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Abstract

Reinforced concrete structures constitute a fundamental component of modern construction;
however, the execution process is highly susceptible to construction errors that may reduce
the safety and durability of structural elements. Despite numerous studies addressing
failures and degradation mechanisms, there is a lack of methods enabling quantitative,
multi-criteria assessment of the significance of individual execution errors. The aim of
this article is to identify, evaluate, and prioritize execution errors occurring during the
construction of reinforced concrete structures, considering their impact on safety, durability,
and repair costs. A hybrid decision-making model combining the fuzzy WINGS and
fuzzy TOPSIS methods was developed to enable the assessment of execution errors under
uncertainty. The scientific novelty of this study lies in the application of a hybrid fuzzy
approach to the evaluation of construction errors in reinforced concrete works, allowing
for the simultaneous consideration of criterion importance and the intrinsic ambiguity of
expert judgments. Fuzzy WINGS was used to determine the criterion weights, while fuzzy
TOPSIS facilitated the development of error rankings. Within the reinforcement-related
errors, the most critical were the following: insufficient concrete cover (0.89), non-compliant
reinforcement layout (0.82), and reinforcement discontinuity (0.81). Among formwork
errors, the highest importance was assigned to exceeding permissible geometric deviations
(0.94), while for concreting errors, the most significant were discontinuity of concreting
(0.35) and improper technological joints (0.34). The proposed model provides a practical
decision support tool for technical supervision, quality management, and risk assessment
in reinforced concrete construction. Due to the universal structure of the hybrid fuzzy
WINGS-fuzzy TOPSIS methodology itself, the approach may also be adapted in future
research to other decision-making problems, should their nature justify the use of fuzzy
multi-criteria methods.

Keywords: execution errors; reinforced concrete; fuzzy TOPSIS; fuzzy WINGS; risk
assessment

1. Introduction

Reinforced concrete structures are the most commonly used construction solution
worldwide, combining the advantages of two materials—steel and concrete. Concrete effec-
tively carries compressive forces, while steel carries tensile forces, which makes reinforced
concrete applicable in almost every type of structural system. Despite well-established
engineering knowledge and continuous development of material and execution technolo-
gies, the construction process of reinforced concrete structures remains susceptible to the
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occurrence of construction execution errors [1]. Irregularities arising during execution
may lead to serious technical consequences—including reduced load-bearing capacity, loss
of structural stability, or even structural failure—before the completion of construction
works [2]. The execution phase is considered the most critical stage of a structure’s life
cycle, during which the highest number of failures is reported.

The literature indicates that failures occurring during construction constitute approxi-
mately one-third of all reported cases, whereas design errors account for about one-quarter
of construction failures [3]. The most common execution errors involve improper reinforce-
ment execution, improper formwork execution, and concreting errors. Although these
errors are often local in nature, they may, in the long term, lead to concrete degradation,
reinforcement corrosion, and even loss of load-bearing capacity in structural elements.
Therefore, assessing the significance of execution errors is a key component of quality
management systems and risk prevention in reinforced concrete works [4]. Eliminating
such errors directly contributes to improving structural reliability, durability, and safety.
Accordingly, there is a need to develop tools that enable the identification, evaluation, and
prioritization of execution errors in terms of their impact on structural performance and
repair costs.

This study presents an analysis of execution errors occurring during the three critical
stages of reinforced concrete construction: reinforcement installation, formwork assembly,
and concreting. The aim of the study is to determine the significance of individual execution
errors using a multi-criteria decision-making method that allows for their systematic
assessment. The results may serve as a basis for developing effective quality and risk
management strategies in construction processes and may contribute to improving the
technologies and organization of reinforced concrete works.

Execution errors in reinforced concrete structures constitute a significant problem
affecting the durability, reliability, and safety of buildings. The literature widely describes
various irregularities occurring during the execution phase, which lead to the degradation
of structural elements and, in some cases, complete structural failure.

Buitrago et al. [1] analyzed 66 cases of reinforced concrete failures during construc-
tion, identifying key execution errors such as improper concrete preparation and com-
paction, premature formwork removal, incorrect reinforcement placement and splicing,
and insufficient stability of formwork components. Their study provided one of the most
comprehensive classifications of failure causes during the construction phase, highlighting
areas where technical supervision must be strengthened. The authors demonstrated that
more than 50% of the investigated failures resulted from execution deficiencies, particu-
larly the improper consolidation of concrete, inadequate anchorage lengths, and incorrect
reinforcement layout, which led to cold joints and loss of load-bearing capacity.

Abdul-Ameer and Alhafeiti [2] reported that poor-quality concrete works and incorrect
reinforcement detailing significantly reduce the durability of reinforced concrete bridges.
Premature degradation manifested as reinforcement corrosion, cracking, and concrete
delamination. Their study offered in-depth insight into the relationship between work-
manship quality and long-term bridge performance. The most critical execution problems
included inaccurate reinforcement placement, lack of control over concrete consistency, and
improper mix preparation.

Kaltakci et al. [5] examined failures of reinforced concrete buildings in Turkey, identify-
ing numerous construction errors—including the use of concrete with strength lower than
specified, excessive stirrup spacing, and improperly executed beam-column joints. Their
analysis provided valuable documentation of recurrent patterns of deficiencies observed
in real failure cases. The study revealed that inadequate material properties, insufficient
reinforcement, and incorrect joint construction often compromised structural stability.
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Kung [6] investigated the causes of cracking and damage in reinforced concrete struc-
tures, showing that degradation was driven not only by corrosion but also by execution and
technological errors such as incorrect mix composition and insufficient compaction. The
work successfully integrated environmental, material, and workmanship-related factors,
offering practical diagnostic guidance. The identified execution errors, including subopti-
mal concrete composition and inaccuracies in installation, contributed to microcracking
and accelerated deterioration.

Szymczak-Graczyk et al. [7] described execution errors in reinforced concrete joints of
an industrial hall, identifying issues such as excessively dense reinforcement and insuffi-
cient concrete cover. Their study demonstrated the practical value of professional structural
diagnostics conducted under real construction conditions. The improper reinforcement
arrangement led to reduced load-bearing capacity and increased susceptibility to corrosion.

Shannag and Higazey [8] examined the degradation of a reinforced concrete building
in Riyadh, showing that the primary causes of structural deterioration were inadequate
concrete strength, improper compaction, and water infiltration resulting in severe re-
inforcement corrosion. Their detailed assessment of an existing structure highlighted
the real-world consequences of execution errors. Deficiencies in concrete properties,
improper curing, and moisture penetration resulted in cracking and significant loss of
structural performance.

Viegas and Real [9] incorporated construction-related geometric and material uncer-
tainties into the reliability assessment of reinforced concrete slabs. They demonstrated
that deviations in reinforcement placement, slab thickness, and concrete cover can substan-
tially affect structural capacity. Their probabilistic approach effectively captured realistic
variability in construction quality. The most common execution-related issues included
dimensional inconsistencies and uncontrolled variations in concrete properties.

In summary, the literature clearly shows that execution errors are among the most
frequent causes of damage and degradation in reinforced concrete structures. Improper
concreting, incorrect reinforcement placement, premature formwork removal, and lack
of quality control reduce the durability of concrete, accelerate reinforcement corrosion,
and decrease load-bearing capacity, which in extreme cases may lead to structural failure.
Therefore, this issue constitutes an important research area within civil engineering, with
direct implications for improving construction safety, work organization, and the reliability
of modern reinforced concrete structures.

To date, research on execution errors in reinforced concrete structures has focused
mainly on analyzing the causes of failures and describing the consequences of execution
irregularities. The literature provides numerous case studies describing failures or degra-
dation of elements caused by execution errors. However, limited attention has been paid
to the quantitative assessment of the relative importance of individual execution errors in
terms of their impact on safety, durability, and economic performance. There is no method-
ological approach that allows the comparison of different types of execution errors while
simultaneously accounting for multiple technical, organizational, and economic factors.
Most existing studies are descriptive or case-based and do not incorporate tools capable of
objective, multi-criteria assessment. The literature lacks clearly defined criteria that would
enable the prioritization of execution errors based on their significance for the reliability
and quality of reinforced concrete structures. This research gap is particularly evident in
the absence of comprehensive analysis that simultaneously considers factors such as the
consequences of error occurrence, repairability, probability of occurrence, detectability, and
cost of removal.

Multi-criteria decision-making (MCDM) methods are widely used to address complex
decision problems in construction, where technical, economic, organizational, and envi-
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ronmental factors are evaluated. The literature emphasizes that construction is a domain
characterized by a high level of decision uncertainty, where the consequences of poor
decisions may directly affect structural safety and worker health.

Janowska-Renkas et al. [10] applied a hybrid EA FAHP-fuzzy TOPSIS approach
to identify the optimal composition of high-performance concrete, integrating technical,
economic, and environmental criteria. Their study demonstrated the effectiveness of hybrid
MCDM methods in balancing multiple competing requirements in material design. One of
the strengths of this work was the clear structuring of decision criteria and the use of fuzzy
logic to capture uncertainty in expert judgment. However, the model remained highly
dependent on subjective assessments, and the authors did not extend their findings to
evaluate the impact of execution-related variability on material performance.

