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Abstract

This study aims to identify the most suitable slag waste-filled polymer composite for auto-
motive braking applications. It employs a hybrid multi-criteria decision-making (MCDM)
model that integrates the “method based on the removal effects of criteria” (MEREC) and
the “root assessment method” (RAM) method. Eight slag waste-filled polymer composites,
evaluated using seven performance-defining criteria, were considered in the MCDM anal-
ysis. The performance evaluation criteria included the friction coefficient, wear, friction
fluctuations, friction stability, fade-recovery aspects, and rise in disk temperature. The
criteria were weighted through the MEREC approach, which identified fade% (0.2890) and
wear (0.2829) as the most important attributes in the assessment. The RAM was employed
to rank the alternatives and suggested that the composite alternative with 60 wt.% slag
waste and 5 wt.% coir fiber proved to be the best composition for automotive braking
applications. The results were validated using nine MCDM models and Spearman cor-
relation coefficients, which showed that the ranking of alternatives was consistent and
stable even when the normalization steps of MEREC were swapped. Statistical validation
demonstrated a strong predictive accuracy (p < 0.05) with a strong correlation coefficient
(>0.8) alongside a minimal mean absolute error. Furthermore, sensitivity analysis was per-
formed by examining several weight situations to determine whether the priority weights
influenced the ranking of the composite alternatives. The findings from both the correlation
and sensitivity analyses confirm the proposed hybrid MEREC-RAM model’s consistency
and effectiveness.

Keywords: polymer composite; brake friction materials; slag waste; root assessment
method; MEREC; sensitivity analysis

1. Introduction
Designing high-performance composite materials for automotive braking applications

is a critical challenge in materials engineering [1]. The formulation design not only requires
the careful selection and combination of raw materials but also demands the development of
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composites with superior tribological properties. These include a stable and high coefficient
of friction (COF), excellent recovery characteristics, minimal vibrations, low wear, and high
fade resistance under a wide range of operating conditions [1,2]. Polymer-based brake
friction composites are designed using a combination of reinforcing fibers, binders, friction
modifiers, and fillers [1–3]. While meeting the desired tribological performance remains
a primary objective, compliance with stringent environmental and regulatory standards,
such as the Euro 7 regulation, has become increasingly important [4]. These evolving
standards are steering material scientists toward more sustainable approaches in the design
and fabrication of brake friction materials [5,6]. To address these environmental regulations
without compromising performance, researchers are replacing traditional ingredients with
sustainable alternatives. Materials such as bio-based resins [7], natural fibers [8,9], and
various wastes [7,10] have already demonstrated successful integration into brake friction
composites, offering a promising route towards environmentally responsible and high-
performance braking systems.

Waste management has emerged as a critical global issue, particularly in developing
and rapidly industrializing nations [11]. Accelerated industrial growth and urbanization
have significantly increased the generation of waste materials, posing serious environ-
mental and sustainability challenges [11,12]. The utilization of waste materials not only
supports the principles of a circular economy but also contributes to cleaner and more sus-
tainable manufacturing practices [13]. Using waste materials in friction composites offers
two primary advantages: cost-effectiveness and environmental benefits. As a result, readily
available and cost-effective reinforcements, such as agricultural and industrial waste, are
being increasingly explored for the development of brake friction composite materials. The
research by Straffelini et al. [14] highlights the potential of aluminum anodizing waste in
friction materials by integrating it at weights of 6% and 12% into a commercial formulation.
12 wt.% waste-added composites were reported to exhibit good COF and wear performance.
Kanagaraj et al. [15] developed friction composite materials using ground granulated blast
furnace slag ranging from 5 wt.% to 15 wt.%. The study concluded that the composite
with 5 wt.% slag waste exhibited minimal frictional fluctuations and enhanced COF per-
formance at elevated temperatures. Conversely, the composite with 15 wt.% slag waste
exhibited enhanced wear resistance compared to composites with a lower slag waste con-
tent (≤10 wt.%). Waste foundry sand from 0 to 20 wt.% was also evaluated for its braking
performance by Zheng et al. [16]. The study concluded that the friction stability remained
higher for 20 wt.% waste-filled composites, while the wear performance was optimal for
5 wt.% filled composites. Overall, the brake material containing 10 wt.% to 15 wt.% waste
sand showed excellent heat-fade resistance characteristics. Jayashree et al. [17] investigated
the wear, friction, and emissions characteristics of formulations which included three types
of slag with 6 wt.%. Braking results revealed that the addition of slag led to reduced or
comparable emissions and wear compared to the reference formulation. The COF for the
slag specimens was higher (0.49–0.51) compared to the reference composition, which had a
COF of 0.45. Sugözü et al. [18] investigated the potential of fly ash (36 wt.% to 46 wt.%)
in automotive brake friction materials. The formulation with 36 wt.% addition of fly ash
showed better wear resistance while COF remained highest for 46 wt.% fly ash-loaded
composites. Kılıç [19] investigated the tribological performance of fly ash-filled and hybrid
flax/basalt fiber-reinforced polymer composites. The addition of fly ash and flax fiber was
reported to enhance the COF and fade resistance but resulted in limited recovery perfor-
mance and increased wear. Conversely, higher basalt fiber content improved recovery
response and wear resistance. The study concluded that the composite with 6% fly ash,
10% basalt fiber, and 4% flax fiber met the best tribological performance criteria. The impact
of agricultural waste, such as rice husks (0 to 12 wt.%), on the tribological performance
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of brake friction materials was investigated by Gehlen et al. [20]. At lower temperatures
(300 ◦C), 12 wt.% rice husk-loaded composites exhibited the lowest wear, the lowest fade
resistance, and the highest recovery with a comparable COF. At a higher temperature
(550 ◦C), the composite with 6 wt.% rice husk exhibited the highest COF and recovery
performance, along with the lowest wear. Unal and Demirdalmis [21] investigated the
tribological properties of apricot kernel shell (0 to 10 wt.%)-filled friction materials. The
study revealed that composites containing 5 wt.% agricultural waste exhibited the lowest
wear, while those with 10 wt.% agricultural waste demonstrated the highest COFs.

