binders (PZ=9.31%), the volumetric 
fraction of sand (PZ=1.45%), and the retarder dosage (PZ=0.90%). 
 
Table 16 The analysis of variance and F test of the mortars 
Performance 

parameter 
Parameter 

(experimental control factor) 
Sum of square 

(SSZ) 
Degree of 
freedom 

Variance 
(MSZ) 

F value 
(FZ) 

Percentage 
contribution (PZ) 

Initial setting 
time 

Water to binder ratio, A 21.92  3 7.31  2.19  6.26  
Proportion of binders, B 10.02  3 3.34  1.00  0.00  
Retarder dosage, C (%) 147.98  3 49.33  14.77  93.66  

Volumetric fraction of sand, D (%) 10.17  3 3.39  1.02  0.08  
All other/error 10.02  3 3.34  – – 

Total 190.08  12 63.36  – 100.00 

Final setting 
time 

Water to binder ratio, A 0.09  3 0.03  1.00  0.00  
Proportion of binders, B 3.25  3 1.08  38.25  2.81  
Retarder dosage, C (%) 103.27  3 34.42  1214.39  91.95  

Volumetric fraction of sand, D (%) 5.98  3 1.99  70.33  5.24  
All other/error 0.09  3 0.03  – – 

Total 112.59  12 37.53  – 100.00 

Flow 

Water to binder ratio, A 1.60  3 0.53  4.38  12.66  
Proportion of binders, B 0.40  3 0.13  1.09  0.33  
Retarder dosage, C (%) 7.38  3 2.46  20.24  87.01  

Volumetric fraction of sand, D (%) 0.36  3 0.12  1.00  0.00  
All other/error 0.36  3 0.12  – – 
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Total 9.74  12 3.25  – 100.00 

Compressive 
strength 

Water to binder ratio, A 19.49  3 6.50  392.96  88.34  
Proportion of binders, B 2.10  3 0.70  42.31  9.31  
Retarder dosage, C (%) 0.05  3 0.02  1.00  0.90  

Volumetric fraction of sand, D (%) 0.37  3 0.12  7.42  1.45  
All other/error 0.05  3 0.02  – – 

Total 22.00  12 7.33  – 100.00 

 
     3.3 T Test Results of the Fresh Concretes 
 
     3.3.1 Range Analysis of the Test Results of the Fresh Concretes 
     The orthogonal design test results of the fresh concretes and the corresponding 
S/N Ratio are shown in Table 17. In terms of the setting time of the fresh concretes, the 
initial setting time was between 262 and 1119 minutes, and the final setting time was 
between 451 and 1233 minutes, as shown in Table 17. These results meet the 
requirements of ASTM 494 for the setting time of water-reducing and retarding admixture. 
In addition, the C1 mix had the shortest initial setting time, the C7 mix had the longest 
initial setting time. Thus, the C1 mix had the shortest final setting time, and the C7 mix 
had the longest final setting time. It can be seen from Table 17 that the setting time of 
the fresh concretes was a function of the water-binder ratio, the retarder dosage, and the 
volumetric fraction of coarse aggregate. When the water-binder ratio was maintained at 
0.40 (the C1-C3 mixes), and the retarder dosage was increased from 0.5% (the C1 mix) 
to 1.0% (the C3 mix), the initial setting time of the fresh concretes was doubled. This 
result shows that the retarding effect can be achieved by adjusting the retarder dosage. 
This prolonged setting time is beneficial to the production and transportation of flowing 
concrete, especially in hot climate areas. This result is consistent with the findings of 
Massarweh et al. (2020). Furthermore, the slump of the fresh concretes was between 
16.3-24.0 cm, as shown in Table 17. Among them, the slump of the C5 mix was the 
lowest, and the slump of the C8 mix was the highest. Regarding the slump flow of the 
fresh concretes, the test results were between 50.7-72.5 cm, as shown in Table 17. 
Among them, the slump flow of the C1 mix was the lowest, and the slump flow of the C9 
mix was the highest. Overall, the slump of the prepared concrete was above 18 cm, and 
the slump flow was above 50 cm, indicating that it had good workability. This is mainly 
because the volumetric fraction of coarse aggregate was limited to a reasonable range 
(i.e., 30-40%) and the filling ratio of sand was maintained at a fixed value of 45%. This is 
consistent with the results of Okamura and Ozawa (1995). 
 
