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Abstract: This research aims to illustrate and express the impact of analytical techniques such as
TOPSIS- and FTOPSIS-based Taguchi models on obtaining the optimum design of fiber-reinforced
concrete (FRC).Three levels of silica fume content, fly ash content, water-to-cementitious (W/C) ratio,
and superplasticizer content were examined in the present work. However, the steel fiber content (1%)
and the maximum aggregate size of 14 mm were kept constant for all mixes. Once the experimental
results were obtained following Taguchi’s method, it was used as input data to the TOPSIS and
FTOPSIS models. The optimum set of mixture factor levels was determined by identifying the two
modules. The optimal FRC mix proportions obtained from the TOPSIS- and FTOPSIS-based Taguchi
model were 5% silica fume content, 0% fly ash content, 0.27 W/C ratio, and 0.5% superplasticizer.
Multi-response optimization approaches are essential to optimize the concrete mix proportions to
achieve the required strengths, workability, and production cost. ANOVA was used to analyze the
experimental results to find the contribution of each independent variable to the compressive strength
and splitting tensile strength of FRC. ANOVA showed that the most predominant factor that affects
the FRC mix proportions was the W/C ratio, followed by the fly ash, silica fume, and superplasticizer
contents, respectively, in descending order.

Keywords: Taguchi method; TOPSIS; fuzzy TOPSIS; concrete mixture; FRC

1. Introduction

There is a wide variety of fibers used in fiber-reinforced concrete (FRC) depending on
material, shape, cross-section, and length [1]. Short fibers are commonly added to concrete
to increase the toughness and avoid cracking either due to shrinkage during the plastic
and drying stages or due to the applied load. The addition of fibers to reinforced concrete
elements increased their flexural and shear strengths [2–6]. Recently, matrix-cracked
specimens were innovated by Sallam and colleagues to measure the intrinsic fracture
toughness of fibrous composite materials [7–11]. Taengua et al. [12] analyzed hundreds of
steel fiber-reinforced concrete mixtures compiled from papers published during the last
20 years. They focused on the relationships between the size and dosage of steel fibers and
the relative amounts of the constituents of SFRC mixtures.

Most of the optimization methods depending on experiment design have been intro-
duced as one response optimization for researching optimal mix design parameters for
concrete. The Taguchi method has been used in optimum conditions for concrete. The
advantage of the Taguchi method is keeping the experimental cost at a minimum level.
Additionally, it minimizes the variability around the target when the performance value has
been brought to the target value. The optimum conditions gained from the experimental
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work can also be reproduced in the real production environment, but the Taguchi method
considers one response [13–16].

Ye et al. [17] investigated the effect of steel fibers on the mechanical properties of
high-strength concrete (HSC). They studied the effect of steel fiber content from 1% to
3%. They found that the best steel fiber content was 2%. On the other hand, Sumathi and
Mohan [18] found that the best ratio was 1% for high-strength concrete (HSC). That is why
1% steel fiber was used in the present work to produce fiber-reinforced concrete (FRC).
Shokrieh et al. [19] optimized the compressive strength, flexural strength, and interfacial
shear strength of polymer concrete using Taguchi orthogonal arrays. Tanyildizi [20] used
the Taguchi method to optimize strengthened concrete. Ribeiro et al. [21] used the Taguchi
method to analyze the effect of concrete mix proportions and curing on polyester and epoxy
concrete flexural strength. Emara et al. [22] investigated the influence of adding rubber to
self-compacting concrete and used the Taguchi method as an optimization technique. They
considered several concrete mix proportioning constituents.

The fuzzy TOPSIS approach was applied by Ahmed et al. [23] to determine the
overall performance of concrete mixing factors and potential order. They found that
a concrete mixture with optimum water/cement ratio and high density meets techni-
cal, environmental, social, and economic indicators. Zeng et al. [24] demonstrated the
application of the Taguchi-based, AHP-weighted TOPSIS method, which helps process
engineers select the most optimal process parameter from a large number of conflicting
factors for performing electrical discharge machining on ceramics. Karthik and Mohan [25]
used the Taguchi method to optimize the mixed proportions of geopolymer concrete to
achieve desired strength criteria. They used ANOVA to analyze the experimental results
to find the contribution of each independent variable to the compressive strength of the
geopolymer concrete.