The literature highlights that the primary challenge in designing friction composites
is finding the optimal composition, as the amount of waste material directly affects the
composite’s tribological properties. To achieve the best performance for automotive brak-
ing, a composite material must meet the desired tribological properties under various
driving conditions. Therefore, selecting the ideal composite for brake applications requires
a systematic and logical approach, rather than relying on experience, literature reviews, or
trial and error. This process involves different material alternatives based on these multiple
and often competing criteria. Therefore, using multi-criteria decision-making (MCDM)
techniques is crucial for selecting the optimal brake friction composite. Over the past few
years, numerous studies have investigated various MCDM methodologies to address the
challenge of decision-making in different areas, including formulation optimization [19,22].
Some of the MCDM techniques commonly used include AHP, MOORA, VIKOR, TOPSIS,
MARCOS, EDAS, and GRA [19,22–24]. Sotoudeh-Anvari [25] developed the root assess-
ment method (RAM) approach, which is an outranking strategy for ranking and selecting
a finite number of alternatives based on often conflicting criteria. Meanwhile, RAM is a
very straightforward ranking approach in conception and implementation compared to the
other methods, as indicated by its expanding use in diverse areas for multi-criteria analy-
sis [26,27]. The MEREC method, which determines the objective weights of the criteria, was
developed by Keshavarz-Ghorabaei et al. [28]. MEREC represents a novel objective weight-
ing method within the MCDM framework, designed to determine the importance of criteria
by evaluating their influence on the overall performance of alternatives when each criterion
is systematically excluded. Because of its computational simplicity, the MEREC technique
has been employed with and without modifications to boost its resilience, dependability,
and application across multiple decision-making domains [29,30].

The literature highlights that MEREC and RAM MCDM models are available for
decision-making; however, their application in optimizing the tribological properties of
automotive brake friction materials has not yet been reported. Additionally, a vital aspect
of any MCDM problem involves assessing the relative significance of various criteria. It
has been shown that in a given MCDM problem, any change in the criterion weight might
result in a different ranking order, highlighting that the weighting method used in the
MCDM problem may also contribute to the inconsistency of the output [31]. Therefore,
sensitivity analysis becomes crucial for assessing the robustness and reliability of MCDM
outcomes [32]. Different approaches to sensitivity analysis are reported in the literature,
including weight exchange scenarios, the impact of criteria or alternative removal on
output, and single-dimensional weight sensitivity analysis. To date, a comparative study
using various approaches for sensitivity analysis to optimize automotive brake friction
materials has hardly been reported. Therefore, this paper focuses on optimizing tribological
properties of slag waste-filled automotive brake friction materials using hybrid MEREC-
RAM-based MCDM models. By utilizing data from previous research [33,34], the MEREC
method was employed to assess the criterion weights, while alternative preferences were
analyzed using the RAM approach. To determine the impact of different possible changes
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to the weights of the criteria on the ranking output of the alternatives, a sensitivity analysis
was also conducted. The study presents significant contributions as follows:

• The study uses the MEREC-weighted RAM technique to design a sustainable polymer
composite material for automotive braking applications.

• The ranking findings of the MEREC-RAM technique were compared to nine MCDM
(MACBETH, MOORA, VIKOR, PSI, MAIRCA, MARCOS, RAWEC, PIV, and CoCoSo)
models and validated using the Spearman correlation coefficient, mean absolute error,
and p-value.

• A series of sensitivity analyses were conducted, including the MEREC method
with swapping normalization steps, criterion weight exchange scenarios, alterna-
tive removal scenarios, criterion removal scenarios, and single dimensional sensi-
tivity analysis, to evaluate the robustness and consistency of the proposed MEREC-
RAM approach.

This paper is structured as follows: In Section 2, the implementation steps of the
proposed hybrid MEREC-RAM approach are outlined, along with the formulation of the
case study, which includes the definition of alternatives and criteria utilized in the selection
process. In Section 3, the procedure of the proposed MEREC-RAM approach is carried out
to achieve the best composite alternative, along with validation and sensitivity analysis.
Section 4 presents a summary of key conclusions.

2. Methods
2.1. Hybrid MEREC-RAM Approach

This paper proposes a hybrid MEREC-RAM MCDM model to rank the alternatives.
Figure 1 shows the relevant schematic design for the suggested optimization approach.
The MEREC technique, developed by Keshavarz-Ghorabaee et al. [28], aims to determine
objective weights of criterion importance in MCDM problems. MEREC is an innovative
approach that gradually removes criteria from the assessment process to systematically
analyze their influence on the alternatives. RAM, a recently introduced MCDM method by
Sotoudeh-Anvari [25], establishes the ranking of alternatives subsequent to the assessment
of their utility values. The core of the RAM is its aggregating function, which is designed
to directly account for beneficial criteria while inversely considering cost-related criteria.

Figure 1. The proposed MEREC-RAM framework.
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2.1.1. MEREC Method for Criterion Weight Calculation

The MEREC method is a model for weight determination in MCDM, which uses an
initial decision matrix to establish criterion weight using the following steps [28–30].

Step 1: First, a decision matrix is constructed which displays the values of each
alternative with respect to each criterion. Suppose that there are M alternatives used in the
assessment and N are the criteria employed for ranking these alternatives. The decision
matrix is constructed using following equation.

D =
[
dij

]
M×N (1)

Here, the element dij in the decision matrix signifies the entity of the i-th alternative
concerning the j-th criterion.

Step 2: For MEREC calculation the decision matrix in Equation (1) is normalized using
the following equation.

R =
[
rij
]

M×N (2)

where, for beneficial criteria, rij =
dmin

j
dij

, and for cost criteria, rij =
dij

dmax
j

.

Step 3: After decision matrix normalization, the overall performance of the alternatives
is determined using the following formula.

Φi = ln
((

1
N∑j

∣∣ln(rij
)∣∣)+ 1

)
(3)

Step 4: In this step, the performance of alternatives is analyzed by eliminating the
impact of every criterion using the following equation.

Φ∗
ij = ln

((
1
N∑k,k ̸=j|ln(rik)|

)
+ 1

)
(4)

Step 5: Following Equation (5), the sum of the absolute deviation resulting from the
effects of removing criteria is computed using the following equation.

ψj = ∑i

∣∣∣Φ∗
ij − Φi

∣∣∣ (5)

Step 6: Finally, the weights for the considered criteria are computed using the following
Equation (6).

ωj =
ψj

∑N
j=1 ψj

(6)

2.1.2. RAM for Alternative Ranking

The RAM consists of the subsequent steps [25–27]:
Step 1: The decision matrix is structured as presented in Equation (1).
Step 2: In this step the decision matrix is normalized using the following equation.

R∗ =
[
r∗ij
]

M×N
=

dij

∑M
i=1 dij

(7)

Step 3: The weighted normalized matrix is calculated using Equation (8) as follows.

ϖij = R∗ × ω (8)

In Equation (8), the weight of the criteria is determined using the MEREC method
using Equation (6).
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Step 4: This step involves calculating the total of the weighted normalized scores for
both the beneficial and cost criteria of the alternatives, utilizing the following formula.

χ+
i = ∑N

j=1 ϖ+
ij ; i f j is bene f icial criteria (9)

χ−
i = ∑N

j=1 ϖ−
ij ; i f j is cost criteria (10)

Step 5: This step involves calculating the overall score for each alternative using the
following equation.