Table 17 The experimental results and corresponding S/N ratio of the fresh concretes 

Mix No. 
Experimental results S/N Ratio (dB) 

Setting time (min.) Slump 
(cm) 

Slump flow 
(cm) 

Setting time Slump 
(cm) 

Slump flow 
(cm) Initial setting Final setting Initial setting Final setting 

C1 262 451 23.5 50.7 48.37  -53.08  27.42  34.10  
C2 493 644 22.0 60.0 53.86  -56.18  26.85  35.56  
C3 559 737 23.5 59.0 54.95  -57.35  27.42  35.42  
C4 465 630 21.5 60.0 53.35  -55.99  26.65  35.56  
C5 714 1035 16.3 62.5 57.07  -60.30  24.24  35.92  
C6 443 619 23.3 57.5 52.93  -55.83  27.35  35.19  
C7 1119 1233 19.0 65.0 60.98  -61.82  25.58  36.26  
C8 472 662 24.0 60.5 53.48  -56.42  27.60  35.64  
C9 568 752 19.5 72.5 55.09  -57.52  25.80  37.21  
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     The corresponding S/N ratio of each test result of the fresh concretes is shown in 
Table 17. Then the auxiliary table for range analysis of the fresh concretes is listed in 
Table 18. It can be seen from Table 18 that for extending the initial setting time, the order 
of importance of the control factors is the retarder dosage, the water-binder ratio, the 
volumetric fraction of sand, and the proportion of binders. This shows that the retarder 
dosage has the greatest influence and is the main factor, while the proportion of binders 
is an unimportant factor. 
 
Table 18 The auxiliary table for range analysis of the fresh concretes 

Performance 
parameter 

Parameter 
(experimental control factor) 

Mean S/N ratio (η, Unit: dB) Delta 
(Max. η− Min. η) Rank Level 1 Level 2 Level 3 

Initial setting time 

Water to binder ratio, A 52.39 54.45 56.51 4.124 2 
Proportion of binders, B 54.23 54.80 54.32 0.573 4 
Retarder dosage, C (%) 51.59 54.10 57.67 6.075 1 

Volumetric fraction of coarse aggregate, D (%) 53.51 55.92 53.93 2.412 3 

Final setting time 

Water to binder ratio, A -55.54 -57.37 -58.59 3.050 2 
Proportion of binders, B -56.96 -57.63 -56.90 0.729 4 
Retarder dosage, C (%) -55.11 -56.56 -59.82 4.711 1 

Volumetric fraction of coarse aggregate, D (%) -56.97 -57.94 -56.58 1.359 3 

Slump 

Water to binder ratio, A 27.23 26.08 26.33 1.151 3 
Proportion of binders, B 26.55 26.23 26.86 0.624 4 
Retarder dosage, C (%) 27.46 26.43 25.75 1.711 1 

Volumetric fraction of coarse aggregate, D (%) 25.82 26.59 27.22 1.403 2 

Slump flow 

Water to binder ratio, A 35.03 35.56 36.37 1.340 1 
Proportion of binders, B 35.31 35.71 35.94 0.632 3 
Retarder dosage, C (%) 34.98 36.11 35.86 1.135 2 

Volumetric fraction of coarse aggregate, D (%) 35.74 35.67 35.54 0.203 4 

 
     Moreover, Fig. 13 shows the S/N ratio response graph for the initial setting time of 
the fresh concretes. It can be seen from Fig. 13 that as the retarder dosage and water-
binder ratio increased, the S/N ratio tended to increase. In other words, the initial setting 
time was extended. The purpose of the prepared concretes is to emphasize the need to 
extend the initial setting time, that is, the longer the initial setting time, the better. The 
optimal combination in this experiment is A3B1C3D2, and the longest initial setting time 
was 1119 minutes. However, the best combination estimated by the range analysis is 
A3B2C3D2, i.e., the water-binder ratio at level 3, the proportion of binders at level 2, the 
retarder dosage at level 3, and the volumetric fraction of sand at level 2. 
 

