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Article Info Abstract

Received: 6 September 2024 The multi-objective optimization of a project involving number of
Accepted: 23 April 2025 performance characteristics is always a complicated task. Present
Available online: 30 August 2025 article demonstrates two different multi-objective optimization

approaches to fill the gap of non-availability of multi-objective
optimization option in a popular design of experiments-based

Keywords optimization technique i.e., Taguchi method. Though both approaches
Subgrade material, freeze-thaw, use the weightage criteria but have their own pros and cons over each
multi-objective optimization, other. First approach namely Performance Index method follows the
Taguchi, best-worst method, numeric methods and could perform independently while second is an
performance index improvement over traditional Taguchi method and could be coupled

with predefined robust Design of Experiments. The analytical results
have been found compliance with the attainment of optimal design
mixtures accordance to performance characteristics preferences. The
demonstration of the techniques has addressed the drawbacks of the
traditional Taguchi method over novel Best-Worst method. Results
have shown that significant improvement in total quality of stabilized
subgrade soil could be achieved by assigning appropriate weightage to
factors and quality characteristics.

1. Introduction

Production of quality material satisfying manufacturer preferences and customer needs depends upon the
evaluation of the involved components concurrently. The components affect the quality of final product and its
performance significantly, and sometimes could be contradictory to each other [1]—[3]. On the other hand, the
process of choosing the best alternative from a set of performance criteria considering all factors and limitations
simultaneously may be referred to as multi-objective optimization [4], [5]. The Multiple Criteria Decision Making
(MCDM) related problems are basically solved through the principle of reduction of alternative sets using
standardized or logical mathematical expressions and preferences. Finally, a decision is made complying with the
best alternative that suits the various evaluation criteria. MCDM is a modern-day decision-making tool and has its
applications in numerous applied disciplines i.e., engineering, economics, logistics, military and administration
[6], [7]- For MCDM applications, weights are assigned to criteria to reflect the prioritisation of specific
performance characteristics. But, there is no specific or unique division rule available for determining the criteria
weightage and therefore, totally depends upon the understanding and need of the decision maker (DM). The
decision models could be classified as objective and subjective models. The objective models are based on the
criteria weightage coefficient calculations at the initial stage. Some of the objective models are Entropy Method,
CRITIC method (CRiteria Importance Through Intercriteria Correlation), and FANMA method. All the methods
have their names after their inventors. Subjective models are based on the preferences assigned by the decision-
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maker (DM) according to final product specifications; consequently, results may vary depending on the number
of participants and the criteria assignment techniques used. Therefore, the subjective models are basically
pairwise comparisons. The pairwise comparison was introduced in the late 1920, where the decision-making
matrix was represented in a structured manner. In situations, where, it is impractical or illogical to assign ratings
to actions based on criteria, pairwise comparisons are employed to indicate the relative importance of ‘m’ actions.

The Analytic Hierarchy Process (AHP) method is commonly used and reckoned technique among pairwise
comparisons [8]—[13]. Recently, a new MCDM technique namely Best-Worst method (BWM) has emerged to
overcome the inadequacies of AHP, such as the requirement of large dataset to achieve optimization. BWM implies
the optimal weight coefficients obtained with only 2n-3 comparisons in criteria pairs and therefore is capable to
remove the variations in comparison criteria. Consequently, BWM produces more reliable results by undermining
the transitivity relations those affect the consistency of the results in a greater way. In BWM technique, only the
advantages of the best and worst criterion are considered instead of making more secondary comparison pairs
[14]. BWM has already been used in various fields including marketing [15]-[20], quality assessment [21]-[24],
[oT, Cloud services [25], [26], resource allocation [27]-[29], recruitment [30], geospatial and energy conservation
[31], [32] etc. The performance index is a mathematical tool that can condense multiple data into a single response.
This tool could be coupled with the predefined Design of Experiment (DOE) for MCDM. The methodology of using
this tool is also based on the weightage and ranking assigned to the performance characteristics [33]—[35]. Present
article demonstrates the Performance Index (PI) and Taguchi method integrated Best-Worst Method (BWM) to
enable the selection process of the most suitable mixture complying with the required performance criteria. The
results of the current study could be utilized in pavement engineering as the research work concentrates on the
production of a sustainable subgrade material to withstand against frequent freeze and thaw cycles.