Yi =
2+χ−i

√
2 + χ+

i (11)

Step 6: Alternatives are arranged in descending order based on the value of Yi, with
the most favorable choice being the one that has the highest Yi value.

2.2. Selection of Alternatives and Evaluation Criteria
2.2.1. Alternative Selection

The hybrid MEREC-RAM model relies on data collected from published sources. Slag
waste-filled brake friction composites were selected as alternatives. The details of the
used materials and the fabrication process followed for the development of composites
can be found in the literature [33,34]. In total eight friction composites were selected as
alternatives, with composition as described in Table 1.

Table 1. Composition of the selected alternatives.

Composite Designation/Alternatives

A-1 A-2 A-3 A-4 A-5 A-6 A-7 A-8

Ingredients
(wt.%)

Phenolic resin 5 10 15 20 10 10 10 10

Lapinus fibers 10 10 10 10 10 10 10 10

Steel fibers 10 10 10 10 10 10 10 10

Kevlar fibers 5 5 5 5 0 0 0 0

Coir fiber 0 0 0 0 5 10 15 20

Graphite 5 5 5 5 5 5 5 5

Slag waste 65 60 55 50 60 55 50 45

2.2.2. Criterion Selection

For assessment and ranking of friction composites, seven performance indicators
were considered as criteria. The considered criteria included the COF (C-1), wear (C-2),
friction stability coefficient (C-3), friction fluctuation (C-4), fade performance (C-5), recovery
performance (C-6), and temperature rise of disk (C-7). The performance indicators were
evaluated by analyzing the braking performance of the slag waste-filled composites using
a Krauss tester in accordance with Economic Commission for Europe (ECE) regulation
(R-90) procedure. The R-90 procedure includes, in total, 100 brakes, with 30 brakes for the
bedding cycle and 70 brakes for the actual test cycle. The 70 brakes consisted of 10 brakes
for cold runs, 50 brakes for fade runs, and 10 brakes for recovery runs. The comprehensive
ECE R-90 protocol and test conditions have been documented in the literature [33,34]. A
detailed description of the selected criteria is provided in Table 2.
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Table 2. Criteria used in the selection process.

Criterion Description Performance Implication

C 1: COF
It is the average friction coefficient recorded
during 70 braking instances during cold,
recovery, and fade runs.

Beneficial (the higher the better)

C 2: Wear (g) It is the loss of composite material during
braking. Cost (the lower the better)

C 3: friction stability coefficient
It is the ratio of the COF to the highest friction
coefficient recorded during 70 braking
instances in cold, recovery, and fade runs.

Beneficial (the higher the better)

C 4: Friction fluctuations

It is the difference between the highest and
lowest friction coefficients recorded during
70 braking instances during cold, recovery,
and fade runs.

Cost (the lower the better)

C 5: Fade performance (%)
It is determined using the COF and lowest
friction coefficient recorded for 50 braking
instances during fade runs.

Cost (the lower the better)

C 6: Recovery performance (%)
It is determined using the COF and highest
friction coefficient recorded for 10 braking
instances during recovery runs.

Beneficial (the higher the better)

C 7: Rise of disk temperature (◦C)
It is considered as the maximum rise in disk
temperature during 70 braking instances
during cold, recovery, and fade runs.

Cost (the lower the better)

3. Results
3.1. Criteria Results

The MCDM problem addressed in this study is formulated using experimental data
sourced from the existing literature, with the primary objective being to evaluate the influ-
ence of variations in phenolic resin slag waste and coir fiber slag waste on the tribological
properties of automotive brake friction composites [33,34]. The tribological results for the
selected eight alternatives and seven criteria are summarized in Table 3. For a general
vehicle such as a passenger car, it is better when criteria C-1 (COF), C-3 (friction stability
coefficient), and C-6 (recovery performance) are higher (i.e., beneficial criteria), whereas
it is better when C-2 (wear), C-4 (friction fluctuation), C-5 (fade performance), and C-7
(temperature rise of disk) are lower (i.e., cost criteria).

Table 3. Criterion results.

Criteria
Alternatives

A-1 A-2 A-3 A-4 A-5 A-6 A-7 A-8

C-1 0.406 0.381 0.354 0.315 0.396 0.377 0.335 0.305
C-2 10.8 8.25 6.32 4.45 9.58 11.34 12.98 15.66
C-3 0.83 0.85 0.80 0.79 0.92 0.88 0.79 0.76
C-4 0.209 0.214 0.221 0.238 0.101 0.195 0.26 0.299
C-5 20.44 26.25 26.84 30.48 15.4 26.26 38.81 47.21
C-6 106.65 108.14 114.97 120.63 109.09 111.67 124.48 131.8
C-7 618 594 574 536 591 550 489 462

Table 4 illustrates a single-factor optimization of the alternatives, systematically or-
ganizing them according to the performance of individual criteria listed in Table 3. An
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important finding from Table 4 is the lack of identical rankings in any two rows. This
disparity reveals a notable degree of criterion conflict, emphasizing the need for a com-
prehensive, weighted MCDM approach to determine the best brake friction composite
with enhanced tribological properties. Consequently, a hybrid MEREC-RAM approach is
proposed to identify the most suitable alternative by considering all criteria simultaneously.

Table 4. Priority of alternatives on the basis of individual criteria.

Criteria Priority of Alternatives

C-1 A-1 > A-5 > A-2 > A-6 > A-3 > A-7 > A-4 > A-8

C-2 A-4 > A-3 > A-2 > A-5 > A-1 > A-6 > A-7 > A-8

C-3 A-5 > A-6 > A-2 > A-1 > A-3 > A-4~A-7 > A-8

C-4 A-5 > A-6 > A-1 > A-2 > A-3 > A-4 > A-7 > A-8

C-5 A-5 > A-1 > A-2 > A-6 > A-3 > A-4 > A-7 > A-8

C-6 A-8 > A-7 > A-4 > A-3 > A-6 > A-5 > A-2 > A-1

C-7 A-8 > A-7 > A-4 > A-6 > A-3 > A-5 > A-2 > A-1

3.2. Calculation of Criterion Weight and Ranking of the Composite Alternatives

Equation (1) was used to organize the values of the decision matrix for the selected
slag waste-filled friction composites that were assessed against the criteria as presented
in Table 2. The normalization of the decision matrix was conducted using Equation (2), in
accordance with beneficial and cost-related criteria. The normalized matrix is presented
in Table 5. The overall performances (Φi) of the alternatives were also listed in Table 5
as computed using Equation (3). The performance of alternative (Φ∗

ij) values determined
by removing each criterion presented in Table 6 were derived through the utilization of
Equation (4).