 
Fig. 13 The S/N ratio response graph for initial setting time of the fresh concretes  
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     In terms of shortening the final setting time, it can be seen from Table 18 that the 
order of importance of the control factors is the retarder dosage, the water-binder ratio 
the volumetric fraction of sand, and the proportion of binders. This shows that the retarder 
dosage is the most important factor affecting the final setting time of the fresh concretes, 
while the proportion of binders is an unimportant factor. In addition, Fig. 14 shows that 
the less retarder dosage, the shorter the final setting time. The purpose of the prepared 
fresh concretes is to emphasize the need to shorten the final setting time, so the shorter 
the final setting time, the better. The optimal combination of this experiment was 
A1B1C1D1, and the shortest final setting time was 451 minutes. However, the best 
combination is estimated to be A1B3C1D3 based on the range analysis. 
 

 
Fig. 14 The S/N ratio response graph for final setting time of the fresh concretes  

 
     For improving the slump of the fresh concretes, it can be seen from Table 18 that 
the order of importance of the control factors is the retarder dosage, the volumetric 
fraction of coarse aggregate, the water-binder ratio, and the proportion of binders. It can 
be seen that the retarder dosage has the greatest influence and is the main factor, while 
the volumetric fraction of coarse aggregate is a secondary factor. Moreover, the slump 
of the fresh concretes increased with the increase of the volumetric fraction of coarse 
aggregate, as shown in Fig. 15. The purpose of the prepared fresh concretes is to 
emphasize the need to increase the slump, and the higher the slump, the better. The 
optimal combination in this experiment was A3B2C1D3, and the highest slump that could 
be obtained was 24 cm. Based on the range analysis, the optimal combination is also 
estimated to be A1B3C1D3. 
 

 
Fig. 15 The S/N ratio response graph for slump of the fresh concretes  
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     For improving the slump flow of the fresh concretes, it can be seen from Table 18 
that the order of importance of the control factors is the water-binder ratio, the retarder 
dosage, the proportion of binders, and the volumetric fraction of coarse aggregate. It can 
be seen that the water-binder ratio has the greatest influence and is the main factor, while 
the retarder dosage is a secondary factor. Moreover, the slump flow of the fresh 
concretes increased with the increase of the water-binder ratio and decreased with the 
increase of the volumetric fraction of coarse aggregate, as shown in Fig. 16. The purpose 
of the prepared fresh concretes is to emphasize the need to increase the slump flow, and 
the higher the slump flow, the better. The optimal combination in this experiment was 
A3B3C2D1, and the highest slump flow that could be obtained was 72.5 cm. Based on the 
range analysis, the optimal combination is also estimated to be A3B3C2D1. 
 

 
Fig. 16 The S/N ratio response graph for slump flow of the fresh concretes  

 
     3.3.2 ANOVA of the Test Results of the Fresh Concretes 
     The results of the ANOVA of the fresh concretes are given in Table 19. It can be 
seen from Table 19 that the most significant factor affecting the initial setting time of the 
fresh concretes was the retarder dosage, and its contribution percentage (PZ) was 
62.66%. In addition, Table 19 shows that the most significant factor affecting the final 
setting time of the fresh concretes was the retarder dosage, and the main contributions 
of the factors were: the retarder dosage (PZ=71.45%), the water to binder ratio 
(PZ=24.84%), and the volumetric fraction of coarse aggregate (PZ=3.71%). Furthermore, 
Table 19 shows that the most significant factor affecting the slump of the fresh concretes 
was the retarder dosage, and the main contributions of the factors were: the retarder 
dosage (PZ=60.83%), the volumetric fraction of coarse aggregate (PZ=23.31%), and the 
water-binder ratio (PZ=15.86%). On the other hand, Table 19 shows that the most 
significant factor affecting the slump flow of the fresh concretes was the water-binder 
ratio, and the main contributions of the factors were: the water-binder ratio (PZ=48.11%), 
the retarder dosage (PZ=42.00%), and the proportion of binders (PZ=9.89%). 
 