Du et al. [11] evaluated lightweight cement mortars containing nano-additives and
combined Life Cycle Assessment (LCA) with TOPSIS to support sustainable material se-
lection. Their study illustrated the potential of integrating environmental assessment
with multi-criteria decision-making and offered valuable insights into material envi-
ronmental performance. Nonetheless, the analysis was limited to laboratory condi-
tions and did not consider execution-related errors or variability occurring during real
construction processes.

Mach and Walach [12] investigated ground improvement and piling technologies
using the DEMATEL method to analyze the influence of noise, vibration, and worker
safety, including social and environmental aspects. Their contribution demonstrated
that DEMATEL can effectively identify interdependencies among risk-related factors in
construction processes. The study, however, focused on environmental and safety issues
and did not explicitly address execution deficiencies or their technical consequences.

A hybrid DEMATEL-ANP approach was employed by Wang et al. [13] to identify
relationships among safety, quality, and organizational factors. In a related study, the
same authors used an HFACS-ANP model to analyze fall-from-height accidents. These
works showcased the capability of hybrid MCDM frameworks to model complex causal
relationships in safety management. Yet, the analyses were centered on organizational and
human factor issues rather than on technical execution errors within concrete construction.

Ren et al. [14] proposed a hybrid SNA-DEMATEL method for assessing risks in
railway projects, incorporating both technical and organizational uncertainties. Their
approach demonstrated strong potential in mapping network-based dependencies among
risk factors. The study, however, did not address material-related or execution-related
uncertainties specific to reinforced concrete structures.

Gatek-Bracha [15] developed a hybrid fuzzy WINGS-ANP method for assessing
negative impacts occurring during the sinking of caisson wells. The model enabled a
detailed determination of interactions among impacts and their relative significance. Al-
though the work presented an innovative hybrid framework with strong analytical capabil-
ities, it focused on environmental and geotechnical effects rather than execution errors in
structural elements.

Marovi¢ et al. [16] used AHP and SAW to select the optimal formwork system for
reinforced concrete structures, comparing technological options based on capacity, assem-
bly time, and labor demand. Their results confirmed that MCDM techniques support
transparent and rational decision-making in construction technology selection. The study,
however, did not extend the analysis to identify or prioritize execution errors within
formwork operations.

Zhang et al. [17] developed a hybrid framework integrating machine learning with
multi-criteria optimization for designing low-carbon concrete mixtures. Their study demon-
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strated that such an approach can effectively balance compressive strength, CO, emissions,
and material costs while achieving high prediction accuracy.

However, the method relies heavily on large experimental datasets and does not
account for execution-related uncertainties, which remain outside the scope of material-
based optimization. The authors also highlighted that even optimally designed mixtures
may not perform as intended if construction execution errors occur—indicating the need
for methodological tools that assess workmanship-related risks.

These studies demonstrate that MCDM methods and their fuzzy extensions are ef-
fective tools for analyzing risk, quality, and safety in construction. However, no previous
work has applied these methods to the assessment and prioritization of execution errors in
reinforced concrete structures, despite the fact that such errors are a major source of techni-
cal and organizational risk during construction. Applying a multi-criteria approach enables
the systematic evaluation and comparison of the significance of execution errors, thus
addressing the existing research gap in integrated risk and quality assessment of reinforced
concrete construction, and providing a useful tool for supporting quality management,
organizational planning, and safety decision-making in construction.

2. Materials and Methods
2.1. Identification and Characterization of Execution Errors in Reinforced Concrete Works

Execution errors in reinforced concrete structures were identified based on many
years of professional experience in the construction of reinforced concrete elements, which
constitutes the primary area of the author’s technical specialization. This process was
supplemented with direct on-site observations from construction projects, consultations
with industry experts, analyses of real failure case studies, and an extensive review of the
national and international literature.

The identified execution errors were classified into three groups corresponding to the
main stages of reinforced concrete construction, which enabled their systematic eval-
uation and detailed assessment. Three major categories of irregularities were distin-
guished as follows: improper reinforcement execution, improper formwork execution, and
concreting errors.

This classification reflects the sequence of construction activities and allows for a
structured analysis of errors according to their nature, mechanisms of occurrence, and
potential consequences for structural performance.

*,

%  Improper Reinforcement Execution

- Insufficient concrete cover (ICC)—The primary function of concrete cover is to
protect reinforcing steel against corrosion, fire exposure, and chemical attack, as
well as to ensure an adequate bond between steel and concrete.

- Non-compliance of reinforcement layout with design documentation (NRL)—The
actual spacing, quantity, or diameter of reinforcing bars differs from that specified
in the design documentation; this includes excessive or insufficient spacing,
missing bars, bars of incorrect diameter, incorrect orientation, or reversing the
main reinforcement direction.

- Omission of required additional reinforcement (OAR)—Failure to install sup-
plemental reinforcement required by the design, such as corner reinforcement,
support zone reinforcement, reinforcement around openings, or supplemental
bars within regions of maximum bending moments, including missing stirrups
or insufficiently dense stirrup spacing.

- Discontinuity of reinforcing bars; insufficient lap splice length (DRB)—Reinforcing
bars are not properly lapped or anchored in the splice regions; bars overlap over
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insufficient lengths, splices are missing where required, the anchorage length is
inadequate, or splices are incorrectly arranged.

Prefabrication of reinforcement not compliant with design (RPN)—Prefabricated
bars do not match the required dimensions, shape, or geometry; examples include
incorrect bar length, improper bend radius, wrong bending angle, missing or
undersized anchorage hooks, or deformation of bars during fabrication.
Insufficient number of spacer/distance bars (ISB)—Too few spacers connecting
adjacent layers of reinforcement mats, resulting in improper positioning during
concreting and insufficient separation between reinforcement layers.
Inadequate closing (transverse) reinforcement (ICR)—Use of an insufficient num-
ber, inappropriate diameters, or improper arrangement of closing reinforcement,
such as stirrups, perimeter bars, or confinement bars.

Insufficient anchorage in support zones (IAS)—Failure to meet the required
anchorage length or form in support regions, including insufficient embedment
or excessively short anchorage of bars into the support zone.

Excessive concentration of lap splices (“sheet effect”) (ELS)—Clustering of too
many lap splices in a single cross-section or short segment of the structure, leading
to local steel congestion and reduced concrete compactability.

Contamination of reinforcement with anti-adhesive agents (CRA)—Anti-adhesive
substances create an oily film on the steel surface, reducing the bond between
reinforcing bars and concrete.

Incorrect or insufficient tying of reinforcement with binding wire (ITR)—Too few
ties between bars, loose or improperly twisted ties, incorrect tie locations, or the
use of wire that is too thin or corroded.

Incorrect positioning of starter bars (IPS)—Misalignment relative to the design
axes, incorrect angle of placement, insufficient anchorage length, or excessive
spacing between starter bars.

Improper Formwork Execution

Insufficient stiffening and support of formwork (SSF)—Incorrect installation of
supports, bracing, and stiffeners; missing wedges or anchoring; or improper
preparation of the base supporting the formwork.

Formwork leakage (FLK)—Gaps or insufficient sealing between formwork ele-
ments causing leakage of fresh concrete during pouring.

Exceeding allowable geometric tolerances of formwork (EGT)—Incorrect assem-
bly resulting in deviations in dimensions, levels, planes, or angles beyond those
permitted by standards and design documentation.

Use of inappropriate or worn-out formwork elements (UFE)—Application
of formwork components that do not meet strength, geometric, or quality
requirements.

Contamination of formwork (CWF)—Inadequate cleaning of formwork prior
to concreting, including the presence of sawdust, binding wire fragments, or
remnants of old concrete.

Concreting Errors

Discontinuity of concreting; excessive intervals between concrete deliveries
(DCC)—Interruption of continuous placement due to long delays between con-
crete truck arrivals.

Improper compaction of fresh concrete (PCC)—Insufficient, excessive, or incorrect
vibration or compaction of the concrete mix.
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- Incorrect execution of construction joints (EC])—Construction joints executed
contrary to technological guidelines or design specifications.

- Improper placing of concrete (IPC)—Placement that causes segregation, air voids,
excessive settlement, or non-uniformity; includes dropping concrete from exces-
sive heights, uneven distribution, placing overly thick layers, or failing to adjust
procedure to structural requirements.

- Lack of concrete curing or inadequate curing procedures (LCC)—Neglecting or
improperly performing curing of fresh concrete; insufficient curing duration, lack
of surface protection (foils, mats), failure to maintain moisture, or exposure of
fresh concrete to sun, wind, or low temperatures.

- Premature formwork removal (PFR)—Removing formwork before the concrete
has reached the required strength.

- Failure to adapt concreting technology to weather conditions (FWA)—Lack of
protective measures against adverse environmental effects, such as wind, heat,
sunlight, or precipitation, including failure to use covers, chemical admixtures,
heating/cooling methods, or proper planning.

- Improper preparation of concrete mix (IPM)—Fresh concrete produced with
excessive water, uncontrolled consistency, or improper performance parameters
such as strength class, frost resistance, or watertightness.

- Exceeding the allowable time for concrete placement (ETP)—Placement occurring
after the maximum permissible time from mixing.

