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Due to high consumption of natural sources in the production of cement, scholars have been studying alternative 

materials that can replace cement in the concrete. Metakaolin and fly ash are used by scholars for their chemical properties and 
filler effect as pozzolanic material.  In this study effect of PVA fiber, metakaolin and fly ash in concrete samples are investigated. 
The number of experiments to be carried out was reduced to 25 with the Taguchi optimization method, in this research. In 
addition, the recommended mixing ratios were obtained by this preliminary optimization study. Taguchi optimization were 
applied according to the experimental test results. F-value comparison of each ingredients were analyzed via ANOVA to list the 
most effective factors on the strengths based on the Taguchi optimization results. Later Response Surface Design was applied 
to the output parameters of the ANOVA and Taguchi methods to obtain better and detailed clarifications of relations between the 
input parameters and the strengths.     
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1. Introduction and literature review 

 
Concrete is an engineered cementitious 

composite (ECC), and an essential material of 
civilization, in terms of its total quantity yearly used 
throughout the world [1]. Concrete is affected by 
environmental factors and external loads and loses 
its strength, toughness and endurance due to these 
effect as time passes. Another characteristic 
feature of concrete is that the tensile strength is 
much lower than the compressive strength. 
Therefore, it needs to be strengthened to withstand 
tensile stresses. Consequently the researchers 
have  focused on improvement of the weak 
properties of concrete such as energy absorption, 
brittle failure, low tensile strength, poor cracking 
resistance [2].There are many methods of 
reinforcing concrete in this regard, but the most 
widely used today is fiber reinforcement. In terms of 
tensile strength, toughness and ductility, fiber 
reinforced concrete has excellent mechanical 
performance[3]. Fiber presences in concrete also 
prevent or reduce local damages. Fiber reinforced 
concrete show better impact resistance test results 
compared to the conventional concrete[4]. 
Moreover, fiber reinforcement inclusion enhances 
the bearing capacity of the concrete, and reduce a 
considerable amount of traditional steel bars 
especially in prefabricated concrete 
segments[3,5,6]. A wide variety of fiber types are 
utilized to improve the mechanical properties of 
concrete, and the effect of fibers on concrete 
properties mainly depends on the nature, length, 
shape and volume fraction of their structures[7]. 
Macro fiber types such as steel fibers can enhance 
concrete 's tensile behavior in terms of crack 
resistance and toughness properties[8]. Microfibers 
such as polyvinyl alcohol (PVA) fibers  

 can not only prevent concrete 's early plastic cracks 
but also increase the durability and impact 
resistance capabilities [9]. Furthermore, PVA fibers 
can also enhance the flexural creep behavior of 
concrete[10]. 

PVA which is a biodegradable polymer with 
multi-hydroxyl groups, has been widely used in 
various areas namely packing [11], biomedicine 
[12], adhesives [13] and reinforcing material [14] .  
PVA  fibers have high modulus of elasticity that 
helps ECC in restricting crack width [15].  In order 
to obtain better toughness, and strain hardening 
properties commonly %2 volume of PVA is utilized 
in ECC. PVA fibers can form considerably strong 
chemical bonding with cement as it contains 
hydroxyl group in its molecular chain, which 
enhances the isotropic behavior of the material. As 
a result strong bond forms between PVA fibers and 
cement matrix [16]. However, such strong bond is 
undesirable as it can cause pre-mature fibre 
rupture. With the purpose of preventing such 
unsolicited situation,  surface of PVA fibers are 
coated with oil which leads decrease in the bond 
between the fiber and cement matrix [17]. The 
difference between oiled and unoiled PVA fiber 
added ECC was also examined by the scholars. 
Oiled PVA fiber added mixtures exhibits higher 
compressive strength, tensile strength (7th day and 
28th day) than unoiled PVA containing concrete 
mixtures. However, the both specimens tensile and 
compressive strength  results are higher than 
mortar [18].   

In the recent study PVA added 
cementitious material was investigated. It is shown 
that 2%  PVA added concrete has shown 4% 
higher tensile strength performance [17]. PVA 
inclusion improves bonding strength [19]. PVA fiber 
along with high fly ash are commonly used to  
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improve ductility of ECC. However, high fly ash 
content  results decrease in compressive strength 
and tensile strength [20]. It is a common practice to 
hybridize steel fibers, PVA, basalt and polyethylene 
(PE).  In the recent study   hybridization 1.0 % steel 
fiber as the main fiber and 0.5% the second fiber 
(PVA, BF and PE) was investigated. The mixture 
which has 1.0% steel fiber and 0.5% PVE fiber of 
PVA fibers added mixture show higher 
compressive strength, lower density , lower first 
and ultimate tensile strength [21].  PVA fiber 
inclusion also improved durability performance of 
concrete. It is reported that 2%  of PVA fiber 
inclusion decreases abrasion weight loss [22]. 

Due to high consumption of natural 
sources in the production of cement, scholars have 
been studying alternative materials that can 
replace cement in the concrete. Cement 
replacement with metakaolin (MK) results increase 
in compressive strength. However, the metakaolin 
replacement decreases the strength of concrete at 
elevated temperatures. Reason of this decrease 
are mainly dense micro-structure and lower 
porosity [23]. In addition to improvement in 
mechanical properties MK inclusion  in concrete 
develops sulfate resistance [24]. 