Table 19 The analysis of variance and F test of the fresh concretes 
Performance 

parameter 
Parameter 

(experimental control factor) 
Sum of square 

(SSZ) 
Degree of 
freedom 

Variance 
(MSZ) 

F value 
(FZ) 

Percentage 
contribution (PZ) 

Initial setting 
time 

Water to binder ratio, A 25.51  3 8.50  44.86  27.12  
Proportion of binders, B 0.57  3 0.19  1.00  0.00  
Retarder dosage, C (%) 55.93  3 18.64  98.35  62.66  

Volumetric fraction of coarse aggregate, D (%) 9.97  3 3.32  17.53  10.22  
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All other/error 0.57  3 0.19  – – 
Total 91.97  12 30.66  – 100.00 

Final setting 
time 

Water to binder ratio, A 14.15  3 4.72  14.42  24.84  
Proportion of binders, B 0.98  3 0.33  1.00  0.00  
Retarder dosage, C (%) 34.92  3 11.64  35.60  71.45  

Volumetric fraction of coarse aggregate, D (%) 2.95  3 0.98  3.00  3.71  
All other/error 0.98  3 0.33  – – 

Total 53.00  12 17.67  – 100.00 

Slump 

Water to binder ratio, A 2.20  3 0.73  3.77  15.86  
Proportion of binders, B 0.58  3 0.19  1.00  0.00  
Retarder dosage, C (%) 4.45  3 1.48  7.61  60.83  

Volumetric fraction of coarse aggregate, D (%) 2.96  3 0.99  5.07  23.31  
All other/error 0.58  3 0.19  – – 

Total 10.19  12 3.40  – 100.00 

Slump flow 

Water to binder ratio, A 2.73  3 0.91  42.76  48.11  
Proportion of binders, B 0.61  3 0.20  9.59  9.89  
Retarder dosage, C (%) 2.14  3 0.71  33.46  42.00  

Volumetric fraction of coarse aggregate, D (%) 0.06  3 0.02  1.00  0.00  
All other/error 0.06  3 0.02  – – 

Total 5.55  12 1.85  – 100.00 

 
     3.4 Test Results of the Hardened Concretes 
 
     3.4.1 Range Analysis of the Test Results of the Hardened Concretes 
     The orthogonal design test results of the hardened concretes are shown in Table 
20. The strength of each item in the table is the average of the test results of three 
specimens. In terms of the compressive strength of the hardened concretes, the 
compressive strength of each mixture increased with age as shown in Fig. 17. The 
compressive strength of the hardened concretes at 7 days, 14 days, and 28 days were 
respectively between 20.6-49.1, 25.8-53.1, and 31.3-59.8 MPa. Among them, the C9 mix 
with a water-binder ratio of 0.50 had a relatively low compressive strength at each age; 
the C1 mix with a water-binder ratio of 0.40 had a relatively high compressive strength at 
all ages. This result is more or less consistent with the trend of compressive strength test 
results of the binder pastes and mortars, as shown in Fig. 18. The above results confirm 
that the performance of the hardened concretes is closely related to the performance of 
its matrix. 
 
Table 20 The experimental results and corresponding S/N ratio of the hardened 
concretes 
Mix No. 28-day Experimental Results S/N Ratio (dB) 

fc′(MPa) Ec(GPa) fs(MPa) fc′ Ec fs 
C1 59.8  35.2  4.1  35.53  30.93  12.26  
C2 55.6  34.2  4.3  34.90  30.68  12.67  
C3 53.3  32.2  4.3  34.53  30.16  12.67  
C4 39.2  27.9  4.0  31.87  28.91  12.04  
C5 47.8  27.5  3.4  33.59  28.79  10.63  
C6 49.5  34.9  4.0  33.89  30.86  12.04  
C7 41.5  27.0  3.3  32.36  28.63  10.37  
C8 33.2  23.6  3.3  30.42  27.46  10.37  
C9 31.3  26.3  2.7  29.91  28.40  8.63  

