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The strengthening of frame buildings during reconstruction is a complex engineering task that requires the coordinated
consideration of structural reliability, technological efficiency, and long-term sustainability. In practice, the selection of
structural-technological solutions is often based on expert judgment and fragmented criteria, which limits transparency and
increases uncertainty in decision-making, especially under constrained reconstruction conditions.

This paper proposes a conceptual model for quality assessment of frame strengthening as a core component of a decision
support system. The model is based on a systemic and life-cycle-oriented approach and integrates three interacting groups of
criteria: reliability, efficiency, and sustainability. Quality is interpreted as an integral result of the interaction between these
criteria rather than as a single performance indicator.

The proposed structure formalizes the hierarchy of criteria and indicators, allowing the assessment process to account for
structural performance, technological feasibility, resource efficiency, environmental impact, and organizational stability
throughout the life cycle of the building. The model does not represent a comparative optimization algorithm but provides a
methodological framework for ensuring logical consistency and transparency in the evaluation and substantiation of
strengthening solutions.

The developed conceptual model creates a theoretical basis for further implementation of digital decision support tools,
multi-criteria analysis methods, and BIM-based quality management systems in building reconstruction projects.

Keywords: structural strengthening, quality assessment, decision support system, structural-technological solutions,
reliability, efficiency, sustain ability, building reconstruction, life-cycle approach.

1. Problem statement

Modern conditions of building operation — such as changes in functional use, increased load
demands on structural frames, aging of materials, and, in the case of Ukraine, large-scale damage
caused by military actions — necessitate systematic strengthening, rehabilitation, and reconstruction of
existing frame buildings [7, 14]. Frame structural systems are widely used in industrial, public, and
civil buildings, forming a significant part of the building stock and construction heritage.

During long-term operation, frame buildings under go both physical deterioration and functional
obsolescence, which of ten requires structural upgrading to meet current safety, performance, and
regulatory requirements. Reconstruction processes in evitably include strengthening of individual load-
bearing elements orentire structural frames. As a result of strengthening, the properties of structural
elements are modified, including geometric parameters, spatial configuration, load-bearing capacity,
durability, cost, and operational reliability [6, 12].

Despite the availability of numerous strengthening techniques, the selection of optimal structural-
technological solutions (STS) remains a complex and weakly formalized task. Strengthening is
typically performed under constrained conditions-limited space, ongoing building operation, safety
requirements for users, and environmental restrictions — which significantly complicates decision-
making. In practice, the choice of strengthening methods often relies on expert judgment rather than on
a transparent, systematic evaluation of quality, efficiency, reliability, and sustainability [1, 12].

Current regulatory frameworks primarily define safety and performance requirements for structural
products and construction works but do not provide integrated decision-support mechanisms for
selecting optimal strengthening strategies during reconstruction [5, 7]. This creates a gap between
normative requirements and practical implementation, especially when multiple technological,
economic, environmental, and organizational factors must be simultaneously considered.

Therefore, there is a need for a comprehensive decision support system that integrates reliability,
efficiency, and sustainability criteria to ensure quality assurance of frame strengthening during
building reconstruction. Such a system should support rational selection of constructive-technological
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solutions, reduce subjectivity in decision-making, and improve long-term performance of reconstructed
buildings.

2. Analysis of Recent Achievements and Publications

Modern construction science and practice have developed extensive systems for quantitative
quality assessment of construction products and processes. These systems are reflected in national
standards (DSTU), European regulations, ISO standards, and technical specifications governing
construction quality, safety, durability, and environmental performance [5, 6, 12].

The European Construction Products Regulation (EU) No. 305/2011 establishes harmonized
conditions for placing construction products on the market, requiring compliance with essential
performance characteristics such as mechanical resistance, stability, safety, environmental protection,
and durability. It also introduces a system for assessment and verification of performance based on
harmonized standards and European Technical Assessments (ETA), including testing, inspection, and
production control procedures.