Execution errors in reinforced concrete structures vary greatly in terms of their impact
on structural safety and long-term durability. Some of them are minor and reversible,
limited to aesthetic imperfections or small dimensional deviations that can be corrected
during routine inspection. Others, however, may lead to serious technical consequences,
such as reduced load-bearing capacity, loss of stability, accelerated material degradation,
and in extreme cases even structural failure. These errors directly influence key deterio-
ration mechanisms in concrete structures: they can accelerate carbonation, increase the
likelihood of reinforcement corrosion, promote the formation of technological cracks, and
impair the overall resistance of concrete to environmental actions. As a result, execution
errors significantly shorten the service life of reinforced concrete structures and increase
the long-term maintenance and repair costs.

It is important to stress that many execution errors are not immediately detectable.
Some become visible only after prolonged service, and their identification requires en-
gineering expertise, experience, and appropriate diagnostic techniques. Therefore, the
identification, classification, and assessment of execution errors constitute a crucial step in
improving construction processes for reinforced concrete structures. Such analysis not only
enhances the understanding of mechanisms leading to execution-related defects but also
provides the foundation for developing effective prevention and mitigation strategies. Ulti-
mately, these efforts contribute to improving the quality, durability, and safety of reinforced
concrete structures throughout their life cycle.

2.2. Identification and Definition of the Decision-Making Problem

The evaluation and comparison of execution errors in reinforced concrete structures
involve addressing a multi-aspect decision-making problem that incorporates several hard-
to-measure factors. Such analysis must take into account qualitative criteria, which are often
imprecise, uncertain, or difficult to quantify. Factors of this nature cannot be effectively
evaluated using experimental methods; therefore, expert-based assessment is widely used
for their analysis [18,19]. Expert judgments may contain subjectivity and uncertainty, which
necessitate the application of fuzzy logic elements [20,21].
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To meet the requirements associated with the assessment of execution errors, a hybrid
approach was adopted—combining the fuzzy WINGS method with the fuzzy TOPSIS
method. The proposed hybrid model enables the evaluation and comparison of execution
errors in reinforced concrete structures, while the incorporation of fuzzy logic allows
for handling imprecise variables and uncertainty inherent in expert assessments. The
core principle of hybrid methods is the ability to exploit the strengths of both combined
approaches while reducing the impact of their limitations [22].

Although the developed hybrid method was designed specifically for the assessment
of execution errors in reinforced concrete works, its structure enables broader applicability
and adaptation to other engineering decision-making problems.

2.3. Evaluation Method

The proposed evaluation method for assessing and comparing execution errors in
reinforced concrete works integrates expert-based judgment with multi-criteria decision-
making (MCDM) and fuzzy logic. The method determines the significance of execution
errors from technical, organizational, and economic perspectives. The overall approach
consists of a two-stage evaluation model. Stage I involves determining the weights of the
evaluation criteria using the fuzzy WINGS method. Stage II focuses on evaluating and
comparing execution errors using the fuzzy TOPSIS method.

e  The methodological framework introduces several key assumptions:

e It enables the assessment of multi-faceted and complex decision-making problems
typical for construction processes;

e Itallows the analysis of hard-to-measure, qualitative, or subjective factors;

e It can be combined with expert-based approaches;

e Itadopts a simplified evaluation model—preferences are expressed through linguistic
terms, which significantly streamlines data collection;

e Itincorporates group evaluation by aggregating expert opinions;

° It supports analysis in an uncertain environment using fuzzy logic,'

e It provides a comprehensive evaluation and comparison of execution errors.

The hybrid use of fuzzy WINGS and fuzzy TOPSIS offers several methodological
advantages over traditional MCDM techniques such as DEMATEL or AHP. While DEMA-
TEL effectively identifies causal relationships, it does not incorporate non-linear influence
propagation or an internal weighting mechanism. AHP assumes full consistency in expert
judgments and a strictly hierarchical structure, which is rarely applicable to construction
errors that interact across technological and organizational dimensions.

In contrast, fuzzy WINGS captures both direct and indirect influences between criteria
using a non-linear gauge system, allowing for more realistic modeling of interdependencies
such as how “repairability” affects the perceived severity and cost of errors. This makes
WINGS particularly suitable for construction error analysis, where criteria are strongly
coupled. Fuzzy TOPSIS complements WINGS by enabling the ranking of alternatives based
on their similarity to the ideal solution, providing a clear and interpretable measurement of
error criticality. The hybrid model therefore improves robustness, reduces subjective bias,
and enhances the precision of decision-making under uncertainty.

The individual stages of the hybrid method are illustrated in Figure 1.



Appl. Sci. 2025, 15, 13200

9 of 30

Identification of execution errors

v

Creation of Fuzzy Strength-Influence m
Fuzzy > Matrices
evaluation
v
* I Normalization I
Tingisic [ Ranking o Bxecution Erors |
. v
evaluation k-Matrix creation L
L) I I I Synthetic Evaluation Index I
Expert Expert ti ' ithmeti L
opinions | Xpert aggregation —arithmetic mean | Distances to Fuzzy Ideal and Anti-
v Ideal Solutions
Fuzzy aggregated strength-influence 7
matrix Fuzzy Ideal and Anti-Ideal
v Solutions
| Defuzzification (BNP method) I 7 )
v Weighted Normalized Decision
| Total strength-influence matrix creation I Matrix
v 4
I Calculation r; and ¢; I | Normalization |
L2 4

I Determination of criteria weights ! Fuzzy Decision Matrix I

v

Figure 1. Fuzzy WINGS and fuzzy TOPSIS method.

Stage I—Fuzzy WINGS method: determination of criterion weights

In the first stage, the fuzzy WINGS (Weighted Influence Non-linear Gauge System)
method [23] was applied to determine the importance of the evaluation criteria. This
method is used to identify the mutual relationships and internal significance of the criteria.
The significance and influence of the criteria were assessed using an expert-based approach
that relied on the knowledge and professional experience of the previously appointed
experts. Expert evaluations were used to construct the direct influence map [24,25], which
reflects the interactions and dependencies between the selected criteria.

A group aggregation procedure was applied to the expert ratings, which required the
use of expert assessment throughout the analysis. To appropriately address the uncertainty
inherent in expert-based evaluation, a fuzzy extension of the method was adopted. In this
extension, triangular fuzzy numbers and a linguistic rating scale were used to model the
imprecise and uncertain nature of expert judgments. The linguistic scale facilitates the
experts’ assessment process, and in subsequent steps, these linguistic terms are transformed
into corresponding triangular fuzzy numbers.

The linguistic rating scale with the associated triangular fuzzy numbers used in the
study is as follows:

e No influence—(0, 0, 1);

e Low influence—(0, 1, 2);

e  Medium influence—(1, 2, 3);
e High influence—(2, 3, 4);

e  Very high influence—(3, 4, 4).

The linguistic scales and corresponding triangular fuzzy numbers used in this study
were derived following widely accepted fuzzy MCDM practices [26-30]. Similar parameter-
izations have been applied in engineering decision-making where expert uncertainty must
be modeled. The adopted triangular numbers preserve monotonicity and equal linguistic
spacing, ensuring comparability between linguistic grades. Their structure is consistent
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with fuzzy AHP, fuzzy DEMATEL, and fuzzy TOPSIS applications in civil engineering,
where five-level linguistic scales are the dominant standard.

Based on the expert evaluations, a set of fuzzy direct influence matrices Dy = {Eijk },
fori,j = 1..... nk = 1,....K, where Ei]-k = (lijk/ Mijk, ul-]-k), are constructed; these are
triangular fuzzy numbers with a membership function p~ (x) € [0,1] representing

ik

the fuzzy assessment of the relationship between criterion 7 and criterion j, as evalu-
ated by the k-th expert. The main diagonal of the matrix consists of the elements Ei]-k,
i,j=1.... n,dla i = j, which represent the intrinsic importance of each criterion.

The off-diagonal elements E,-]-k, i,j = 1,....n,dlai # j describe the cause-effect
relationships between the analyzed criteria.

Ellk Elnk
De=1| + . 1)

Anlk -+ Aunk

The fuzzy direct-relation influence matrix D) requires normalization as follows:

~ 1~
Ck = ngr (2)

where s denotes the normalization factor, s = ‘n}ax {2;7:1 ui]-k}.
1=1..... n

Next, the elements of the normalized fuzzy direct-relation influence matrix Cy are
defined using the vector:

N L myn i
] 1 Y
ai]'k = (?/ s g ) (3)

The next step of the method consists of determining the fuzzy total influence matrix

]N"k, which is calculated according to the following formula:
~ o~ ~2  ~3 ~ ~\ 1
T = GG (G (). = C(1-&) @
I denotes the identity matrix:
Ty = {fijk}, tije = (iiji, Mijs Uijk) 6)

If a group of k experts participates in the analysis, k total influence matrices must be
determined.

Ty = (Tk,r Tk, Tku> (6)

The matrices are introduced separately, bounded on the left (1), at the apex (m), and
on the right (u).