On the other hand, Ma and colleagues [26–28] used different optimization and reliabil-
ity techniques to assess rail steel. Furthermore, the Taguchi method has been utilized for
various types of concrete [29]. Few types of research involving experimental design include
multi-response optimization, such as the technique of ordering preferences by similarity
to ideal solutions (TOPSIS) method [29–33]. One of the greatest advantages of the TOPSIS
method or fuzzy TOPSIS (FTOPSIS) is not including complex mathematical processes, i.e.,
it is a simple method [34]. Many types of research incorporate fuzzy logic (FL) into MADM
(multi-attribute decision making) [34–39].

This work introduces two models for optimal mixture constituents of FRC. The main
contribution of this research is to illustrate the application of the TOPSIS-based Taguchi
model and the hybrid FTOPSIS–Taguchi model to expect mixture constituents of FRC.
The novelty of the research lies in the comparison of the traditional Taguchi method with
the TOPSIS-based Taguchi method and the FTOPSIS-based Taguchi method to obtain the
optimal mixture components for FRC.

2. Experimental Work
2.1. Materials

The cement used in this research was SINAI@ CEM I 52.5N. It has a specific gravity
of 3.15. Fly ash class F with a specific gravity of 2.2 was used. Silica fume with a specific
gravity of 2.3 was used. Steel fibers were produced by Nassar Group. Their lengths were
24 mm, and their diameters were 0.8 mm. With a density of 1.05 kg/L, a third-generation
super plasticizer, Sika ViscoCrete-425, was used for homogeneous concrete in all concrete
mixtures. Natural river sand was used as fine aggregates with a specific gravity of 2.6 in
the concrete mixtures. The coarse dolomite aggregate had a specific gravity of 2.68 and a
maximum size of 14 mm. The ratio between fine and coarse aggregate ranged from 0.37 to
0.39. Figure 1 demonstrates the grading of fine and coarse aggregates.
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Figure 1. Grading of fine and coarse aggregates. Sieve size, mm.

2.2. Mix Design

Nine FRC mixes were formed. The experiments were designed to give the best
possible conditions of the factors influencing the compressive and indirect tensile strengths
using Taguchi’s orthogonal array. According to FRC properties, 32 to 57 MPa at 28 days
compressive strength concrete specimens were produced in this study. Compressive
strength at 28 days, splitting tensile strength at 28 days, slump, and the production cost of
each mix, were considered. The compressive strength was measured using cubes of 100 mm
side-length. The indirect tensile strength was measured by testing cylindrical specimens
with 100 mm diameter and 200 mm height. The age of the tested specimens was 28 days.
The setup for compressive and indirect tensile tests is shown in Figure 2.

Figure 2. Test setup for (a) compression test and (b) indirect tensile test.

Four factors, i.e., silica fume content (SF), fly ash content (FA), water-to-cementitious
(W/C) ratio, and superplasticizer (SP) content, each of which had three levels, as listed in
Table 1, were identified as three-level factors. These factors were symbolized as A, B, C,
and D, as listed in Table 1. Both SF and FA percentages were used as a partial replacement
of the cement content of 550 kg/m3 of the reference mix (Mix No. 1), keeping a total
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cementitious content of 550 kg/m3 for all mixes. SP was taken as a percentage of the total
cementitious content. The estimated production costs of all nine mixes are listed in Table 2.
The orthogonal array and the experimental results are shown in Table 3.

Table 1. Factors and their levels.

No. Parameters Explanation Levels

1st Level 2nd Level 3rd Level

1 A Silica fume % 0 5 10
2 B Fly ash % 0 10 20
3 C W/C ratio 0.27 0.31 0.35
4 D Superplasticizer % 0.5 0.7 0.9

Table 2. Predicted cost for all mixes (LE/m3).