In the context of strengthening structural frames, traditional quality indicators must be adapted to
reflect the specific nature of reconstruction processes. Unlike new construction, strengthening does not
aim to create a new product but rather to modify and improve the performance characteristics of
existing structures. Consequently, functional indicators focus on the increase of load-bearing capacity
and durability of both individual elements and the overall structural frame.

Reliability indicators for strengthening solutions are primarily associated with durability and long-
term performance, defined as the ability of structural elements to maintain required parameters over
time under specified operating conditions [7, 11]. Technological indicators play a critical role, as they
characterize the efficiency of constructive-technological solutions in terms of labor productivity,
resource consumption, and feasibility under constrained site conditions [1].

A significant body of research has addressed technological efficiency, labor intensity, and time
consumption in construction and reconstruction processes. Previous studies have analyzed labor
norms, construction cycle duration, and organizational aspects of building works, demonstrating their
substantial influence on overall process performance and project outcomes [15].

In parallel, research on Lean construction principles has confirmed their potential to reduce process
waste, improve productivity, and enhance operational reliability under constrained construction
conditions, which is particularly relevant for reconstruction projects [17, 19].

Ergonomic and safety indicators are also recognized as essential quality parameters, reflecting
human interaction with construction processes and equipment. These include physical effort,
environmental conditions (lighting, temperature, noise, vibration), and occupational safety during
strengthening operations.

Economic indicators remain mandatory criteria, encompassing capital costs, labor costs, material
consumption, transportation, and long-term operational expenses. In parallel, environmental
performance indicators — such as emissions, waste generation, and resource efficiency — are
increasingly emphasized in the context of sustainable construction and life-cycle assessment [4].

International standards and guidelines, including ISO-based quality management systems,
Eurocodes, and fire design standards, provide methodologies for assessing existing structures and
designing strengthening interventions [2, 3, 8-10]. However, these documents primarily address
structural safety and calculation principles rather than integrated decision-making frameworks that
combine reliability, efficiency, sustainability, and organizational factors.

Despite extensive research on individual aspects of reconstruction — structural behavior, materials,
labor efficiency, and risk management-insufficient attention has been given to holistic decision support
systems for selecting optimal strengthening solutions for frame buildings. In particular, issues related
to multi-criteria evaluation, integration of life-cycle considerations, and reduction of subjectivity in
decision-making remain under explored.

This gap highlights the necessity of developing an integrated decision support system for quality
assurance of frame strengthening during building reconstruction, capable of combining technical,
technological, economic, environmental, and organizational criteria into a unified evaluation framework.

3. Research Methodology

The research methodology is based on a systemic and life-cycle-oriented approach to the
assessment and substantiation of structural-technological solutions (STS) for strengthening frame
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buildings during reconstruction. The proposed methodology integrates structural reliability,
technological efficiency, and sustainability into a unified framework that supports informed decision-
making and quality assurance [1, 2, 11].

The methodological concept does not aim at direct optimization or ranking of predefined
alternatives. Instead, it focuses on the formalization of the quality assessment structure, ensuring
logical consistency between evaluation criteria and the actual technical, technological, environmental,
and organizational conditions of reconstruction.

3.1. Conceptual Model of Quality Assessment for Frame Strengthening

Quality assurance of frame strengthening during building reconstruction requires a
multidimensional assessment model capable of integrating heterogeneous criteria related to structural
performance, construction technology, resource efficiency, and long-term sustainability.

In this study, a conceptual model of quality assessment is proposed as a core component of a
decision support framework for substantiating STS for frame strengthening. The model is based on a
systemic and life-cycle perspective, in which quality is interpreted not as a single indicator but as an
integrated result of interacting criteria groups.

The model introduces a general quality assessment function (QA4F), defined as:

QAF = (N, R;, 4),
where N, represents reliability criteria; R; represents efficiency criteria; 4; represents sustainability

criteria.

Each criterion group forms a hierarchical subsystem consisting of generalized criteria and detailed
indicators. This structure enables flexible adaptation of the assessment model to different
reconstruction scenarios, building types, and strengthening strategies.

Unlike comparative optimization models, this conceptual framework is not intended to rank
alternatives at this stage, but to establish a transparent and logically consistent structure for quality
evaluation that can later be embedded into a decision support system.