Table 5. Decision matrix normalization for MEREC evaluation.

Criteria
Alternatives

A-1 A-2 A-3 A-4 A-5 A-6 A-7 A-8

C-1 0.7512 0.8005 0.8616 0.9683 0.7702 0.809 0.9104 1.0000
C-2 0.6897 0.5268 0.4036 0.2842 0.6117 0.7241 0.8289 1.0000
C-3 0.9157 0.8941 0.9500 0.962 0.8261 0.8636 0.9620 1.0000
C-4 0.6990 0.7157 0.7391 0.796 0.3378 0.6522 0.8696 1.0000
C-5 0.4330 0.5560 0.5685 0.6456 0.3262 0.5562 0.8221 1.0000
C-6 1.0000 0.9862 0.9276 0.8841 0.9776 0.9550 0.8568 0.8092
C-7 1.0000 0.9612 0.9288 0.8673 0.9563 0.8900 0.7913 0.7476
Φi 0.2447 0.2458 0.265 0.2798 0.3781 0.2354 0.1391 0.0693

Table 6. The values of Φ∗
ij.

Criteria
Alternatives

A-1 A-2 A-3 A-4 A-5 A-6 A-7 A-8

C-1 0.2122 0.2206 0.2485 0.2763 0.3522 0.2112 0.1273 0.0693
C-2 0.2023 0.1715 0.1602 0.1338 0.3288 0.1983 0.1155 0.0693
C-3 0.2348 0.2332 0.2593 0.2756 0.3592 0.2187 0.1343 0.0693
C-4 0.2038 0.2077 0.2313 0.2549 0.2658 0.186 0.1216 0.0693
C-5 0.1464 0.1779 0.2011 0.2314 0.262 0.1669 0.1144 0.0693
C-6 0.2447 0.2442 0.2567 0.2664 0.3759 0.2302 0.1197 0.0407
C-7 0.2447 0.2414 0.2568 0.2643 0.3737 0.2222 0.1096 0.0298
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The sum of absolute deviation (ψj) for each criterion was computed using Equation (5),
while the weight (ωj) of every criterion was calculated by Equation (6). The ψj and ωj

results are presented in Figure 2. The weight of criterion C-5 (i.e., fade performance) was
found to be the highest, with a value of 0.289, followed by criterion C-2 (i.e., wear), with
a weight of 0.2829, and criterion C-4 (i.e., friction fluctuations), with a weight of 0.1878,
whereas criterion C-3 (i.e., frictional stability coefficient) was found to have the lowest
weight, with a value of 0.0431.

 

Figure 2. Results of absolute deviation summation and criterion weight.

Following the determination of the weights of the criteria using the MEREC weighing
method (Figure 2), the RAM was used for alternative ranking. This method begins with
the establishment of the initial decision matrix comprising the composite alternatives and
the different criteria, as presented in Table 3. After that, the decision matrix is normalized
using Equation (7) and presented in Table 7. The weight of each criterion, as presented in
Figure 2, is multiplied by the normalized decision matrix using Equation (8) to obtain the
weighted normalized matrix, as presented in Table 8. Thereafter, Equations (9) and (10)
are used to obtain the sum of the weighted normalized scores of the beneficial (χ+

i ) and
cost-related (χ−

i ) criteria of the alternatives. The χ+
i and χ−

i results are listed in Table 8.
The overall score ( Yi) was calculated using Equation (11) and is depicted in Figure 3. It
was observed that option A-5 had the highest Yi value, 1.4047. It was followed by A-3
(Yi = 1.4006) and A-4 (Yi = 1.4005), while option A-8 had the lowest Yi value, 1.3861. The
options are systematically ranked based on their Yi values, as shown in Figure 3.

Table 7. Decision matrix normalization for RAM evaluation.

Criteria
Alternatives

A-1 A-2 A-3 A-4 A-5 A-6 A-7 A-8

C-1 0.1415 0.1328 0.1234 0.1098 0.138 0.1314 0.1168 0.1063
C-2 0.1361 0.1039 0.0796 0.0561 0.1207 0.1429 0.1635 0.1973
C-3 0.1254 0.1284 0.1208 0.1193 0.1390 0.1329 0.1193 0.1148
C-4 0.1203 0.1232 0.1272 0.1370 0.0581 0.1123 0.1497 0.1721
C-5 0.0882 0.1133 0.1158 0.1316 0.0665 0.1133 0.1675 0.2038
C-6 0.1150 0.1166 0.1240 0.1301 0.1176 0.1204 0.1342 0.1421
C-7 0.1400 0.1346 0.1300 0.1214 0.1339 0.1246 0.1108 0.1047
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Table 8. Weighted normalized decision matrix for RAM analysis.

Criteria
Alternatives

A-1 A-2 A-3 A-4 A-5 A-6 A-7 A-8

C-1 0.0117 0.011 0.0102 0.0091 0.0114 0.0109 0.0096 0.0088
C-2 0.0385 0.0294 0.0225 0.0159 0.0341 0.0404 0.0463 0.0558
C-3 0.0054 0.0055 0.0052 0.0051 0.006 0.0057 0.0051 0.0049
C-4 0.0226 0.0231 0.0239 0.0257 0.0109 0.0211 0.0281 0.0323
C-5 0.0255 0.0327 0.0335 0.038 0.0192 0.0327 0.0484 0.0589
C-6 0.0054 0.0054 0.0058 0.0061 0.0055 0.0056 0.0063 0.0066
C-7 0.0095 0.0092 0.0088 0.0083 0.0091 0.0085 0.0075 0.0071
χ+

i 0.0225 0.0219 0.0212 0.0203 0.0229 0.0222 0.0210 0.0203
χ−

i 0.0961 0.0944 0.0887 0.0879 0.0733 0.1027 0.1303 0.1541

 

Figure 3. Overall score ( Yi) and ranking of the alternatives.

