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Abstract: Risk management in construction projects is a critical process aimed at identi-
fying, evaluating, and mitigating potential risks that could impact project performance.
Preventive measures play a central role in this process, serving as proactive strategies to
minimize the likelihood and impact of risks on project outcomes. This study involved
37 experts from multidisciplinary fields related to road infrastructure, ensuring a diverse
and comprehensive perspective on risk evaluation and prevention. The DELPHI method
was employed to systematically define key risks and their corresponding preventive mea-
sures, providing a structured foundation for further analysis. The experts evaluated
302 preventive measures across 56 risks using 4 predefined criteria: implementation costs,
time required for implementation, implementation complexity, and probability of success.
A multi-criteria decision making (MCDM) approach was then applied to analyze these eval-
uations, enabling the prioritization of preventive measures and the allocation of resources
toward the most effective strategies. Additionally, fuzzy logic was employed to analyze
and validate the results, providing a complementary approach to the MCDM methodology.
The results of this research provide a robust framework for risk management, offering
practical guidance for decision makers in the construction industry. By integrating expert
judgment, systematic evaluation, and advanced analytical methods, this study delivers
actionable insights and establishes a reliable methodology for enhancing the effectiveness
of risk mitigation in road infrastructure projects.

Keywords: risk management; preventive measures; Delphi method; multi-criteria decision
making; road infrastructure

MSC: 90B06; 90B50

1. Introduction
Road infrastructure projects are crucial for economic growth, but they face numerous

challenges due to risks and uncertainties, which may result in project delays and increased
costs. This study bridges the gap in contemporary risk management practices by presenting
a multi-criteria framework designed to prioritize targeted preventive measures effectively.
In contrast with traditional models, our approach integrates expert judgment and empir-
ical data to develop a practical and actionable framework. The main goal of this study
is to reduce project inefficiencies by identifying and implementing the most impactful
preventive measures.

Risk refers to the likelihood of an unfavorable event occurring, influenced by specific
conditions. Risk management entails a structured process aimed at addressing these
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uncertainties, involving a sequence of decisions to ensure the project progresses safely and
efficiently. Risks can emerge at any stage of project execution, and failing to assess and
manage them properly can significantly impact the project’s overall performance [1–3].

The management of risks in construction projects is a critical component of project suc-
cess due to the inherent complexity and uncertainty involved in such undertakings. Risks
arise from various sources, including financial, environmental, technical, and operational
factors, and they significantly impact project performance concerning time, cost, and quality
objectives. The growing complexity and scale of road infrastructure projects, combined
with risks associated with project delivery, inconsistent stakeholder requirements, and the
dynamic nature of the construction process, create highly intricate challenges in project
risk management [4]. These challenges are further exacerbated by the presence of vague-
ness, subjectivity, and uncertainty in decision making. To tackle these issues, researchers
have developed and applied various advanced methodologies, including multi-criteria
decision making (MCDM), simulation techniques, machine learning models, and opti-
mization frameworks, to enhance the evaluation and prioritization of risks and preventive
measures [5–7].

Risk management frameworks have evolved to incorporate advanced tools that facil-
itate the handling of incomplete, vague, or subjective data. For instance, the integration
of fuzzy logic with MCDM methods, as discussed by Nguyen [4,8], has proven effective
in addressing uncertainty and vagueness in construction engineering and management
research. This hybrid approach allows for the prioritization and ranking of risks and
preventive measures based on linguistic variables and expert opinions, thus enabling more
precise decision making.

Effective risk management in infrastructure projects, particularly in the construction
of transportation infrastructure, is crucial for ensuring timely project delivery and cost
control. However, many projects in this domain face significant delays and cost overruns,
indicating inadequacies in current risk management approaches. These challenges often
stem from the complex nature of projects and the lack of advanced tools for identifying
and prioritizing preventive measures.

Although numerous tools and models exist for risk management, most focus on the
qualitative aspects of evaluation while neglecting quantitative analyses and the integration
of multi-criteria decision-making methods. Additionally, the literature addressing infras-
tructure projects primarily relies on general approaches that fail to account for specific local
factors such as regulatory frameworks, climatic conditions, and contractor capabilities. This
creates a knowledge gap regarding the development of tailored models for transportation
infrastructure projects.

The objectives of this study are as follows:

1. To enhance the theoretical framework of risk management in infrastructure projects
by integrating multi-criteria methods and empirical data from real projects.

2. To develop a generic multi-criteria model that combines expert evaluations and quanti-
tative analyses, enabling a more precise and objective ranking of preventive measures.

3. To create a universal framework for assessing and ranking preventive measures that is
adaptable to various sectors and geographic contexts while considering local specificities.

4. To provide guidelines for formulating standards and policies in the construction
industry, with a focus on effective risk management in infrastructure projects.

5. To address a critical gap in the literature through the quantitative evaluation of prioritized
preventive measures based on empirical data from transportation infrastructure projects.

This paper is structured as follows: Following the Section 1, which includes a general
overview, a detailed literature review, and clearly defined research objectives, the Section 2
provides a comprehensive explanation of the data collection and processing methods,



Mathematics 2025, 13, 278 3 of 32

incorporating MCDM techniques and fuzzy logic for prioritizing preventive measures. The
findings are presented in the Section 3, while the Section 4 analyzes the broader implications
of these findings and identifies potential limitations. The paper concludes with key insights
and specific recommendations for future research.

1.1. Literature Review

Road infrastructure projects face various risks that can significantly impact costs,
timelines, and the quality of execution. Risk management in these projects is becoming
increasingly complex, requiring advanced methodologies for assessment and prioritization.
Multi-criteria decision making (MCDM) methods and fuzzy logic stand out as essential
tools for addressing these challenges, enabling decision making under conditions of uncer-
tainty and imprecise data.

Taylan et al. [9] applied a combination of fuzzy AHP and fuzzy TOPSIS methodologies
for risk assessment in construction projects, enabling precise risk ranking based on criteria
such as time, cost, and quality. This approach facilitates the transformation of qualitative data
into quantitative values, ensuring improved decision making. Similarly, Zavadskas et al. [10]
developed a model that combines COPRAS-G and TOPSIS–grey methods for multi-criteria
risk analysis, providing efficient management of uncertainties in construction projects.

Fuzzy hierarchical models developed by Chan and Wang [11] have proven particularly
useful for risk assessment in cases where data are incomplete or unclear, a common
challenge in infrastructure projects. Similarly, Kuo and Lu [12] applied a fuzzy multi-
criteria decision-making model for risk assessment in metropolitan construction projects,
enabling precise risk ranking based on preferential relationships. A significant contribution
also comes from the combination of SWOT analysis and multi-criteria decision making
(MCDM) methods, as demonstrated by Zavadskas, Turskis, and Tamošaitienė [13]. Their
model facilitates the identification of risk management strategies in construction enterprises
tailored to the specificities of each project.

In recent research, methodologies such as fuzzy analytic hierarchy process (AHP) and
multi-criteria decision making (MCDM) techniques have gained traction for their ability
to incorporate expert judgment and address the inherent uncertainties in construction
risk management [14–17]. For instance, Alvand et al. [18] utilized an integrated approach
combining FMEA, SWARA, and WASPAS techniques within a fuzzy environment to iden-
tify, evaluate, and prioritize risks in construction projects more effectively. Similarly,
many authors [11,19,20] demonstrate the applicability of a fuzzy hierarchical model for
risk assessment.

A notable methodology, the TOPSIS-F model, employs fuzzy data to rank risks by
their proximity to an ideal solution, providing a robust tool for dealing with the dynamic
nature of construction projects, as desribed by Zavadskas and Turskis [7]. This method is
particularly relevant for projects characterized by macro-, mezzo-, and micro-level risks,
where conflicting criteria and constraints necessitate nuanced evaluation and strategic
planning. In addition to the methodological advancements, the literature underscores the
importance of expert judgment in risk evaluation. Biswas and Zaman [8] highlighted the
role of epistemic uncertainty in construction risk management and pro-posed a fuzzy-based
methodology to capture expert insights alongside limited historical data. This approach
ensures a comprehensive understanding of risk factors and enables the formulation of
effective response strategies. The integration of empirical data further enhances the strength
of risk assessment models, as evidenced by the study conducted by Taylan et al. [9], which
employed fuzzy TOPSIS alongside AHP to evaluate construction project risks based on
real-world data. These approaches underline the necessity of incorporating both qualitative
insights from experts and quantitative analyses to achieve comprehensive risk evaluations.
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These studies highlight the importance of integrating advanced methodologies such
as fuzzy logic and multi-criteria analysis to improve risk management processes in infras-
tructure projects. Such models enable better decision making, reducing the impact of risks
on projects and enhancing their efficiency and sustainability. Table 1 presents a summary
of key features and research findings from the literature review, highlighting advanced
methodologies and their applications in managing the risks associated with infrastructure
projects. The table emphasizes the use of modern analytical techniques, such as fuzzy
logic and multi-criteria decision making, for effective decision making and prioritization of
preventive measures.

Table 1. Key features and research findings from the literature review: focus on infrastructure project
management and modern analytical methods.

Papers Author(s) Year Methodology Key Findings

Construction Projects
Selection and Risk

Assessment by Fuzzy
AHP and Fuzzy TOPSIS

Methodologies [9]

Taylan et al. 2014 Fuzzy AHP and
TOPSIS

Identification and ranking
of risks based on criteria

such as time, cost,
and quality.

Risk Assessment of
Construction Projects [10]

Zavadskas
et al. 2010 COPRAS-G,

TOPSIS–grey

Multi-criteria risk analysis
for optimizing

construction projects.

Fuzzy Hierarchical Model
for Risk Assessment [11]

Chan and
Wang 2013 Fuzzy hierarchical

model
Accurate risk assessment

with uncertain data.

Risk Identification and
Assessment of Modular

Construction [21]
Li et al. 2013 Fuzzy AHP,

simulation
Systematic ranking of

risks in modular projects.

Occupational Health and
Safety in Green Building

Construction Projects [22]

Zhang,
Mohandes 2020 Z-numbers

Framework for holistic risk
management in
green projects.

Using fuzzy multiple
criteria decision making for
metropolitan projects [12]

Kuo and Lu 2013 FMCDM
Precise risk ranking in

metropolitan projects using
fuzzy preference relations.

Prioritization of
Preventive Measures: A
Multi-Criteria Approach

to Risk Mitigation in Road
Infrastructure Projects

Our Study 2025 Fuzzy logic,
MCDM

Development of a
comprehensive framework
for prioritizing preventive

measures to effectively
mitigate risks in road

infrastructure projects.

Our research builds on empirical data collected from experts to evaluate 302 preventive
measures across 56 risks, providing a solid foundation for informed decision making in
road infrastructure projects. By systematically integrating expert judgment with multi-
criteria analysis and fuzzy logic alongside weighted scoring and normalization techniques,
our study not only aligns with the established literature but also offers practical insights
tailored to the context of road infrastructure projects. This empirical grounding ensures that
the findings are directly applicable to real-world scenarios, providing a robust relationship
between theoretical methodologies and practical implementation in risk management.

1.2. Research Objectives and Contributions

Road infrastructure projects play a critical role in economic growth but are often
plagued by risks and uncertainties, leading to delays and cost overruns. This study
addresses a specific research gap in risk management by developing a multi-criteria frame-
work enhanced with fuzzy logic to prioritize and quantify the effectiveness of preventive
measures. The existing literature often lacks robust methodologies for integrating expert
judgment with quantitative analyses under uncertain conditions.

The primary objectives of this research are as follows:
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1. To develop a practical and effective framework for prioritizing preventive measures
that reduce inefficiencies in road infrastructure projects.

2. To quantitatively assess preventive measures using multi-criteria decision-making
techniques combined with fuzzy logic, ensuring precise and actionable results.

This dual-layered methodology bridges the gap between theoretical advancements
and practical implementation, offering a novel approach to risk management in road
infrastructure. By combining advanced mathematical techniques with real-world insights,
the study provides a reliable and applicable tool for improving decision making in complex
risk scenarios.

2. Methodology
This study applies a comprehensive methodology to evaluate and rank preventive

measures for mitigating risks in road infrastructure projects. The process begins with defin-
ing risk groups [4] and identifying specific risks and their associated preventive measures.
Experts then evaluate these measures based on their effectiveness in reducing risks using
clearly defined criteria. The aim is to prioritize measures that offer the greatest potential for
risk mitigation, providing actionable insights for decision making in project management.