The overall hierarchical structure of the proposed quality assessment model for frame strengthening
is shown in Figure 1, where the interrelation between reliability, efficiency, and sustainability criteria
within the QAF is illustrated.

QAF={Ty, ¥y 1, }

N=(N,, No..N;}| |R={RK;..RK,;RT,..RT, RE;..RE; RC,..RC} |d={d, A,.A,}

i PE— E—
[ T T
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Fig. 1. Hierarchical structure of the quality assessment function for frame strengthening, integrating reliability, efficiency, and
sustainability criteria

3.2. Formalization of Quality Criteria and Indicators

The reliability criteria (V) within the reliability subsystem define the ability of the strengthened
building frame to maintain its load-bearing capacity, safety, and functional performance over time
under real operating conditions [7-11, 21-28].

Reliability is treated as a multi-level concept, incorporating structural, material, probabilistic, and
process-related aspects. The hierarchical structure of the reliability criteria subsystem is presented in
Figure 2.

The collection and analysis of reliability-related information are represented in the form of a
criteria matrix:

N={N|, Ny, ... N}
Each reliability criterion is quantified using physically interpretable indicators, such as probability

of failure-free operation, increase in load-bearing capacity, stiffness parameters, durability time, and
sensitivity to degradation mechanisms. This hierarchical representation allows the separation of global
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reliability objectives from detailed performance indicators while preserving their logical
interconnection.

General operational suitability of the building frame N;

Basic operational reliability N,

Material reliability V3

Probabilistic—structural reliability Ny

Long-term and strategic reliability V;

Reliability assessment criteria N

Technological—process reliability N;

Resistance to environmental and operational impacts N>

Fig. 2. Hierarchical structure of the reliability quality subsystem

Efficiency Criteria (R) characterize the rationality of structural-technological solutions from the
standpoint of resource consumption, labor intensity, time, and capital investments [23, 25, 29-32].

To avoid overlap with sustainability considerations, efficiency is interpreted primarily as process-
oriented performance, focusing on the organization and execution of strengthening works [1, 12]. The
efficiency subsystem is decomposed into four functional groups, as illustrated in Figure 3.

Life-cycle and operational efficiency RE

Optimality of capital investments RK

Efficiency of the technological process RT

Efficiency assessment
criteria R

Technological feasibility of constructive solutions RC

Fig. 3.Hierarchical structure of the efficiency quality subsystem

The corresponding efficiency criteria matrix is defined as:
R=(RK,...RKy; RT,...RT,; RE,...RE,; RC,...RC).

Such decomposition enables separate evaluation of productivity, investment rationality,
technological controllability, and construct ability, while maintaining their integration within the
overall evaluation framework.

Sustainability Criteria (4) reflect the long-term consequences of adopted STS throughout the
building life cycle and represent the balance between technical performance, resource efficiency, social
impact, and organizational stability [21, 25, 29].

The hierarchical structure of the sustainability subsystem is shown in Figure 4. The collection and
analysis of sustainability-related information are expressed as:

A={4, 4, .., 4,}.
Unlike efficiency criteria, sustainability indicators are oriented toward long-term effects, such as
service life extension, environmental footprint reduction, continuity of building operation during
reconstruction, and adaptability of strengthened structures to future functional changes. Sustainability
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criteria aggregate relevant indicators from the reliability and efficiency subsystems, forming an
integrative layer that links short-term technological decisions with long-term life-cycle performance.

— Economic sustainability 4;

Environmental sustainability 4,

ot Social sustainability 4

Constructive—technological sustainability 4,

Organizational sustainability 45

Sustainability assessment criteria 4

Fig. 4.Hierarchical structure of the sustainability quality subsystem

3.3. Integration of the Model within a Decision Support Framework
The proposed quality assessment model is embedded within a broader conceptual decision support
framework that links the diagnosis of the current structural condition with the formation of

strengthening strategies for frame buildings.
As illustrated in Figure 5, the process begins at the initiation stage, driven by the causes of

reconstruction, such as changes in functional requirements, increased operational loads, structural
damage, or long-term degradation. At this stage, the current state assessment of the building frame is

performed, taking into account external change factors E,, internal change factors C,, identified

defects D;, observed damage F,, and operating conditions /; .
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:
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Fig. 5. Conceptual framework linking current state assessment, quality criteria, and frame strengthening
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At the subsequent stage, the quality assessment criteria (QAC), reliability ( N, ), efficiency (R,),
and sustainability ( 4;), are applied to structure the evaluation of potential structural-technological

solutions. These criteria form the analytical link between the diagnosed condition of the structure and
the selected technological strengthening model M, .