1.1 Scope of the Study

The main contribution of this study is that three different parameters were optimized using two distinct
approaches, effectively solving the multi-criteria optimization problem. Both novel optimization techniques were
engaged with the Design of Experiments (DOE) to overcome the deficiencies of the Taguchi optimization
technique. The proposed Performance Index (PI) and Taguchi integrated Best-Worst Method (BWM) approaches
not only simplify the involved tedious calculation processes but also check the limitations of the traditional
optimization approaches.

2. Materials and Methods

The stabilized soil is intended for subgrade use in both normal and weathered conditions, specifically under
frequent freeze-thaw cycles. Consequently, the additives were selected not only for their performance but also for
their economic viability and environmental sustainability.

2.1 Materials

The soil was obtained from a road construction site located at Jammu and Kashmir, a Union Territory of India.
Prior to laboratory testing, the soil was thoroughly cleaned by removing foreign matter, such as stones, organic
debris, and other impurities, to ensure sample uniformity. Grain size distribution curve and physical properties of
the soil have been shown in Fig. 1 and given in Table 1 respectively [36], [37].

Table 1 Soil characterization report

Physical property Value
Gravel (%) 0
Sand (%) 15
Clay + Silt (%) 85
Specific Gravity at 27°C, G 2.68
Liquid Limit at 27°C, LL (%) 34
Plastic Limit at 27°C, PL (%) 29
Plasticity Index, Ir (%) 05
Indian Standard Classification ML
Maximum Dry Density at 27°C* (g/cc) 1.72
Optimum Moisture Content at 27°C* (%) 19.33

*Obtained by Standard Proctor Test
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Fig. 1 Grain size distribution curve of the soil

Since the soil was found fine-grained and could be stabilized by using lime and cement but, procurement of
both additives has their own demerits such as extraction of natural lime involves the harm to the nature and
cement production intensify the carbon emission in the environment [38]. Therefore, minute eggshell powder
(ESP) was chosen alternatively, as it contains high lime content in its chemical composition and easily available at
no price at all. ESP was sieved through IS grade 425micron sieve to maintain the uniformity of size in preparing
the laboratory test specimens. The specific gravity of eggshell powder at 27°C was reported as 1.33. ESP primarily
contains a strong base known as Ca0O and traces of Cl, Al203, SiO2, MnO and CuO [39]. The granulometric curve of

the finely grounded eggshell powder has been shown in Fig. 2 [40].
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Fig. 2 Granulometric curve of eggshell powder

Though the soil was supposed to be served in cold regions too where frequent freeze-thaw is common so
sodium chloride (NaCl) was selected as a deliquescent. Moreover, it can lower the freezing temperature of the
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presented water in the soil. Some of the manufacturer provided specifications for the used NaCl have been given
in Table 2 [41].

Table 2 Sodium chloride characterization

Property Description
Chemical composition Na*Cl-

Molecular weight 58.44 g/mol

Color Achromatic
Appearance Translucent crystals
Density at 0°C (g/cc) 2.165

Melting point (°C) 801

Boiling range (°C) 1413

During thaw, the water gets evaporated that may result into desiccation cracks in the stabilized soil.
Therefore, synthetic polypropylene fibers (PPF) were used to check the crack propagation after stabilization.
Some typical and manufacturer provided fiber specifications have been provided in Table 3 [42].

Table 3 Physical properties of polypropylene fiber

Property Description
Appearance Short length fiber
Color Pure white

Shape Trilobal

Effective diameter (um) 25-40

Length (mm) 12

Specific gravity 0.90-0.91
Melting point (°C) 160-165

2.2 Methodology

2.2.1 Design of Experiments (DoE)

For arobust DOE, the additives; 425um sieved ESP (3% —9%), 12 mm length PPF (0.05% — 0.15%) and laboratory
NaCl (2% — 6%) have been adopted as parameters and their proportions as levels respectively. Table 4 contains
a coded datasheet for the same. An L9 orthogonal array (OA) has been chosen as the proposed standardized DOE
and corresponding matrix of structured OA has been shown in Table 5. The columns represent the levels of
parameters and each row is a mix proportion for the pilot tests [42].