Mix
No. S. FUME S. FIBER SP Fine

Aggregate
Coarse

Aggregate Water Cement Fly Ash Production
Cost

1 0.0 3160.0 190.7 18.4 60.7 1.5 550.0 0.0 3981.3
2 0.0 3160.0 267.2 17.5 57.8 1.7 495.0 770.0 4769.2
3 0.0 3160.0 342.9 16.6 55.0 1.9 440.0 1540.0 5556.4
4 605.0 3160.0 342.9 17.6 58.1 1.7 522.5 0.0 4707.8
5 605.0 3160.0 190.7 16.8 55.6 1.9 467.5 770.0 5267.6
6 605.0 3160.0 267.2 17.8 58.9 1.5 412.5 1540.0 6062.9
7 1210.0 3160.0 267.2 16.9 55.9 1.9 495.0 0.0 5206.9
8 1210.0 3160.0 342.9 17.9 59.2 1.5 440.0 770.0 6001.4
9 1210.0 3160.0 190.7 17.1 56.6 1.7 385.0 1540.0 6561.2

Table 3. Orthogonal array and experimental results.

MIX No. S.FUME FLY ASH W/C SP C28 * T28 * S ** PC ***

A B C D MPa MPa mm LE/m3

1 1 1 1 1 57 3.3 50 3981
2 1 2 2 2 39 2.3 55 4769
3 1 3 3 3 32 1.9 50 5556
4 2 1 2 3 43 2.5 60 4708
5 2 2 3 1 40 2.4 70 5268
6 2 3 1 2 49 2.9 50 6063
7 3 1 3 2 41 2.4 50 5207
8 3 2 1 3 56 3.3 65 6001
9 3 3 2 1 37 2.2 50 6561

* C28 and T28 are compressive and indirect tensile strengths at 28 days, ** S is the slump, and *** PC is the
production cost.

3. Multi-Response Optimization Methodology

Figure 3 shows the flow chart illustrating the determination of the optimal mix pro-
portions of the FRC using the fuzzy TOPSIS (FTOPSIS) method. It consists of two phases:
experimental design and multi-response optimization module for FRC. The first section
includes the determination of FRC performance optimization objectives, as follows:

• Determination of criteria and constraints of mixture proportions, such as compressive
strength at 28 days, indirect tensile strength at 28 days, slump, and production cost.

• Determination of factors and their levels include silica fume content, steel fiber content,
SP content, W/C ratio, and fly ash content.

• The experiment results were obtained from the first section.
The second section includes a signal-to-noise ratio calculation, the basic concepts
of trapezoidal FTOPSIS as shown in Figure 4, determination of the decision matrix,
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determination of the fuzzy-weighted normalized decision matrix, identification of
a fuzzy positive and negative ideal solution, calculation of separation measures,
defuzzification, calculation of similarities to an ideal solution, ranking of reference
order, obtaining single response optimization problem, applying Taguchi optimization,
and the final determination of optimal factor levels.

Figure 3. Proposed framework of the fuzzy TOPSIS-based Taguchi model.

Figure 4. A fuzzy number with a continuous membership function.

The FTOPSIS method incorporates all-determining system performance values into
single-column values that can be used as one performance in the multi-response optimiza-
tion approach. The FTOPSIS-based Taguchi method is easy to apply compared to the other
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multi-response optimization methods such as the weighted Grey–Taguchi method and the
resolved surface method. The FTOPSIS-based Taguchi method does not need complicated
mathematical or statistical equations. The current study compares the results obtained by
using the TOPSIS method and the FTOPSIS method. Quality characteristics for the opti-
mization phase of the TOPSIS method are presented in Table 4. Quality characteristics for
the optimization phase of the FTOPSIS method are listed in Table 5, where the explanation
of trapezoidal fuzzy numbers is shown in Refs. [34,35,39]. Therefore, there are eight quality
characteristics identified for HSC. The details of the fuzzy TOPSIS approach are explained
elsewhere [34,35,40–47].

Table 4. The weights of each parameter for the TOPSIS method.