The outcome of this process is a strengthened building frame, whose quality characteristics are
determined not only by structural load-bearing capacity but also by technological feasibility, resource
efficiency, and long-term sustainability throughout the building life cycle.

It is important to emphasize that Figure 5 does not represent an optimization algorithm or a
finalized decision-making procedure. Instead, it provides a conceptual representation of the role and
position of the quality assessment model within the overall reconstruction process, ensuring
methodological transparency and logical consistency for further development of decision support tools.

4. Conclusions

The proposed conceptual model establishes a unified theoretical basis for quality assessment of
frame strengthening during building reconstruction. By separating reliability, efficiency, and
sustainability into interacting but non-duplicating subsystems, the model overcomes the limitations of
single-criterion or cost-driven approaches commonly applied in engineering practice.

Unlike prescriptive standards or narrowly focused optimization models, the proposed framework
provides a flexible and extensible structure suitable for integration into digital decision support systems,
BIM-based workflows, and multi-criteria analysis tools. This makes the model particularly relevant for
reconstruction projects carried out under complex conditions, including limited spatial constraints,
ongoing building operation, and heightened uncertainty caused by structural damage or degradation.

Future research may extend the conceptual framework by introducing weighting procedures,
uncertainty modeling, and scenario-based decision analysis, while preserving the fundamental structure
and logic of the proposed quality assessment model.
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Pyonesa I. M.
KOHIENTYAJIbBHA MOJIEJIb OLHIHIOBAHHS SAAKOCTI NIACUJIEHHSI KAPKACHHUX BYAIBEJIb IIIJ YAC
PEKOHCTPYKIIIi

[Mixcunenns kapkacHUX OyiBelb y MPOLEci PEKOHCTPYKIIT € CKIIAIHOI0 1HXEHEPHOIO 331a4elo, 10 MoTpedye y3roKeHoro
BpaxyBaHHS IMOKAa3HUKIB HaIIHHOCTI KOHCTPYKIIH, TEXHOJIOrYHOI epeKTUBHOCTI BUKOHAHHS POOIT Ta JOBrOCTPOKOBOI CTAJIOCTI
NpUHATUX pileHb. Ha npakTuii BUOip KOHCTPYKTUBHO-TEXHOJIOTIYHUX PIllIEHb YaCTO I'PYHTYETHCS HA €KCIEPTHUX CYJDKEHHAX
i (parMeHTapHOMY BUKOPHCTaHHI OKpPEMHX KpUTEpiiB, 10 3HMXKYE MPO30PICTH Ta OOIPYHTOBAHICTH NPUHHATTS pillICHb,
0c00JIMBO B yMOBaX OOMEKEHOT0 IIPOCTOPY, Oe3nepepBHOI eKCITyaTallii OyaiBeib i MiJBUILIEHOTrO PiBHSA HEBU3HAYEHOCTI.

VY crarTi 3anpornoHOBaHO KOHIENTYaJbHY MOJENb OLIHIOBAHHS SKOCTI IJICHJIEHHS KapkKacHUX OyiBesb SIK KIIIOHYOBHI
€JIEMEHT CHCTEeMU HIiITPUMKU NPUHHATTS pilieHb. Mojenb 0a3yeTbcsi Ha CHCTEMHOMY Ta XXMTTEBO-LIMKIOBOMY IiJXOAax i
IHTErpye TpH B3a€MOIIOB’sI3aHi TPYNU KPUTEPIiB: HAIIHHOCTI, epEeKTUBHOCTI Ta cTanocTi. SKiCTh MiICHIEHHS IHTEPIPETYEThCS
SIK IHTErpajbHUN pe3ysIbTaT B3a€MOJIiT 3a3HAaYEHUX KPUTEPIiB, a HE SIK OKPEMHH TEXHIKO-€KOHOMIYHUH MOKa3HUK.