Figure 3 illustrates that, among the eight composite alternatives, the one comprising
60 wt.% slag waste filler and 5 wt.% coir fiber, designated as A-5, stands out as the most
favorable option. The best ranking of composite A-5 can be attributed to its superior
friction stability coefficient, minimal friction fluctuations, and fade%, in addition to its
second highest COF performance. Comparable findings for COF, friction fluctuations, and
fade performance have been documented in the literature for lower-content natural fiber-
based composites. For instance, the highest COF and fade performance were observed with
4 wt.% cow dung fibers [35], 5 wt.% banana fibers [36], and 6 wt.% corn stalk fibers [37].
Higher content of industrial waste materials, such as fly ash, was also reported to increase
COF, friction stability, and fade performance [38,39]. Studies have shown that brake
composites with 5 wt.% natural fibers demonstrated the least amount of friction fluctuations
and the highest levels of friction stability when compared to those with higher natural
fiber content (>10 wt.%) [36,40]. Alternatives A-3 and A-4 are positioned as the second
and third options, indicating a robust selection for optimal braking composition. The
alternatives demonstrated the most wear resistance compared to all composites, while
also achieving optimal fade performance. The fade% and wear were the most heavily
weighted criteria; therefore, alternatives A-3 and A-4 receive higher rankings in the selection
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process. Alternatives A-3 and A-4, which contain 50–55 wt.% slag waste, showed noticeably
improved wear resistance. This observation is consistent with previously reported findings
on slag-filled brake friction composites [41,42]. For example, Sagiroglu and Akdogan [42]
evaluated friction materials with varying slag waste contents and determined that the
composite incorporating 50 wt.% slag waste exhibited the lowest wear. The primary
benefits of the fourth (A-2) and fifth (A-1) ranked alternatives are their higher COF, reduced
fade%, enhanced friction stability, and fewer friction fluctuations. However, alternatives
A-1 and A-2 exhibited more wear compared to alternatives A-3 and A-4, along with the
lowest preferences for recovery% and an increase in disk temperature, which contributed
to the diminished ranking of these alternatives. Even these composites showed higher
preferences for COF performance. Compositionally, alternatives A-1 and A-2 contained
higher slag waste content compared to alternatives A-3 and A-4. Previous studies have
shown that composites with higher industrial waste content, such as slag and fly ash, tend
to display increased COF and disk temperatures with reduced recovery% [43,44]. For
instance, Dadkar et al. [44] observed that their composite containing the highest fly ash
content demonstrated the lowest recovery%, the highest rise in disk temperature, and
the highest COF. The composite alternatives A-6 to A-8, containing ≤55 wt.% slag waste
and ≥10 wt.% coir fiber, were the least favored options. In the comparison of composite
alternatives A-6, A-7, and A-8, it was noted that an increase in coir fiber content from
10 wt.% (A-6) to 20 wt.% (A-8) generally led to improvements in disk temperature and
recovery performances. In contrast, other tribological aspects of the composites, including
wear, coefficient of friction, and fade performance, were diminished. The composite
alternative A-8, consisting of 45 wt.% slag waste and 20 wt.% coir fiber, exhibited the
poorest performance due to its lowest ratings in COF, wear, friction stability, fade%, and
friction fluctuations. The literature reports similar findings regarding decreased wear, COF,
fade%, and friction stability and increased friction fluctuations and recovery% with higher
concentrations of natural fiber in friction composites [36,40]. Kılıç [19] employed the AHP-
VIKOR methodology in the development of agro-waste-reinforced friction composites.
The author determined that a composite containing 5 wt.% rice husk was optimal for
achieving the specified tribological criteria. Wang et al. [45] used a hybrid AHP-MOORA
methodology to enhance the tribological performance of friction materials based on sisal
fiber. The findings indicated that a composite containing 6% sisal fiber demonstrated
the best tribological performance. Karasulu et al. [46] employed a hybrid AHP-TOPSIS
framework for designing brake friction materials utilizing natural fibers derived from
the Malva sylvestris L. plant. The findings indicated that the composite containing 5 wt.%
natural fiber content reached an ideal equilibrium among wear, coefficient of friction,
hardness, density, porosity, and thermal conductivity.

3.3. Validation of Results

For result validation, a comparative analysis of the ranking outcomes produced by
the proposed MEREC-RAM is presented in this section. The comparison included various
MCDM methods: MOORA [23], VIKOR [47], MARCOS [48], MAIRCA [49], MACBETH [50],
RAWEC [51], PIV [52], CoCoSo [53], and PSI [54]. Further, statistical validation through
rank correlation analysis was also conducted to ensure reliability and robustness among
the derived ranking orders.

3.3.1. Rank Validation Using Other MCDM Models

To ensure validation and benchmarking, the ranking results from the proposed
MEREC-RAM approach were systematically compared with those of other popular MCDM
techniques, including MACBETH, MOORA, VIKOR, PSI, MAIRCA, MARCOS, RAWEC,
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PIV, and CoCoSo. The comparative results of all the evaluated MCDM methods are dis-
played in Figure 4. Figure 4 illustrates that the MEREC-RAM is consistent with other
assessed MCDM methods in identifying the optimal composite alternative for automotive
braking applications. The evaluated MCDM methods identified alternative A-5 as the
best option and validated the results of the MEREC-RAM. The assessment of the MCDM
methods yielded remarkably consistent rankings, revealing only slight variations. Notably,
all methods successfully identified the same top-performing and bottom-performing op-
tions. The consensus observed across different MCDM methods highlights the reliability
and robustness of the proposed MEREC-RAM approach, strengthening the validity of
its ranking results and increasing confidence in its practical applicability. Furthermore,
MACBETH, MAIRCA, MOORA, and RAM yield identical ranking results. The MCDM
methods showed strong consistency in ranking the top-ranked (A-5) and bottom-ranked
(A-7 and A-8) alternatives. The comparative analysis also demonstrated varying levels of
agreement between the second-ranked and fifth-ranked alternatives, displaying notable
variations. For instance, alternative A-3 was ranked second by the RAM but was ranked
in fourth place in PIV. The fourth-ranked alternative (A-2) in the RAM was ranked in
sixth place in the PSI approach. Similarly, alternative A-1 demonstrated notable variation,
being ranked in fifth place in the RAM but placed in second and sixth by PIV and CoCoSo,
respectively. These variations in the ranking order suggest that the performance evaluation
of the evaluated MCDM methods is very sensitive to their methodologies.

Figure 4. Rank validation using various decision-making models.

3.3.2. Spearman Rank Correlation Analysis

The extent of the similarity between the ranks generated by various MCDM ap-
proaches was analyzed using Spearman’s rank correlation (SRcor) coefficient. The SRcor

coefficient was determined using following equation [55].

SRcor =

(
M3 − M

)
− 6∑M

i=1 α
2
i

M
(

M2 − 1
) (12)
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In Equation (12), αi represents the rank difference between the MEREC-RAM and
other evaluated MCDM method for the i-th alternative.

The computed SRcor coefficient between the evaluated MCDM methods is listed in
Table 9. A perfect correlation of 1 was noted between MACBETH, MOORA, MAIRCA, and
the RAM. Moreover, the comparisons of the different MCDM approaches yielded higher
values of SRcor coefficients, such as 0.929 for RAM vs. VIKOR, 0.905 for RAM vs. PSI, 0.833
for RAM vs. PIV, 0.976 for RAM vs. CoCoSo, and 0.952 for RAM vs. MARCOS and RAWEC.
The mean SRcor coefficient values for the evaluated MCDM methods were notably high, i.e.,
>0.8 [56]. This indicates a good correlation between the suggested MEREC-RAM approach
and the other MCDM methodologies, proving the robustness of the suggested rankings.