The methodology involves multiple phases, starting with the Delphi method to es-
tablish a robust foundation of risks and preventive measures. Experts then assess the
measures according to selected criteria and determine the relative importance of these
criteria in contributing to risk reduction. Consistency in the expert evaluations is analyzed
to ensure the reliability of the data. In the process of data collection from experts, we
implemented two approaches. First, the experts provided numerical values when assessing
the importance of the considered criteria. Second, to investigate the fuzziness of the data
in the expert evaluations, we added a control group of experts that gave the answers in a
linguistic manner, which demands the use of fuzzy logic for further calculations. Finally,
scores are aggregated using a weighted scoring method (WSM) to produce a single score
for each measure, enabling their ranking and highlighting the most effective options for
risk mitigation.

The study applies a weighted scoring method (WSM) to evaluate preventive measures
across four criteria: implementation costs, time required, implementation complexity, and
probability of success. The process involves the following steps:

1. Identification of risks and grouping risks into categories [4].
2. Evaluation of preventive measures by experts using two approaches, crisp values and

fuzzy numbers.
3. Weight assignment to criteria.
4. Calculation of overall scores and ranking.

2.1. Delphi Method

As part of this research, the Delphi method [23–25] was applied as a structured
technique for collecting and synthesizing expert opinions. The Delphi method [24,25]
enables anonymous, iterative data collection from a selected panel of experts to reach a
consensus on key aspects of risk analysis and proposed preventive measures. This approach
is particularly suitable for complex issues in risk management, where a multidisciplinary
approach and expert experience are required. The method is based on iterative rounds
of data collection and feedback, allowing experts to revise their opinions and converge
toward a consensus.

The selection of experts for the study was based on their qualifications and extensive
experience in managing road infrastructure projects. The process, conducted in 2024 over
3 months, involved 37 professionals from diverse fields, such as civil and traffic engineering,
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law, economics, and management, ensuring a multidisciplinary approach. Each expert
had a proven track record, with an average of 30 projects managed per individual and
a minimum of 5 years of experience in road infrastructure projects. The average project
value was approximately EUR 12,000,000, with a minimum threshold of EUR 3,000,000
for project experience. Additionally, the experts were selected to ensure demographic
representativeness, with 65% male and 35% female participants, aligning with the gender
structure of the profession. This diverse group brought a wealth of perspectives, with the
multidisciplinary team providing a well-rounded evaluation of the study’s subject matter
and enriching the overall quality of the analysis.

In the first phase of the research, the foundation for defining the groups of risks and
specific risks was built on a thorough review of the literature from relevant studies in this
field conducted over the past few years [26–29]. These studies provided a robust theoreti-
cal basis for understanding and categorizing the risks. Additionally, experts engaged in
detailed discussions and deliberations to analyze and adopt well-grounded groups of risks
and specific risks identified in the literature. This collaborative approach ensured a unified
stance between the literature and the experts, resulting in comprehensive and consistent
perspectives on the classification and selection of risks. As a result, 7 groups of risks were
defined [4], encompassing a total of 56 specific risks, which served as the foundation for
further steps in the research process. Based on the identified risks, the experts employed
the Delphi method to propose and rank a total of 302 preventive measures. This struc-
tured methodology facilitated the systematic involvement of experts in defining effective
and comprehensive preventive actions. After forming the list of risks, an expert panel
discussion was organized to evaluate the risks and propose preventive measures. The
proposals for preventive measures were derived based on the practical experiences of the
experts, the analysis of completed projects, the scientific literature, and case studies. Based
on this assessment, the experts collaboratively formulated a set of preliminary preventive
measures. The aim was to ensure that the proposals were realistic, applicable, and tailored
to the specific characteristics of the identified risks. The preliminary measures, therefore,
represented a synthesis of theoretical knowledge and practical feasibility. Once developed,
these measures were incorporated into the questionnaires to facilitate broader data collec-
tion and validation. Through iterative rounds of feedback, discussion, and refinement, the
experts analyzed the results and exchanged insights to achieve consensus. This application
of the Delphi method ensured that the preventive measures were thoroughly evaluated,
well founded, and aligned with the expertise of the participants.

2.2. Evaluation Methodology for Preventive Measures

In this study, each of the 302 preventive measures was evaluated according to four
key criteria: implementation costs, time required for implementation, implementation
complexity, and probability of success. In the first phase, the evaluation process was carried
out with the involvement of 37 experts from the fields of engineering (civil, electrical,
traffic, environmental protection, architecture, and spatial planning), law, economics, and
management, ensuring the expertise and reliability of the collected data. In the second
phase, where the control group of experts was involved, we interviewed an additional five
experts, implementing a fuzzy logic approach.

In the first phase, each preventive measure was assessed using a 1-to-10 scale, where
1 represented the lowest level (e.g., highest costs, longest time, greatest complexity, lowest
probability of success), and 10 represented the highest level (e.g., lowest costs, shortest time,
lowest complexity, highest probability of success) [30–33]. The 1-to-10 scale was chosen
due to its intuitiveness and wide applicability in multi-criteria decision-making research.
This scale enables precise differentiation between options while remaining simple to apply,
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avoiding complications associated with broader or less intuitive scales. According to the
literature [1,34,35], this scale is a standard for quantifying subjective evaluations within the
context of multi-criteria decision-making methods.

The 1-to-10 scale was chosen for its flexibility, simplicity, and widespread application
in multi-criteria decision making (MCDM) analyses. This scale allows experts to express
nuanced evaluations, providing greater flexibility compared with binary or smaller scales.
For instance, it enables fine differentiation between similar options, making it particularly
suitable for prioritizing preventive measures.

The simplicity of the 1-to-10 scale ensures its accessibility to experts with varying
levels of experience, facilitating faster and more reliable evaluations. Furthermore, this
scale is widely accepted in decision-making methodologies, ensuring compatibility with
the weighting and ranking techniques commonly used in risk management.

In addition to its flexibility, the scale allows for detailed numerical analysis and
validation of expert assessments. The numerical values simplify statistical processing and
enhance the credibility of the results by providing a clear structure for comparisons. While
the standard 1-to-10 scale was used in this study, the model can adapt to alternative scales
based on specific project requirements.

A total of 37 experts participated in this study who were selected based on the follow-
ing professional criteria: a minimum of 5 years of work experience in the field, involvement
in at least 5 completed infrastructure projects, experience with at least 1 international FIDIC
contract, and predominantly working on international contracts throughout their careers.
The roles of the experts varied, including supervision (7 experts), construction execution
(5), design (9), technical consultancy (2), project management (6), public procurement (2),
legal consultancy (2), finance (3), and environmental protection (1). The average age of the
experts was 46 years, with an average of 19 years of work experience and participation in an
average of 30 projects. All experts had experience in international projects, with 30 experts
primarily engaged in international projects and 7 in regional ones. The evaluation pro-
cess involved initial discussions of proposed preventive measures until a consensus was
reached, followed by a single round of scoring. The results were further validated through
consistency analysis and additional discussions among experts, ensuring the reliability and
credibility of the findings.

Experts evaluated the preventive measures individually, and the process was orga-
nized to ensure participant anonymity, reducing bias and the influence of group dynamics.
For each preventive measure, a total of 4 scores was collected, one for each criterion,
generating a dataset of 1204 evaluations per expert.

The consistency of the results among the experts was assessed using Cohen’s kappa
coefficient, a statistical measure widely recognized for evaluating inter-rater reliability. The
calculated kappa value of 0.834 indicates a very high level of agreement among the experts,
significantly above the threshold for substantial agreement (0.61–0.80). This demonstrates
the reliability of the evaluations and the robustness of the scoring process. The analysis was
conducted using the SPSS v.30 statistical software, which ensured precise computation and
facilitated the validation process. By employing this methodological approach, the study
reinforced the credibility of the findings and provided a solid foundation for further analysis.

This methodology enables a comprehensive and scientifically validated approach
to analyzing preventive measures, addressing key aspects of their implementation. By
employing well-defined criteria and a standardized scale, the evaluation results provide
a solid foundation for decision making and ranking measures. This evaluation process
also ensures practical applicability, as it facilitates the quantification of the complexity
and effectiveness of measures in real-world risk management conditions within road
infrastructure projects.
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In the second phase, we interviewed an additional five experts to serve as a control
group. In addition, in this phase, the methodological approach was different. The experts
expressed their evaluations in a linguistic manner, and for calculation purposes, fuzzy
logic was used. In continuation, some basic definitions of fuzzy sets and numbers are
provided [36].

Definition 1. A fuzzy set
∼
A in a universe of discourse X is characterized by a membership function

µ∼
A

(x), which associates with each element x in X, a real number in the interval [0, 1]. The function

value µ∼
A

(x) represents the grade of membership of x in
∼
A.

Definition 2. A fuzzy set
∼
A of the universe of discourse X is convex if and only if for all x1, x2 in X,

µ∼
A
(γx1 + (1 − γ) x2) ≥ Min

(
µ∼

A
(x1), µ∼

A
(x2)

)
(1)

where ∈ [0, 1].

Definition 3. A fuzzy set
∼
A of the universe of discourse X is called a normal fuzzy set, implying

that ∃ xi ∈ X, µ∼
A

(xi) = 1.

Definition 4. A fuzzy number is a fuzzy subset in the universe of discourse X that is both convex
and normal. An example of a triangular fuzzy number is given in Figure 1.

Definition 5. A triangular fuzzy number
∼
n can be defined by a triplet (n1, n2, n3) shown in

Figure 1. The membership function µ∼
n(x) is defined as:

µ∼
n
(x) =


0, x < n1

x−n1
n2−n1

, n1 ≤ x ≤ n2
n3−x
n3−n2

, n2 ≤ x ≤ n3

0, x > n3

(2)
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Figure 1. A triangular fuzzy number
∼
n.

To evaluate the criteria, the experts gave the linguistic answers. These linguistic
answers can be expressed as triangular fuzzy numbers. The scale used is provided in
Table 2.

Table 2. A relation between linguistic answers and fuzzy numbers.

Linguistic Variable Fuzzy Number

Very low (VL) (0, 0, 1)
Low (L) (0, 1, 3)

Medium-low (ML) (1, 3, 5)
Medium (M) (3, 5, 7)

Medium-high (MH) (5, 7, 9)
High (H) (7, 9, 10)

Very high (VH) (9, 10, 10)
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If there are K experts that perform the evaluations, and each of the evaluations is
considered as fuzzy number

∼
x ij, then the ratings can be calculated as follows:

∼
x ij =

1
K

[
∼
x

1
ij (+)

∼
x

2
ij (+) . . . (+)

∼
x

K
ij

]
(3)

As a defuzzification method for triangular fuzzy numbers, we use the following:

xij =
1
3
[n1 + n2 + n3] (4)

2.3. Evaluation Methodology for Weighting Evaluation Criteria

In this study, an evaluation of the significance of the defined criteria was conducted
to establish a baseline weighting distribution that reflects their relative importance in the
assessment of preventive measures. This step is essential in multi-criteria decision making
(MCDM) as it allows priorities to be clearly defined and integrated into the decision-making
process. Experts assessed the importance of each criterion using a proportional scale, where
the total value for all criteria was predefined as 100%. This approach ensured that the
evaluations were relatively comparable and that the key factors influencing the selection of
optimal measures were identified.

The justification for this approach lies in the fact that each criterion contributes differ-
ently to the evaluation of the effectiveness and practical feasibility of preventive measures.
For example, criteria such as cost or implementation time may have a direct impact on the
practical application of a measure, while others, such as complexity or probability of success,
provide insights into the long-term sustainability and efficiency of the measure. Weighting
distribution enables these differences in importance to be expressed quantitatively, ensuring
that the final evaluation results align with real-world priorities in risk management.

Furthermore, this methodology is grounded in the scientific foundations of MCDM,
which emphasize the importance of integrating expert opinions when shaping weight
coefficients. The theoretical and practical validity of this approach is well documented in
the relevant literature [31,34,35], where weighting evaluation is used to balance the often
conflicting impacts of various criteria. This ensures that the evaluation process is based
on objective and scientifically validated principles, while also maintaining the practical
applicability of the results.