Table 4 Coded datasheet for parameters and their levels

Parameter Description Levels
1 2 3
A Eggshell Powder (%) 3 6 9
B PPF (%) 0.05 0.10 0.15
C NaCl (%) 2 4 6
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Table 5 Proposed standardized DOE

Experiment No. Parameter
ESP (%) PPF (%) NaCl (%)
1 3 0.05 2
2 3 0.10 4
3 3 0.15 6
4 6 0.05 4
5 6 0.10 6
6 6 0.15 2
7 9 0.05 6
8 9 0.10 2
9 9 0.15 4

2.2.2 Testing Procedure

The soil was tested for determining the strength and durability characteristics by performing Unconfined
Compression Strength, California Bearing Ratio and Mass Loss tests accordance to Indian Standards of soil testing
for civil engineering purposes [37], [40], [42]. The compressive strength tests were performed in both i.e., normal
and weathered conditions while the mass loss and CBR tests have their unique procedures of testing the soil in
soaked conditions only and; in both soaked and unsoaked conditions, respectively.

a. Unconfined Compressive Strength Test

In the first phase, the samples were tested for unconfined compression under normal conditions, i.e., without
subjecting the samples to freeze-thaw cycles, and after subjecting the samples to curing periods 7, 14 and 21 days.
In the second phase, the 21-day cure samples were subjected to weathering process induced by freeze-thaw cycles
in an open system to simulate field conditions. Water-saturated felt pads were placed between the specimens and
specimen carriers for further process. The freeze-thaw cycles were simulated in the laboratory by first placing the
specimen in freezing cabinet at -20°C for 6 hours of freezing followed by shifting the specimen to humidity
chamber maintained at +25°C for 6 hours of thawing in controlled moisture environment at a relative humidity of
90%. Free potable water was made available to the absorbent pads under the specimens to permit the specimens
to absorb water by capillary action during the thawing period. The samples were tested for uniaxial compression
after 3, 5 and 10 freeze-thaw cycles.

A series of unconfined compressive strength tests were conducted on cylindrical specimens of size 3.81 cm
diameter and 7.62 cm height. The axial strain rate was chosen as 1.0 mm/minute by appropriate setting of turret
lever and strain setting lever. The compressive stress taken by the sample is recorded at various strain levels. At
failure, peak compressive stress was noted as unconfined compressive strength and failure strain was also
recorded as per the recommendations given in IS: 2720 (Part X) (1991).

b. Mass loss Test

Mass loss is the function of loss in bonding of particles under specific conditions. Mass loss tests were conducted
to have further assessment of durability of treated soil broadly after the procedure laid down in IS: 4332 (Part IV)
(1968). The 21-day cure samples were subjected to weathering process induced by freeze-thaw (FT) cycles. For
freezing, the specimens were placed in freezing cabinet at -20°C for 12 hours followed by thawing in a humidity
chamber maintained at +25°C for 12 hours at a relative humidity of 90%. The samples were continually tested for
mass loss after subjecting it to 3, 5 and 10 freeze-thaw cycles.

c. California Bearing Ratio Test

The method combines a load penetration test performed in the laboratory or in-situ with the empirical design
charts to determine the thickness of pavement and of its constituent layers using CBR values. California Bearing
Ratio (CBR) tests have been performed on the soil, treated with the chosen stabilizers, following the specifications
laid down in IS: 2720 (Part XVI) (1987).