3anporoHoBaHa CTPyKTypa GpopMallizye iepapxiro KpUTEpIiB i MOKa3HUKIB, 110 J03BOJISE KOMIUIEKCHO BPAXOBYBATH HECydy
3JaTHICTh 1 JOBrOBIYHICTH KOHCTPYKI[if, TEXHOJIOTIYHY 3AiHCHEHHICTh pOOIT, palliOHANBHICTh BUKOPUCTaHHS pPECYpCiB,
€KOJIOTi4HI HACIIJK! Ta OpraHizaliiiHy cTabijbHICTh MPOLECY PEKOHCTPYKILIT TPOTArOM )KUTTEBOr0 LIMKITY OyaiBii. Monens He €
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ITOPUTMOM ONTHMI3allil aJbTEPHATHB, a CTBOPIOE METOAOJIOTIYHY OCHOBY ISl 3a0e3NeueHHs JIOTiYHOI Y3TOIPKEHOCTI Ta
MIPO30POCTI OLIHIOBAHHS 1 OOIPYHTYBAaHHS KOHCTPYKTHBHO-TEXHOJIOTIYHHUX PillleHb.

Po3pobieHa KoHuenTyasbHa MoOfeNb (GOpPMYye TEOPETHYHE MIAIPYHTS [yl IOJAJbLIOr0 BIPOBAKEHHA LU(POBUX
IHCTPYMEHTIB TMIATPUMKH TPUHHATTA pillleHb, METOAIB OaraTokpuTepiayibHOro aHaiizy Ta BIM-opieHTOBaHMX cuCTEM
YIpPaBIIiHHA SAKICTIO B IIPOEKTAX PEKOHCTPYKLIT Oy 1iBEIIb.

Kuro4oBi cjioBa: miJcHIIEHHS KOHCTPYKIIiH, OLIHIOBaHHS SIKOCTI, CHCTEMa MiATPUMKH NPUHHATTA pillieHb, KOHCTPYKTHBHO-
TEXHOJIOTIUHI pillIeHHs, HA/lilHICTh, €(DEeKTUBHICTb, CTAJICTh, PEKOHCTPYKILis Oy/1iBeIIb, UTTEBO-LIUKIOBUH MIXi.

Rudnieva I.M.
A CONCEPTUAL MODEL FOR QUALITY ASSESSMENT OF FRAMESTRENGTHENING DURING BUILDING
RECONSTRUCTION

The strengthening of frame buildings during reconstruction is a complex engineering task that requires the coordinated
consideration of structural reliability, technological efficiency, and long-term sustainability. In practice, the selection of
structural-technological solutions is often based on expert judgment and fragmented criteria, which limits transparency and
increases uncertainty in decision-making, especially under constrained reconstruction conditions.

This paper proposes a conceptual model for quality assessment of frame strengthening as a core component of a decision
support system. The model is based on a systemic and life-cycle-oriented approach and integrates three interacting groups of
criteria: reliability, efficiency, and sustainability. Quality is interpreted as an integral result of the interaction between these
criteria rather than as a single performance indicator.

The proposed structure formalizes the hierarchy of criteria and indicators, allowing the assessment process to account for
structural performance, technological feasibility, resource efficiency, environmental impact, and organizational stability
throughout the life cycle of the building. The model does not represent a comparative optimization algorithm but provides a
methodological framework for ensuring logical consistency and transparency in the evaluation and substantiation of
strengthening solutions.

The developed conceptual model creates a theoretical basis for further implementation of digital decision support tools,
multi-criteria analysis methods, and BIM-based quality management systems in building reconstruction projects.

Keywords: structural strengthening, quality assessment, decision support system, structural-technological solutions,
reliability, efficiency, sustain ability, building reconstruction, life-cycle approach.
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