Table 9. The SRcor coefficients between the evaluated MCDM methods.

MACBETH MOORA VIKOR PSI MAIRCA MARCOS RAWEC PIV CoCoSo RAM

MACBETH 1 1 0.929 0.905 1 0.952 0.952 0.833 0.976 1

MOORA 1 1 0.929 0.905 1 0.952 0.952 0.833 0.976 1

VIKOR 0.929 0.929 1 0.738 0.929 0.833 0.833 0.762 0.905 0.929

PSI 0.905 0.905 0.738 1 0.905 0.976 0.976 0.905 0.881 0.905

MAIRCA 1 1 0.929 0.905 1 0.952 0.952 0.833 0.976 1

MARCOS 0.952 0.952 0.833 0.976 0.952 1 1 0.929 0.905 0.952

RAWEC 0.952 0.952 0.833 0.976 0.952 1 1 0.929 0.905 0.952

PIV 0.833 0.833 0.762 0.905 0.833 0.929 0.929 1 0.738 0.833

CoCoSo 0.976 0.976 0.905 0.881 0.976 0.905 0.905 0.738 1 0.976

RAM 1 1 0.929 0.905 1 0.952 0.952 0.833 0.976 1

Mean value 0.955 0.955 0.879 0.910 0.955 0.945 0.945 0.860 0.924 0.955

3.3.3. Mean Absolute Error (MAE) and p-Value Analysis

The accuracy and consistency of the ranking results were further analyzed by deter-
mining the MAE and p-value. The MAE is determined using following equation [57].

MAE =
∑M

i=1|αi|
M

(13)

Here, αi represents the rank difference between the MEREC-RAM and other evaluated
MCDM method for the i-th alternative; M is the number of alternatives.

The results of the MAEs across different MCDM methods are presented in Table 10.
Lower MAE values indicate higher accuracy and enhanced reliability. The MAE values
indicated that the error difference among the alternatives was below 1, demonstrating that
the assessed MCDM models were in agreement with one another. The observed variation
in ranking was greater for RAM vs. PIV with an MAE value of 0.75, which followed the
results of the lowest SRcor coefficient of 0.833, which was obtained for RAM vs. PIV, as
presented in Table 9. Additionally, Minitab-15 was employed to calculate the p-value to
assess satisfaction of the threshold of significance (i.e., p-value < 0.05) among the ranking
outcomes of various MCDM models. Table 10 presents the p-values derived from the
comparative analysis. The suggested MEREC-RAM and other assessed MCDM approaches
had significant p-values of less than 0.05. The p-value was at its minimum (0.01) for RAM
vs. PIV, aligning with the findings of the MAE analysis, which was highest (0.75) for RAM
vs. PIV, and the SRcor coefficient, which was lowest (0.833) for RAM vs. PIV.
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Table 10. MAE and p-value for MEREC-RAM with other MCDM methods.

MCDM Method MAE p-Value

MEREC-RAM vs. MACBETH 0 0

MEREC-RAM vs. MOORA 0 0

MEREC-RAM vs. VIKOR 0.5 0.001

MEREC-RAM vs. PSI 0.75 0.002

MEREC-RAM vs. MAIRCA 0 0

MEREC-RAM vs. MARCOS 0.5 0

MEREC-RAM vs. RAWEC 0.5 0

MEREC-RAM vs. PIV 0.75 0.01

MEREC-RAM vs. CoCoSo 0.25 0

3.4. Sensitivity Analysis
3.4.1. Sensitivity Analysis Using MEREC Method with Swapping Normalization Steps

Generally, for MEREC analysis, the decision matrix is normalized using Equation (2)
for beneficial and cost-related criteria. For sensitivity analysis, the decision matrix was
normalized by exchanging the equations used for beneficial and cost-related criteria [58].
The new normalized decision matrix ( R∗) can be represented as follows:

R∗ =
[
r∗ij
]

M×N
(14)

where, for beneficial criteria, r∗ij =
dij

dmax
j

, and for cost-related criteria, r∗ij =
dmin

j
dij

.

The criterion weights were determined using the MEREC method, according to the
new normalization approach outlined in Equation (14) and Equation (3) to Equation (6).
The new criterion weights are shown in Table 11. Following that, a new ranking of
the alternatives was calculated using the RAM approach, as shown in Equation (7) to
Equation (11). Table 11 presents the overall score of the alternatives along with their
corresponding ranks. A comparative analysis of the actual MEREC-RAM, as corroborated
in Figure 3, and the modified MEREC-RAM, presented in Table 11, indicates that the ranking
results remain consistent. Alternative A-4 was positioned third in the actual MEREC-RAM
approach and advanced to second place in the modified MEREC-RAM approach. This
does not change the optimal solution, since alternative A-5 was the highest-ranked, and
alternative A-8 was rated lowest in both cases.

Table 11. Criteria weights and alternative rankings after swapping the normalization steps of the
MEREC method.

MEREC Analysis

Criteria C-1 C-2 C-3 C-4 C-5 C-6 C-7

New weight 0.048 0.2887 0.0401 0.2814 0.2207 0.052 0.0691

RAM analysis

Alternatives A-1 A-2 A-3 A-4 A-5 A-6 A-7 A-8

Overall score 1.3964 1.3971 1.3982 1.3984 1.4027 1.3955 1.3894 1.3843

New rank 5 4 3 2 1 6 7 8
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3.4.2. Criterion Weight Exchange Sensitivity Analysis

The stability and robustness of the proposed ranking order can be analyzed by per-
forming sensitivity analysis. Due to the potential impact of criterion weight alterations
on alternative rankings, a sensitivity study was performed by swapping the weights of
the criteria under consideration. A total of 21 different weight scenarios were created,
and the corresponding ranking, as determined using the RAM approach for each scenario,
is presented in Figure 5. In all weight exchange scenarios, alternative A-5 held the top
position, except in the C-5/C-6 weight exchange scenario, where alternative A-4 became
the most preferred alternative by replacing A-5. This can be explained by the fact that the
recovery performance of alternative A-5 (109.09%) was lower than that of alternative A-4
(120.63%). Consequently, when the weight of criterion C-5 (0.2890) was swapped with
that of criterion C-6 (0.0466), A-5 lost its ranking to A-4 in the hierarchy of composite
alternatives. In all weight exchange scenarios, alternatives A-8 and A-7 remained least
preferred. Overall, there was some sensitivity seen; however, given that the primary goal
was to identify the optimal option, these adjustments had a negligible effect on the ranking
outcomes. The results were further validated by analyzing the SRcor coefficient between the
ranking order obtained with MEREC-RAM and that derived using various criterion weight
exchange scenarios. The results of the SRcor coefficient analysis indicate strong correlations,
with the majority of values surpassing 0.9. However, exceptions were noted in the weight
exchange scenarios for C-1/C-2 (0.619), C-2/C-3 (0.571), C-2/C-4 (0.833), C-2/C-6 (0.619),
and C-2/C-7 (0.619). The analysis indicates that the ranking results were susceptible to
change when criterion C-2 (i.e., wear) was substituted with other criteria except C-5. This
highlights the importance of the C-2 (wear) criterion in this investigation.