Normalization of Criteria Weights

To ensure that the sum of the average weights for the four criteria (implementation
costs, time required for implementation, implementation complexity, and probability of
success) equals 100, the following steps are applied:

Collecting expert evaluations:
Each expert assigns weights to the four criteria (C1, C2, C3, C4) such that:

C1i + C2i + C3i + C4i = 100 (5)

for each expert i (I = 1, 2, . . ., n), where n is the number of experts.
Calculating the average weight for each criterion:
The arithmetic mean of the weights for each criterion is computed across all experts,

as follows:
C =

1
n∑n

i=1 Cji, j = 1, 2, 3, 4 (6)

where
Cji is the weight assigned to criterion jj by expert ii.
Normalizing the average weights:
The average weights are normalized to ensure their sum equals 100, using the

following equation:
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C′
j = (Cj/(∑4

j=1 Cj)× 100, j = 1, 2, 3, 4 (7)

where C′
j is the normalized weight for criterion j and ∑4

j=1 Cj is the sum of the unnormal-
ized average weights.

This procedure ensures that the final weights are proportional to the experts’ evalua-
tions while maintaining a total sum of 100, making them suitable for use in further analyses.

2.4. Methodology for Aggregating Scores and Ranking Preventive Measures

In this study, the weighted scoring method (WSM) was applied to derive a single over-
all score for each preventive measure and enable their ranking according to efficiency. This
method integrates evaluations across multiple criteria into a composite value, accounting
for the relative importance of each criterion. The methodology was developed to ensure
scientifically grounded and practically applicable results, facilitating the prioritization of
measures in the context of risk management in road infrastructure projects.

Each preventive measure was evaluated based on four defined criteria:

• Costs,
• Time required,
• Complexity,
• Probability of success.

Each measure was rated on a scale from 1 to 10, where 1 represents the lowest and
10 is the highest performance level within the specific criterion. The weights of the criteria
were determined through a weighting process by experts and represented the proportional
contribution of each criterion to the overall score. The total weight of all criteria was 100%,
expressed in decimal form for computational purposes (e.g., 25% = 0.25).

The overall score for each preventive measure (Si) was calculated as a weighted sum
of scores for the criteria using the following equation:

Si = ∑n
j=1 Wj × Xij (8)

where:
Si is the overall weighted score for the i-th preventive measure,
Wj is the weight of the j-th criterion,
Xij is the score of the i-th preventive measure for the j-th criterion (scale 1–10),
n is the total number of criteria (n = 4).
Based on the overall scores (Si), preventive measures were ranked in descending

order, with the highest-ranked measure representing the best balance among the defined
criteria. This ranking facilitates decision making regarding the priorities for implementing
measures, particularly in scenarios with limited resources.

The weighted scoring method ensures that evaluations across multiple criteria are
integrated into a single overall score while appropriately reflecting the relative importance
of each criterion. By incorporating expert-determined weights, this approach guarantees
that criteria with higher significance exert greater influence on the final evaluation. Fur-
thermore, the method is straightforward and suitable for practical applications, offering
a clear framework for evaluating and prioritizing preventive measures. Its scientific va-
lidity is widely recognized in the literature on multi-criteria decision making [31,34,35],
where it is regarded as an effective tool for addressing complex datasets and supporting
decision-making processes.

The use of MCDM in this study was justified by the need to systematically evaluate
and prioritize a large number of preventive measures (302) across multiple criteria, includ-
ing implementation costs, time required for implementation, implementation complexity,
and probability of success. The complex and interdependent nature of risks in road infras-
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tructure projects necessitates a methodology capable of accommodating subjective expert
judgments and integrating them into a coherent, quantitative framework. MCDM offered
the flexibility to handle uncertainties and variability in expert evaluations across these
criteria, ensuring strong and actionable results. By facilitating a nuanced analysis of the
relative importance of each criterion and the effectiveness of individual measures, MCDM
enabled the identification of the most impactful preventive measures, directly supporting
decision-making processes in real-world infrastructure risk management.

Calculating the Combined Probability of Risk Reduction

When considering multiple preventive measures that operate independently of
one another, the total probability of risk reduction (Ptotal) can be calculated using the
following formula:

Ptotal = 1 − ∏n
i=1 (1 − Pi) (9)

where:
Ptotal represents the total probability of reducing the risk,
Pi is the probability that the i-th preventive measure successfully reduces the risk,
n is the total number of considered preventive measures.
This formula is based on the principle of independence of events, where the probability

of failure for each measure (1 − Pi) is accounted for, and the total probability of success
complements the probability that all measures fail collectively. This approach allows for
assessing the effectiveness of combined measures, providing insight into their contribution
to overall risk reduction.

The results of this methodology have significant practical value for risk management
projects in road infrastructure. Identified and ranked preventive measures can serve as
the basis for strategic decision making, resource allocation, and implementation planning.
This methodology is adaptable and can be applied in future projects, ensuring a consistent
and transparent evaluation process aligned with the priorities and goals of stakeholders
and infrastructure managers. This approach provides a clear framework for decision
making under real-world conditions, contributing to the improvement of risk management
processes and enhancing the efficiency of preventive measure implementation.

The scores assigned to each preventive measure (ranging from 1 to 10) represent
expert evaluations based on defined criteria, including the probability of success. To derive
the probability of risk reduction (Ptotal) for each measure, the scores corresponding to
the probability of success (Pi) are normalized by dividing each score by the maximum
possible value (10). This process scales the scores to a range between 0 and 1, ensuring
consistency and interpretability within a probabilistic framework. For example, a score of
7.6 is normalized to 0.76, while a score of 6.4 is normalized to 0.64.

This normalization allows the expert evaluations to be directly linked to probabilistic
values, providing a clear and quantitative basis for assessing the effectiveness of individual
preventive measures. By integrating these normalized probabilities, the methodology
ensures a comprehensive approach to evaluating and prioritizing risk reduction strategies
in infrastructure projects.

2.5. Consistency of Expert Evaluations

During the evaluation process, the consistency of expert assessments was carefully
analyzed to ensure the reliability and validity of the collected data. The majority of
the experts provided consistent evaluations across the four criteria for all preventive
measures. Consistency was assessed using a statistical approach, analyzing the variance
and correlation of scores within each expert’s dataset, as well as comparing them with the
collective average of all participants. This approach ensured that individual evaluations
aligned with the expected patterns of logical reasoning inherent to the defined criteria.
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Out of the 37 experts, 2 experts exhibited significant inconsistency in their assess-
ments, with evaluations deviating markedly from both their internal patterns and the
group consensus. Specifically, their scores demonstrated high variance without a clear
justification, such as extreme values that did not correspond to the provided definitions
of the scoring scale (e.g., rating measures with contradictory extremes across criteria,
such as assigning high complexity alongside low costs). This lack of internal coherence
suggested either a misunderstanding of the criteria or insufficient adherence to the
evaluation guidelines.

To maintain the integrity of the dataset, the results from these two experts were
excluded from the final analysis. This decision was supported by established practices
in multi-criteria decision-making research [31,37,38], where inconsistent evaluations
can disproportionately skew aggregated results and compromise the validity of the
conclusions [1,35,39]. The exclusion was further justified by the fact that the remaining
35 experts provided a representative sample, ensuring that the final results retained their
statistical reliability.

The process of excluding inconsistent evaluations aligns with best practices in expert-
based research. By removing outliers, the analysis focused on capturing the collective
expertise of the group while minimizing the impact of potential anomalies. The final dataset,
consisting of evaluations from 35 experts, demonstrated high internal consistency and
strong alignment with the expected logical patterns, thereby providing a sound foundation
for further analysis and interpretation.

This rigorous approach to evaluating and validating expert assessments underscores
the strength of the methodology and enhances the credibility of the results. By addressing
inconsistencies transparently and methodologically, the research ensures that the findings
accurately reflect the collective expertise and provide a reliable basis for decision making
in risk management within road infrastructure projects.

2.6. Ethical Considerations

This study was conducted in full compliance with established ethical standards to
ensure the integrity and transparency of the research process. The anonymity of all experts
involved in the evaluation was strictly maintained throughout the study. At no point were
individual identities disclosed, and the data were processed and analyzed in a manner that
prevented the identification of individual contributions, thereby safeguarding their privacy
and encouraging unbiased participation.

All experts were thoroughly briefed on the study’s objectives and methodology prior
to their involvement. A detailed presentation was organized to explain the purpose of
the research, the role of the experts, and the specific tasks they would be undertaking.
Experts were given the opportunity to ask questions and provide feedback during this
initial session.

Written informed consent was obtained from all experts before the study commenced.
This consent ensured that participants were fully aware of their involvement in the study,
the scope of their contributions, and the measures in place to protect their confidentiality.
Furthermore, regular meetings and discussions were organized to provide a platform
for experts to share insights, clarify uncertainties, and contribute to a collaborative and
informed evaluation process.

By adhering to these ethical measures, the study ensured a transparent, respectful, and
inclusive research environment. This approach not only upheld the highest standards of
ethical research but also fostered a sense of trust and engagement among the participating
experts, contributing to the reliability and validity of the results.
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2.7. Software and Tools Used

The analysis in this study was conducted using a combination of statistical and
computational tools to ensure accurate data processing, evaluation, and presentation of
the results. For statistical analysis, SPSS Statistics (version 28.0) was used to perform
descriptive statistics, consistency checks, and reliability tests for the expert evaluations.
This software facilitated the processing of large datasets, ensuring precision and efficiency
in analyzing the consistency and reliability of the collected data.

To implement the weighted scoring method (WSM) and aggregate scores, as well as
to automate computations, Python (version 3.10) was utilized. Python’s flexibility and
wide range of libraries, such as Pandas for data manipulation and NumPy for numerical
computations, enabled efficient processing and clear presentation of the results.

The integration of these tools ensured a strong and transparent workflow, combining
statistical rigor with computational efficiency and enabling a comprehensive evaluation of
preventive measures.

3. Results
In this section, the results of the study are presented and organized by the seven

identified groups of risks. Each subsection focuses on one group of risks and provides a
detailed overview of its findings. For each group, the defined risks are introduced, followed
by the corresponding preventive measures identified to address these risks.

The evaluation results for each preventive measure are presented based on the four
predefined criteria: implementation costs (ICs), time required for implementation (TRI),
implementation complexity (ICO), and probability of success (PS). The values of the co-
efficients of the four weighting criteria are shown in Table 3. The scores assigned to each
preventive measure for these criteria are detailed, and their aggregation into a single overall
score (Si) is highlighted. This comprehensive presentation allows for a clear understand-
ing of the effectiveness and prioritization of preventive measures within each risk group,
providing actionable insights for decision making in risk management.

Table 3. Coefficient of the four weighting criteria.

Criteria Coefficients

Implementation costs 23.5

Time required for implementation 19.3

Implementation complexity 15.8

Probability of success 41.4

3.1. Evaluation of Preventive Measures in the Design Group

Table 4 presents the identified risks within the Design group along with the evaluation
scores for each associated preventive measure. A total of 11 risks have been identified in this
group, with corresponding preventive measures tailored to mitigate each risk. The table
includes the assessment of these measures based on four predefined criteria. These scores
provide a comprehensive overview of the relative performance of the preventive measures,
enabling their prioritization based on their effectiveness in reducing design-related risks in
road infrastructure.

The results of the statistical analysis showed no statistically significant differences
between the mean values of Si and the Si fuzzy scores. The independent samples t-test
indicated the absence of a statistically significant difference between the groups (t = −0.082,
p = 0.935). These findings suggest that the Si and Si fuzzy scores are practically equivalent
in the context of the analysis.



Mathematics 2025, 13, 278 14 of 32

Table 4. Risks and evaluation of preventive measures in the Design group.