Taguchi method is a statistical method 
which Genichi Taguchi introduced in the 1950s. In 
traditional experimental design, all factors are kept 
constant while changing one factor. The number of 
experiments will increase as the factors and levels 
in the design of the experiment increase. 
Therefore, it will not be possible to make such a 
design in practice [25]. Also, in the case of internal 
interaction between factors, the optimum 
conditions found in comparison to the traditional 
experimental design may not be the actual 
optimum conditions. Taguchi Method, one of the 
experimental design techniques, is successfully 
applied for optimization in systematic designs [26]. 
Performance statistics; Signal to Noise (S/N) are 
used as optimization criteria in Taguchi design. 
There are three types of performance statistics, the 
largest - best, nominal - best, and smallest - best. 
Using the data from the experiments, S/N values 
are calculated based on the largest best 
performance statistics S/N [27]. Taguchi 
methodology has been used in many studies. 
Especially in concrete experimental design usage 
of this method has attract more attention in last 
decade. In the literature, Taguchi method has been 
used to design optimum mix proportions for 
geopolymer concrete with ground granulated blast 
furnace slag as aluminosilicate source at ambient 
curing condition [28].  

Taguchi optimization method is improved to 
model to optimum mix design of the high strength 
self-consolidating concrete [29]. TOPSIS based 
Taguchi method has been used to determine 
optimal mixture proportions of concrete contains 
polymers. In this study, researchers conducted an  

 experimental study to statistically investigate the 
prominence of porosity, and compressive and 
flexural strength on dry-pressed concrete curbs 
and the statistical properties of the factors were 
assessed using Taguchi method [30]. The 
strengthening with polymer the polypropylene fiber 
reinforced concrete exposed to high temperature 
was examined and Taguchi L9 was used for the 
design of experiments [31].  General design 
optimization of glass fibre reinforced concrete was 
conducted to help professionals in producing 
industrial concrete facades and walls and the 
optimum ingredient contents and their relations 
with concrete performance were determined 
through combined utilization of Taguchi, ANOVA 
and extreme vertices design methods [32]. The 
effect of viscosity and shear regime on air-void 
system of different self-consolidating concrete 
mixtures was evaluated using Taguchi method 
[33]. Taguchi system is utilized, which fuses the 
acoustic emission feature space to provide 
comprehensive and reliable degradation indicator 
with a feature selection method to determine 
useful features [34]. 

The Response Surface Design (RSD) was 
proposed and defined by Box and Wilson in 1951 
under the name "Achievement of Trials to 
Optimum Conditions". It was first applied to the 
chemical industry. RSD method defined as a 
method in which statistical and mathematical 
techniques required for the development and 
optimization of the processes are used together 
Myers ve Montgomery [35] The RSD includes 
empirical modeling techniques to investigate the 
experimental space of process variables, empirical 
modeling techniques used to determine the 
response between the system's response and the 
independent variables that influence it, and 
optimization techniques used to find the levels at 
which the process variables exert the desired 
effect in the system's response [36]  In general, 
the RSD consists of 3 stages (screening trials, 
region research and optimization of the process or 
product). Screening trials allow fewer and more 
efficient core trials. The aim of the second stage, 
the regional research, is to determine whether the 
values generated by the independent variables 
determined by the screening trials give results 
close to the optimum point. The third stage of the 
RSD begins when the process is approached to 
the optimum point. The actual response function 
shows a significant curvature around the optimum 
point. Nonlinear models, quadratic polynomial 
models or exponential models are generally used 
in estimating this curvature. Once a suitable model 
has been obtained, this model is used to 
investigate the optimum point [37] 

In this research, an optimization and 
design tool was proposed with the combined 
utilization of Taguchi and response surface design 
methods in order to analyze the effects of Cement,  
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Fig. 1 - Flow chart of the proposed system 

 
metakaolin, PVA fibers and fly ash on the some 
material properties of the PVA added composites. 
Subsequently, the optimal content of ingredients 
was obtained and evaluated using the proposed 
optimization system. Thus, this study is also aimed 
to contribute the related composite ingredients 
optimization studies by limiting the cement 
utilization. 
 
2.Experimental and Optimization Program  

 
The number of experiments to be carried 

out was reduced to 25 with the Taguchi 
optimization method, in this research. In addition, 
the recommended mixing ratios were obtained by 
this preliminary optimization study. Fresh and 
Hardened composite properties were determined 
with the 25 designs. Taguchi optimization were 
applied according to the experimental test results. 
F-value comparison of each ingredients were 
analyzed via ANOVA to list the most effective 
factors on the strengths based on the Taguchi 
optimization results. Response Surface Design 
was applied to the output parameters of the 
ANOVA to obtain better and detailed clarifications 
of relations between the input parameters and the 
strengths. Decision making chart of the proposed 
system is presented in Figure 1. 
2.1. Materials, mixing proportions and test 

methods 
Portland Cement utilized was grade 52.5 R 

in Turkish standard TS EN 197 with specific 
surface of 4500 cm2/g and specific gravity of 3.08. 
Low Ca containing fly ash conforming to TS EN 

 450-1 standard was used with specific gravity of 
2.11 and specific surface of 2412 cm2/g. The 
chemical composition of the cement and fly ash 
are given in Table 1. 

8 mm PVA fiber were employed in this 
study. Fiber properties are presented in Table 2. 
Silica sand with the AFS values of 30 to 35 was 
used, and its material properties were listed in 
Table 3 and Figure 2, respectively.  

A commercially available Metakaolin (MK) 
was also utilized in this research. The chemical 
and physical characteristics of MK are given in 
Table 4. Potable water used, and polycarboxylate 
based hyper plasticizer was also applied to adjust 
the workability of the fresh cementitious 
composites. 