2.2.3 Taguchi Method

Taguchi method was introduced by Genichi Taguchi (Taguchi, 1987) for the optimization of parameters to
enhance the product quality. The standardized DOE represented by an OA has been adopted to design the soil mix
proportions. The laboratory tests, i.e., strength and durability tests, have been conducted on the untreated and
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treated soil specimens for checking the suitability of mix proportions as a qualifying subgrade material. The use
of quantity design in the method to optimize a process, with one or multiple performance characteristics, includes
the following steps [43].
a. Identification of performance characteristic and selection of process quantities (factors) to be evaluated.
b. Determination of number of quantity levels for the process and possible interaction between the process
quantities (factors).
Assignment of the process quantities to the selected appropriate standard orthogonal array.
Perform the experiments based on the arrangements of the orthogonal array.
Analyzing the experimental results accordance to the performance characteristic.
Calculation of performance statistics and ANOVA.
Selection of optimal levels of process quantities.
Verification of optimal process quantities through the confirmation tests [44].

@ ™o oo

Taguchi method solves the complex optimization problems statistically, in which the inputs (experimental
results/responses) produce the signal (desirable) to noise (undesirable) ratio, called S/N ratio. Broadly,
orthogonal array (OA), S/N ratio, analysis of variance (ANOVA) and response graphs are the essential tools of a
solution of optimization problem. In which, OA is a robust matrix and rest are the statistical terms. The Taguchi
method employs standard tables known as the Orthogonal Arrays (OA) for constructing a well-defined DOE, in
this case, L9, as it is best suited with the taken levels of the parameters. In Taguchi method, S/N ratio has been
taken instead of the mean value to interpret the responses into a value for the evaluation characteristics in the
optimum setting analysis. S/N ratio expresses a scatter around the target response value. S/N ratio is measured
in decibel (dB) and can be classified into three categories namely larger the better (Eq. 1), smaller the better (Eq.

2) and nominal the better (Eq. 3).
= _10la - .
N S n e v (1)

5 _ 1 .
E = —10log,, ;Z_v! (2)

5 1 :
: = — 10log, I;Z(J - .1’-:1) ©

Where, S/N are performance statistics, n is the number of repetitions for an experimental combination and,
yi is a performance value of the ith experiment and yo is nominal value desired. In the Taguchi method, the
experiment corresponding to optimum working conditions might have not been done during the whole period of
the experimentation. In this case, the performance value corresponding to optimum working conditions can be
predicted by utilizing the balanced characteristic of the OA [45], [46].

2.2.4 Proposed Multi-objective Optimization Methods

a. Performance Index Method (PI Method)

Previous research by the authors established several optimized conditions for specific soil properties. However,
for practical implementation, it is essential to integrate these into a single, unified optimized condition, providing
practitioners with a standardized set of dosages for field applications. Weight ranking and numeric index-based
performance evaluation of the optimized dosages has been done to convert the multiple responses into a single
response [46], which ensures multi-response optimization without affecting Taguchi optimization results. The
performance index (PI) method has been adopted to facilitate the selection process of the proportions of ESP, PPF
and NaCl to produce the most suitable mix complying with the required performance criteria.

The performance index (PI) is a mathematical tool that allows the integration of multiple information sets
into an overall evaluation measure to condense the set of information into just one metric. In first step, a weight
ranking (Wi) is calculated for each individual criterion using Eq. 4. The weight ranking is kept in such a way that
the mixture achieving the best test response in a certain criterion scores 1.00, and the rest of the test values of the
mixtures are proportioned to that best test value, therefore have their weight ranking <1.00. The second step
towards the execution of PI approach is the computation of a numeric index (Ri) using Eq. 5. The highest Ri value
used in this study has been set to 5.00, which could be arbitrarily taken as 10 or 100. Based on the required
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performance quality characteristics (n), the related Riis multiplied to get a mixture score (Sin) as given in Eq. 6.
The mixture achieving the highest score is designated as the best suitable mixture in terms of the corresponding
required multiple criteria [46].