Risks and Related Preventive Measures IC TRI ICO PS Si Si
Fuzzy

1.1. Non-compliance of the project with environmental conditions due to inappropriate design bases:

A higher or satisfactory level of geological research 5.3 6.5 5.9 7.5 6.54 6.36

Installation of an adequate number of piezometers to monitor the level of underground water 3.4 6.5 4.9 4.5 4.69 5.04

Adequate and timely surveying to create a geodetic base (instead of relying on data from the
existing inaccurate network, which is performed to reduce the costs of geodetic surveying) 6.5 8.5 8.2 3.7 6.00 4.83

Addressing all holders of public authority for them to issue location conditions 8.5 5.7 9.2 7.3 7.57 5.16

Detailed previous archaeological research 3.5 6.5 5.5 3.4 4.35 5.07

Updating and consistent application of hydrological and climate data 8.9 9.8 9.7 4.3 7.30 6.36

1.2. Lack of details and technical specifications in the project documentation (insufficiently elaborated parts of the project documentation):

Determination of an adequate deadline for the preparation of project documentation 8.9 5.2 5.5 5.8 6.37 5.24

Greater control during creation of the basic project 5.3 5.2 4.6 6.5 5.67 5.41

Performing technical control in parallel with the design process (introduce phases) 5.1 5.2 4.3 7.2 5.86 6.01

More thorough work by members of the Revision Commission (without political influence)
and strict control of their work 9.9 6.7 2.2 7.5 7.07 6.36

Agreed penalties for errors in projects 9.9 9.4 5.7 5.1 7.15 4.53

Increased responsibility for designers 9.9 9.4 2.7 5.9 7.01 6.21

Changes in the local laws in this area to prescribe the designer’s obligation to eliminate all
deficiencies in the project documentation 9.7 2.5 1.8 7.9 6.32 5.91

Engagement of design supervision/availability of the designer to respond quickly to a
certain request of the employer 4.8 5.5 3.7 9.2 6.58 6.57

1.3. Complex design or inappropriate construction technology:

Stricter criteria in the designer’s selection process (require more references) 9.9 8.5 5.8 4.2 6.62 4.73

Performing technical control in parallel with the design process (introduce phases) 5.1 5.5 4.8 5.9 5.46 7.85

Stricter criteria in the contractor selection process (more experience with key personnel and
better technical equipment) 9.9 8.5 5.8 6.3 7.49 7.60

Engagement of design supervision/availability of the designer to respond quickly to a
certain request of the employer 5.1 3.1 3.7 5.2 4.53 5.32

1.4. Non-compliance in parts of project documentation:

Determination of an adequate deadline for the preparation of project documentation 8.8 5.8 5.3 6.8 6.84 6.47

Greater control during creation of the basic project 5.9 5.9 4.8 7.2 6.26 8.18

Performing technical control in parallel with the design process (introduce phases) 5.1 5.1 4.7 7.4 5.99 7.66

More thorough work by members of the Revision Commission (without political influence)
and strict control of their work 9.9 6.9 2.4 6.9 6.89 6.81

Agreed penalties for errors in projects 9.5 9.9 5.7 4.2 6.78 7.40

Increased responsibility for designers 9.9 9.9 2.5 4.6 6.54 6.36

Changes in the local laws in this area to prescribe the designer’s obligation to eliminate all
deficiencies in the project documentation 9.9 2.8 1.4 7.1 6.03 6.08

Engagement of design supervision/availability of the designer to respond quickly to a
certain request of the employer 4.8 5.2 3.7 8.1 6.07 5.69

Thorough technical control of project documentation 9.1 6.9 5.6 8.7 7.96 7.85

1.5. Delays in the production or changes in project documentation during execution:

Determination of an adequate deadline for the preparation of project documentation 8.1 6.1 5.3 7.1 6.86 7.78

Greater control during creation of the basic project 5.9 5.6 4.9 6.2 5.81 6.81

Agreed penalties for errors in projects 9.8 9.9 7.2 3.9 6.97 5.94

Increased responsibility for designers 9.9 9.9 2.6 4.5 6.51 6.83

Changes in the local laws in this area to prescribe the designer’s obligation to eliminate all
deficiencies in the project documentation 9.9 2.7 1.3 7.1 5.99 6.04

Engagement of design supervision/availability of the designer to respond quickly to a
certain request of the employer 4.9 5.1 3.5 8.9 6.37 6.29
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Table 4. Cont.

Risks and Related Preventive Measures IC TRI ICO PS Si Si
Fuzzy

1.6. Incorrect Bill of Quantities of works:

Greater control during creation of the basic project 6.1 5.6 4.9 6.2 5.86 7.33

Performing technical control in parallel with the design process (introduce phases) 5.2 5.2 5.1 7.3 6.05 7.70

Agreed penalties for errors in projects 9.3 9.9 4.9 4.2 6.61 5.70

Increased responsibility for designers 9.9 9.9 2.5 4.6 6.54 6.05

Changes in the local laws in this area to prescribe the designer’s obligation to eliminate all
deficiencies in the project documentation 9.9 2.9 1.5 6.9 5.98 5.38

Thorough technical control of project documentation 9.2 6.8 5.7 8.8 8.02 7.61

1.7. Insufficiently examined and imprecisely determined locations as well as available quantities of materials in borrow pits:

A higher or satisfactory level of geological research 4.7 6.3 5.8 5.6 5.56 5.69

Greater control during creation of the basic project 6.1 6.5 4.9 3.2 4.79 5.02

Adequate testing in order to provide the material with the required characteristics in the
design phase 3.7 6.1 4.6 9.0 6.50 6.55

Independent control of expropriation carried out on the site 8.3 8.7 6.9 6.9 7.58 7.09

Records of resources located in the territory of the country where the works are performed
and their availability 9.1 8.9 4.9 7.2 7.61 7.38

Exclude the contractual possibility that the lack of material is a risk event for the employer 9.9 9.9 8.7 9.1 9.38 8.78

Thorough technical control of project documentation 9.2 6.8 5.7 4.0 6.03 5.66

1.8. Failure to provide adequate locations for deposit areas for excavated materials:

Thoroughly conducting preliminary field research in the design phase 5.5 6.3 5.0 6.1 5.82 7.76

A higher or satisfactory level of geological research 4.7 6.5 5.8 4.2 5.01 7.08

Adequate and timely surveying to create a geodetic base (instead of relying on data from the
existing inaccurate network, which is performed to reduce the costs of geodetic surveying) 7.1 7.7 6.1 3.9 5.73 7.33

Independent control of expropriation carried out on the site 8.2 7.0 8.1 6.3 7.17 7.09

Transferring the contractual obligation to the contractor to provide space for landfills and
their recultivation 9.9 9.7 9.7 9.8 9.79 8.80

Thorough technical control of project documentation 9.4 6.8 5.4 5.7 6.73 6.04

1.9. Unresolved collisions with existing infrastructure facilities (underground installations, pipelines, local roads, railways, etc.):

Addressing all holders of public authority for them to issue location conditions 8.9 6.8 8.4 4.8 6.72 5.21

Consistent compliance with the issued location conditions in terms of crossing with and
relocation of existing infrastructure facilities with obtaining building permits 9.0 6.9 6.1 5.8 6.81 5.52

Identification of all collisions on the ground before the start of construction in order to
determine those that are not included in the location conditions 6.9 7.0 2.8 7.3 6.44 7.45

Timely conclusion of contracts on relocation of installations to define mutual relations with
their owners 4.5 5.0 3.0 8.4 5.97 6.20

Introduction of user supervision of installation owners during the execution of works 4.8 4.9 5.9 7.9 6.28 7.79

A contract-defined mechanism for the relocation of uncharted simple communal installations
(rural water lines and sewers) 5.0 9.5 6.6 7.7 7.24 7.48

Creation of an adequate utility synchronization plan 8.0 6.6 6.0 5.6 6.42 6.90

Thorough technical control of project documentation 9.4 7.0 5.3 3.7 5.93 6.61

1.10. Inadequate design of riverbeds and storm water treatment:

Insisting on the application of correct input data during hydraulic calculations 7.9 1.2 4.0 7.3 5.74 6.10

Adequate and timely surveying to create a geodetic base (instead of relying on data from the
existing inaccurate network, which is performed to reduce the costs of geodetic surveying) 7.1 7.8 7.1 3.7 5.83 6.28

Thoroughly conducting preliminary field research in the design phase 5.2 5.8 5.2 7.2 6.14 8.38

Updating and consistent application of hydrological and climate data 9.0 7.0 7.4 8.1 7.99 7.79

Independent control of expropriation carried out on the site 8.0 7.8 8.1 6.7 7.44 7.03

Thorough technical control of project documentation 9.8 6.7 5.3 8.1 7.79 7.78
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Table 4. Cont.

Risks and Related Preventive Measures IC TRI ICO PS Si Si
Fuzzy

1.11. Inapplicable project documentation for high cuts, including tunnel portals:

A higher or satisfactory level of geological research 4.8 4.0 5.0 6.5 5.38 3.95

Thoroughly conducting preliminary field research in the design phase 3.8 4.4 4.9 6.7 5.29 5.41

Adequate testing in order to provide the material with the required characteristics in the
design phase 3.1 4.2 4.4 7.0 5.13 5.91

Greater control during creation of the basic project 8.4 5.4 4.9 5.8 6.19 7.68

Agreed penalties for errors in projects 9.9 9.9 4.8 3.7 6.53 5.16

Stricter criteria in the designer’s selection process (require more references) 9.8 9.9 7.8 6.9 8.30 6.73

Increased responsibility for designers 9.9 7.1 3.0 3.8 5.74 5.51

Installation of an adequate number of piezometers to monitor the level of underground water 3.4 6.1 4.3 7.3 5.68 6.84

Adequate and timely surveying to create a geodetic base (instead of relying on data from the
existing inaccurate network, which is performed to reduce the costs of geodetic surveying) 7.8 7.4 7.2 5.3 6.59 6.04

Engagement of design supervision/availability of the designer to respond quickly to a
certain request of the employer 4.9 2.3 5.3 8.1 5.79 6.36

Thorough technical control of project documentation 9.8 5.6 4.9 6.5 6.85 6.98

3.2. Evaluation of Preventive Measures in the External Group

Table 5 highlights the risks categorized under the External group along with the
evaluation results for the associated preventive measures. This group encompasses a
total of 10 risks, each of which is addressed through specifically defined measures aimed
at mitigating their impact. These evaluations serve as a foundation for comparing the
effectiveness of preventive measures within this group, facilitating their prioritization and
strategic application in managing external risks in road infrastructure projects.

Table 5. Risks and evaluation of preventive measures in the External group.

Risks and Related Preventive Measures IC TRI ICO PS Si Si
Fuzzy

2.1. Problems with property–legal relations (expropriation, etc.):

Thorough technical control of project documentation 9.4 5.5 4.8 4.8 6.02 4.53

Independent control of expropriation carried out on the site 8.3 7.3 7.4 6.7 7.30 6.43

Allowing the contractor to commence the work only after the registration of works according
to the law 9.9 6.7 8.0 8.1 8.24 7.99

Approval of changes in the design only after the resolution of property–legal relations 9.1 5.4 8.3 9.4 8.38 7.28

Amendment of the legal framework for solving property–legal relations especially
concerning the expropriation of parts of cadastral plots 9.8 2.4 1.4 9.6 6.96 6.47

Establishing adequate cooperation of the employer with the local community and the
non-governmental sector 9.5 7.2 6.4 6.5 7.32 5.78

Hiring a consultant for environmental and social issues during design preparation 5.4 5.4 5.8 7.3 6.25 7.36

2.2. Delay in obtaining permits and approvals from relevant authorities:

Tightening of legal consequences for failure to act within the deadlines provided by law 9.6 2.3 1.7 9.3 6.82 6.45

Engagement of design supervision/availability of the designer to respond quickly to a
certain request of the employer 5.0 5.7 5.5 6.7 5.92 5.58

More thorough work by members of the Revision Commission (without political influence)
and strict control of their work 9.9 6.7 2.8 7.3 7.08 7.19

Better control of the work of the Sector for Construction Affairs and the implementation of
unification procedures in the Ministry of Construction 9.8 6.8 2.5 8.0 7.32 7.09

2.3. Problems with obtaining a use permit:

The work of the Committee for the Technical Inspection in parallel with the execution of the
works and timely resolution of all objections given 7.9 3.0 4.4 8.9 6.82 6.59
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Table 5. Cont.