In this present research, a low fraction of 
PVA fiber (< 1.5 %) was utilized in order provide 
the uniform distribution and good workability. Five 
PVA fiber contents (2.0 %, 2.5%, 3.0 %, 3.5 % and 
4.0 % by weight) were added to the composites 
with water to binder ratio of 0.40. A total of 25 
composite samples were prepared according to 
the Taguchi analysis recommendations. All mixture 
proportions are given in Table 5. 

The composites were prepared using a 
concrete mixer. Cement, fly ash, silica sand and 
metakaolin were initially dry mixed for 3 minutes. 
Then a third of hyper plasticizer, PVA fibers, and 
water were added into the mixture and mixed for 2 
minutes. This process repeated three times, and 
total mixing time was provided as 9 minutes in 
order to provide a uniform distribution of the 
ingredients. All specimens were demolded after 24  
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 Table 1 
Chemical composition of cement and fly ash 

Chemical content (%) Cement Fly ash 
SiO2 21.5 51.12 
Al2O3 4.03 17.74 
Fe2O3 0.26 6.51 
CaO 65.7 9.02 
MgO 1.30 3.19 
Na2O 0.29 2.24 
K2O 0.34 2.04 
SO3 3.31 0.21 

 

 
Table 2 

Properties of PVA fiber 
Diameter 
(µm) 

Length 
(mm) 

Density 
(g/cm3) 

Tensile 
strength (MPa) 

Elastic 
Modulus 
(GPa) 

Melting point 
(C°) 

Water 
absorption 
(%) 

25 8 1.35 1500 38 215 <1 
 

 
Table 3 

Properties of silica sand 
Physical properties 
Clay content (%) 0.6-0.75 
Specific weight 2.69 
AFS value 34.2 
Chemical composition (%) 
SiO2 98.55 
Fe2O3 0.13 
MgO 0.03 
CaO 0.01 
K2O 0.09 
Na2O 0.02 
Al2O3 1.11 

 

 
Fig. 2 - Particle size distribution of Silica Sand 

 
 

Table 4 
Chemical and physical characteristics of MK 

Chemical and Physical properties  
Density (ISO 787-10) (g/cm3) 2.6  
Hardness (Mohs) 2.2  
Refractive Index 1.56 
pH (ISO-787-9) 7 
Oil absorption (ISO-787-5) 29g/100g 
Density (Bulk, ISO 787-11) (g/ml) 0.62 
Brightness CIE L (ASTM E-313)  93 
Brightness Ry (DIN 53163)(%) 84  
SiO2 (%) <76  
Al2O3 (%) >15  
Fe2O3 (%) <0.5  
Insoluble HCl (%) 85  
Loss on ignition (%) 8  
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Table 5 
Mixture proportions of the composites 

Mix Cement 
(kg/m3) 

Fly ash 
(kg/m3) 

Silica 
sand 
(kg/m3) 

MK 
(kg/m3) 

Water/binder PVA fiber 
(% by wt.) 

Hyper plasticizer 
(kg/m3) 

C0 750 0 550 0 0.40 2 3 
C1 750 41.66 550 41.66 0.40 2.5 3 
C2 750 83.33 550 83.33 0.40 3 3 
C3 750 125 550 125 0.40 3.5 3 
C4 750 166.66 550 166.66 0.40 4 3 
C5 770 83.33 550 41.66 0.40 2 3 
C6 770 125 550 83.33 0.40 2.5 3 
C7 770 166.66 550 125 0.40 3 3 
C8 770 0 550 166.66 0.40 3.5 3 
C9 770 41.66 550 0 0.40 4 3 
C10 790 166.66 550 83.33 0.40 2 3 
C11 790 0 550 125 0.40 2.5 3 
C12 790 41.66 550 166.66 0.40 3 3 
C13 790 83.33 550 0 0.40 3.5 3 
C14 790 125 550 41.66 0.40 4 3 
C15 810 41.66 550 125 0.40 2 3 
C16 810 83.33 550 166.66 0.40 2.5 3 
C17 810 125 550 0 0.40 3 3 
C18 810 166.66 550 41.66 0.40 3.5 3 
C19 810 0 550 83.33 0.40 4 3 
C20 833.33 125 550 166.66 0.40 2 3 
C21 833.33 166.66 550 0 0.40 2.5 3 
C22 833.33 0 550 41.66 0.40 3 3 
C23 833.33 41.66 550 83.33 0.40 3.5 3 
C24 833.33 83.33 550 125 0.40 4 3 

 

 
hour and cured in 20 ° C and 95 % humidity until 
mechanical tests. 

Slump test was conducted according to 
the requirements of EN 12350-1 [38] due to the 
fact that PVA fiber and MK inclusions reduced the 
spread diameter. Slump test were repeated two 
times, and the reported results are the averages for 
the all mixes. Water absorption of the samples 
were also recorded as per the ASTM C642[39] 
requirements. Compressive strength tests were 
performed on the Ø150/300 mm cylindrical 
specimens according to ASTM C 469 standard[40]. 
Flexural strength tests. were conducted with 100 x 
100 x 500 mm prismatic samples according to the 
EN 14651[41]. Compressive and flexural strength 
test results were recorded at 7,14 and 28 days. 
Freezing and thawing resistance of the specimens 
were determined by the requirements of ASTM C 
666[42]. The place of the specimens was 
frequently changed during the F&T experiments in 
order to obtain extreme temperature temperatures 
at different locations within the test cabinet. Based 
on the strength differences between the no F&T 
process applied samples and the specimens 
subjected to the F&T cycles, strength losses were 
measured as percentages.  