) Measured performance for each mixture 4)
Wi = Best measured performance

B =353xW, (5)

Sin= RuyxBapx. .. xRy (6)

Performance evaluation of the mixes has been done after calculating the indices of the designed mixes for
both i.e, individual performance criterion and multiple performance criteria.

b. Best-Worst Method (BWM)

The BWM determines the weights of various quality characteristics (QC) by evaluating the preference of the most
important (Best) and least important (Worst) criteria against all other remaining factors. This is typically
measured on a scale of 1-9 or 10-90. The process follows these five structured steps:
i. Define the Criteria Set: Identify and list the quality criteria {QC1, QC, ..., QCxn} that will be used in the
MCDM process.
ii. Identify Extremes: Select the single Best (most important) criterion and the single Worst (least important)
criterion from the set.
iii. Best-to-Others Comparison: Determine the preference of the "Best" criterion over all other QCs using a
scale of 1-9. This results in the Best-to-Others vector.
iv. Others-to-Worst Comparison: Determine the preference of all remaining QCs over the "Worst" criterion
using the same 1-9 scale. This results in the Others-to-Worst vector.
v. Optimize Weights: Calculate the optimal weights {w1, wz, ...., wa} by solving for the values that minimize
the maximum absolute differences between the weight ratios and their corresponding preferences.
The resulting weights are unique to the specific criteria identified as the Best and Worst. Consequently, only one

criterion can be designated as the "Best" and one as the "Worst" for a single iteration of this calculation.

For each duo of Ws/Wjand W;/Wy,

We_ (7
w, o

Similarly,
W (8)
ﬁ = ajw

Where, j=1,..... ,n
Ws = Weight of best criterion
Wi, = Weight of worst criterion
Wj= Weight of other criteria
apj= Comparative result of best to other criteria
ajw = Comparative result of other criteria to worst
The optimal weights are considered as the minimum of the absolute value of the maximum differences of the
below given linear models:
Therefore, min. § subject to

Wp

w, P

< & forallj
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Wi :
|W—w— Ajw | < & forallj

LW, =1
Wj = 0, for all j
W; = 0, forallj )

Solving Eq. 9, the optimal weights (w1, wz, ..., wn) and & (Consistency ratio) are obtained.

2.2.5 The Proposed Methodology

Generally, optimization results in multiple end conditions that conflict with one another. Taguchi method, itself,
is unable to address such types of problems where multiresponses has to be dealt. The present study is also based
on the multi-response optimization, where, stabilized soil has different optimization conditions obtained from
three laboratory tests namely, Unconfined Compressive Strength Test, Mass-loss Test, California Bearing Ratio
Test under normal and weathered conditions. Therefore, an integrated approach has been used to bridge the gap
of involved parameters and optimization objectives. Following steps could be taken for the proposed integrated,
Taguchi-BWM, approach:

a.  Nominate the control parameters, their valid range and allocate the required quality characteristics (QC).

b.  Assign the preferences to quality characteristics and calculate the weights of each.

c.  Select the appropriate Taguchi robust OA.

d. Obtain the responses by performing laboratory tests and calculate the relative weights of each response
with respect to each quality characteristics.
Calculation of total weight by multiplying the weight calculated in step (b) and step (d).
S/N ratio for larger the better is calculated for all quality characteristics by taking the respective responses
obtained from laboratory tests. From where, optimal levels correspond to higher levels of S/N ratio graphs
and analysis of variance (ANOVA) is performed to determine the significant factors.

i ¢)

The illustrative model and flow diagram of the BWM and Taguchi integrated method have been given in
Fig. 3 and Fig. 4, respectively.

Total Quality

QC1 QC2 QCn

Y

Exp. 1 Exp.2 | .. Exp.n J

Fig. 3 Proposed BWM model
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‘ Step a. Nominate the control factors, their valid range and allocation of QC ‘

}

‘ Step b. Preferences assign to quality characteristies and calculate the weights of each

}

‘ Step 3. Selection of appropriate Taguchi OA ‘

¥

‘ Step ¢. Conducting the laboratory tests and calculate the relative weights of each ‘
response with respect to each QC

|

Step d. Calculation of total weight by multiplying the weight caleulated in step (h)
and step (d)

‘ Step e. Calculation of $/N ratio, determination of optimal factor levels and ANOVA ‘
analysis