(a)
(b)

Figure 5. Analysis of (a) Rank sensitivity, and (b) SRcor coefficient across various scenarios of criterion
weight exchange.

Table 12 presents the analysis of descriptive statistics regarding the influence of the
criterion weight exchange scenarios on the ranking results of the composite alternatives.
The result shows that these scenarios do not cause any significant changes in the overall
rankings. The composite alternative A-5 remains the top-ranked option, supported by its
mean value of 1.05, a mode of 1.0, and a minimal standard deviation of 0.21. In contrast,
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composite alternatives A-7 and A-8 remained the least preferred options, with a standard
deviation of 0.00, indicating no variability in their rankings. Some minor variability was
observed for alternatives A-1, A-3, A-4, and A-6, with standard deviations ranging from 0.92
to 1.56, indicating slight sensitivity to the evaluated weight exchange scenarios. Overall, the
results confirm that the weight exchange scenarios have a minimal impact on the ranking
results, with all composite alternatives maintaining their relative positions, as indicated by
their mean and mode values in Table 12.

Table 12. Descriptive statistics of alternatives across various criterion weight exchange scenarios.

Alternatives

A-1 A-2 A-3 A-4 A-5 A-6 A-7 A-8

Mean 4.41 4.09 2.91 3.18 1.05 5.36 7 8

Mode 5 4 3 3 1 6 7 8

Standard deviation 1.40 0.43 0.92 1.56 0.21 1.09 0.00 0.00

3.4.3. Sensitivity Analysis Using Alternative Removal Scenarios

Furthermore, a sensitivity analysis was conducted to assess how variations in the
initial decision matrix impact the stability of the alternatives’ rankings. In the initial decision
matrix for each scenario, modifications were made to the number of alternatives, and the
resulting ranks were examined. Various scenarios were created by removing the least
preferred alternative from further consideration, while the remaining alternatives were
evaluated and ranked. After removing the inferior alternative, the weight of the criteria,
again determined using the MEREC approach, and alternatives were ranked according to
RAM approach. Figure 6a presents the weight of the actual scenario (S0) and the scenarios
(S1 to S6) that were determined using the MEREC after removing the least preferred
alternative in the decision matrix. The corresponding rankings of the alternatives in the
investigated weight scenarios are illustrated in Figure 6b.

(a) (b)

Figure 6. (a) Criterion weight results, and (b) alternative ranking under dynamic (alternative removal)
environment.

In the actual weight scenario (S0), the alternative A-8 was deemed the least favorable
and hence excluded from further evaluation. Following the removal of alternative A-8, new
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weights were produced using the MEREC method, illustrated as scenario S1 in Figure 6a. A
new ranking of the alternatives for scenario S1 was subsequently generated using the RAM,
as illustrated in Figure 6b. The analysis for scenario S1, as illustrated in Figure 6b, shows
that A-5 remained the top alternative, whereas A-7 was identified as the least favorable
option. In the scenario (S2), the next least favorable alternative (A-7) was removed, and the
other alternatives were subsequently ranked. In scenario S2, alternative A-4 emerged as the
second-best option by replacing A-3. A total of six scenarios were developed, as illustrated
in Figure 6. According to the data presented in Figure 6b, it is evident that there was no
alteration in the top-ranked alternative.

3.4.4. Sensitivity Analysis Using Criterion Removal Scenarios

Given that the elimination of an alternative in the decision matrix led to alterations
in the ranking order shown in Figure 6a, it is plausible that the removal of a criterion
may similarly affect the final preferences. Consequently, it is essential to evaluate the
effectiveness of the proposed model when the most significant criterion is removed from
the set of criteria under consideration. In scenario S0, which reflects the actual weight,
criterion C-5 is recognized as the most significant, followed by C-2 and C-4, whereas C-3
carries the least importance. Consequently, in scenario S1, criterion C-5 was eliminated,
leading to the creation of a new decision matrix. Using this decision matrix, the weights of
the criterion were calculated using the MEREC and ranked using the RAM. In scenario S2,
the second-best criterion was removed and the MEREC-RAM approach applied to generate
the weights and alternative ranking with the generated decision matrix. Figure 7a presents
the weights of the actual scenario (S0) and the scenarios (S1 to S7) that were determined
using the MEREC method after removal of the most dominating to least dominating criteria
in the decision matrix. The corresponding rankings of the alternatives for criterion removal
scenarios (S1 to S7) are presented in Figure 7b.

(b)
(a)

Figure 7. (a) Criterion weight results and (b) alternative ranking under dynamic (criterion removal)
environment.

The ranks of the alternatives presented in Figure 7b prove that alternative A-5 was
dominant as it was ranked first in scenarios S2 to S7, with the exception being scenario S1.
The elimination of criterion C-5 (fade%) in scenario S1 led to an increased weight for
criterion C-2, which pertains to wear. The wear performance of alternative A-4 was notably
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superior when compared to alternative A-5, as supported by the data presented in Table 4.
Furthermore, as illustrated in Figure 7b, it is evident that the ranking of the alternatives
exhibited a greater sensitivity to alterations in scenario S2 when criterion C-2 (i.e., wear)
was eliminated. Alternatives A-1, A-3, A-4, and A-6 exhibited the highest sensitivity to
variations in weight in scenario S2. With the elimination of the C-2 criterion, alternatives
A-1 and A-6 climbed three positions in the rankings, securing the second and third places,
respectively. The ranking of alternatives A-3 and A-4 was observed to decrease by three
positions. The impact of criterion removal on the ranking of alternatives was further
analyzed using the SRcor coefficient and results are presented in Figure 7b. The SRcor

coefficient was noted to remain >0.9 for all scenarios except scenario S2. The removal
of the C-2 criterion resulted in the lowest SRcor coefficient value of 0.571, showing the
susceptibility of the rankings to the removal of the C-2 criterion.