 
2.2. Optimization studies 

The Taguchi design of experiment method 
was used to determine optimal mixtures of the 
ingredients of prepared composites to maximize 
compressive and flexural strengths. Extensive 
results were obtained with a small number of trials 
with the application of this technique. Four factors 
related to the strength properties such as cement,  

  
metakaolin, PVA fiber, and fly ash contents were 
evaluated via Taguchi method. Ingredients content 
recommendations. Experimental factors and their 
levels in Taguchi design are given in Table 6. 
Signal-to-noise (S/N) ratios were applied as 
‘Larger is better’ for the strength evaluations. The 
contribution of each factor on the strengths was 
also determined through ANOVA. 

Many test methods relating to concrete 
can be implemented. Apart from the existing 
methods, many methods are developed and 
extensive research are being performed for their 
progress. Factors affecting concrete performance 
and properties are the components used in the 
concrete mixture. Response Surface Design was 
applied to the output parameters of the Taguchi 
and ANOVA in order to obtain better clarifications 
of relations between the factors and the strengths.  
Since there are more than one factor, the way to 
evaluate the effects more accurately is to consider 
them volumetrically. And the application of RSD in 
concrete studies were successfully preformed in 
many researches[43–45]; therefore, an analysis 
was developed in this study with RSD 
methodology. 
 
3.Results and Discussion  
 
3.1. Experimental Results  

Water to cement ratio was selected to be 
0.4 in all specimens. Compressive strength test 
results for 7, 14 and 28 days are shown in Fig. 3. 
Metakaolin has positive impact on compressive 
strength of concrete mixtures. This can be 
attributed to its particle size that fills the voids of  
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Table 6 
Experimental factors and their levels (per 0.06 m3 mixtures) 

Factors Level 1 Level 2 Level 3 Level 4 Level 5 
Cement 45 46.2 47.4 48.6 50 
PVA  2 2.5 3 3.5 4 
Metakaolin 0 2.5 5 7.5 10 
Fly ash 0 2.5 5 7.5 10 

 

 

 
Fig. 3 - Compressive Strength Test Results 

 
 
 

 
Fig. 4 - Flexural Strength Test Results 

 
 

concrete and also increase pozzolanic reactions. 
Furthermore, PVA fiber improves compressive 
strength of concrete mixtures. The highest 
compressive strength was determined to be 54 
MPa in the mixture that has 5% fly ash, 7.5% 
metakaolin and 4% fiber. 

Flexural strength can be improved by using  

 PVA fiber[46]. During the laboratory tests it was 
observed that   with the increase of fiber and 
metakaolin the flexural strength was improved. 
This can be due to flexibility property of fiber and 
pozzolanic property of metakaolin which leads 
increase in early strength of concrete. The flexural 
strength test results are presented in Fig.4. 
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Fig. 5 - Compressive Strength Test Results after Freeze and Thaw Cycles 

 
 

 
Fig. 6 - Flexural Strength Test Results after Freeze and Thaw Cycles 

 

Freeze and thaw resistance property is one of the 
most common issues that encountered during the 
lifecycle of concrete.  The concrete mixtures that 
exposed to freeze and thaw cycles were performed 
both compressive and flexural strength tests. 
These test results and lose of strength after freeze 
and thaw cycles are presented in Fig.5. and Fig 6.  

Metakaolin with the filler effect and 
reducing air voids, the CS lose after freeze and 
thaw cycles are prone to reduce. This proves that 
less water absorption results decrease in strength 
lose after freeze and thaw cycles. In terms of air 
voids metakaolin and fly ash show good 
performance in improving durability properties of 
cementitious composites.  
 
3.2. Optimization Results and Validation 

Compressive strength optimization results 
based on the Taguchi method are given in Figure 
7. According to the design results optimum results 
were obtained as 50 kg cement, 4 % PVA fiber, 2.5 
% MK and 10 % fly ash contents. The compressive 
strength test results increased from 26 MPa to 54 
MPa with the increase cement, fly ash and fiber  

 contents, which is consistent with the results from 
literatures[47–49]. However, utilization of MK more 
than 2.5 % decreased the compressive strength 
test results. This can be attribute to the combined 
usage of MK, silica sand and Fly ash[50]. In 
addition, composites containing MK showed better 
performances compared to the MK-free mixtures.  

Flexural strength optimization results are 
plotted in Figure 8. Optimum conditions for flexural 
strength are 50 kg cement, 4 % PVA fiber, 10 % 
MK and 10 % fly ash contents. All flexural strength 
results increased with the increase in all 
ingredients. These results are also consistent with 
the previous researches[51,52]. The enhancement 
in mechanical properties are due to filling effect of 
MK and fly ash among voids and unhydrated 
cement particles, therefore decreasing 
porosity[53,54]. 

Table 7 and 8 show the ANOVA results for 
compressive and flexural strengths at 28 days, 
respectively. As shown in Table 7 cement is the 
most effective parameter on compressive strength 
development, since F-value is greater compared to 
the other parameters. For flexural strength  
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Fig. 7 - Compressive Strength - Taguchi Optimization Results 

 
Table 7 

ANOVA results for compressive strength at 28 days 
Factor df Sum of 

Square (SS) 
Adj mean of 
square (MS) 

F-Value P-Value 

Cement 4 2022.67 505.666 324.89 0.00 
PVA fiber 4 73.55 18.386 11.81 0.002 
MK 4 10.03 2.506 1.61 0.262 
Fly ash 4 3.47 0.866 0.56 0.701 
Error 8 12.45 1.556   
Total 24     
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Fig. 8 - Flexural Strength -Taguchi Optimization Results 

 
Table 8  

ANOVA results for flexural strength at 28 days 
Factor df Sum of 

Square (SS) 
Adj mean of 
square (MS) 

F-Value P-Value 

Cement 4 0.07860 0.019650 4.38 0.036 

PVA fiber 4 0.16388 0.040970 9.13 0.004 

MK 4 0.01964 0.004910 1.09 0.421 

Fly ash 4 0.01760 0.004400   

Error 8 0.03588 0.004485   

Total 24     
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Fig.9 - Compressive Strength -Response Surface Optimization Results 

 

development, PVA fiber contribution is higher 
compared with other parameters. The contribution 
of any factor cannot be ignored by examining the 
results in detail. Therefore, all factors were used 
during RSD process. 