Fig. 4 Taguchi Integrated BWM proposed methodology

2.2.6 Significance of MCDM in Present Study

Evaluating the optimal mix design is the vital issue for the practitioners and decision makers to achieve the
robustness without compromising the quality. Basically, the optimization techniques are meant to produce quality
product at low cost and for global use. As the stabilized soil was intended to be taken as subgrade material in
normal and weathered conditions found in Jammu and Kashmir, India. Therefore, the requisite tests i.e., UCS, ML
and CBR have been performed in the laboratory by maintaining the field conditions. For the optimization purpose,
MCDM techniques have been adopted. The Unconfined Compressive Strength (UCS) of the soil indicates its shear
strength; therefore, it must be high to resist slippage or shear failure. Similarly, UCS following freeze-thaw (FT)
cycles must remain high to support structural loads during the thaw period. Furthermore, the durability of the
stabilized subgrade must not be compromised; consequently, mass loss must remain minimal, even under severe
weathering conditions. Target S/N values have been summarized in Table 6 to facilitate a clearer understanding
of the experimental objectives.

Table 6 Proposed orthogonal array

Sr. No. Notation Quality Characteristic Target S/N

1. QC1 UCS (kg/cm?) larger the better
2. QC2 UCSrr (kg/cm?) larger the better
3. QC3 ML (%) smaller the better
4 QC4 CBR (%) larger the better

In the present study, alphabet P, F and C have been used to represent the optimized levels of the parameters
i.e,, ESP, PPF and NaCl, respectively. Therefore, P1, F2 and C3 are correspond to 3% ESP, 0.10% PPF and 6% NaCl.

3. Results and discussion

In this section, the results from both MCDM techniques i.e., Pl method and BWM have been given and discussed in
two parts. First section details the PI method including calculations and second section focuses on the
implementation and elaboration of the BWM for MCDM adopted by the decision makers.

3.1 Performance Index (PI) Method

During the study, number of optimized dosage of additives have been found for the specific soil properties. It is
necessary to integrate them into a single optimized condition for practitioners at site. The performance index (PI)
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method has been adopted to facilitate the selection process for the amount of ESP, PPF and NaCl that produces the
most suitable mixture complying with the required quality characteristics.

Table 7 reports the calculated performance indices for individual quality characteristics of treated soil
samples in terms of UCS of 21 days cured specimens, UCS and mass loss of 21 days cured specimens subjected to
10 freeze-thaw cycles, and CBR of soaked specimens.

Table 7 Performance indices for individual quality characteristics

Experiment No. UCS (21 Days) UCS (10C) ML (10C) CBR (Soaked)
Wi Ri Wi Ri Wi Ri Wi Ri
1 1.00 5.00 0.60 2.98 3.74 18.69 0.80 3.99
2 0.32 1.61 0.28 1.38 3.30 16.49 0.27 1.35
3 0.66 3.30 0.50 2.50 1.48 7.42 0.58 291
4 0.89 4.43 0.30 1.48 1.94 9.70 0.99 493
5 0.65 3.26 0.93 4.64 3.32 16.59 0.75 3.75
6 0.80 4.00 0.60 3.01 1.00 5.00 0.69 3.43
7 0.62 3.09 0.53 2.65 1.94 9.72 0.69 3.47
8 0.97 4.87 0.94 4.69 4.16 20.81 0.55 2.76
9 0.79 3.96 1.00 5.00 3.74 18.71 1.00 5.00

The chosen multiple quality characteristics have been reported in Table 8. The calculated performance indices
for multiple quality characteristics have been reported in Table 9.

Table 8 Performance quality characteristics

Performance Index Performance Criterion

PI-1 UCS (21 days cure) + UCS (10C)

PI-2 UCS (21 days cure) + ML (10C)

PI-3 ML (10C) + CBR (Soaked)

Pl-4 UCS (21 days cure) + ML (10C) + CBR (Soaked)

Table 9 Performance indices for multiple quality characteristics

Experiment No. PI-1 PI-2 PI-3 PI-4
1 14.92 93.43 74.55 372.73
2 2.22 26.53 22.32 3591
3 8.26 24.53 21.58 71.29
4 6.56 43.00 47.78 21191
5 15.14 54.10 62.29 203.12
6 12.04 20.00 17.15 68.59
7 8.19 30.01 33.69 104.01
8 22.86 101.33 57.47 279.84
9 19.78 74.03 93.56 370.17

From Table 9, it can be interpreted that the mix proportion assigned to experiment no. 8 (eggshell powder
9%, polypropylene fiber 0.10%, sodium chloride 2% i.e.,, P3F2C1) has been found best suited for PI-1 and PI-2,
while mix proportion assigned to experiment no. 9 (eggshell powder 9%, polypropylene fiber 0.15%, sodium
chloride 4% i.e., P3F3C2) and mix proportion assigned to experiment no. 1 (eggshell powder 3%, polypropylene
fiber 0.05%, sodium chloride 2% i.e.,, P1F1C1) have been found best suited for PI-3 and PI-4 respectively.