Note: fc′=compressive strength; Ec= elastic modulus; fs= splitting strength. 
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Fig. 17 The compressive strength of the hardened concretes at different ages 

 

 
Fig. 18 The relationship curve of compressive strength between concrete and mortar 

 
     Regarding the elastic modulus of the hardened concretes, the elastic modulus of 
each mixture increased with age as shown in Fig. 19. The elastic modulus of the 
hardened concretes at 7 days, 14 days, and 28 days were respectively between 19.3-
29.2, 22.0-32.6, and 23.6-35.2 GPa. Among them, the C9 mix with a water-binder ratio 
of 0.50 had a relatively low elastic modulus at each age; the C1 mix with a water-binder 
ratio of 0.40 had a relatively high elastic modulus at all ages. Regarding the splitting 
strength of the hardened concretes, the splitting strength of each mixture increased with 
age as shown in Fig. 20. The splitting strength of the hardened concretes at 7 days, 14 
days, and 28 days were respectively between 2.0-3.5, 2.4-3.7, and 2.7-4.3 MPa. Among 
them, the C9 mix with a water-binder ratio of 0.50 had a relatively low splitting strength 
at each age; the C2 mix with a water-binder ratio of 0.40 had a relatively high splitting 
strength at all ages. 
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Fig. 19 The elastic modulus of the hardened concretes at different ages 

 

 
Fig. 20 The splitting strength of the hardened concretes at different ages 

 
     The corresponding S/N ratio of each test result of the hardened concretes is shown 
in Table 20. Then the auxiliary table for range analysis of the fresh concretes is listed in 
Table 21. It can be seen from Table 21 that for improving the compressive strength of 
the hardened concretes, the order of importance of the control factors is the water-binder 
ratio, the volumetric fraction of sand, the retarder dosage, and the proportion of binders. 
This shows that the water-binder ratio has the greatest influence and is the main factor, 
while the proportion of binders is an unimportant factor. Moreover, Fig. 21 shows the S/N 
ratio response graph for the compressive strength of the hardened concretes. It can be 
seen from Fig. 21 that as the water-binder ratio increased, the S/N ratio tended to 
decrease. In other words, the compressive strength was reduced. The purpose of the 
prepared concretes is to emphasize the need to improve the 28-day compressive 
strength, that is, the higher the compressive strength, the better. The optimal combination 
in this experiment is A1B1C1D1, and the highest 28-day compressive strength was 59.8 
MPa. However, the best combination estimated by the range analysis is A1B1C3D2, i.e., 
the water-binder ratio at level 1, the proportion of binders at level 1, the retarder dosage 
at level 3, and the volumetric fraction of sand at level 2. 
 
Table 21 The auxiliary table for range analysis of the hardened concretes 

Performance 
parameter 

Parameter 
(experimental control factor) 

Mean S/N ratio (η, Unit: dB) Delta 
(Max. η− Min. η) Rank Level 1 Level 2 Level 3 

Compressive 
strength 

Water to binder ratio, A 34.99 33.12 30.90 4.092 1 
Proportion of binders, B 33.25 32.97 32.78 0.474 4 
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Retarder dosage, C (%) 33.28 32.23 33.49 1.269 3 
Volumetric fraction of coarse aggregate, D (%) 33.01 33.72 32.27 1.444 2 

Elastic modulus 

Water to binder ratio, A 30.59 29.52 28.16 2.428 1 
Proportion of binders, B 29.49 28.98 29.80 0.829 3 
Retarder dosage, C (%) 29.75 29.33 29.19 0.558 4 

Volumetric fraction of coarse aggregate, D (%) 29.37 30.05 28.84 1.212 2 

Splitting strength 

Water to binder ratio, A 12.53 11.57 9.79 2.742 1 
Proportion of binders, B 11.56 11.22 11.11 0.443 4 
Retarder dosage, C (%) 11.56 11.11 11.22 0.443 3 