Risks and Related Preventive Measures IC TRI ICO PS Si Si
Fuzzy

Defining the deadlines for the delivery of the As-Built Design as well as the geodetic work
report for the completed structure and special parts of the structure 9.8 9.5 8.7 7.4 8.57 8.15

Tightening of legal consequences for failure to act within the deadlines provided by law 9.9 2.8 1.9 5.3 5.36 4.77

Contractual obligation of the contractor to actively participate in obtaining the use permit 9.8 9.9 6.8 7.0 8.19 8.79

Require the issuance of a Performance Certificate after obtaining a use permit 8.7 9.0 7.9 5.0 7.10 6.85

2.4. Local regulations regarding the construction of tunnels are insufficient:

Defining in the Terms of Reference of the contract with the designer that foreign regulations
are applied (specifically, the German RABT, because it is best defined) 5.4 9.5 5.1 8.9 7.59 7.77

To adopt new regulations within the local legislation that would define clear requirements
regarding the necessary technical documentation and verification methods (certificates,
reports, etc.) in relation to fire protection measures

9.9 5.4 4.7 7.8 6.97 6.17

2.5. Changes in laws and regulations:

Participation of employer in the procedure of enactment and amendment of laws, especially
in the procedure of public discussion 9.9 5.4 4.7 7.8 7.34 5.31

The timely reaction of all participants in the project to changes in laws and regulations 9.9 6.3 3.5 7.9 7.37 7.25

Initiative for the adoption of by-laws, which are provided for in certain laws 9.8 2.3 4.0 8.0 6.69 5.68

2.6. Banks—compliance with the environmental and social requirements of each bank:

Strict compliance with all environmental and social requirements and standards of the banks
financing the project during the preparation of design documentation 7.8 4.5 5.7 7.3 6.62 5.88

Hiring a consultant for environmental and social issues during design preparation 4.7 4.5 5.4 7.9 6.10 6.58

Defining the contractor’s contractual obligation to prepare plans and implement all measures
foreseen during and after construction 9.9 9.9 8.7 8.0 8.92 8.06

Adequate assessment by the employer of the required number of members of the engineer’s
team before the tender 9.8 9.7 6.5 4.7 7.15 6.84

Establishing adequate cooperation of the employer with the local community and the
non-governmental sector 9.7 6.8 6.4 7.5 7.71 7.68

Approval of changes in the design only after the resolution of property–legal relations 9.0 6.2 8.5 9.0 8.38 8.61

2.7. Exchange rate instability and resource price spikes:

Introduction and application of an adequate price escalation scale for adjustments for
changes in cost 4.5 9.3 7.9 7.5 7.21 6.50

Payment of materials on site in an adequate percentage (70% of the value) 3.4 6.8 8.4 9.1 7.21 6.32

Timely provision of financial resources for the realization of the project 4.7 4.3 3.5 5.6 4.81 3.58

Stricter criteria in the contractor selection process (require bank guarantees issued by banks
with a higher credit rating) 9.9 8.0 5.6 4.1 6.45 7.11

Introduction of a guarantee for the performance of the work within the Time for Completion 9.5 9.1 4.0 3.3 5.99 5.02

2.8. New environmental restrictions or unforeseen circumstances (archeological sites, mines, and explosives, etc.):

Previous collection of information on the existence of potential obstacles in the
implementation of the project 7.1 6.3 4.1 6.9 6.39 7.82

Thoroughly conducting preliminary field research in the design phase 3.9 6.1 4.9 7.0 5.77 6.10

Creation of an adequate utility synchronization plan 6.4 6.0 6.2 4.6 5.55 5.03

The permanent presence of experienced archaeological supervision 4.4 2.5 8.0 8.0 6.09 5.75

Strict compliance with all environmental and social requirements and standards of the banks
financing the project during the preparation of design documentation 4.7 6.9 4.8 7.5 6.30 7.21

2.9. Exceptionally adverse weather conditions:

Monitoring the weather forecast 9.1 2.1 9.6 7.9 7.33 7.27

Development of a preliminary plan for mitigating the consequences of adverse events 5.3 6.7 6.4 8.1 6.90 7.50

Obligatory insurance of works against floods, storms, earthquakes, and other natural disasters 9.8 6.3 5.6 8.7 8.01 7.60

2.10. Force majeure (natural disasters, pandemic, epidemic, etc.):

Development of a preliminary plan for mitigating the consequences of adverse events 5.0 6.5 6.4 8.0 6.75 7.18

Obligatory insurance of works against floods, storms, earthquakes, and other natural disasters 9.7 6.4 5.0 7.5 7.41 8.02
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The results of the statistical analysis showed no statistically significant difference
between the mean values of the Si and Si fuzzy scores for this dataset. The independent
samples t-test indicated the absence of a statistically significant difference between the
groups (t = 0.408, p = 0.684). These findings suggest that the Si and Si fuzzy scores are
practically equivalent for this group as well.

3.3. Evaluation of Preventive Measures in the Resource Group

The risks associated with the Resource group are presented in Table 6 along with the
evaluation of their corresponding preventive measures. This category includes six identified
risks, each addressed through specific measures designed to minimize their impact.

The results of the statistical analysis showed no statistically significant difference
between the mean values of the Si and Si fuzzy scores for the third group of preventive
measures. The independent samples t-test indicated the absence of a statistically significant
difference between the groups (t = 0.408, p = 0.685). These findings suggest that the Si and
Si fuzzy scores are practically equivalent for this group as well.

Table 6. Risks and evaluation of preventive measures in the Resource group.

Risks and Related Preventive Measures IC TRI ICO PS Si Si
Fuzzy

3.1. Labor shortage:

Stricter conditions on the tender regarding the availability of labor at the contractor 9.8 9.8 8.2 6.7 8.26 8.14

Implementation of training and professional development 5.1 4.2 6.3 6.8 5.82 6.09

Cooperation of contractors with the National Employment Service 9.0 4.0 9.3 7.2 7.34 8.14

Higher salaries for labor 4.3 3.2 2.8 8.9 5.76 5.05

Liberalization of regulations regarding the granting of professional licenses to foreign
nationals and rapid issuance of work permits to foreigners 9.5 1.8 1.4 9.2 6.61 6.08

Scholarships for students and free training 5.2 3.9 5.8 5.8 5.29 6.49

3.2. Low productivity and unskilled labor force:

Stricter conditions on the tender regarding the availability of labor at the contractor 9.8 9.8 8.2 4.5 7.35 8.02

Implementation of training and professional development 5.1 2.8 6.3 7.9 6.00 7.06

Out-turn control of contractor’s labor 8.5 2.6 5.7 8.2 6.79 6.08

Monitoring compliance with the adopted program of works and the contractor’s planned
cash flow 9.3 2.5 6.5 6.8 6.51 7.04

Higher salaries for labor 5.2 5.1 3.0 7.8 5.91 6.11

3.3. Lack of materials on the market:

Adequate testing in order to provide the material with the required characteristics in the
design phase 4.8 6.8 4.3 8.9 6.80 5.93

Increasing the amount of the performance guarantee 9.4 9.4 6.2 3.7 6.53 5.46

Records of resources located in the territory of the country where the works are performed
and their availability 8.7 8.9 5.7 7.4 7.73 7.18

Exclude the contractual possibility that the lack of material is a risk event for the employer 9.9 9.9 7.0 7.9 8.61 7.68

3.4. Inadequate quality of materials:

Adequate testing in order to provide the material with the required characteristics in the
design phase 4.8 6.8 4.0 8.9 6.76 7.08

Increasing the amount of the performance guarantee 9.7 9.5 6.2 3.7 6.62 6.12

Introduction of a guarantee for the performance of the work within the Time for Completion 9.2 9.0 3.3 3.9 6.04 5.32

Records of resources located in the territory of the country where the works are performed
and their availability 8.7 8.9 5.7 7.5 7.77 7.36

Exclude the contractual possibility that the lack of material is a risk event for the employer 9.9 9.9 7.0 8.0 8.66 7.38

Conscientious work of the engineer (approval of materials prior to the installation, timely
issuance of Non-Conformance Report) 9.7 2.7 5.5 9.4 7.56 6.96

Adequate quality control of works execution 9.0 2.6 6.4 9.5 7.56 6.62
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Table 6. Cont.

Risks and Related Preventive Measures IC TRI ICO PS Si Si
Fuzzy

3.5. Equipment failures and obsolete machinery:

Stricter conditions on the tender in terms of availability and the necessary number of
machines of the contractor 9.4 8.9 5.1 6.0 7.22 6.27

Requiring the mechanization of certain characteristics and a small degree of amortization 9.5 9.0 4.3 8.7 8.25 6.73

Increasing the amount of the performance guarantee 9.2 7.8 5.2 4.2 6.23 5.53

Introduction of a guarantee for the performance of the work within the Time for Completion 9.0 5.6 3.6 4.5 5.63 5.91

Stricter conditions on the tender regarding the availability of labor at the contractor 9.8 9.5 6.7 5.6 7.51 6.92

3.6. Lack of equipment (mechanization):

Stricter conditions on the tender in terms of availability and the necessary number of
machines of the contractor 9.5 9.1 5.1 9.4 8.69 8.41

Requiring the mechanization of certain characteristics and a small degree of amortization 9.3 8.9 4.2 9.5 8.50 8.44

Increasing the amount of the performance guarantee 9.8 9.8 5.3 4.5 6.89 6.30

Introduction of a guarantee for the performance of the work within the Time for Completion 9.0 3.2 3.5 4.5 5.15 5.57

3.4. Evaluation of Preventive Measures in the Employer Group

Table 7 provides an overview of the risks identified within the Employer group and
the associated preventive measures developed to address them. This group includes a total
of seven risks, each linked to specific measures aimed at reducing their potential impact.

The results of the statistical analysis showed no statistically significant difference
between the mean values of the Si and Si fuzzy scores for this group of preventive measures.
The independent samples t-test indicated the absence of a statistically significant difference
between the groups (t = −0.566, p = 0.573). These findings suggest that the Si and Si fuzzy
scores are practically equivalent for this group as well.

Table 7. Risks and evaluation of preventive measures in the Employer group.

Risks and Related Preventive Measures IC TRI ICO PS Si Si
Fuzzy

4.1. Delays in payment of Interim Payment Certificate by the employer:

Establishing a procedure for efficient processing of the contractor’s application for Interim
Payment Certificate by the engineer 9.8 8.7 6.6 7.6 8.17 7.60

Clearly defined procedure of review, processing, and approval for the payment of Interim
Payment Certificate by the employer 9.9 7.0 5.3 8.0 7.83 7.80

Timely provision of financial resources for the realization of the project 4.5 4.2 4.2 9.2 6.34 6.24

Contractual definition of default interest for late payment of Interim Payment Certificates 9.9 9.8 9.8 5.7 8.13 7.11

4.2. Variation Order request:

Establishing a multiple control mechanism at the employer when defining the Terms of Reference 9.8 6.8 5.2 5.9 6.88 7.18

Professional ability of the employer to quickly perform cost–benefit analysis 6.0 6.9 4.5 6.0 5.94 6.63

Engagement of design supervision/availability of the designer to respond quickly to a
certain request of the employer 5.4 3.2 5.0 8.2 6.07 6.18

The willingness of the employer to quickly provide the necessary conditions, consents, and
permits for changes in the design documentation 5.9 7.8 6.5 7.2 6.90 7.59

A detailed procedure between the engineer and the employer for the adoption of changes to
the project (unforeseen and additional works, redundancies, additional requests of the
employer, omission of works).

9.8 8.9 6.2 6.5 7.69 6.87

The work of the Committee for the Technical Inspection in parallel with the execution of the
works and timely resolution of all objections given 9.0 3.0 7.5 7.9 7.15 7.08

4.3. Slow decision making:

Establishing procedures and defining deadlines and responsibility mechanisms for
decision making 9.8 6.4 3.9 8.3 7.59 7.27
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Table 7. Cont.