Ty = (Tk,/ Tk, Tku> @)
. N1
Ty, = Cy, (I - Ck,> 8)

~ ~ ~ -1
Ty, = Ck, <1 - ckm> ©)
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~ ~ ~ -1
Te, = Cr, (1 - cku) (10)

To obtain an unambiguous solution, the arithmetic mean method is used for aggregat-
ing expert evaluations [18]. This approach can be applied when the experts” assessments
do not exhibit tendencies toward overestimation or underestimation. The fuzzy arithmetic
mean operator is determined as follows [31]:

K
The aggregated fuzzy total influence importance matrix is expressed as follows:
t11 ... tin
T — , (12)
t nl “e tnn

7 by ?z‘jk
where t;; = =5

by () € 1]

In the subsequent steps of the method, the fuzzy matrix T is defuzzified using the
BNP (Best Non-fuzzy Performance) method [32,33].

denotes the triangular fuzzy numbers with the membership function

-+ (m-1

BNP — 14 & .

(13)

After the defuzzification process, the total influence matrix T is obtained. This matrix
is then used to calculate the total influence r; of the i-th factor and the total dependence
(susceptibility) c; of the i-th factor.

1= Z]r.l:l ti]’ (14)

n
¢ =Yk (15)
where t;; denotes the elements of the matrix T. Subsequently, the sum r; 4 ¢; and the
difference r; — c; are calculated.

Stage II—Fuzzy TOPSIS method—evaluation and comparison of execution errors

In the second stage of the proposed model, the fuzzy TOPSIS (Technique for Order
Preference by Similarity to Ideal Solution) method [34] was applied to evaluate and compare
construction execution errors in reinforced concrete works. The fuzzy TOPSIS method
enables the analysis of multiple decision alternatives (execution errors) while considering
multiple criteria and the uncertainty inherent in expert-based assessments.

The essence of fuzzy TOPSIS lies in determining the ideal and anti-ideal solutions and
subsequently evaluating the similarity or dissimilarity of each alternative to these reference
points. In the fuzzy environment, these reference points are defined using triangular fuzzy
numbers, which makes it possible to account for ambiguity, imprecision, and gradation in
expert judgments.

Similar to the previous stage, the intensity of influence assessments was established
using an expert analysis. Expert evaluations were aggregated to obtain a collective assess-
ment. To facilitate the rating process, a linguistic scale was introduced. The linguistic terms
were then transformed into corresponding triangular fuzzy numbers. The linguistic rating
scale and its associated triangular fuzzy numbers are defined in Table 1.



Appl. Sci. 2025, 15, 13200

12 of 30

Table 1. Linguistic rating scale.

Criterion Linguistic Assessment and Corresponding Triangular Fuzzy Number
Moderat
egligible ajor o
. oderate .
. consequences Critical
consequences Minor T consequences
. (limited impact S consequences
(no impact on consequences (significant .
. on the local . (direct threat to
safety or (small, localized ) impact on the
Consequences . . . load-bearing the safety and
load-bearing impact; easily capacity or safety of the durability of the
capacity of the correctable) pacity element or its y
durability of the element)
element) part)
element)
0,0,1) 0,1,2) (1,2,3) (2,3,4) (3,4,4)
Moderately Difficult (repair oo
Very easy (the . difficult (repair requires Vgry dlfﬁ.
Easy (repair can . L cult/impossible
error can be : requires significant L
be carried out . . . L. (repair is
removed . . interruption of intervention in .
. ) on-site, without . technically
immediately the need to construction the structural unfeasible or does
Repairability using simple . . activities and the element,
: . interfere with the o not ensure full
actions, without use of specialized .
. . structural restoration of the
interrupting the supplemental procedures, or ,
element) . . element’s
work process) technologies and partial . .
4 . . functionality)
materials) dismantling)
0,0,1) 0,1,2) (1,2,3) (2,3,4) (3,4,4)
Very low (the High (the error .
error occurs Low (the error is Moderate (the occurs V:g;iuogck;l(jsle
Probability of sporadically or possible, but error occurs from frequently reoularly or is
occurrence only rare) time to time) under typical hi ;511 rgbable)
incidentally) conditions) sy p
0,0,1) 0,1,2) (1,2,3) (2,3,4) (3,4,4)
Moderately Difficult to Very difficult or
detectable (the . .
Very easv to error ma detect (the error impossible to
y easy Easy to detect hay is hard to detect (the error is
detect (the error ) remain . . . L .
. . (the error is . identify without not visible during
is immediately noticeable unnoticed specialized acceptance
Detectability visible and can ) . during P . aceeprance
duri . during routine .2 diagnostic inspection; it
uring be recognized . . superficial
. : . inspection or . S methods or becomes
inspections with the naked inspection; . .
measurement) . . partial expo- noticeable only
eye) requires detailed . . )
" sure/dismantling over time or as a
examination or .
of the element) result of failure)
measurement)
0,0,1) 0,1,2) (1,2,3) (2,3,4) (3,4,4)
Very low cost High cost (the Very high CPSt
Moderate cost ) (the error is
(the error can be Low cost (the error requires .
. (the error o practically
corrected error requires . . significant labor . .
. . . requires partial . irreparable, or its
immediately, minimal labor . . and material .
Cost of removal dismantling or removal is

before concreting

without work

input or minor

re-execution of a

resources, and

equivalent to

it materialy Portonofthe (SEEROE . redoing the entire
) work) . . construction
materials) interruptions) stage)
0,0,1) 0,1,2) 1,2,3) (2,3,4) (3,4,4)
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Table 1. Cont.
Criterion Linguistic Assessment and Corresponding Triangular Fuzzy Number
Very high
Moderate cost ngh cost (Tche cost/ reconstruction
Very low cost Low cost (the : repair requires (the repair is
: (the repair . ;
(the error can be repair can be . substantial economically or
. requires .
corrected carried out intervention in structural technically
Cost of removal without any locally, without intervention unjustified—it
. . L the concrete or .
after concreting intervention in the need to . and the use of requires
partial exposure s r
the structural expose the of the specialized demolition or
element) reinforcement) . technologies complete
reinforcement) 4 .
and materials) reconstruction of
the element)
0,0,1) 01,2 (1,2,3) 2,3,4) (3, 4,4)
High cost (the .
Very low cost Low cost (the Moderate cost repair requires Very high .
. . . cost/reconstruction
(the error can be repair can be (the repair partial .
. . o (the repair
corrected carried out requires demolition of .
. . . : requires complete
without without intervention or the structural .
Cost of removal . . S . reconstruction or
interrupting the significant partial removal element or the .
; ) . strengthening of
construction material losses or  of the defective use of
X ) L the structural
works) time delays) section) specialized
) element)
technologies)
0,0,1) 0,1,2) (1,2,3) (2,3,4) (3,4,4)

Based on the expert evaluations, a fuzzy decision matrix is constructed, in which

all assessments are expressed as triangular fuzzy numbers :ijk = (l ik M, ujk) with a

triangular membership function My (x) €[0,1].
j

The rows of the decision matrix represent the decision alternatives (i.e., the construc-
tion execution errors), while the columns correspond to the evaluation criteria.
In the next step, the fuzzy decision matrix is normalized as follows:

for benefit-type criteria: z = (

for cost-type criteria: z = (

m]‘k

Minu

) (min'u,-k) (min'uik

1

i 4 maxu; 4 maxu; ]'6
(T () | >> 1o

Mjk

7 7

m]-k l]k

)> (17)

Next, the normalized weighted decision matrix must be constructed. The weights are

introduced according to the following formula:

7ij:wjzij,fori:1,....m;j:l,....n. (18)
~t ~t i

ideal solution fk<a ) =v, = (maa; rlk) (19)

anti-ideal solution: fj (Ei> = 5,; = <mml 7’ik> (20)
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Next, the distances of each alternative from the ideal and anti-ideal solutions are

calculated as follows: .,

~ o~y

d;_:k;d(rjk’vk)’]:LZ,””m (21)
n ~ ~

d]f:k_zldujk, O ) J=1,2 (22)

The final stage consists of determining the synthetic evaluation measure and establish-
ing the ranking of the assessed alternatives.

d-
S; d;r+d;,for] 1,2, ....m (23)
3. Application of the Fuzzy WINGS-Fuzzy TOPSIS Method for the
Evaluation and Comparison of Construction Errors in Reinforced
Concrete Works

3.1. Identification of the Set of Factors

The set of factors used in the analysis consists of the previously identified and defined
execution errors occurring in reinforced concrete works, namely the following:

R/

% Improper reinforcement execution:

- Insufficient concrete cover (ICC)—Inadequate thickness of cover protecting rein-
forcement against corrosion, fire, chemical exposure, and ensuring a proper bond
between steel and concrete.

- Non-compliance of reinforcement layout with design documentation (NRL)—
Actual spacing, quantity, or bar diameters differ from the design; excessive or
insufficient spacing, missing bars, incorrect diameters, misplacement, or improper
direction of main reinforcement.

- Omission of additional reinforcement required in the design (OAR)—Failure to
install supplemental bars such as corner reinforcement, support reinforcement,
opening reinforcement, beam-slab joint reinforcement, concentrated stirrups, etc.

- Discontinuity of reinforcing bars; insufficient lap splice length (DRB)—Bars
not properly overlapped or anchored; insufficient lap length, missing splices,
inadequate embedment, or misplaced splice zones.