Order Character Explanation Test Objective Corresponding
Weights *

Normalized
Weights

1 C28 Compressive strength
(MPa) 28 days

Hardened
concrete test Larger is better 9 0.36

2 T28 Splitting tensile strength
(MPa) 28 days

Hardened
concrete test Larger is better 3 0.12

3 S Slump (mm) Fresh concrete test Larger is better 8 0.32
4 PC Production cost (LE/m3) Fresh concrete test Smaller is better 5 0.20

Total 25 1.0

* These values obtained by one expert.

Table 5. The target values of each parameter for FTOPSIS.

Order Character Explanation Test Target
Values Weighting of Expert Evaluation (Individual) Corresponding

Fuzzy
Weights *

Normalized
Fuzzy

WeightsExpert 1 Expert 2 Expert 3 Expert 4

1 C28
Compressive

strength (MPa)
28 days

Hardened
concrete test

Larger is
better 9 8 9 9 (8a,9b,9c,9d) (0.276,0.321,0.321,0.391)

2 T28
Splitting tensile
strength (MPa)

28 days

Hardened
concrete test

Larger is
better 4 4 3 4 (3,4,4,4) (0.103,0.143,0.143,0.174)

3 S Slump (mm) Fresh
concrete test

Larger is
better 8 6 8 8 (6,8,8,8) (0.207,0.286,0.286,0.348)

4 PC Production cost
(LE/m3)

Fresh
concrete test

Smaller is
better 7 6 8 7 (6,7,7,8) (0.207,0.250,0.250,0.348)

Total (23,28,28,29) (0.793,1.0,1.0,1.261)

* (a,b,c,d) represents a trapezoidal fuzzy number. A trapezoidal fuzzy number (8,9,9,9) [34,35,39].

4. Results and Discussion
4.1. Single-Response Taguchi Optimization

The Taguchi method was conducted through the commercial software Minitab. The
greatest probable mix parameter arrangements of the FRC can be found in the main effect
plots for the obtained single response. The results of the Taguchi method are (A)2 (B)1 (C)1
(D)1 for the compressive and indirect tensile strengths as a single response, as shown in
Figures 5 and 6, respectively. Additionally, the results of the Taguchi method are (A)2 (B)2
(C)3 (D)3 for the slump as a single response, as shown in Figure 7.

As the amount of silica fume increased from zero to 5%, an increase in the compressive
strength, splitting tensile strength, and workability in terms of the slump values occurred.
However, as the percentage of silica fume increased from 5 to 10%, almost no considerable
change occurred in the compressive and splitting tensile strengths, while a decrease in
the workability was obtained. However, it is known from the literature that this increase
in silica fume content as a partial replacement of the cement content results in a further
increase in the compressive and splitting tensile strengths of concrete at greater ages,
such as at 56 days [48–50]. It is worth recalling that the earlier test age at 28 days can be
responsible for this behavior as silica fume reacts with calcium hydroxide, which results
from the cement hydration process. On the other hand, a higher amount of silica fume
results in less workability as it has a much higher degree of fineness than cement.
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Figure 5. Main effects plot of SN ratios for compressive strength using the Taguchi method.

Figure 6. Main effects plot of SN ratios for splitting tensile strength using the Taguchi method.

Figure 7. Main effects plot of SN ratios for slump using the Taguchi method.

As the percentage of fly ash increased from zero to 20%, results of the Taguchi anal-
ysis showed a decline in the compressive and splitting tensile strengths, as shown in
Figures 5 and 6. For the workability in terms of the slump values, the results showed that
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adding 10% fly ash as a partial replacement of the cement content improved workability.
However, increasing the percentage to 20% led to a decrease in workability.

The reduction in strength may be related to the testing age at 28 days when the fly
ash class F used did not yet show its pozzolanic action. However, the opposite trend
was observed with the same amount of Portland cement at later ages. This behavior
was reported in the literature [51,52]. Figures 5–7 show that the W/C ratio has the most
important role in affecting the concrete mixes’ compressive strength, splitting tensile
strength, and slump values. As the W/C ratio increased, the compressive and indirect
tensile strengths decreased while the slump values increased. On the other hand, the
increase in the percentage of SP adversely affects the compression and splitting tensile
strengths while it increases the concrete slump.