3.2 Best-Worst Method (BWM)

Following steps have been taken into account to work with the BWM for MCDM for the present study:
1. Selection of factors and their levels followed by the preference assigned to the nominated quality
characteristics.
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2. Preference comparison from best to others and others to worst is to be done as given in Table 10 and Table
11, respectively.

3. By solving the linear model expressed as Eq. (9), optimal weights (w1, wz,....,wn) and &* (consistency ratio) have
been obtained and given in Table 12. For a consistent pair-wise comparison Consistency ratio (§*) must be less
than 0.1. If the comparisons are not fully consistent, for problems with more than three criteria, multiple
optimal solutions might be founded, one of which can be selected by the decision-maker [47].

Table 10 Best to others comparison

Quality Characteristic QC1 QC2 QC3 QC4
Comparison 6 9 1 3

Table 11 Others to worst comparison

Quality Characteristic QcC1 QC2 QC3 QC4
Comparison 4 1 9 7

Table 12 Quality characteristics weights

Sr. No. Quality Characteristic Criteria Weight
1. QC1 0.1192
2. Qc2 0.0518
3. QC3 0.5907
4. Qc4 0.2383

0.2083

Consistency ratio (&
Y &) (Pairwise acceptable)

4. Arrange the responses of all the pilot experiments and compare among best to others and others to worst. The
pilot test responses and reference comparisons (best to others and others to worst) of the quality
characteristics has been given in Table 13, Table 14 and Table 15, respectively.

Table 13 Pilot test responses

Experiment No. QCl Qc2 Q3 QC4
kg/cm?2 kg/cm? % %
1 1.15 1.17 7.40 2.21
2 0.37 0.54 6.53 0.75
3 0.76 0.98 2.94 1.61
4 1.02 0.58 3.84 2.73
5 0.75 1.82 6.57 2.08
6 0.92 1.18 1.98 1.90
7 0.71 1.04 3.85 1.92
8 1.12 1.84 8.24 1.53
9 091 1.96 7.41 2.77
Table 14 Reference comparison (Best-to-others)

Cha?;jtl;‘)i/stic Explegfisr;[lent Exp.1 Exp.2 Exp.3 Exp.4 Exp.5 Exp.6  Exp.7 Exp.8 Exp.9
QC1 Exp. 1 1 9 5 2 5 3 5 1 3
QC2 Exp. 9 6 9 8 9 2 6 7 2 1
QC3 Exp. 6 7 6 2 3 6 1 3 9 7
QC4 Exp. 9 3 9 7 2 6 5 5 7 1

5. On the basis of the comparison, relative weight of each pilot test result with respect to individual quality
characteristic is calculated as given in Table 16.
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Table 15 Reference comparison (Others-to-worst)
Quality Worst
Characteristic Experiment Exp.1  Exp.2 Exp. 3 Exp. 4 Exp.5 Exp. 6 Exp. 7 Exp.8 Exp.9
QC1 Exp. 2 9 1 5 8 5 7 5 9 7
QC2 Exp. 2 4 1 2 1 8 4 3 8 9
QC3 Exp. 8 3 4 8 7 4 9 7 1 3
QC4 Exp. 2 7 1 3 8 4 5 5 3 9

Table 16 Relative weight of each pilot test result w.r.t. quality characteristics

Experiment No.