Response surface design results of 
compressive and flexural strength are plotted in 
Figure 9 and 10, respectively. Optimum ingredients 
content for compressive strength was obtained as 
50 kg cement, 3 % PVA fiber, 2.5 % MK and 10 % 
fly ash. RSD results also show that optimum 
parameters for flexural strength were 50 kg  

 cement, 4 % PVA fiber, 10 % MK and 10 % fly 
ash. The analysis results were validated through 
experimental tests to obtain the final mixture 
designs. It was also clearly seen that all variables 
utilized in the proposed models have an impact on 
the strengths within the scope of this research. As 
expected, an increase is seen from the Figure 10 
with the increasing variables cement and PVA 
fiber. This situation is also supported by other 
studies in the literature[55,56]. In terms of 
compressive strength, cement is the main effecting 
responsible for the increasing trend. PVA fiber  
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Fig. 10 - Flexural Strength -Response Surface Optimization Results 

 

addition had very limited effect on the compressive 
strength. It has been experimentally confirmed that 
PVA inclusion increased the porosity, thus reduced 
the compressive strength[57]. However, according to 
the developed model, an increase was obtained with 
the increasing PVA fiber content. This can be 
contributed to the combined utilization of PVA, MK 
and Fly ash. Furthermore, the main factor behind this 
situation is the porosity filling effect of MK and Fly  

 

 ash. This results are also consistent with the similar 
researches[58–61]. 

The mixture designs of the validation 
samples are presented in Table 9. Three samples for 
each dataset were prepared during validation. The 
validation test results at 28 days are presented in 
Table 9. As shown in Table 9, the proposed 
optimization model can be successfully applied to 
PVA fiber reinforced concrete containing MK and Fly 
ash. 
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Table 9 
Validation Test Results for 0.06 m3(one bucket) 

 

Sample  Cement(kg) Fly Ash (%) MK (%) PVA fiber (%)   Test Result 

Ccomp 50 10% 2.50% 3% 49.58 Mpa 

Cflexural 50 10% 10% 4% 7.8  Mpa 
 

 
PVA fiber has bigger impact on flexural 

strength than it has over compressive strength of 
concrete samples.  However, PVA fiber should be 
up to 5% in the samples in order to obtain the 
desired results. 

 𝑅𝑆𝐷 =  
ா௫௣௘௥௜௠௘௡௧௔௟ିெ௢ௗ௘௟

ா௫௣௘௥௜௠௘௡௧௔௟
 𝑥 100     (1) 

With the purpose of testing the validity of the 
developed model the eq. 1 is used [62]. If the result 
of the equation is between 0.5 to 7.5 this proves 
the reliability of the model. The result of this 
equation for compressive strength   4 % and 5 % is 
flexural strength. These results were determined to 
prove model’s high accuracy. 
 
4. Conclusion 

In this research, a hybrid model was 
proposed by combined utilization of Taguchi 
optimization, ANOVA and Response Surface 
Design to optimize PVA fiber reinforced 
cementitious composites. The analysis results 
were also applied in the laboratory, and validation 
tests were conducted. The main conclusions can 
be drawn as follows: 

 The water absorption results reduced with 
the inclusion of MK and fly ash. This decreased the 
air voids in the concrete samples due to the 
chemical hydration reactions are led by MK, and 
particle size of fly as it fills voids. Consequently, the 
effect of freeze and thaw cycles decreased, as 
well. According to the results MK and fly ash 
inclusion enhances freeze and thaw resistance 
properties of concrete samples 

 Compressive strength increases with MK 
addition as MK is an active pozzolanic material and 
generates hydration products. This also increases 
early age strength. Also, according to the 
optimization results, MK proportions are to be used 
limited ratios. 

 PVA fiber, MK and Fly ash addition had a 
combined effect on the compressive strength in 
increasing manner; however, only PVA fiber 
inclusion decreases the strength values in terms of 
compressive testing. 

 The proposed model also enables to 
estimate the strength test results and decrease the 
required test numbers. In addition, less time and 
low laboratory cost can be achieved with the 
developed system. 
 
Acknowledgement 
The authors would like to thanks to KMU-BILTEM for their 
valuable support and help. 

  
REFERENCES 

 
[1] G. Yildizel, Sadik Alper, Calis, Design and 

Optimization of Basalt Fiber Added Lightweight 
Pumice Concrete Using Taguchi Method, Rev. Rom. 
Mater. Rom. J. Mater. 49 (2019) 544–553. 

[2] M. Ghasemi, M.R. Ghasemi, S.R. Mousavi, 
Investigating the effects of maximum aggregate size 
on self-compacting steel fiber reinforced concrete 
fracture parameters, Constr. Build. Mater. 162 (2018) 
674–682. doi:10.1016/j.conbuildmat.2017.11.141. 