- Prefabrication of reinforcement not compliant with design specifications (RPN)—
Reinforcement fabricated with incorrect dimensions or geometry: improper
cutting lengths, incorrect bending radius, wrong bend angle, missing or incorrect
hooks, deformation of bars.

- Insufficient number of spacer/distance bars (ISB)—Too few spacers ensuring
proper separation of reinforcement layers and maintaining the designed position-
ing during concreting.

- Inadequate closing (transverse) reinforcement (ICR)—Insufficient number, incor-
rect diameters, or improper arrangement of stirrups, perimeter, or tying bars.

- Insufficient anchorage in support zones (IAS)—Failure to provide required an-
chorage length and shape in support regions; insufficient embedment of bars.

- Excessive concentration of lap splices in one location (“sheet effect”) (ELS)—
Accumulation of many spliced bars in one section, causing local congestion and
ineffective load transfer.

- Contamination of reinforcement with anti-adhesive agents (CRA)—Presence of
oils or form-release agents reducing the bond between steel and concrete.
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Incorrect or insufficient tying of reinforcement with binding wire (ITR)—Loose,
inadequate, incorrectly placed, or insufficient wire ties; use of corroded or under-
sized tying wire.

Incorrect positioning of starter bars (IPS)—Misalignment with design axes, im-
proper embedment length, incorrect spacing or angle of starter bars.

% Improper formwork execution:

Insufficient stiffening and support of formwork (SSF)—Improper bracing,
shoring, or stabilization; missing wedges, anchors, or insufficient substrate prepa-
ration under supports.

Formwork leakage (FLK)—Insufficient tightness of joints leading to leakage of
fresh concrete.

Exceeding allowable geometric tolerances of formwork (EGT)—Deviations in
dimensions, levels, planes, or angles exceeding limits defined in standards and
design documentation.

Use of inappropriate or worn-out formwork elements (UFE)—Use of elements
that do not meet strength or geometric requirements.

Contamination of formwork (CWF)—Presence of sawdust, binding wire frag-
ments, hardened concrete residues resulting from inadequate cleaning.

%  Concreting errors:

Discontinuity of concreting; excessive intervals between concrete trucks (DCC)—
Interruption of concreting due to long time gaps between concrete deliveries.
Improper compaction of fresh concrete (PCC)—Insufficient, excessive, or non-
uniform vibration of fresh concrete.

Incorrect execution of construction joints (ECJ)—Construction joints made im-
properly or contrary to technological and design guidelines.

Improper placing of concrete (IPC)—Placing concrete in a manner causing segre-
gation, voids, excessive drop height, uneven distribution, too thick layers, or lack
of adaptation to the structural configuration.

Lack or improper curing of concrete (LCC)—Insufficient or incorrect curing;
failure to protect fresh concrete against drying, temperature effects, sun, wind,
or frost.

Premature formwork removal (PFR)—Stripping formwork before the concrete
reaches the required strength.

Failure to adapt concreting technology to weather conditions (FWA)—Lack of
protective measures during concreting under adverse environmental conditions.
Improper preparation of concrete mix (IPM)—Mix produced with incorrect pa-
rameters (excess water, incorrect workability, strength class, frost resistance,
watertightness).

Exceeding the allowable time for concrete placement (ETP)—Placing the mix after
an excessive time from mixing, causing loss of workability and
improper bonding.

3.2. Definition of the Set of Criteria

The criteria used to evaluate and compare execution errors in reinforced concrete

structures were selected deliberately, taking into account the specificity of the decision-

making problem as well as the technical, organizational, and economic consequences

associated with execution irregularities. The criteria were identified on the basis of many

years of practical experience gained by the author during the execution of reinforced

concrete structures, supplemented by consultations with industry experts specializing in

concrete construction technology. The selection of criteria aimed to capture the influence
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of errors on structural safety, their organizational and economic implications, and the
detectability of irregularities during construction inspection.

Considering the differing nature and scope of possible remedial actions, the sets of
criteria were adjusted to the specificity of each group of execution errors.

Criteriafor Groups I and II (improper reinforcement execution and improper formwork
execution)

For Groups I and 1I, six evaluation criteria were adopted. Experts emphasized that
repair procedures depend strongly on the moment when the error is detected. Therefore,
the cost-related criterion was divided into two separate criteria. The criteria used for
Groups I and II were as follows:

1.  Consequences—The potential impact of the irregularity on the safety, load-bearing
capacity, durability, and functional performance of the structure.

2. Repairability (inspection stage)—The extent to which the element can be restored to
compliance with design requirements once the irregularity is detected.

3.  Probability of occurrence—The frequency or likelihood of the error appearing during
reinforced concrete works.

4.  Detectability during inspection—How easily the error can be identified during or
after the construction process.

5. Cost of removal before concreting—The financial, material, and organizational effort
required to eliminate the error prior to concrete placement.

6.  Cost of removal after concreting—The financial, material, and organizational effort
necessary to eliminate the error once concrete has been placed.

This approach reflects the real decision-making environment on construction sites,
where errors related to reinforcement installation and formwork execution may be detected
either before or after casting the concrete mix, which significantly affects the associated
repair costs.

Criteria for Group III (concreting errors)

For the third group of errors—concreting errors—five criteria were adopted. Unlike
in the previous groups, the cost criterion was not split into two stages (before and after
concreting). This decision results from the fact that concreting errors become visible only
after the concrete has set, and therefore the possibility of correction before concreting does
not exist. Accordingly, the following evaluation criteria were established:

1.  Consequences—The potential impact of the irregularity on the safety, load-bearing
capacity, durability, and functional performance of the structure.

2. Repairability (inspection stage)—The technical possibility of restoring the element to
the required condition after the error is identified.

3. Probability of occurrence—The likelihood or frequency of the error occurring during
concrete works.

4. Detectability during inspection—The ease with which the error can be identified
during or after works.

5. Cost of removal—The financial, material, and organizational effort necessary to
eliminate the consequences of the error.

3.3. Determination of the Expert Sample

An expert-based survey method was adopted in this study, as the assessment and
comparison of execution errors in reinforced concrete structures involve complex issues
and factors that are difficult to measure directly and cannot be reliably verified using
experimental or numerical data alone. Execution errors occur in a dynamic construction
environment, where practical conditions, organizational constraints, and the professional
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experience of the personnel involved play a significant role. In such cases, the most reliable
source of information is the specialized knowledge of individuals with long-standing
experience in the supervision, design, and execution of reinforced concrete works.

The expert method made it possible to obtain assessments that reflected a practical
understanding of the consequences of execution errors, the real detectability of irregu-
larities on construction sites, common technological and organizational constraints, and
the challenges associated with repair actions and their economic implications. No nor-
mative classification criteria or statistical datasets describing the frequency of execution
errors and their structural impact were identified in the literature. Therefore, the use of
expert judgment based on extensive industry experience is justified and aligns with widely
accepted practices in multi-criteria decision-making and risk assessment. Consequently,
the expert method was considered the most appropriate tool for gathering information
essential for evaluating and comparing execution errors, particularly in an area that remains
insufficiently documented in research and not standardized in engineering practice.

The collection of expert assessments was conducted in two stages: a pilot study and
the main survey. This approach ensured high-quality input data for the multi-criteria
analysis and allowed verification of the research instrument. The pilot study was carried
out with six experts who evaluated the preliminary version of the linguistic rating scale
and the formulation of the questionnaire items. The pilot results highlighted the need
to refine and extend the rating scale to provide more detailed descriptions and clearer
level differentiation. After consultations, modifications were introduced to improve the
clarity and precision of the linguistic terms, facilitating subsequent interpretation of fuzzy
linguistic values.

Following the pilot phase, the main survey was carried out, again involving six experts
who completed the revised questionnaire. The questionnaire, distributed electronically,
was provided in the form of a text document. Experts were informed about the purpose
of the study, the principles of evaluating each criterion, and received guidance on the
assessment methodology.

A purposive sampling strategy was used for expert selection. Random sampling was
not applied, as the topic—execution errors in reinforced concrete construction—requires
highly specialized, practical knowledge that cannot be ensured through random selection.
Purposive sampling enabled the inclusion of individuals with verified competencies, thus
increasing the reliability and substantive value of the collected data. Initially, ten experts
were nominated; however, four were excluded after evaluating their qualifications. The
final group consisted of six experts whose technical knowledge and practical experience in
reinforced concrete works ensured the credibility of the assessments.

Experts selected for the study had a minimum of five years of professional experience
in reinforced concrete construction, with most having more than ten years of practice. The
experience structure was as follows: one expert with 15-20 years of experience, three experts
with 10-15 years, and two experts with 5-10 years (specifically 8 and 9 years). The majority
were site managers or construction managers (five individuals). One expert represented
the group of construction works contractors involved in the supervision and organization
of construction processes. The data collected through the questionnaires constituted the
basis for further analysis using the fuzzy WINGS and fuzzy TOPSIS methods.