QC1

QC2

QC3

QC4

1

O 00 9 O U1 b W N

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.3333
0.2857
0.1628
0.1176
0.6000
0.0000
0.2113
0.6632
0.5000

0.0000
0.4286
0.6512
0.3529
0.2000
1.0000
0.4930
0.1474
0.0000

0.6667
0.2857
0.1860
0.5294
0.2000
0.0000
0.2958
0.1895
0.5000

6. Calculation of the total weight with respect to each pilot test results (responses) is done for the conversion of
the multi-objective problem into a single-objective problem so that the lacuna of using Taguchi method alone
could be addressed. Total weight with respect to each pilot test results is a product of weights obtained in
step 3 (Table 12) and step 4 (Table 16).

Table 17 Total weight w.r.t. each pilot test result

Experiment No.

Total Weight

1

O© 0 N O U1 A~ w N

0.1761
0.3361
0.4374
0.3407
0.1969
0.5907
0.3726
0.1666
0.1451

7. Since maximize the total quality of the product is the prime objective of the proposed Taguchi-BWM; therefore,
S/N ratio with respect to each pilot test result has been calculated by using eq. 1 i.e., larger the better. All

calculated S/N ratios have been arranged in Table 18.
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Table 18 S/N ratio w.r.t. each pilot test result

Experiment No. S/N ratio

1 -15.0848
-9.4706
-7.1824
-9.3526
-14.1151
-4.5727
-8.5751
-15.5665
-16.7667

O© 00 N O U1 » W N

Additionally, for the determination of the optimized levels of the factors a S/N ratio graph has also been
obtained using MINITAB software and shown in Fig. 5. From where, optimum levels of the factors are
corresponded to highest S/N ratio. So, P2F3C3 i.e., ESP 6%, PPF 0.15% and NaCl 6% have been found as the
combination to maximize the product quality without compromising the quality characteristics.

Main Effects Plot for SN ratios

Data Means
A B C

-9

-10
%]
.0
=
o
>
(V]
Y—
o
c
o -12
()
=

-13

-14

1 2 3 1 2 3 1 2 3

Signal-to-noise: Larger is better

Fig. 5 S/N ratio graph for Taguchi-BWM

In order to determine the significant factor a general linear model-based analysis of variance (ANOVA) has
also been done and arranged in Table 19. From observing the Table 18, it can be interpreted that ESP contributed
more followed by the PPF and NaCl and hence, is a significant factor to affect the quality characteristics to produce
a robust material for the subgrade in the cold regions.

Table 19 Analysis of variance for Taguchi-BWM based S/N ratio

Factor DOF Seq. SS Adj. MS Adj. SS Cont(r;/ls)““"“
ESP 2 29.262 14.631 29.262 19.91
PPF 2 18.986 9.493 18.986 12.92
NaCl 2 6.829 3.414 6.829 4.65

Though PI Method has been employed to demonstrate the MCDM in optimization problems but, it has also
been found independent from Taguchi method. For different multi criterion, PI method has identified four
different mix proportions (in the present study), that could be a problem for practitioners at field. Whereas,
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Taguchi integrated BWM has identified a single mix proportion to obtain maximum good quality in the final
product under certain conditions, for instance in this case, normal and weathered conditions. As discussed
previously, Taguchi method is incompetent to deal with multi criterion problems so, it is advisable that to conclude
the MCDM problems in a single optimized condition Taguchi method may be coupled with other multi criterion
optimization techniques (MC-OT) e.g., Artificial Neural Network (ANN), Grey relational analysis (GRA),
Teaching-Learning Based Optimization (TLBO) etc.

4. Conclusions

Multiple quality characteristics may cause a problem in achieving the desired product quality by contradicting
each other. Taguchi method has been found experimentally incompetent to solve such problems. This study is a
demonstration of solving the multi-response problems by using two methods. First is numeric based and
independent from Taguchi, named as Performance Index (PI) method. Second is the improved Taguchi integrated
Best-Worst method, in which decision maker assigns the weights to the factors and quality characteristics to get
the desired product quality. PI method produced three different mix proportions corresponding to four different
pavement subgrade quality characteristics while Taguchi integrated BWM provided a single set of mix proportions
for different quality characteristics set by the decision maker. Further studies can be done by coupling the Taguchi
method with advanced artificial intelligence and machine learning techniques to get better outcomes on robust
modelling.
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