[3] G. Plizzari, S. Mindess, Fiber-reinforced concrete, in: 
Dev. Formul. Reinf. Concr., 2019. doi:10.1016/B978-
0-08-102616-8.00011-3. 

[4] T. Kasper, C. Edvardsen, G. Wittneben, D. Neumann, 
Lining design for the district heating tunnel in 
Copenhagen with steel fibre reinforced concrete 
segments, Tunn. Undergr. Sp. Technol. (2008). 
doi:10.1016/j.tust.2007.11.001. 

[5] M. Hambach, D. Volkmer, Properties of 3D-printed 
fiber-reinforced Portland cement paste, Cem. Concr. 
Compos. (2017). 
doi:10.1016/j.cemconcomp.2017.02.001. 

[6] M. Leone, G. Centonze, D. Colonna, F. Micelli, M.A. 
Aiello, Fiber-reinforced concrete with low content of 
recycled steel fiber: Shear behaviour, Constr. Build. 
Mater. (2018). doi:10.1016/j.conbuildmat.2017.11.101. 

[7] L.G. Li, Z.W. Zhao, J. Zhu, A.K.H. Kwan, K.L. Zeng, 
Combined effects of water film thickness and 
polypropylene fibre length on fresh properties of 
mortar, Constr. Build. Mater. (2018). 
doi:10.1016/j.conbuildmat.2018.03.259. 

[8] G. Zhao, M. di Prisco, L. Vandewalle, Experimental 
investigation on uniaxial tensile creep behavior of 
cracked steel fiber reinforced concrete, Mater. Struct. 
Constr. (2015). doi:10.1617/s11527-014-0389-1. 

[9] B. Arisoy, H.C. Wu, Material characteristics of high 
performance lightweight concrete reinforced with PVA, 
Constr. Build. Mater. (2008). 
doi:10.1016/j.conbuildmat.2006.10.010. 

[10] P. Pujadas, A. Blanco, S. Cavalaro, A. de la Fuente, 
A. Aguado, The need to consider flexural post-
cracking creep behavior of macro-synthetic fiber 
reinforced concrete, Constr. Build. Mater. (2017). 
doi:10.1016/j.conbuildmat.2017.05.166. 

[11] G. Pinheiro, J. Paulo, D. Oliveira, L.G. Gómez-
mascaraque, M. José, V. Guimarães, R. Zavareze, A. 
López-rubio, Electrospun β -carotene – loaded SPI : 
PVA fi ber mats produced by emulsion- 
electrospinning as bioactive coatings for food 
packaging, Food Packag. Shelf Life. 23 (2020) 
100426. doi:10.1016/j.fpsl.2019.100426. 

[12] Z. Wang, F. Yan, H. Pei, K. Yan, Z. Cui, B. He, 
Environmentally-friendly halloysite nanotubes @ 
chitosan / polyvinyl alcohol / non-woven fabric hybrid 
membranes with a uniform hierarchical porous 
structure for air fi ltration, J. Memb. Sci. 594 (2020) 
117445. doi:10.1016/j.memsci.2019.117445. 

[13] L. Sun, Q. Hao, J. Zhao, D. Wu, F. Yang, Stress strain 
behavior of hybrid steel-PVA fiber reinforced 
cementitious composites under uniaxial compression, 
Constr. Build. Mater. 188 (2018) 349–360. 
doi:10.1016/j.conbuildmat.2018.08.128. 



    Gokhan Calis, M. Enes Akpinar, Sadik Alper Yildizel, M. Tolga Çöǧürcü / Evaluation and optimization of PVA reinforced                               65 

                                                                                                                        cementitious composite containing metakaolin and fly ash                                                                                

[14] Y. Xu, Y. Xu, C. Sun, L. Zou, J. He, The preparation and 
characterization of plasticized PVA fi bres by a novel 
Glycerol / Pseudo Ionic Liquids system with melt 
spinning method, Eur. Polym. J. 133 (2020) 109768. 
doi:10.1016/j.eurpolymj.2020.109768. 

[15] A.M. Fahad, W. Mingxue, C. Jianyong, Z. Huapeng, 
Study on PVA fiber surface modification for strain-
hardening cementitious composites ( PVA-SHCC ), 
Constr. Build. Mater. 197 (2019) 107–116. 
doi:10.1016/j.conbuildmat.2018.11.072. 

[16] S. Bentur, A., Mindness, Cementitious Composites, 2nd 
ed., Taylor & Francis, Boca Raton London New York, 
2007. 

[17] C. Li, Victor, Wang, S, Wu, Tensile strain-hardening 
behavior of PVA-ECC, ACI Mater. J. 98 (2001). 

[18] Q. Wang, M.H. Lai, J. Zhang, Z. Wang, J.C.M. Ho, 
Greener engineered cementitious composite ( ECC ) – 
The use of pozzolanic fillers and unoiled PVA fibers, 247 
(2020). doi:10.1016/j.conbuildmat.2020.118211. 

[19] M. Cao, Z. Liu, C. Xie, Effect of steel-PVA hybrid fibers 
on compressive behavior of CaCO 3 whiskers reinforced 
cement mortar, J. Build. Eng. 31 (2020) 101314. 
doi:10.1016/j.jobe.2020.101314. 

[20] M.A. Hannan, F.A. Azidin, A. Mohamed, Hybrid electric 
vehicles and their challenges: A review, Renew. Sustain. 
Energy Rev. (2014). doi:10.1016/j.rser.2013.08.097. 