It can be seen from this work and within its limitations that the optimum value of
silica fume is the same for the strength and slump of concrete, while the increase of fly ash
percentage decreased the concrete strength but improved the concrete slump. Furthermore,
the optimum values of W/C ratio and SP content for the concrete strength are opposite to
those for the concrete slump. However, it is known from the literature that as SF increases,
strength increases, and workability decreases up to a certain limit. In addition, as FA
increases, both strength and workability improve up to a certain limit. The test results
demonstrated that SF replacement of more than 5% decreased the compressive strength
and splitting tensile strength of FRC at 28 days. The reduction is due to their extreme
fineness; the water requirement of SF is very high. The water requirement of SF is much
higher than the maximum limits stated for FA [14]. Therefore, the reduction in compressive
and splitting tensile strengths may be attributed to the fineness of SF. Furthermore, adding
SF to the cement matrix may result in micro-shrinkage cracking, which could have a more
prominent effect on the strengths.

4.2. Achievement of TOPSIS and FTOPSIS

The greatest probable mix parameter arrangements of FRC can be found in the main
effect plots for the single response obtained for the TOPSIS and FTOPSIS methods; see
Tables S1–S4 in the Supplementary Materials [29,30,34]. Their related parameter effect plots
are shown in Figures 8 and 9. Taguchi’s method results led to the final factor design of (A)2
(B)1 (C)1 (D)1 for the TOPSIS method, see Table 6 and Figure 7. The results of the FTOPSIS
method are (A)2 (B)1 (C)1 (D)1, see Table 7 and Figure 9.

Figure 8. Graphs of parameter effects using TOPSIS.
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Figure 9. Graphs of parameter effects using FTOPSIS.

Table 6. Optimum factor levels using TOPSIS.

Factors SF FA W/C Ratio SP

Level A B C D

1 0.3921 0.5826 0.7753 0.4935
2 0.5533 0.5755 0.375 0.4835
3 0.5204 0.3078 0.3155 0.4888

Delta 0.1612 0.2748 0.4598 0.01
Optimal factor level 2 1 1 1

Table 7. Optimum factor levels using FTOPSIS.

Factors S. FUME FLY ASH W/C m SP

Level A B C D

1 0.4235 0.6051 0.7865 0.5205
2 0.5485 0.5914 0.3701 0.4591
3 0.4972 0.2726 0.3125 0.4896

Delta 0.125 0.3325 0.474 0.0614
Optimal factor level 2 1 1 1

It can be seen in Tables 6 and 7 and Figures 8 and 9 that the results of the TOPSIS-
and FTOPSIS-based Taguchi approaches are identical. It should be noted that the TOPSIS
method results depend on one expert’s opinion for the weight of each response; on the
other hand, the FTOPSIS method results depend on the opinion of four experts for the
weight of each response. Furthermore, the results of TOPSIS and FTOPSIS were identical to
the results obtained from Taguchi’s single response for compressive and indirect tensile
strengths. This may be due to the high weights given to the concrete strengths.

The TOPSIS- and FTOPSIS-based Taguchi methods resulted in 0% fly ash content as
the optimum rather than 20% or 10% fly ash content, which means that 0% fly ash content
maximizes strengths because the fly ash used was class F (see Figures 3–14, pp. 64 in
Kosmatka [53]). It is evident from previous results and studies that fly ash is useful in
massive concrete sections because it helps lower the heat of cement hydration. On the
other hand, in small concrete elements at room temperature, fly ash may not be as useful,
and that is why in this study the beneficial effect of fly ash did not appear or appeared
negatively. The concrete specimens in this study were different from massive concrete. If
fly ash is more than required to cover the cement particles, surfaces do not benefit from
the water demand. The strength of concrete containing fly ash can be higher or lower
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than concrete using Portland cement as the only cementing material. Splitting tensile and
flexural strengths are affected similarly to compressive strength [16].