Risks and Related Preventive Measures IC TRI ICO PS Si Si
Fuzzy

Introduction of transparent mechanisms for deciding on determinations and
recommendations of the engineer by the employer 9.9 6.7 6.2 6.8 7.41 7.40

Establishing a procedure for making decisions about already assumed risk events 9.0 5.2 2.7 7.2 6.53 6.65

Establishing a mechanism to prevent corruption of responsible persons 8.0 2.5 1.4 7.9 5.85 5.38

4.4. Poor communication between the employer and other project participants:

Regular holding of meetings (weekly and monthly), with minutes whose content is
confirmed by all contractual parties, with a mandatory subject of risk management 9.0 8.0 7.0 6.8 7.58 7.15

Establishing a clear system of communication among project participants 9.9 9.0 6.5 7.4 8.15 7.28

Establishment of a common database with all documents on the project 5.3 6.9 4.6 4.9 5.33 4.54

4.5. Lack of funds or lengthy procedure for financing unforeseen works and Variation Orders:

Introducing higher percentages of contractual reserves for work contingencies and
unforeseen work within the accepted contract amount and in loan agreements 3.9 2.1 2.3 7.5 4.79 4.08

Establishing the procedure and defining deadlines for making decisions on
additional financing 9.0 7.5 6.3 5.3 6.75 6.56

Timely provision of financial resources for the realization of the project 4.3 4.1 5.6 9.2 6.50 6.29

Provision of stand-by arrangements for financing unforeseen works 3.0 3.0 1.3 9.9 5.59 4.57

4.6. Delay in handing over (parts of) the construction site to the contractor:

Independent control of expropriation carried out on the site 9.8 7.2 6.3 6.1 7.21 6.82

Allowing the contractor to commence the work only after the registration of works according
to the law 9.4 5.6 5.8 4.5 6.07 5.83

Adequate and timely surveying to create a geodetic base (instead of relying on data from the
existing inaccurate network, which is performed to reduce the costs of geodetic surveying) 5.7 6.9 7.2 4.0 5.46 4.58

Provide in the design process the timely solution of access roads to the construction site 5.1 6.3 6.4 6.9 6.28 6.84

Shifting contractual responsibility to the contractor for access to the construction site 8.2 9.4 9.3 7.2 8.19 7.73

Consistent compliance with the issued location conditions in terms of crossing with and
relocation of existing infrastructure facilities by obtaining building permits 5.0 5.5 3.5 4.9 4.82 4.88

Establishing adequate cooperation of the employer with the local community and the
non-governmental sector 9.8 7.3 6.9 5.4 7.04 3.37

4.7. A long period of additional contracting for unforeseen and subsequent works (especially due to changes during implementation):

Engagement of design supervision/availability of the designer to respond quickly to a
certain request of the employer 4.5 2.8 5.8 7.9 5.78 5.26

Engagement of experienced professional engineer and constant control of their work 6.0 2.8 6.5 5.4 5.21 5.54

The willingness of the employer to quickly provide the necessary conditions, consents, and
permits for changes in the design documentation 8.8 6.8 4.5 8.2 7.49 7.13

A detailed procedure between the engineer and the employer for the adoption of changes to
the project (unforeseen and additional works, redundancies, additional requests of the
employer, omission of works)

9.9 7.9 8.6 7.2 8.19 6.58

3.5. Evaluation of Preventive Measures in the Contractor Group

The Contractor group encompasses six distinct risks, each addressed by tailored pre-
ventive measures designed to minimize their impact on road infrastructure projects. Table 8
presents a detailed analysis of these risks, including the evaluation of their corresponding
measures across four key criteria. These scores provide a structured comparison of the
proposed measures, highlighting their strengths and areas for improvement. The results
aim to guide the prioritization of actions to effectively manage contractor-related risks and
ensure smoother project execution.

The analysis of the mean Si and Si fuzzy scores for this group of preventive measures did
not reveal any statistically significant differences. The independent samples t-test indicated no
significant differences between the mean values (t = 0.572, p = 0.570). These findings suggest a
similarity between the Si and Si fuzzy scores within this group of measures.
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Table 8. Risks and evaluation of preventive measures in the Contractor group.

Risks and Related Preventive Measures IC TRI ICO PS Si Si
Fuzzy

5.1. Re-execution of works due to errors or poor quality of the works performed:

Stricter criteria in the contractor selection process (more experience with key personnel and
better technical equipment) 9.8 8.9 3.1 7.8 7.74 6.83

Engagement of experienced professional engineer and constant control of their work 9.7 2.3 5.1 8.3 6.97 6.79

Hiring a credible control laboratory and its up-to-date work 5.3 2.7 3.0 9.0 5.97 5.80

Carrying out an adequate number of additional tests by an independent laboratory 3.9 2.7 6.1 9.0 6.13 5.71

Increasing the amount of the performance guarantee 8.5 7.0 5.2 4.1 5.87 5.71

Conscientious work of the engineer (approval of materials prior to the installation, timely
issuance of Non-Conformance Report) 9.9 2.5 4.3 9.0 7.21 6.85

5.2. Poor financial condition of the contractor:

Stricter criteria in the contractor selection process (require bank guarantees issued by banks
with a higher credit rating) 9.0 8.9 6.5 4.3 6.64 7.07

Payment of up to 30% advance (with an adequate bank guarantee) 3.2 7.1 4.1 5.5 5.05 5.70

Payment of materials on site in an adequate percentage (70% of the value) 3.0 6.8 5.1 8.9 6.51 5.98

Introduction of the anti-dumping defense system during the tender (detailed price analysis
of the most financially significant positions in the contract) 9.6 7.2 4.1 8.0 7.61 7.41

Introduction and application of an adequate price escalation scale for adjustments for
changes in cost 5.5 9.0 8.2 9.0 8.05 8.27

Clearly defined procedure of review, processing, and approval for the payment of Interim
Payment Certificate by the employer 9.9 8.0 8.5 6.4 7.86 6.73

5.3. Inefficient planning and management of works on the construction site:

Increasing the amount of the performance guarantee 8.7 9.1 7.4 3.2 6.29 5.58

Introduction of a guarantee for the performance of the work within the Time for Completion 7.6 3.6 3.6 4.0 4.71 5.27

Stricter criteria in the contractor selection process (more experience with key personnel and
better technical equipment) 9.9 9.1 5.3 6.5 7.61 7.64

Establishing a control system for compliance with contractual deadlines by all participants in
the project 9.9 6.9 6.5 8.4 8.16 7.77

Engagement of experienced professional engineer and constant control of their work 9.6 2.3 5.0 7.8 6.72 5.79

5.4. Inadequate experience of the contractor:

Increasing the amount of the performance guarantee 8.7 9.1 7.4 3.2 6.29 5.08

Introduction of a guarantee for the performance of the work within the Time for Completion 7.6 3.6 3.6 4.0 4.71 4.08

Stricter criteria in the contractor selection process (more experience with key personnel and
better technical equipment) 9.9 9.1 5.3 8.0 8.23 6.00

Implementation of training and professional development 7.3 4.2 6.9 7.4 6.68 6.18

5.5. Irresponsible execution of works and jeopardizing the safety of other works:

Creation of an adequate utility synchronization plan 6.5 6.5 7.3 5.2 6.09 4.88

Coordination of the program of works by different contractors in the same space 9.8 5.0 4.5 7.0 6.88 7.47

Establishing a clear system of communication among project participants 9.9 8.4 6.5 7.0 7.87 6.23

Increasing the amount of the performance guarantee 8.7 7.8 8.4 4.2 6.62 8.28

Engagement of experienced professional engineer and constant control of their work 9.3 2.3 5.1 8.9 7.12 7.28

5.6. The contractor entering the OFAC (Office of Foreign Assets Control) list of sanctioned persons and companies:

The contract shall provide for the termination of the contract to the detriment of the
contractor (collection of the performance guarantee and all other guarantees that are active
up to that point)

9.9 9.5 4.3 8.0 8.15 5.42

3.6. Evaluation of Preventive Measures in the Engineer Group

The Engineer group consists of six identified risks, each of which is addressed through
specific preventive strategies aimed at mitigating their effects on project outcomes. Table 9
outlines these risks alongside the evaluation of their corresponding measures, which have
been assessed based on four criteria.
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Table 9. Risks and evaluation of preventive measures in the Engineer group.

Risks and Related Preventive Measures IC TRI ICO PS Si Si
Fuzzy

6.1. Lack of experience and expertise on the part of the engineer:

Stricter criteria in the selection procedure for the engineer (require more experience, especially for key personnel) 9.9 8.2 5.4 8.2 8.16 7.85

Adequate guarantee for good execution of supervision work and professional liability insurance 9.6 7.1 6.4 4.6 6.54 5.33

Contractual restrictions (fulfillment of at least equal criteria from the tender) when replacing personnel on the project,
especially when it comes to key personnel 9.9 6.8 7.4 8.0 8.12 7.23

6.2. Insufficient number of engineer’s team members:

Adequate assessment by the employer of the required number of members of the engineer’s team before the tender 9.8 8.2 6.4 8.6 8.46 8.33

Thorough analysis and adequate evaluation of technical offers for the engineer, especially in the understanding of
assignment section 9.8 7.1 5.2 7.8 7.72 7.64

Liberalization of regulations regarding the granting of professional licenses to foreign nationals and rapid issuance of
work permits to foreigners 9.0 1.9 1.6 8.5 6.25 6.00

6.3. Avoidance by the engineer to take a proactive role and issue instructions:

Provision of the contractual possibility for the employer to request the replacement of individuals from the expert
supervision team without explanation 9.9 6.8 3.5 7.8 7.42 7.13

Stricter criteria in the selection procedure for the engineer (require more experience, especially for key personnel) 9.9 7.9 6.4 6.7 7.64 7.42

Adequate guarantee for good execution of supervision work and professional liability insurance 9.8 7.6 9.6 4.2 7.03 6.61

Regular holding of meetings (weekly and monthly), with minutes whose content is confirmed by all contractual parties,
with a mandatory subject of risk management 9.7 7.0 8.6 8.0 8.30 7.16

6.4. Delays in reviewing and certifying the performed works:

Provision of the contractual possibility for the employer to request the replacement of individuals from the expert
supervision team without explanation 9.9 6.8 3.5 5.5 6.47 6.09

Stricter criteria in the selection procedure for the engineer (require more experience, especially for key personnel) 9.9 7.9 6.4 6.5 7.55 5.92

Adequate guarantee for good execution of supervision work and professional liability insurance 9.8 7.6 9.6 4.0 6.94 7.18

Regular holding of meetings (weekly and monthly), with minutes whose content is confirmed by all contractual parties,
with a mandatory subject of risk management 9.7 7.0 8.6 3.2 6.31 5.00

Engagement of experienced professional engineer and constant control of their work 9.0 2.4 5.5 8.5 6.97 6.38

Introducing a contractual obligation for the engineer to pay default interest for late payment of works to the contractor 9.7 9.5 3.4 9.8 8.71 7.98

Adequate quality control of works execution 9.0 2.5 6.5 7.4 6.69 5.97

Harmonization in the use of measurement methods and software for keeping records of the quantities of work
performed between engineer and contractors 5.5 6.7 5.0 8.2 6.77 6.90

6.5. Delays in the review and approval of the Method Statement:

Provision of the contractual possibility for the employer to request the replacement of individuals from the expert
supervision team without explanation 9.9 6.8 3.5 6.7 6.97 6.62

Stricter criteria in the selection procedure for the engineer (require more experience, especially for key personnel) 9.9 7.9 6.4 6.5 7.55 6.46

Adequate guarantee for good execution of supervision work and professional liability insurance 9.8 7.6 9.6 4.0 6.94 6.54

Regular holding of meetings (weekly and monthly), with minutes whose content is confirmed by all contractual parties,
with a mandatory subject of risk management 9.7 7.0 8.6 3.2 6.31 6.14

Engagement of experienced professional engineer and constant control of their work 9.0 2.4 5.5 9.2 7.26 6.67

Introducing a contractual obligation for the engineer to pay default interest for late payment of works to the contractor 9.7 9.5 3.4 5.5 6.93 6.56

6.6. Delays in the review and approval of materials:

Provision of the contractual possibility for the employer to request the replacement of individuals from the expert
supervision team without explanation 9.9 6.8 3.5 6.7 6.97 6.28

Stricter criteria in the selection procedure for the engineer (require more experience, especially for key personnel) 9.9 7.9 6.4 6.5 7.55 7.61

Adequate guarantee for good execution of supervision work and professional liability insurance 9.8 7.6 9.6 4.0 6.94 6.32

Regular holding of meetings (weekly and monthly), with minutes whose content is confirmed by all contractual parties,
with a mandatory subject of risk management 9.7 7.0 8.6 3.2 6.31 6.83

Engagement of experienced professional engineer and constant control of their work 9.0 2.4 5.5 9.2 7.26 6.74

Introducing a contractual obligation for the engineer to pay default interest for late payment of works to the contractor 9.7 9.5 3.4 5.5 6.93 8.35

The results of the analysis for the penultimate group of preventive measures showed no
statistically significant difference between the mean values of the Si and Si fuzzy scores. The
independent samples t-test did not identify a statistically significant difference between the
mean scores (t = −0.591, p = 0.557). The mean difference between the scores was −0.36371,
with a 95% confidence interval ranging from −1.59185 to 0.86442. Based on these findings, it
can be concluded that the Si and Si fuzzy scores are practically the same for this group.
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3.7. Evaluation of Preventive Measures in the Project Group

The Project group encompasses 10 critical risks, reflecting challenges that impact the
overall management and execution of road infrastructure projects. Table 10 provides an
in-depth analysis of these risks and the associated preventive measures.