3.4.5. Single-Dimensional Sensitivity Analysis

Single-dimension weight sensitivity analysis was also performed to assess the impact
of the most important criterion on the final rankings obtained from the proposed MEREC-
RAM MCDM. As the C-5 (i.e., fade%) criterion was the highest weighted and the alternative
ranking was most susceptible to the change in criterion C-2 (i.e., wear), they were considered
the most important criteria. In order to maintain the overall weight sum to be equal to
one, the weights of the other criteria were altered proportionately, while the weights of
important criteria were changed within a feasible range. This followed the idea of additive
weights and made sure that all criterion weights stayed positive. The maximum permissible
weight for a specified criterion can be calculated using the following equation [59].

ω
⊙
j = ωmin

j (N − 1) + ωmax
j (15)

where ωmin
j and ωmax

j represent the weights of the least and most important criteria, N is

the number of criteria in the decision matrix, and ω
⊙
j represents the highest value that

the most important criterion can take. The weight of the lowest criterion would become
negative if the weight of the most significant criterion was changed beyond ω

⊙
j .

The value of ω
⊙
j considering C-2 (i.e., wear) as the most important criterion was found

to be 0.5415. If its weight was increased beyond 0.5415, the least weighted criterion C1
(0.0431) would turn negative. The weight of the C-2 criterion was varied from 0 to 0.5415
while other criterion weights were adjusted accordingly to ensure the summation of all
weights was 1. The newly generated weights for the single-dimensional sensitivity analysis
using C-2 as the most important criterion are presented in Figure 8a. The corresponding
ranking of the alternatives using the RAM approach is presented in Figure 8b. The alter-
native A-5 remained the most preferred in scenarios S3 to S7. However, A-4 became the
most preferred alternative in scenarios S1 and S2 by replacing A-5, when the weight of
C-2 was increased to ≥0.5. This can be ascribed to the superior wear performance of A-4
relative to A-5, as evidenced in Table 4. Alternatives A-6/A-7/A-8 were noted to remain
the least preferred alternatives in all scenarios except S6 and S7, where A-6 moved up by
three places. The alternative ranking were noted to be most susceptible to change when
the weight of the C-2 criterion was decreased from 0.5 to 0. Alternative A-1 was in fifth
place in scenario S1 and was ranked second in scenarios S6 and S7. Similarly, A-4 was the
first ranked alternative in scenario S1 and was moved to sixth place in scenarios S6 and S7.
This was further validated with the SRcor coefficient, which was noted to be greater than
0.9 for scenarios S1-S5. The SRcor coefficient was less than 0.6 for the S6 and S7 scenarios,
indicating a moderate correlation.
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(b)
(a)

Figure 8. (a) C-2 (wear) weight variation. (b) Ranking analysis.

Similarly, the value of ω
⊙
j using C-5 as the most important criterion with a weight

of 0.289 was found to be 0.5476. New criterion weights were generated by varying C-5’s
weight in the range of 0 to 0.5476 and are presented in Figure 9a. The corresponding
ranking of the alternatives is presented in Figure 9b. In all scenarios (S1 to S7), alternative
A-5 remains at the top position. The rankings of the alternatives illustrated in Figure 9b
demonstrate that alternative A-5 consistently holds the top position across all scenarios
(S1 to S7), while alternatives A-7 and A-8 remain the worst alternatives as they stayed in
the bottom two positions in all scenarios (S1 to S7). Some sensitivity was also noted as the
alternatives were noted to change positions in the ranking order. For instance, alternative
A-1 was ranked second best in scenario S1 and was positioned in sixth place in scenario S7.
Similarly, alternative A-4 was ranked fifth in S1 but was ranked second in S7. Nonetheless,
these alterations did not substantially influence the ultimate outcomes of the MEREC-RAM
model, as evidenced by the SRcor coefficient value, which exceeded 0.8 across all scenarios,
signifying a strong correlation. On the basis of the outcomes, it can be concluded that the
obtained ranking results are reliable and valid.

(b)
(a)

Figure 9. (a) C-5 (fade%) weight variation. (b) Ranking analysis.
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4. Conclusions
This study was carried out to address the lack of MEREC and RAM techniques in

optimizing tribological performance as well as the limited use of comprehensive sensitivity
analysis in the development of automotive brake friction materials. Therefore, a detailed
case study was meticulously designed to evaluate slag waste-filled polymer composites
using a hybrid MEREC-RAM-based MCDM framework. The following conclusions can be
drawn from the study:

• The MEREC approach quantified the weight of each criterion, with fade% (0.2890)
and wear (0.2829) identified as the most significant, followed by friction fluctuations
(0.1878). Conversely, recovery% (0.0466) and friction stability (0.0431) were determined
to be the least significant criteria.

• By applying the RAM approach, the ranking of different slag waste-filled friction
composites were obtained and the alternative with 60 wt.% slag waste and 5 wt.% coir
fiber exhibited the optimal tribological properties and emerged as the best option.

• The comparative analysis with nine established MCDM (MACBETH, MOORA, VIKOR,
PSI, MAIRCA, MARCOS, RAWEC, PIV, and CoCoSo) models confirmed the optimal
choice, supported by a higher (>0.8) Spearman’s rank correlation coefficient, low mean
absolute error (<0.75), and significant p-values (<0.05).

• Multiple sensitivity analysis approaches including criterion weight exchange, chang-
ing normalization procedure of MEREC, alternative/criterion removal, and single-
dimension weight variation demonstrated that the rankings remain stable across
varying weight scenarios and decision-making structures.

Overall, the hybrid MEREC-RAM-based MCDM framework provides a rigorous, re-
liable, and validated decision-making tool for optimizing slag waste-filled automotive
brake friction materials. Its strong performance across multiple sensitivity analyses demon-
strates its suitability for complex engineering decision problems where criterion weighting
uncertainty is significant. Given its flexibility and robustness, the hybrid MEREC-RAM
framework can be readily extended to other material-selection tasks and broader multi-
criteria engineering applications.
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The following abbreviations are used in this manuscript:

AHP Analytic Hierarchy Process
CoCoSo Combined Compromise Solution
COF Coefficient of Friction
EDAS Evaluation Based on Distance from Average Solution
GRA Grey Relation Analysis
MACBETH Measuring Attractiveness by a Categorical Based Evaluation Technique
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MAE Mean Absolute Error
MAIRCA Multi-Attributive Ideal-Real Comparative Analysis
MARCOS Measurement of Alternatives and Ranking according to COmpromise Solution
MCDM Multi-Criteria Decision-Making
MEREC Method Based On The Removal Effects Of Criteria
MOORA Multi-Objective Optimization by Ratio Analysis
PIV Proximity Index Value
PSI Preference Selection Index
RAM Root Assessment Method
RAWEC Ranking Alternatives with Weights of Criterion
SRcor Spearman’s Rank Correlation
TOPSIS Technique for Order of Preference by Similarity to Ideal Solution
VIKOR VIekriterijumsko KOmpromisno Rangiranje
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