The analysis of variance (ANOVA) for compressive and indirect tensile strengths of
the concrete mix at 28 days is given in Tables 8 and 9. It is clear that the most predominant
factor that affected these results was the W/C ratio of the mix, followed by the fly ash,
silica fume, and superplasticizer, in descending order. The important role of the W/C ratio
in affecting the test results is well known and appreciable. The contribution of the fly ash to
the test results was affected by its type (F) and the test age (28 days). It is worth noting that
when all the fly ash type F quantity has reacted with Ca(OH)2 to produce the additional
cementitious material, a larger strength gain would be expected at 56 days and later. When
concrete is fully compacted, its strength is inversely proportional to the W/C ratio [54].
This is identical to the results from the TOPSIS- and FTOPSIS-based Taguchi methods. The
present study indicated that the lowest W/C ratio, 0.27, maximized the concrete strength.

Table 8. ANOVA for FRC compressive strength at 28 days.

Source DF Seq SS Contribution Adj SS Adj MS F-Value p-Value

S. FUME 2 0.6631 2.90% 0.6631 0.3316 * *
FLY ASH 2 4.7403 20.72% 4.7403 2.3701 * *
W/Cm 2 17.3926 76.01% 17.3926 8.6963 * *

SP 2 0.0862 0.38% 0.0862 0.0431 * *
Error 0 * * * *
Total 8 22.8822 100.00%

* Not applicable/available.

Table 9. ANOVA for FRC indirect tensile strength at 28 days.

Source DF Seq SS Contribution Adj SS Adj MS F-Value p-Value

S. FUME 2 0.7015 3.04% 0.7015 0.3507 * *
FLY ASH 2 4.847 21.02% 4.847 2.4235 * *
W/Cm 2 17.4149 75.52% 17.415 8.7075 * *

SP 2 0.0961 0.42% 0.0961 0.0481 * *
Error 0 * * * *
Total 8 23.0595 100.00%

* Not applicable/available.

Furthermore, the ANOVA indicated that the W/C ratio was the most important
factor affecting concrete strength. The superplasticizer effect did not appear much in this
study because the W/C ratio was the dominant factor; this is clear from the ANOVA, i.e.,
Tables 8 and 9. It is worth noting that Ozbay et al. [55] found that the least percentage of
fly ash gave the maximum compressive strength. These results are also common in the
literature [34,56]. This negative effect can also be interpreted as the cement being severely
diluted by fly ash and delayed hydration action [14].

There is inconsistency in comparing optimal mix proportions of maximization of a
slump from one side and the compressive strength or splitting strength from the other
side. This was the reason for applying the multi-response optimization in the present work.
There should be approximately the same proportions of the mixture to meet the best of these
characteristics. This meets the maximum expectations for compressive strength, splitting
tensile strength, and slump, together with production cost minimization. Therefore, the
results obtained from the TOPSIS and FTOPSIS models are considered a validation of the
results from the Taguchi method.

5. Conclusions

Based on the results presented, the following conclusions can be drawn:

(1) The results of the TOPSIS and FTOPSIS were identical to the results obtained from
Taguchi’s single response for compressive and indirect tensile strengths.
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(2) The results from the two models to optimize the FRC mix proportions were 5% silica
fume content, 0.5% superplasticizer, 0.27 W/C ratio, and 0% fly ash content.

(3) ANOVA showed that the most predominant factor that affects the FRC mix propor-
tions was the W/C ratio, followed by the fly ash, silica fume, and superplasticizer, in
descending order.

(4) The effect of fly ash did not appear or appeared negatively for two reasons: first, the
type of fly ash, i.e., type F, and second, the FRC strengths were measured at 28 days,
not 56 days.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/buildings12060796/s1, Table S1: The decision matrix (S/N ratios),
weighted normalized decision matrix, and single response for the TOPSIS method. Table S2: Calculated
(S/N) ratios and normalized decision matrix for FTOPSIS. Table S3: Fuzzy TOPSIS application—
weighted normalized decision matrix and defuzzification results. Table S4: Fuzzy TOPSIS results.
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