For the last group of preventive measures, the statistical analysis results indicated no
statistically significant difference between the mean values of the Si and Si fuzzy scores. The
independent samples t-test showed t = 1.004, p = 0.317, and was not statistically significant.
These results clearly suggest that the Si and Si fuzzy scores are consistent for this group as well.

Table 10. Risks and evaluation of preventive measures in the Project group.

Risks and Related Preventive Measures IC TRI ICO PS Si Si
Fuzzy

7.1. Inadequate duration of the project according to the contract:

Adequate analysis of the scope of work and the required execution technology before tendering 9.0 6.2 4.4 8.9 7.69 7.32

Engagement of experienced and professional persons who participate in the preparation of
tender documents 6.5 6.0 6.2 7.5 6.77 6.70

7.2. Inadequate or imprecise contract terms:

Engagement of experienced and professional persons who participate in the preparation of
tender documents 6.5 6.0 6.3 9.0 7.41 7.47

Stricter criteria in the selection procedure for the engineer (require more experience,
especially for key personnel) 9.9 9.6 6.4 7.8 8.42 8.54

Timely reporting to engineer of all problems that arise on the project by the contractor 9.9 9.9 8.0 6.8 8.32 8.04

7.3. Unsolved claims, variations, and VEPs:

Establishing a control system for compliance with contractual deadlines by all participants in
the project 9.9 3.8 3.2 8.6 7.13 7.30

Stricter criteria in the selection procedure for the engineer (require more experience,
especially for key personnel) 9.9 8.9 7.5 7.2 8.21 6.78

Adequate guarantee for good execution of supervision work and professional liability insurance 9.6 7.3 9.5 5.4 7.40 6.36

Establishment of a standing Disputes Adjudication Board 3.5 5.2 5.5 9.2 6.50 6.12

Introduction of transparent mechanisms for deciding on determinations and
recommendations of the engineer by the employer 9.7 6.9 7.9 8.3 8.30 7.31

The willingness of the employer to accept the real situation and compensate the damage
suffered by the contractor in order to reach an amicable settlement 4.0 4.1 2.2 6.4 4.73 5.27

7.4. High complexity of the project (scope of work, topography, access restrictions, new technologies, etc.):

Adequate analysis of the scope of work and the required execution technology before tendering 9.0 6.2 4.4 8.9 7.69 7.30

Division of the total work into several tenders and contracts 8.2 5.7 3.2 6.4 6.18 5.87

Reviewing the possibility of phased execution of works and analysis of the total costs of the
project during consideration of phased construction 7.9 5.5 3.2 7.4 6.49 5.66

Increasing the amount of the performance guarantee 9.9 8.4 7.5 3.0 6.37 5.13

Introduction of a guarantee for the performance of the work within the Time for Completion 9.7 7.2 3.3 3.5 5.64 4.78

Stricter criteria in the contractor selection process (more experience with key personnel and
better technical equipment) 9.9 9.6 8.4 7.8 8.74 6.42

Shifting contractual responsibility to the contractor for access to the construction site 8.5 9.8 9.0 5.5 7.59 6.93

Engagement of design supervision/availability of the designer to respond quickly to a
certain request of the employer 5.5 2.7 5.5 6.9 5.54 7.09

Stricter criteria in the selection procedure for the engineer (require more experience,
especially for key personnel) 9.9 9.0 9.0 6.5 8.18 5.67

The work of the Committee for the Technical Inspection in parallel with the execution of the
works and timely resolution of all objections given 5.4 3.0 8.4 5.9 5.62 6.03

7.5. Disputes between different parties involved in the project during the implementation of the works:

Establishment of a standing Disputes Adjudication Board 3.7 5.2 5.5 9.2 6.55 7.04

Increasing the amount of the performance guarantee 9.7 7.5 7.6 2.5 5.96 5.07

Introduction of a guarantee for the performance of the work within the Time for Completion 9.5 3.2 3.1 3.4 4.75 4.16
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Table 10. Cont.

Risks and Related Preventive Measures IC TRI ICO PS Si Si
Fuzzy

Introduction of the anti-dumping defense system during the tender (detailed price analysis
of the most financially significant positions in the contract) 9.9 6.9 5.8 4.6 6.48 5.33

Stricter criteria in the selection procedure for the engineer (require more experience,
especially for key personnel) 9.9 9.8 8.9 6.7 8.40 7.97

The willingness of the employer to accept the real situation and compensate the damage
suffered by the contractor in order to reach an amicable settlement 4.0 4.1 2.2 6.4 4.73 5.87

7.6. Inadequate cash flow of the project:

Stricter criteria in the contractor selection process (require bank guarantees issued by banks
with a higher credit rating) 9.9 9.8 6.8 3.9 6.91 5.56

Monitoring compliance with the adopted program of works and the contractor’s planned
cash flow 9.7 2.7 5.7 7.2 6.68 6.43

Payment of up to 30% in advance (with an adequate bank guarantee) 3.8 6.9 9.8 8.9 7.46 6.72

Payment of materials on site, in an adequate percentage (70% of the value) 3.7 6.9 7.6 9.3 7.25 7.78

Introduction of the anti-dumping defense system during the tender (detailed price analysis
of the most financially significant positions in the contract) 9.9 8.0 7.0 6.0 7.46 6.78

Introduction and application of an adequate price escalation scale for adjustments for
changes in cost 5.5 8.6 8.6 9.0 8.04 7.87

Establishing a procedure for efficient processing of the contractor’s Application for Interim
Payment Certificate by the engineer 9.9 7.6 9.0 6.8 8.03 5.64

Clearly defined procedure of review, processing, and approval for the payment of the Interim
Payment Certificate by the employer 9.9 8.5 7.8 6.9 8.06 5.14

Timely provision of financial resources for the realization of the project 4.8 5.0 4.7 8.9 6.52 6.31

Contractual definition of default interest for late payment of Interim Payment Certificates 9.5 8.4 9.9 5.9 7.86 6.63

7.7. Poor contract management of the project:

Stricter criteria in the selection procedure for the engineer (require more experience,
especially for key personnel) 9.9 8.9 6.8 8.8 8.76 7.47

Establishing a control system for compliance with contractual deadlines by all participants in
the project 9.9 6.7 4.8 9.0 8.10 7.60

Stricter criteria in the contractor selection process (more experience with key personnel and
better technical equipment) 9.9 9.0 8.7 6.9 8.29 6.78

Establishment of a standing Disputes Adjudication Board 3.7 5.2 5.5 5.7 5.10 5.65

Contractual obligation of the contractor to actively participate in obtaining the use permit 9.7 5.6 5.8 7.0 7.17 7.22

EQ (Empathy Quotient) test for project manager contractor and team leader engineer 8.7 9.1 8.3 7.1 8.05 7.54

7.8. Termination of the contract:

Stricter criteria in the contractor selection process (require bank guarantees issued by banks
with a higher credit rating) 9.9 8.9 6.8 8.8 8.76 8.33

Introduction of the anti-dumping defense system during the tender (detailed price analysis
of the most financially significant positions in the contract) 9.9 7.6 6.7 9.0 8.58 8.06

Detailed analysis of the program of work of the most important positions in the contract,
especially those on the critical path 8.9 6.8 3.8 9.1 7.77 7.24

Monitoring compliance with the adopted program of works and the contractor’s planned
cash flow 9.6 2.6 4.9 7.8 6.76 6.23

Timely provision of financial resources for the realization of the project 4.9 3.9 4.5 6.8 5.43 6.61

7.9. Non-compliance of the contractor’s activities on adjacent construction sites:

Coordination of the program of works by different contractors in the same space 9.9 6.8 3.7 9.9 8.32 7.60

Detailed analysis of the program of works of the most important positions in the contract,
especially those on the critical path 9.9 6.8 3.8 8.6 7.80 7.49

Provide in the design process and timely solution of access roads to the construction site 9.5 6.9 6.8 6.7 7.41 7.03

Shifting contractual responsibility to the contractor for access to the construction site 9.9 9.9 9.7 7.6 8.92 8.32

7.10. Accidents on the construction site:

Strict implementation of all regulations in the field of health and safety at work 7.5 2.7 5.5 8.0 6.46 6.71
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Table 10. Cont.

Risks and Related Preventive Measures IC TRI ICO PS Si Si
Fuzzy

Determination of the person who will deal exclusively with this subject for all participants in
the project 5.3 7.0 6.7 7.6 6.80 7.23

Regular holding of meetings with the topic of health and safety 9.8 6.9 9.3 6.9 7.96 8.10

Stricter criteria in the contractor selection process (more experience with key personnel and
better technical equipment) 9.9 9.0 8.2 5.5 7.64 6.70

Removal from the construction site of persons who do not comply with all regulations and
established rules regarding health and safety 9.5 9.9 9.9 7.3 8.73 8.32

Development of adequate health and safety control plans for contractors and engineer and
daily control of implementation 7.2 2.9 6.7 9.4 7.20 6.62

Development of traffic management plans and adequate control of traffic safety on and
around the construction site 5.3 2.8 3.6 6.9 5.21 5.05

Adequate projects for traffic management plan and the design of traffic and traffic
signalization during the construction, installation, and maintenance of traffic signals 5.5 4.0 4.6 7.0 5.69 5.86

Provision of contractual penalties to the contractor for non-compliance with all regulations
and established rules regarding health and safety 9.7 9.0 5.5 4.7 6.83 5.59

Engagement of experienced professional engineer and constant control of their work 9.4 2.9 6.4 6.3 6.39 5.01

Application of an adequate plan of auscultatory measurements 4.7 6.3 4.5 7.0 5.93 7.10

4. Discussion
The dataset presents a detailed evaluation of the preventive measures across defined

risk groups, capturing their scores for four key criteria: implementation costs, time required
for application, complexity of application, and probability of success. Each measure
is accompanied by its aggregated score (Si), calculated using the weighted coefficients
assigned to each criterion. These coefficients reflect the relative importance of each criterion,
ensuring a balanced and prioritized assessment.

The analysis revealed the most impactful preventive measures across different risk
groups. Figure 2 highlights the top-ranked measures based on their weighted scores.
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importance of updating hydrological data, enhancing technical control, and using stricter
selection processes for designers and contractors. By addressing critical risks, the model
ensures better allocation of resources and reduces project inefficiencies.

However, the study is limited by the availability of data on small-scale projects and the
representativeness of the expert panel. Future research could explore the application of this
model to other types of infrastructure, such as pipelines and railways, and include a broader
range of experts to validate findings. The established and selected preventive measures
should be implemented in future projects, with continuous monitoring to evaluate how
well these statistical insights align with real-world outcomes. While the identified risks
are meticulously observed in actual projects, and the proposed measures are based on
the expertise of highly experienced professionals, strategic implementation has not been
carried out. Moreover, the impact of certain measures that were implemented has neither
been systematically tracked nor assessed in real-world scenarios.

The proposed multi-criteria framework provides a practical tool for prioritizing pre-
ventive measures in road infrastructure projects. Key recommendations include integrating
this model into the early planning phases, validating results through expert workshops,
and expanding its use to other infrastructure domains. This approach not only improves
risk management but also contributes to sustainable and efficient project execution.

The variations in scores across the different measures and criteria underscore the
diversity in their practical and theoretical implications for risk management. Measures
with high Si values generally combine moderate to high success probabilities with balanced
costs, time, and complexity ratings, reflecting their overall feasibility and effectiveness.
However, measures with lower Si values often indicate challenges in one or more criteria,
such as high costs or extended implementation time, which may hinder their practical
application despite their potential effectiveness.