Volumetric fraction of coarse aggregate, D (%) 10.50 11.69 11.69 1.189 2 
 

 
Fig. 21 The S/N ratio response graph for compressive strength of the hardened 

concretes  
 
     It can be seen from Table 21 that for improving the elastic modulus of the hardened 
concretes, the order of importance of the control factors is the water-binder ratio, the 
volumetric fraction of sand, the proportion of binders, and the retarder dosage. This 
shows that the water-binder ratio has the greatest influence and is the main factor, while 
the retarder dosage is an unimportant factor. Moreover, Fig. 22 shows the S/N ratio 
response graph for the elastic modulus of the hardened concretes. It can be seen from 
Fig. 22 that as the water-binder ratio increased, the S/N ratio tended to decrease. In other 
words, the elastic modulus was reduced. The purpose of the prepared concretes is to 
emphasize the need to improve the 28-day elastic modulus, that is, the higher the elastic 
modulus, the better. The optimal combination in this experiment is A1B1C1D1, and the 
highest elastic modulus was 35.2 GPa. However, the best combination estimated by the 
range analysis is A1B3C1D2, i.e., the water-binder ratio at level 1, the proportion of binders 
at level 3, the retarder dosage at level 1, and the volumetric fraction of sand at level 2. It 
can be seen from Table 21 that for improving the splitting strength of the hardened 
concretes, the order of importance of the control factors is the water-binder ratio, the 
volumetric fraction of sand, the retarder dosage, and the proportion of binders. This 
shows that the water-binder ratio has the greatest influence and is the main factor, while 
the proportion of binders is an unimportant factor. 
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Fig. 22 The S/N ratio response graph for elastic modulus of the hardened concretes  

 
     Moreover, Fig. 23 shows the S/N ratio response graph for the splitting strength of 
the hardened concretes. It can be seen from Fig. 23 that as the water-binder ratio 
increased, the S/N ratio tended to decrease. In other words, the splitting strength was 
reduced. The purpose of the prepared concretes is to emphasize the need to improve 
the 28-day splitting strength, that is, the higher the splitting strength, the better. The 
optimal combinations in this experiment are A1B2C2D2 and A1B3C3D3, and the highest 
splitting strength was 4.3 MPa. However, the best combination estimated by the range 
analysis is A1B1C1D2, i.e., the water-binder ratio at level 1, the proportion of binders at 
level 1, the retarder dosage at level 1, and the volumetric fraction of sand at level 2. 
 

 
Fig. 23 The S/N ratio response graph for splitting strength of the hardened concretes  

 
     3.4.2 ANOVA of the Test Results of the Hardened Concretes 
     The results of the ANOVA of the hardened concretes are given in Table 22. It can 
be seen from Table 22 that the most significant factor affecting the 28-day compressive 
strength of the hardened concretes was the water to binder ratio, and its contribution 
percentage (PZ) was 79.05%. In addition, Table 22 shows that the most significant factor 
affecting the 28-day elastic modulus of the hardened concretes was the water to binder 
ratio, and the main contributions of the factors were: the water to binder ratio 
(PZ=66.19%), the retarder dosage (PZ=15.99%), and the volumetric fraction of coarse 
aggregate (PZ=13.51%). Furthermore, Table 22 shows that the most significant factor 
affecting the 28-day splitting strength of the hardened concretes was the water to binder 
ratio, and the main contributions of the factors were: the water to binder ratio 
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(PZ=74.89%), the volumetric fraction of coarse aggregate (PZ=16.64%), and the retarder 
dosage (PZ=8.46%). 
 