The questionnaire consisted of three sections. The first section addressed execution
errors related to improper reinforcement installation and included 12 questions. The
second section concerned errors related to improper formwork execution and included
five questions. The final section focused on concreting errors and contained nine questions.
In total, the questionnaire comprised 26 questions, with each execution error evaluated
according to the previously defined criteria.
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Experts assessed the execution errors using a five-level linguistic descriptive scale,
as described in the preceding section. The linguistic scale simplified the decision-making
model. In subsequent stages of the analysis, the verbal assessments were converted into
numerical values. It must be emphasized that expert assessments may include uncertainty
and subjective judgment, as experts are not always fully confident about the accuracy of the
ratings assigned. This inherent uncertainty necessitated the use of fuzzy logic. Therefore,
linguistic evaluations were replaced with triangular fuzzy numbers, and group aggregation
of expert opinions was performed using the arithmetic mean.

To determine the criterion weights, an expert-based procedure employing fuzzy
WINGS was applied. The assessment process consisted of two stages: determining the
importance of each criterion and evaluating the interrelations and influences between
the criteria. In the first stage, individual interviews were conducted with each expert,
during which the significance of all criteria was discussed in the context of execution errors
occurring in reinforced concrete structures. Experts assigned importance ratings to the
criteria. In the second stage, experts performed pairwise comparisons to assess the mutual
influence of the criteria. They evaluated whether a given criterion affects another and,
if so, to what extent. The same linguistic scale used in the fuzzy WINGS method (no
influence, low influence, moderate influence, high influence, very high influence) was
applied, ensuring standardization and facilitating subsequent aggregation.

This process enabled capturing expert knowledge in the form of fuzzy numbers,
allowing for modeling uncertainty and subjectivity. Conducting individual consultations
ensured that experts could discuss interdependencies between criteria in depth, using their
extensive practical experience in reinforced concrete construction. As a result, the collected
data reflect real engineering practice rather than abstract hierarchical structures.

The linguistic ratings were then converted into fuzzy numbers and aggregated using a
group aggregation operator. The final influence matrix and the criterion importance matrix
served as input data for the fuzzy WINGS model, which allowed for the computation of
criterion weights accounting for their significance and mutual interdependencies.

3.4. Results and Discussion

In the first stage of the analysis, using the fuzzy WINGS method, the values of the total
influence r; and total dependence c;, as well as their absolute values, were obtained. These
quantities were subsequently used to calculate the weights of the individual evaluation
criteria. The results are presented in Tables 2 and 3. Table 2 contains the criterion weights
for Groups I and II of execution errors, i.e., improper reinforcement execution and improper
formwork execution. Table 3 presents the criterion weights for Group III, relating to
concreting errors.

Tables 4—6 present the aggregated fuzzy evaluations assigned by the experts for the
decision alternatives, expressed within the categories of the individual criteria.

Tables 7-9 present the distances of the individual construction errors from the ideal
and anti-ideal solutions, as well as the synthetic performance scores and the resulting
rankings. A separate ranking was developed for each group of construction errors. For
clarity of data presentation, the execution errors were denoted using acronyms, which
allows the results of the analysis to be presented in a more readable and concise manner.

Additionally, to illustrate the ranking results, Figures 2—4 are also provided.
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Table 2. Criterion weights for the evaluation of execution errors (improper reinforcement execution

and improper formwork execution).

Percentage

|ri—cil |r;+c;| |ri—ci|+|ri+ci Share (%) Weight Execution Error
0.00074 0.17924 0.17998 18.68 0.19 Consequences
0.00194 0.16481 0.16675 17.31 0.17  Repairability
(inspection stage)
0.01405 0.16264 0.17669 18.34 0.18 Probability of
occurrence
0.00121 0.16937 0.17058 17.70 0.18 Detegtab1hty during
inspection
0.03218 0.13717 0.16935 17.58 0.18 Cost of removal
before concreting
0.03744 0.06277 0.10021 10.40 0.10 Cost of removal
after concreting
Table 3. Criterion weights for the evaluation of execution errors (concreting errors).
Percentage . ]
|r;—cil |r;+c;| |ri—ci|+|ri+ci Share (0/§) Weight Execution Error
0.00363 0.24423 0.24786 21.15 0.21 Consequences
0.01759 0.21969 0.23727 20.25 0.20 _ Repairability
(inspection stage)
0.02981 0.19288 0.22269 19.00 0.19 Probability of
occurrence
0.02759 0.19652 0.22411 19.13 0.19 Detectability during
inspection
0.03619 0.20365 0.23984 20.47 0.20 Cost of removal

The conducted analysis made it possible to determine the significance of individual
construction errors within the group of errors related to reinforcement installation. The
obtained values of the synthetic evaluation index ranged from 0 to 1, enabling an unam-
biguous assessment of the impact of each error on the safety and quality of the reinforced
concrete structure. In this approach, a higher value of the synthetic index indicates greater
significance of the error and more severe potential consequences of its occurrence. Nu-
merical values close to 1.0 highlight the highest significance of a given execution error,
emphasizing its potentially substantial impact on the development of structural damage.
Conversely, values close to 0.0 indicate low significance, suggesting that the error had only
a negligible effect on the condition and performance of the reinforced concrete elements.
Based on Table 7 and Figure 2, it can be concluded that within the group of reinforce-
ment execution errors, the most critical error was insufficient concrete cover (ICC), which
achieved a score of 0.89. The insufficient concrete cover (ICC) obtained a score of 0.89,
which is close to the ideal value (1.0), indicating that this error has the highest negative
impact on structural durability and safety among all reinforcement-related defects. This
error promotes reinforcement corrosion and has a significant adverse effect on durabil-
ity. High significance was also obtained for non-compliant reinforcement layout (NRL)—
0.82—and discontinuous reinforcement/improper lap length (DRB)—0.81. These errors
directly affect structural behavior under load and may lead to premature cracking or even
structural failure.
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Table 4. Aggregated fuzzy evaluation matrix (improper reinforcement execution).
Alternatives ICC NRL OAR DRB RPN ISB ICR IAS ELS CRA ITR IPS
1 150 1.83 200 167 133 083 050 233 133 033 017 217
Consequences m 250 283 3.00 267 233 183 150 333 233 133 083 317
u 333 350 367 350 333 28 250 400 317 233 183 383
1 050 033 017 033 083 017 000 033 083 033 000 067
Repairability m 133 117 100 117 183 100 050 133 183 117 050 150
u 233 217 200 217 267 200 150 233 28 217 150 250
1 133 08 050 133 083 1.00 083 067 017 067 083 0.17
Probability of 1, 233 18 150 233 167 200 183 150 067 117 167 0.67
occurrence
o u 317 283 250 333 267 300 28 250 167 217 267 167
Criteria 1 050 033 017 017 017 000 017 000 017 050 000 0.33
Detectability m 150 133 1.00 100 083 067 067 083 067 117 067 1.00
u 250 233 200 200 183 167 167 1.83 167 217 167 2.00
Cost of 1 017 050 067 033 017 000 000 050 067 033 000 0.67
rire‘}g‘r’jl m 100 150 150 1.00 117 067 050 133 150 100 017 133
concreting W 200 250 250 200 217 167 150 233 250 200 117 217
Cost of 1 133 217 233 167 183 167 100 1.8 200 200 117 217
removal after m 233 317 333 267 283 267 200 283 300 300 200 317
concreting 317 383 400 3.67 383 367 3.00 383 383 367 28 3.83
Table 5. Aggregated fuzzy evaluation matrix (improper formwork execution).
Alternatives SSF FLK EGT UFE CWF
1 1.67 0.33 0.33 0.83 0.33
Consequences m 2.67 1.00 1.33 1.83 1.00
u 3.50 2.00 2.33 2.67 2.00
1 0.67 0.00 0.33 0.33 0.00
Repairability m 1.50 0.83 1.33 1.33 0.50
u 2.50 1.83 2.33 2.33 1.50
1 0.50 1.17 1.33 0.50 1.50
Probability of m 1.50 2.17 2.33 1.50 2.50
occurrence
o u 2.50 3.17 3.33 2.50 3.33
Criteria 1 0.33 0.33 0.50 0.33 0.17
Detectability m 1.33 1.00 1.33 1.17 0.33
u 2.33 2.00 2.33 2.17 1.33
Cost of 1 0.00 0.17 0.33 0.33 0.17
removal before m 1.00 0.83 1.00 1.33 0.33
concreting u 2.00 1.83 2.00 2.33 1.33
Cost of 1 1.83 1.00 1.17 1.17 1.17
removal after m 2.83 1.83 2.17 2.17 2.17
concreting u 3.67 2.83 3.00 3.00 3.17
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Table 6. Aggregated fuzzy evaluation matrix (concreting errors).