Measures with disproportionately high costs or complexity may still be worth considering
if their probability of success justifies the investment, particularly in critical risk scenarios.

The results also reveal insights into group-specific trends. For example, measures
addressing risks in the Design and Resource groups often exhibit higher complexity and
cost scores, reflecting the technical and resource-intensive nature of these areas. In contrast,
measures in the External and Employer groups tend to prioritize faster and simpler imple-
mentation, aligning with the dynamic and organizational challenges in these domains.

4.1. Results and Industry Implications

The obtained results highlight the importance of ranking preventive measures based
on criteria such as probability of success and implementation costs. For instance, measures
like updating hydrometeorological data received high scores due to their direct link with
reducing uncertainties in planning. Similarly, stricter selection of designers and contractors
ensures better performance in later phases of the project.

The proposed model provides a clear decision-making framework that can benefit
not only project managers but also policymakers. By integrating this model in the early
planning phases, organizations can achieve significant savings by minimizing risks before
they escalate. For example, in large-scale projects such as highways and bridges, prioritizing
investments in highly ranked measures can reduce costs by 15–20%.

These findings also align with global trends in risk management, where quantitative
decision-making methods are increasingly emphasized. The construction industry is pro-
gressively adopting multi-criteria analyses as a standard for evaluating complex problems,
further underscoring the importance of the proposed model.

The application of high-ranked measures such as enhanced technical control can
significantly contribute to medium-sized projects. For instance, in the construction of local
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roads, additional technical reviews before the start of construction reduce the likelihood of
design errors, avoiding costly rework and delays.

Overall, implementing this model not only improves risk management processes but
also contributes to the sustainability of infrastructure projects. A focus on prevention rather
than remediation enables better planning and long-term savings, which is particularly
critical in public projects with constrained budgets.

This study developed a multi-criteria framework for ranking preventive measures
in infrastructure projects, specifically in the domain of transportation infrastructure. The
findings highlight the importance of careful planning and decision making based on quan-
titative data. Top-ranked measures, such as updating hydrometeorological data and stricter
technical controls, provide clear guidelines for enhancing efficiency and reducing risks.

4.2. Challenges to Implementing the Proposed Risk Management Practices

Road infrastructure projects play a crucial role in the economy of any country [40], but
in practice, they face numerous diverse risks [41,42]. While the proposed risk management
framework offers a comprehensive methodology for identifying, evaluating, and ranking
preventive measures, its implementation in real-world projects may face several challenges.
A key issue is aligning the diverse interests of stakeholders such as contractors, investors,
regulatory bodies, and local communities, who often have conflicting priorities. The lack of
consensus among these groups can delay decision making and hinder the execution of mea-
sures. Additionally, regulatory frameworks and legal requirements can vary significantly
between countries or even regions within the same country. These requirements often
necessitate adjustments to the proposed practices, potentially increasing implementation
costs and timelines. For instance, legislative changes during a project’s lifecycle may require
revisiting and revising selected measures, further complicating risk management efforts.

Resource limitations, including of financial, human, and material resources, also pose
significant challenges. In projects with constrained budgets, implementing all proposed
measures may not be feasible, necessitating further prioritization of actions that provide
the highest cost–benefit ratio. Resistance to change within organizations accustomed to
traditional project management approaches can also slow the adoption of innovative meth-
ods such as multi-criteria analyses. Insufficient training and a lack of understanding of
the advantages of new approaches among key decision makers can further limit their
application. Lastly, the quality and availability of qualitative and quantitative data, which
are critical for the success of a multi-criteria framework, may be inconsistent, incomplete, or
unavailable. This issue is particularly pronounced in projects implemented in regions with
underdeveloped systems for data collection and processing. To overcome these challenges,
it is recommended to establish clear communication channels among all stakeholders,
ensure flexibility in adapting the methodology to local conditions, and provide contin-
uous education and training for key actors. Additionally, developing more advanced
systems for data collection and analysis can enhance the efficiency and reliability of the
proposed practices.

4.3. Practical Recommendations

1. Implement the framework in planning phases: Organizations should integrate the
multi-criteria framework into the initial planning stages to identify key preventive measures.
High-ranking measures should be included in project specifications and contracts.

2. Prioritize investments in high-ranking measures: Stakeholders, including employers
and project managers, should allocate resources according to the framework’s results.
For instance, investing in stricter technical controls can directly reduce the likelihood of
design errors.
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3. Use the model for strategic decision making: The framework can be utilized to assess
the impact of various strategies on projects of different sizes and complexities. Smaller
projects can focus on quick and low-cost measures, while large infrastructure projects may
rely on long-term strategies.

4. Develop training programs and standardize practices: Workshops and training
sessions for engineers and managers are recommended to ensure proper implementation
of the framework. Standardizing procedures for ranking preventive measures can improve
consistency and efficiency across projects.

5. Monitor and evaluate implementation: Introducing a system to track the effects
of the implemented preventive measures will enable continuous improvement in risk
management processes. Regular updates to the framework’s input data will ensure its
relevance and reliability over time.

The preventive measures evaluated by the experts yielded relatively similar overall
scores, reflecting a high level of consensus in their assessments. This similarity arises from
the shared criteria used in the evaluation process—implementation costs, time required
for implementation, implementation complexity, and probability of success—which are
universally relevant to decision making in project management. Despite the similarity in
overall scores, the breakdown of evaluations by individual criteria provides significant
added value. Such a detailed data structure will enable future project managers to go
beyond aggregate scores and gain a nuanced view of each measure, allowing them to
prioritize based on specific project needs. For instance, a manager with limited resources
might focus on measures with lower implementation costs, while one working under time
constraints could prioritize faster-to-implement solutions.

This study demonstrates the effectiveness of integrating MCDM and fuzzy logic as
complementary approaches for evaluating and prioritizing preventive measures in road
infrastructure projects. The combined methodology provides a robust and systematic
framework, ensuring accurate analysis and validation of expert assessments. By offering
practical insights and actionable strategies, this approach enhances decision making in
risk management and supports the efficient allocation of resources. The findings of this
research are highly applicable in both academic and practical contexts, contributing to the
advancement of methodologies for mitigating risks in the construction industry.

Such a detailed data structure will enable future project managers to go beyond
aggregate scores and gain a nuanced view of each measure, allowing them to prioritize
based on specific project needs. For instance, a manager with limited resources might focus
on measures with lower implementation costs, while one working under time constraints
could prioritize faster-to-implement solutions. This flexibility ensures that the evaluation
framework remains adaptable and practical for diverse project scenarios.

This granularity ensures that the evaluation system remains flexible and adaptable,
enabling tailored decision making even when the overall scores do not show significant
variation. Furthermore, the similarity in scores underscores the balance and feasibility
of the measures, a testament to the rigorous consensus achieved through the Delphi
method. By facilitating a detailed understanding of the strengths and trade-offs of each
measure, this approach ensures that decision makers can align preventive strategies with
the specific requirements of their projects. The result is a robust ranking system that not
only reflects expert judgment but also empowers practical, context-sensitive applications in
risk mitigation and resource allocation.

4.4. Specific Recommendations for Changes in Local Laws and Enforcement

To address regulatory gaps in road infrastructure projects, we recommend amend-
ments to the law on planning and construction to obligate designers to correct project
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documentation defects within a clearly defined timeframe, with financial penalties for
non-compliance. Additionally, the scope of professional liability insurance should be ex-
panded to cover damage caused by delays or non-compliance in correcting these defects.
Furthermore, safety standards for tunnels should be updated to align with modern fire
protection requirements, distinguishing between new and existing infrastructure to ensure
cost-effective implementation. Enforcement mechanisms should include stronger oversight
by regulatory bodies, integration with public procurement eligibility, and targeted training
programs to ensure compliance and capacity building among stakeholders.

4.5. Phased Technical Control During the Design Process

To address inefficiencies in the current practice, where technical control occurs only
after the design phase, we propose integrating technical control into the design process
itself through incremental reviews. This phased approach includes monthly reviews of
completed project segments, providing early feedback to ensure compliance and reduce
rework. Key benefits include improved quality, harmonization of project documentation,
and faster approval timelines. By the final stage, project documentation has already been
reviewed iteratively, streamlining the building permit process and fostering a collaborative
relationship between designers and technical control teams.

5. Conclusions
The objectives outlined in this study have been successfully addressed through the de-

velopment and application of a robust multi-criteria framework. This research contributes
to both theoretical advancements and practical implementations, providing a universal
and adaptable tool for risk management in infrastructure projects.

This study has systematically identified and prioritized preventive measures to miti-
gate risks in road infrastructure projects. By evaluating 302 preventive measures across
56 identified risks using a multi-criteria approach, we have highlighted key strategies
that significantly contribute to reducing project delays and budget overruns. The highest-
ranked measures, such as updating hydrometeorological and climate data, enforcing stricter
selection criteria for designers, and ensuring thorough technical control of project docu-
mentation, offer practical solutions that can directly enhance the planning and execution
phases of infrastructure projects.

Integrating these top-ranked preventive measures into standard risk management
procedures is essential, particularly during the initial planning stages. Allocating resources
based on the priorities established in this research can substantially improve project out-
comes, especially in environments with constrained budgets. Implementing these measures
will not only mitigate risks but also enhance the overall efficiency and success rate of in-
frastructure projects.

Training and educating project teams on the application of these high-impact pre-
ventive measures is crucial for consistent implementation. Such capacity-building efforts
will ensure that the project teams are well equipped to apply the recommended strategies
effectively, leading to long-term benefits for the infrastructure sector.

Future research should focus on applying this evaluation model to other types of
infrastructure projects such as pipelines, railway systems, and energy infrastructure to
validate its applicability and effectiveness across different contexts. Additionally, exploring
the integration of advanced statistical methods and decision-making tools can further refine
the prioritization process, providing even more robust frameworks for risk management in
infrastructure development.

Future studies could also investigate the role of emerging technologies, such as Build-
ing Information Modeling (BIM), Artificial Intelligence (AI), and the Internet of Things
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(IoT), in enhancing real-time risk identification and mitigation strategies across various
project phases. For instance, AI-driven models could predict risks based on historical data,
while IoT-enabled monitoring could detect on-site hazards in real time. Moreover, these
technologies can provide dynamic frameworks that adapt to changing project conditions,
offering a more flexible and proactive approach to risk management.

Also, future research directions could focus on enhancing the predictive accuracy and
applicability of risk models in road infrastructure projects. This includes refining method-
ologies for quantifying risks associated with cost overruns (ICP) and time extensions (EoT),
incorporating dynamic factors such as changing economic conditions and other impacts.
Additionally, developing hybrid models by combining advanced statistical techniques, ma-
chine learning algorithms, and fuzzy logic to improve risk assessment and cluster analysis
could provide deeper insights into the interdependencies among risks and their impacts on
project outcomes [43,44]. Such approaches would not only enhance risk prioritization but
also enable tailored mitigation strategies for specific risk clusters. Moreover, investigating
innovative strategies for risk mitigation and management, including early identification
and proactive measures for high-priority risk clusters, could significantly enhance project
efficiency and sustainability in real-world infrastructure development scenarios.

In conclusion, the adoption of the prioritized preventive measures identified in this
study can significantly enhance risk mitigation efforts in road infrastructure projects. By
systematically integrating these strategies into project planning and execution, stakeholders
can achieve more reliable, timely, and cost-effective outcomes, thereby contributing to
sustainable infrastructure development.

The consistency of the results among the experts was assessed using Cohen’s kappa
coefficient, a statistical measure widely recognized for evaluating inter-rater reliability. The
calculated kappa value of 0.834 indicates a very high level of agreement among the experts,
significantly above the threshold for substantial agreement (0.61–0.80). This demonstrates
the reliability of the evaluations and the robustness of the scoring process. The analysis
was conducted using the SPSS statistical software, which ensured precise computation and
facilitated the validation process. By employing this methodological approach, the study
reinforced the credibility of the findings and provided a solid foundation for further analysis.

By addressing both theoretical gaps and practical challenges, the study establishes a
foundation for future research and offers guidelines for standardizing risk management
practices in the construction industry.
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