Table 22 The analysis of variance and F test of the hardened concretes 
Performance 

parameter 
Parameter 

(experimental control factor) 
Sum of square 

(SSZ) 
Degree of 
freedom 

Variance 
(MSZ) 

F value 
(FZ) 

Percentage 
contribution (PZ) 

Compressive 
strength 

Water to binder ratio, A 25.17  3 8.39  73.67  79.05  
Proportion of binders, B 0.34  3 0.11  1.00  0.00  
Retarder dosage, C (%) 2.77  3 0.92  8.11  12.09  

Volumetric fraction of coarse aggregate, D (%) 3.13  3 1.04  9.15  8.87  
All other/error 0.34  3 0.11  – – 

Total 31.41  12 10.47  – 100.00 

Elastic 
modulus 

Water to binder ratio, A 8.88  3 2.96  17.56  66.19  
Proportion of binders, B 1.05  3 0.35  2.08  4.31  
Retarder dosage, C (%) 0.51  3 0.17  1.00  15.99  

Volumetric fraction of coarse aggregate, D (%) 2.22  3 0.74  4.38  13.51  
All other/error 0.51  3 0.17  – – 

Total 12.66  12 4.22  – 100.00 

Splitting 
strength 

Water to binder ratio, A 11.62  3 3.87  36.39  74.89  
Proportion of binders, B 0.32  3 0.11  1.00  0.00  
Retarder dosage, C (%) 0.32  3 0.11  1.00  8.46  

Volumetric fraction of coarse aggregate, D (%) 2.83  3 0.94  8.86  16.64  
All other/error 0.32  3 0.11  – – 

Total 15.08  12 5.03  – 100.00 

 
     3.5 Confirmation Test 
     In order to verify the best combination of experimental control factors obtained 
using Taguchi's method, confirmation tests of the initial setting time and 28-day 
compressive strength of concrete were carried out respectively. Table 23 shows the 
results of the confirmation tests. The verification test results show that the best 
combination of test control factors obtained by the Taguchi method can respectively 
obtain the longest initial setting time and the maximum compressive strength of concrete. 
 
Table 23 Results of the confirmation test 

Performance 
parameter Initial combination Test results Optimal combination Test results 

Initial setting time A3B1C3D2 1119 (minutes) A3B1C3D2 1134 (minutes) 

Compressive strength A1B1C1D1 59.8 (MPa) A1B1C3D2 63.2 (MPa) 

 
 
4. CONCLUSIONS 
 
     The optimization of mineral admixtures and water-reducing and retarding admixture 
for high-performance concrete has been explored in this study. In terms of the setting 
time of the fresh concretes, the initial setting time was between 262 and 1119 minutes, 
and the final setting time was between 451 and 1233 minutes. These results meet the 
requirements of ASTM 494 for the setting time of water-reducing and retarding admixture. 
In addition, the slump of the prepared concrete was above 18 cm, and the slump flow 
was above 50 cm, indicating that it had good workability. On the other hand, the 28-day 
compressive strength of the hardened concretes was between 31.3-59.8 MPa. Based on 
the above test results and analysis, the following conclusions can be obtained: 
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• In terms of binder paste, the retarder dosage was the main factor that affected its 
setting time, while the water-binder ratio was the main factor that affected its 
compressive strength. In terms of mortar, the retarder dosage was the main factor 
affecting its setting time and fluidity, while the water-binder ratio was the main factor 
affecting its compressive strength. In terms of concrete, the retarder dosage was the 
main factor affecting its setting time and slump, while the water-binder ratio was the 
main factor affecting its compressive strength, elastic modulus, and splitting strength. 
• The properties of the formulated high-performance concrete were closely related to 
the properties of its matrix. The use of the Taguchi method not only greatly reduced 
the number of experiments, but also effectively optimized the composition of high-
performance concrete. 
• The range analysis shows that for extending the initial setting time of the fresh 
concretes, the order of importance of the control factors is the retarder dosage, the 
water-binder ratio, the volumetric fraction of sand, and the proportion of binders. 
Furthermore, the ANOVA results show that the most significant factor affecting the 
initial setting time of the fresh concretes was the retarder dosage, and its contribution 
percentage was 62.66%. 
• The range analysis shows that for improving the compressive strength of the 
hardened concretes, the order of importance of the control factors is the water-binder 
ratio, the volumetric fraction of sand, the retarder dosage, and the proportion of 
binders. Furthermore, the ANOVA results show that the most significant factor 
affecting the 28-day compressive strength of the hardened concretes was the water 
to binder ratio, and its contribution percentage was 79.05%. 
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