[21] S. Kang, J. Choi, K. Koh, K. Seok, B. Yeon, Hybrid 
effects of steel fiber and microfiber on the tensile 
behavior of ultra-high performance concrete, Compos. 
Struct. 145 (2016) 37–42. 
doi:10.1016/j.compstruct.2016.02.075. 

[22] S.R. Abid, M.S. Shamkhi, N.S. Mahdi, Y.H. Daek, 
Hydro-abrasive resistance of engineered cementitious 
composites with PP and PVA fibers, Constr. Build. 
Mater. 187 (2018) 168–177. 
doi:10.1016/j.conbuildmat.2018.07.194. 

[23] C.S. Poon, S. Azhar, M. Anson, Y.L. Wong, 
Performance of metakaolin concrete at elevated 
temperatures, Cem. Concr. Compos. 25 (2003) 83–89. 
doi:10.1016/S0958-9465(01)00061-0. 

[24] N.M. Al-Akhras, Durability of metakaolin concrete to 
sulfate attack, Cem. Concr. Res. (2006). 
doi:10.1016/j.cemconres.2006.03.026. 

[25] B. Roy, The outranking approach and the foundations of 
electre methods, Theory Decis. (1991). 
doi:10.1007/BF00134132. 

[26] H. Oktem, T. Erzurumlu, I. Uzman, Application of 
Taguchi optimization technique in determining plastic 
injection molding process parameters for a thin-shell 
part, Mater. Des. (2007). 
doi:10.1016/j.matdes.2005.12.013. 

[27] M. Nuruddin, R. Bayuaji, Application of Taguchi’s 
approach in the optimization of mix proportion for 
Microwave Incinerated Rice Husk Ash foamed concrete, 
IJCEE. (2009). 

[28] M.N.S. Hadi, N.A. Farhan, M.N. Sheikh, Design of 
geopolymer concrete with GGBFS at ambient curing 
condition using Taguchi method, Constr. Build. Mater. 
(2017). doi:10.1016/j.conbuildmat.2017.02.131. 

[29] E. Sharifi, S.J. Sadjadi, M.R.M. Aliha, A. Moniri, 
Optimization of high-strength self-consolidating concrete 
mix design using an improved Taguchi optimization 
method, Constr. Build. Mater. (2020). 
doi:10.1016/j.conbuildmat.2019.117547. 

[30] K. Abhishek, S. Datta, S.S. Mahapatra, Multi-Response 
Optimization in Drilling of Composites: Introduction of a 
Similarity Based Approach in Combination with 
Taguchi’s Philosophy, J. Manuf. Sci. Prod. (2014). 
doi:10.1515/jmsp-2014-0025. 

[31] H. Tanyildizi, M. Şahin, Taguchi optimization approach 
for the polypropylene fiber reinforced concrete 
strengthening with polymer after high temperature, 
Struct. Multidiscip. Optim. (2017). doi:10.1007/s00158-
016-1517-z. 

 

 [32] S.A. Yildizel, B.A. Tayeh, G. Calis, Experimental and 
modelling study of mixture design optimisation of glass 
fibre-reinforced concrete with combined utilisation of 
Taguchi and Extreme Vertices Design Techniques, J. 
Mater. Res. Technol. 9 (2020) 2093–2106. 
doi:10.1016/j.jmrt.2020.02.083. 

[33] T. Fantous, A. Yahia, Effect of viscosity and shear 
regime on stability of the air-void system in self-
consolidating concrete using Taguchi method, Cem. 
Concr. Compos. (2020). 
doi:10.1016/j.cemconcomp.2020.103653. 

[34] M.A. Habib, A. Rai, J.M. Kim, Performance degradation 
assessment of concrete beams based on acoustic 
emission burst features and Mahalanobis—Taguchi 
system, Sensors (Switzerland). (2020). 
doi:10.3390/s20123402. 

[35] J.P.C. Kleijnen, Response surface methodology, in: Int. 
Ser. Oper. Res. Manag. Sci., 2015. doi:10.1007/978-1-
4939-1384-8_4. 

[36] D.J. Pike, G.E.P. Box, N.R. Draper, Empirical Model-
Building and Response Surfaces., J. R. Stat. Soc. Ser. 
A (Statistics Soc. (1988). doi:10.2307/2982196. 

[37] K. Amini, M. Jalalpour, N. Delatte, Advancing concrete 
strength prediction using non-destructive testing: 
Development and verification of a generalizable model, 
Constr. Build. Mater. (2016). 
doi:10.1016/j.conbuildmat.2015.10.131. 

[38] BS EN 12350-1:2009, Testing fresh concrete. Slump-
test, Eur. Norms. (2009). 

[39] ASTM C642-13, Standard test method for density, 
absorption, and voids in hardened concrete, ASTM 
International, ASTM Int. (2013). doi:10.1520/C0642-13. 

[40] ASTM C469, Standard Test Method for Static Modulus 
of Elasticity and Poisson’s Ratio of Concrete in 
Compression, ASTM Int. (2014). doi:10.1520/C0469. 

[41] EN 14651, Measuring the flexural tensile strength (limit 
of proportionality (LOP), residual), Br. Stand. Inst. 
(2005). doi:9780580610523. 

[42] ASTM C666, Standard Test Method for Resistance of 
Concrete to Rapid Freezing and Thawing, Am. Soc. 
Test. Mater. West Conshohocken, PA, USA. (2015). 

[43] F. Bayramov, C. Taşdemir, M.A. Taşdemir, Optimisation 
of steel fibre reinforced concretes by means of statistical 
response surface method, Cem. Concr. Compos. 
(2004). doi:10.1016/S0958-9465(03)00161-6. 