Alternatives DCC PCC ECJ IPC LCC PFR FWA IPM ETP
1 1.33 1.17 1.83 1.83 1.33 1.67 1.17 2.00 1.67
Consequences m 2.17 217 2.83 2.83 2.33 2.67 217 3.00 2.67
u 3.17 3.00 3.67 3.83 3.33 3.50 3.17 3.83 3.50
1 1.67 1.33 1.50 1.33 0.67 1.17 0.83 1.83 1.17
Repairability m 2.67 217 2.50 2.33 1.67 2.00 1.83 2.83 217
u 3.50 3.17 3.50 3.33 2.67 3.00 2.83 3.50 3.17
L 1 0.50 0.83 0.33 0.83 1.17 0.17 0.50 0.50 0.67
Criteria |, bability of
robability 0 m 1.33 1.67 1.00 1.67 2.00 0.83 1.33 1.17 1.50
occurrence
u 2.33 2.67 2.00 2.67 2.83 1.83 2.33 217 2.50
1 0.33 0.17 0.00 0.17 0.17 0.33 0.17 1.50 1.00
Detectability m 1.00 0.83 1.00 0.83 0.83 1.17 1.17 2.50 2.00
u 2.00 1.83 2.00 1.83 1.83 217 217 3.50 3.00
1 1.67 1.33 1.17 1.83 1.17 1.33 1.00 2.33 1.83
Cost of m 2.67 2.33 217 2.83 217 2.33 2.00 3.33 2.83
removal
u 3.67 3.17 3.17 3.67 3.00 3.33 3.00 3.83 3.67
Table 7. Distances from the ideal and anti-ideal solutions, synthetic evaluation measures, and ranking
for reinforcement execution errors (improper reinforcement execution).

Alternatives Acronym d; d; dj+d; S; Ranking

Insufficient concrete cover ICC 0.00044 0.00374 0.00418 0.89433 1

Non-compliance of reinforcement
layout with design documentation NRL 0.00065 0.00297 0.00363 0.819688 2

(spacing, quantity, bar diameters)

Omission of additional reinforcement

adadi . OAR 0.00150 0.00206 0.00356  0.578595 6
required in the design
Discontinuity of reinforcing bars; DRB 0.00075 0.00330 0.00405  0.814490 3
insufficient lap splice length
Prefabrication of reinforcement not RPN 000089 000273 000362  0.755123 4
compliant with design specifications
Insufficient number of spacer/ ISB 0.00181 0.00181 0.00363  0.500056 7
distance bars
Inadequate closing (transverse) ICR 0.00287 0.00119 0.00406  0.293313 11
reinforcement
Insufficient anchorage in support zones IAS 0.00127 0.00202 0.00329 0.612869 5
Excessive concentration of lap splices ELS 0.00291 0.00262 0.00553  0.473830 8
in one location (“sheet effect”)
Contamination of reinforcement with - 000173  0.00130  0.00304  0.428929 9
anti-adhesive agents
Incorrect or insufficient tying of ITR 000355 000086 000441  0.194326 12

reinforcement with binding wire

Incorrect positioning of starter bars IPS 0.00272 0.00178 0.00449 0.395255 10
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Table 8. Distances from the ideal and anti-ideal solutions, synthetic evaluation measures, and ranking

for reinforcement execution errors (improper formwork execution).

Alternatives Acronym d; d; dj+d; S; Ranking

Insufficient stiffening and SSF 0.00126 0.00204 0.00330 0.617500 2
support of formwork

Formwork leakage FLK 0.00090 0.00120 0.00210 0.570887 4

Exceeding allowable geometric EGT 0.00017 0.00263 0.00280 0.939080 1

tolerances of formwork

Use of inappropriate or worn-out UFE 0.00122 0.00192 0.00313 0.611414 3

formwork elements
Contamination of formwork
(sawdust, binding wire, CWF 0.00250 0.00113 0.00364 0.311609 5

remnants of old concrete)

Table 9. Distances from the ideal and anti-ideal solutions, synthetic evaluation measures, and ranking

for reinforcement execution errors (concreting errors).

Alternatives Acronym di d; dj+d; S; Ranking
Discontinuity of concreting;
excessive intervals between DCC 0.00416 0.00223 0.00640 0.349251 1
concrete truck deliveries
Improper compaction of PCC 0.00574 0.00132 0.00706 0.187082 2
fresh concrete
Incorrect execution of ECJ 0.00341 0.00174 0.00515  0.338063 6
construction joints
Improper placing of concrete IPC 0.02411 0.00306 0.02717 0.112517 3
_ Lack of concrete curing or LCC 0.02060 0.00150 0.02210 0.067852 4
inadequate curing procedures
Premature formwork removal PFR 0.02130 0.00090 0.02220 0.040403 7
Failure to adapt concreting FWA 001828 000041 001869  0.021774 11
technology to weather conditions
Improper preparation of concrete
mix (excess water, lack of IPM 0.01958 0.00804 0.02762  0.291074 5
consistency control, incorrect
performance parameters)
Exceeding the allowable time for — pr, 0.03279 0.00361 0.03640 0.09922 8

concrete placement

A group of medium-high significance errors scoring between 0.76 and 0.58 included

reinforcement prefabrication not compliant with design (RPN), insufficient anchorage

in support zones (IAS), and omitted additional reinforcement (OAR). Errors receiving
intermediate significance (0.40-0.50) were those that can typically be detected and corrected
before concreting, such as insufficient number of spacers (ISB), excessive concentration of

laps (ELS), and contamination of steel with release agents (CRA).
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0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

M Incorrect positioning of starter bars - IPS

H Incorrect or insufficient tying of reinforcement with binding wire - ITR

M Contamination of reinforcement with anti-adhesive agents - CRA

M Excessive concentration of lap splices in one location (“sheet effect”) - ELS

H Insufficient anchorage in support zones - IAS

M Inadequate closing (transverse) reinforcement - ICR

M Insufficient number of spacer/distance bars - ISB

M Prefabrication of reinforcement not compliant with design specifications - RPN
M Discontinuity of reinforcing bars; insufficient lap splice length - DRB

i Omission of additional reinforcement required in the design - OAR

M Non-compliance of reinforcement layout with design documentation (spacing. quantity. bar diameters) - NRL

M Insufficient concrete cover - ICC

Figure 2. Improper reinforcement execution—ranking.

0.94

0.57
0.62

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
M Contamination of formwork (sawdust, binding wire, remnants of old concrete) - CWF
M Use of inappropriate or worn-out formwork elements - UFE
M Exceeding allowable geometric tolerances of formwork - EGT
M Formwork leakage - FLK

M Insufficient stiffening and support of formwork - SSF

Figure 3. Improper formwork execution—ranking.
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0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

M Exceeding the allowable time for concrete placement - ETP

H Improper preparation of concrete mix (excess water, lack of consistency control, incorrect performance
parameters) - IPM
M Failure to adapt concreting technology to weather conditions - FWA

M Premature formwork removal - PFR

M Lack of concrete curing or inadequate curing procedures - LCC
M Improper placing of concrete - IPC

M Incorrect execution of construction joints - ECJ

M Improper compaction of fresh concrete - PCC

M Discontinuity of concreting; excessive intervals between concrete truck deliveries - DCC

Figure 4. Concreting errors—ranking.

The lowest significance values were assigned to errors that are easy to detect and
correct before concreting, such as insufficient closing reinforcement (ICR), incorrect po-
sitioning of starter bars (IPS), and improper or insufficient tying of reinforcement (ITR),
which scored between 0.19 and 0.40.

In summary, the most critical errors are those relating to the essential structural param-
eters of reinforcement: cover, anchorage, and continuity. Errors related to local geometric
inaccuracies or improper installation achieved medium values. The least significant errors
are those that are easily detectable and repairable before concrete placement. The greatest
risk is associated with errors that become difficult or impossible to repair once the concrete
has hardened.

The analysis of formwork execution errors (Table 8 and Figure 3) indicates considerable
variation in the significance of individual errors. The synthetic evaluation index ranged
from 0.31 to 0.94, reflecting a wide range of effects that these errors may have on the quality
and safety of the constructed reinforced concrete elements.

The highest score was obtained for exceeding permissible geometric deviations of
formwork (EGT)—0.94. This is a highly significant error because it directly affects the
geometry of the constructed element. Excessive geometric deviations may lead to serious
structural defects and, in extreme cases, require partial demolition of the element. High
significance also characterized insufficient stiffening and support of formwork (SSF)—0.62—
as well as formwork leakage (FLK) and use of inappropriate or worn formwork components
(UFE)—both scoring 0.57.
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Insufficient formwork stiffness is one of the primary causes of permanent deformations
and surface defects. Leakage results in reduced concrete durability and material loss. Using
worn or inadequate formwork elements increases the risk of deformation and causes
difficulties in achieving the required surface quality and element geometry. Despite being
frequently associated with cost optimization on construction sites, it may lead to severe
quality defects.

The lowest significance was found for contaminated formwork (CWF)—0.31. Al-
though undesirable, its impact on the safety and durability of the element is limited,
usually resulting in local or aesthetic defects. It is easily detectable and can be removed
before concreting.

In summary, the most significant errors are those related to formwork geometry,
stiffness, and load-bearing capacity. The results indicate that ensuring adequate stiffness,
stability, and dimensional accuracy of formwork, as well as using components in good
technical condition, is essential to achieve high-quality and safe construction.

The analysis of concreting errors (Table 9 and Figure 4) revealed synthetic evaluation
index values ranging from 0.02 to 0.35. The significance of errors in this group is diverse
but generally lower than in the case of reinforcement or formwork errors. This results from
the fact that many concreting errors can be mitigated through on-site supervision and some
of their consequences are surface-related or repairable.

The highest significance was recorded for discontinuity of concreting (DCC)—0.35.
This error is particularly dangerous as it leads to weakened interfaces between layers,
reduced watertightness, and structural surface defects (cold joints, cracking, scaling,
discoloration). A similar value was obtained for improper execution of construction
joints (ECJ)—0.34—which may be especially critical in elements subjected to shear or
bending forces.