[44] M.T. Cihan, A. Güner, N. Yüzer, Response surfaces for 
compressive strength of concrete, Constr. Build. Mater. 
(2013). doi:10.1016/j.conbuildmat.2012.11.048. 

[45] The Concrete Society, Design Guidance for 
Strengthening Concrete Structures Using Fiber 
Composite Materials, 2012. 

[46] J. Feng, Y. Su, C. Qian, Coupled effect of PP fiber , 
PVA fiber and bacteria on self-healing efficiency of 
early-age cracks in concrete, Constr. Build. Mater. 228 
(2019) 116810. doi:10.1016/j.conbuildmat.2019.116810. 

[47] S. Wang, V.C. Li, Engineered cementitious composites 
with high-volume fly ash, ACI Mater. J. (2007). 
doi:10.14359/18668. 

[48] O. Karahan, C.D. Atiş, The durability properties of 
polypropylene fiber reinforced fly ash concrete, Mater. 
Des. (2011). doi:10.1016/j.matdes.2010.07.011. 

[49] F. Xu, X. Deng, C. Peng, J. Zhu, J. Chen, Mix design 
and flexural toughness of PVA fiber reinforced fly ash-
geopolymer composites, Constr. Build. Mater. (2017). 
doi:10.1016/j.conbuildmat.2017.05.172. 

[50] Y. Ling, P. Zhang, J. Wang, Y. Chen, Effect of PVA fiber 
on mechanical properties of cementitious composite 
with and without nano-SiO 2, Constr. Build. Mater. 229 
(2019) 117068. doi:10.1016/j.conbuildmat.2019.117068. 

[51] S.C. Kou, C.S. Poon, Properties of concrete prepared 
with PVA-impregnated recycled concrete aggregates, 
Cem. Concr. Compos. (2010). 
doi:10.1016/j.cemconcomp.2010.05.003. 



      66             Gokhan Calis, M. Enes Akpinar, Sadik Alper Yildizel, M. Tolga Çöǧürcü / Evaluation and optimization of PVA reinforced                    

                                                                                                                         cementitious composite containing metakaolin and fly ash                                                                               

[52] J.G. Jang, H.K. Kim, T.S. Kim, B.J. Min, H.K. Lee, 
Improved flexural fatigue resistance of PVA fiber-
reinforced concrete subjected to freezing and thawing 
cycles, Constr. Build. Mater. (2014). 
doi:10.1016/j.conbuildmat.2014.02.040. 

[53] M. Gesoglu, E. Güneyisi, D.S. Asaad, G.F. Muhyaddin, 
Properties of low binder ultra-high performance 
cementitious composites: Comparison of nanosilica 
and microsilica, Constr. Build. Mater. (2016). 
doi:10.1016/j.conbuildmat.2015.11.020. 

[54] M. Elchalakani, M. Dong, A. Karrech, G. Li, M.S. 
Mohamed Ali, T. Xie, B. Yang, Development of fly ash-
and slag-based geopolymer concrete with calcium 
carbonate or microsilica, J. Mater. Civ. Eng. (2018). 
doi:10.1061/ (ASCE)MT.1943-5533.0002527. 

[55] S. Hamoush, T. Abu-lebdeh, T. Cummins, Deflection 
behavior of concrete beams reinforced with PVA 
micro-fibers, Constr. Build. Mater. 24 (2010) 2285–
2293. doi:10.1016/j.conbuildmat.2010.04.027. 

[56] D. Meng, T. Huang, Y.X. Zhang, C.K. Lee, Mechanical 
behaviour of a polyvinyl alcohol fibre reinforced 
engineered cementitious composite (PVA-ECC) using 
local ingredients, Constr. Build. Mater. (2017). 
doi:10.1016/j.conbuildmat.2017.02.158. 

[57] J. Topic, Z. Prošek, K. Indrová, T. Plachý, V. Nežerka, 
L. Kopecký, P. Tesárek, Effect of PVA modification on 
the properties of cement composites, Acta Polytech. 
(2015). doi:10.14311/AP.2015.55.0064. 

 [58] M. Rafieizonooz, J. Mirza, M.R. Salim, M.W. Hussin, 
E. Khankhaje, Investigation of coal bottom ash and fly 
ash in concrete as replacement for sand and cement, 
Constr. Build. Mater. (2016). 
doi:10.1016/j.conbuildmat.2016.04.080. 

[59] C.H. Huang, S.K. Lin, C.S. Chang, H.J. Chen, Mix 
proportions and mechanical properties of concrete 
containing very high-volume of Class F fly ash, Constr. 
Build. Mater. (2013). 
doi:10.1016/j.conbuildmat.2013.04.016. 

[60] M. Said-Mansour, E.H. Kadri, S. Kenai, M. Ghrici, R. 
Bennaceur, Influence of calcined kaolin on mortar 
properties, Constr. Build. Mater. (2011). 
doi:10.1016/j.conbuildmat.2010.11.017. 

[61] A.M. Rashad, Metakaolin as cementitious material: 
History, scours, production and composition-A 
comprehensive overview, Constr. Build. Mater. (2013). 
doi:10.1016/j.conbuildmat.2012.12.001. 

[62] E. Tugrul Tunc, K.E. Alyamac, Determination of the 
relationship between the Los Angeles abrasion values 
of aggregates and concrete strength using the 
Response Surface Methodology, Constr. Build. Mater. 
260 (2020) 119850. 
doi:10.1016/j.conbuildmat.2020.119850. 

 

   

*************************************************************************************************** 