Improper preparation of the concrete mix (IPM) scored 0.29. This affects compressive
strength, frost resistance, and watertightness, and its consequences are difficult to reverse.
Inadequate compaction of concrete (PCC)—0.19—and improper placement of fresh concrete
(IPC)—0.11—received medium significance. These errors may lead to voids, segregation,
and an uneven internal structure. Although they reduce durability, they can usually be
mitigated by proper supervision.

Lower significance was assigned to lack of curing or improper curing (LCC)—0.07—
and premature formwork removal (PFR)—0.04. These errors can cause surface cracking
and reduced strength, but the effects are typically local. Failure to adapt concreting to
weather conditions (FWA)—0.02—and exceeding allowable placement time of concrete
(ETP)—0.10—are relatively easy to monitor and prevent through proper planning.

Overall, the results indicate that the most critical concreting errors are those that com-
promise structural continuity and integrity, followed by errors related to mix preparation
and consistency.

A sensitivity analysis was conducted by modifying the weights of the criteria. The
aim was to assess the stability of the ranking of construction errors under varying decision-
maker preferences and to determine the extent to which the final classification depends on
the adopted weights.

Reinforcement errors with the highest scores (insufficient cover, incorrect placement,
and bar discontinuity) are directly linked to fundamental principles of structural mechanics.
Insufficient cover accelerates corrosion, leading to loss of the steel area and bond deteri-
oration. Incorrect spacing or misplacement changes the internal lever arm and reduces
the bending and shear capacity. Bar discontinuities or inadequate lap lengths interrupt
force transmission, which is critical for serviceability and ultimate limit state behavior.
These errors are also difficult to repair once concrete is placed, which explains their high
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ranking. Formwork errors related to geometric deviations scored highest because they
directly affect cross-sectional dimensions and, therefore, stiffness and load capacity. In
contrast, concreting errors scored lower because many of them can be mitigated through
on-site supervision, although discontinuous concreting and poor joint execution remain
critical due to their long-term impact on durability and permeability.

The approach consisted of reducing the weight of the most important criterion by 10%.
After adjusting and normalizing the weights, the following sets were obtained:

Improper reinforcement and formwork execution: 0.174, 0.173, 0.183, 0.183, 0.183,
and 0.102 (Tables 10 and 11). Concreting errors: 0.195, 0.206, 0.196, 0.196, and 0.206
(Table 12). These sets constituted a modified weight vector used for a repeated fuzzy
TOPSIS procedure. The analysis confirmed the stability of the results, as no significant
changes were observed across the three rankings. This demonstrates the robustness and
reliability of the proposed model, confirming that minor changes in weighting do not
significantly affect the classification of construction errors.

Table 10. Sensitivity analysis—improper reinforcement execution.

Alternatives Acronym S; Ranking S; S. A. Ranking S. A.
Insufficient concrete cover ICC 0.89433 1 0.89174 1
Non-compliance of reinforcement
layout with design documentation NRL 0.819688 2 0.82519 2
(spacing, quantity, bar diameters)
. Omission of additional = OAR 0.578595 6 0.58969 6
reinforcement required in the design
Discontinuity of reinforcing bars; DRB 0.814490 3 0.81019 3
insufficient lap splice length
Prefabrication of reinforcement not RPN 0755123 4 075176 4
compliant with design specifications
Insufficient number of ISB 0.500056 7 0.48957 7
spacer/distance bars
Inadequatg closing (transverse) ICR 0.293313 11 0.28679 11
reinforcement
Insufficient anchorage in IAS 0.612869 5 0.61734 5
support zones
Exgesswe Concgntrailon of lap inhces ELS 0.473830 3 0.48187 8
in one location (“sheet effect”)
Contammat}on of rgmforcement with CRA 0.428929 9 0.43692 9
anti-adhesive agents
Incorrect or insufficient tying of
ITR 0.194326 12 0.18764 12

reinforcement with binding wire

Incorrect positioning of starter bars IPS 0.395255 10 0.40566 10
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Table 11. Sensitivity analysis—improper formwork execution.
Alternatives Acronym S; Ranking S; S. A. Ranl;mg S.
Insufficient stiffening and SSF 0.617500 5 0.62549 5
support of formwork
Formwork leakage FLK 0.570887 4 0.57264 4
Exceeding allowable geometric EGT 0.939080 1 0.93860 1
tolerances of formwork
Use of inappropriate or worn-out UFE 0611414 3 0.62452 3
formwork elements
Contamination of formwork
(sawdust, binding wire, remnants CWF 0.311609 5 0.30091 5
of old concrete)
Table 12. Sensitivity analysis—concreting errors.
Alternatives Acronym S; Ranking S; S. A. Ranl;mg S.

Discontinuity of concreting;
excessive intervals between DCC 0.349251 1 0.35395 1
concrete truck deliveries

Improper compaction of

PCC 0.187082 2 0.19375 2
fresh concrete
Incorrect execution of ECT 0.338063 6 0.32976 6
construction joints
Improper placing of concrete IPC 0.112517 3 0.11123 3
 Lack of concrete curing or LCC 0.067852 4 0.07104 4
inadequate curing procedures
Premature formwork removal PFR 0.040403 7 0.03865 7
Failure to adapt concreting
technology to weather conditions FWA 0.021774 1 0.02284 1
Improper preparation of concrete
mix (excess water, lack of IPM 0.291074 5 0.29348 5
consistency control, incorrect
performance parameters)
Exceeding the allowable time for ETP 0.09922 3 010104 3

concrete placement

4. Conclusions

This study presents a comprehensive analysis of construction errors occurring during
the execution of reinforced concrete structures. The errors were classified into three groups:
improper reinforcement execution, improper formwork execution, and concreting errors. A
hybrid decision-making model was developed by combining the fuzzy WINGS and fuzzy
TOPSIS methods. The proposed model enabled the evaluation of individual construction
errors with respect to five or six decision criteria, covering technical, organizational, and
economic aspects. The results confirmed that the impact of construction errors on the
reliability of reinforced concrete structures is highly differentiated and strongly dependent
on the nature of the error.
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Within the group of reinforcement-related errors, the highest significance was assigned
to irregularities that directly affect structural behavior and reinforcement durability, such
as insufficient concrete cover, non-compliant reinforcement layout, and discontinuous
reinforcement (including inadequate lap length). For formwork errors, the dominant factor
was excessive geometric deviations, which are critical for the shape and load-bearing
capacity of structural elements. Within concreting errors, the most significant issues were
discontinuity of concreting and improper compaction—both of which can lead to serious
structural defects and reduced durability.

The proposed multi-criteria model proved to be an effective tool for identifying the
influence of construction errors on structural safety, durability, and the costs of potential
repairs. The study addresses a research gap related to the quantitative and systematic
evaluation of execution errors in reinforced concrete construction, which have until now
been analyzed primarily using descriptive or qualitative methods. The research introduces
an innovative hybrid approach by integrating fuzzy WINGS and fuzzy TOPSIS. The
model accounts for uncertainty, supports the evaluation of hard-to-measure factors, and
incorporates group expert judgment, thereby increasing the reliability of the results. The
findings have substantial practical importance.

The developed ranking of construction errors may support site managers, supervision
engineers, and designers in quality planning, execution control, and risk management.
Identifying the most critical errors enables more effective resource allocation, improved
technical supervision, and the implementation of preventive measures.

The study has certain limitations, primarily related to the number of experts involved
and the focus on specific groups of errors under conditions typical of reinforced con-
crete construction. Because the objective of the research was methodological—to develop,
structure, and validate a hybrid fuzzy WINGS-TOPSIS model—the analysis relied on
expert-based linguistic assessments rather than on-site measurements or quantitative er-
ror frequency data. Collecting empirical datasets would require long-term monitoring
across multiple construction sites, which falls outside the scope of the present study but is
planned as a future research direction. Such longitudinal investigations will enable model
calibration, verification of rankings, and refinement of parameterization once sufficient
real-world data become available.

Future research could extend the model by adding further decision criteria and con-
sidering different structural types and construction technologies. A broader empirical
validation will strengthen the model’s practical applicability and support the development
of more comprehensive risk assessment frameworks for reinforced concrete works.

Additionally, the sensitivity analysis demonstrated that the hybrid model is highly
stable. Modifying the criterion weights did not produce significant changes in the ranking
of construction errors, indicating that the model is robust to fluctuations in decision-maker
preferences and can be reliably applied in engineering practice.

The hybrid fuzzy WINGS—fuzzy TOPSIS methodology can also be adapted for assess-
ing risks in other construction processes that involve uncertainty and qualitative evalua-
tions. While this study focuses specifically on reinforced concrete structures, the analytical
framework itself remains generalizable and may support decision-making in related engi-
neering contexts.

Overall, the results highlight the need for implementing systematic quality assess-
ment methods in construction, particularly in reinforced concrete works, where execution
errors may lead to substantial technical and economic losses. The developed hybrid model
provides a practical decision support tool for planning, supervision, and quality manage-
ment, while also indicating clear pathways for further methodological enhancement and
empirical validation.
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