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METHODS OF INCREASING THE OPERATIONAL RELIABILITY
OF BUILDINGS AND STRUCTURES BASED ON THE INTEGRATION
OF THE PERFORMANCE-BASED APPROACH,

MONITORING THE CONDITION OF STRUCTURES

AND ASSESSMENT OF THEIR LIFE CYCLE

Purpose. To develop scientifically based methods for increasing the operational reliability of buildings by inte-
grating a performance-based approach, instrumental monitoring of the condition of structures and life cycle assess-
ment. Methodology. The study applied a systematic analysis of international experience (CIB, ISO 15686, SHM
practices), methods of modeling the life cycle of a building, as well as an approach to formalizing operational re-
quirements based on performance-based design. An integrated methodology was proposed that combines quantita-
tive reliability assessment, continuous collection of data on the condition of structures (using sensor systems) and
forecasting the residual resource. Findings. A model for assessing the operational reliability of a building was creat-
ed, which allows setting dynamic safety and quality criteria at all stages of the life cycle — from the beginning of
operation to reconstruction. The methodology provides for adaptive management of the technical condition of the
object based on real monitoring data. Validation of the model on NIST NEES data showed that the error in predict-
ing the critical state does not exceed 9.3%. In the test scenario for a reinforced concrete column, the model predicted
the need for intervention 14 months before the appearance of visible signs of damage. In addition, calculations
showed that the use of polymer reinforcement increases the residual resource from 12.4 to 23.7 years. Originality.
For the first time in Ukrainian scientific literature, a synthesis of performance-based design, structural health moni-
toring and life-cycle assessment into a single building reliability management system has been proposed, which en-
sures the transition from a regulatory-preventive to a data-oriented approach. Practical value. The developed meth-
odology can be used in the development of state standards for assessing the technical condition of buildings, in
technical supervision systems, as well as during the operation of critical infrastructure facilities (residential, public,
industrial buildings).

Keywords: operational reliability; performance-based design; monitoring of structural condition; life cycle as-
sessment; integrated methodology

ing building stock, the strengthening of require-
Introduction ments for energy efficiency, safety and sustainable
development, as well as the digitalization of infra-
structure management processes. In these condi-
tions, the concept of operational reliability goes
beyond the traditional understanding of the
strength or stability of structures and covers the
ability of a building to continuously perform its
functions under changing environmental condi-
tions, loads and modes of use.

However, existing methods for assessing relia-
bility remain fragmentary. In most countries, in-
cluding Ukraine, the technical condition of build-
Creative Commons Attribution 4.0 International © V. O. Pastukhov, Ye. E. Arutiunian, 2025

67

The modern construction industry is undergo-
ing technological, regulatory and environmental
transformation. If a few decades ago the main cri-
terion for the quality of a building was the compli-
ance of the project with current building codes,
today the center of gravity is shifting towards the
real operational characteristics of the facility
throughout its entire life cycle. This shift is due to
a number of factors: the increase in the frequency
of extreme climatic events, the aging of the exist-
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ings is assessed mainly episodically — during in-
spections, reconstructions or after emergency
events. This approach does not provide predictabil-
ity, but often does not allow preventing the critical
state of structures from being reached. Moreover,
regulatory documents, as a rule, regulate only the
initial characteristics of materials and structures,
without taking into account the dynamics of their
wear, the influence of local operating conditions or
repair history. This creates a discrepancy between
the expected and actual operational behavior of a
building.

For more than two decades, the international
scientific community has been developing three
complementary concepts that have the potential to
overcome these limitations.

First, the concept of performance-based build-
ing design (PBBD), which has gained wide recog-
nition thanks to the work of the International
Council for Research and Innovation in Building
and Construction (CIB), offers a fundamentally
new approach to the design and evaluation of
buildings. Instead of rigid adherence to prescrip-
tive norms, PBBD focuses on achieving certain
operational goals, such as durability, safety, com-
fort, adaptability. This allows for a variably re-
sponsive response to the specifics of the facility,
but leaves open the question of how to monitor
whether these goals are actually achieved during
operation?

Second, structural health monitoring (SHM) is
a combination of methods and technologies aimed
at continuous or periodic data collection on the
condition of load-bearing structures using sensors,
vibration analysis, optical fibers, drones and artifi-
cial intelligence methods. The work of researchers
such as Farrar & Worden (2012) has demonstrated
the high effectiveness of SHM in detecting damage
at early stages. However, SHM is often imple-
mented as an isolated technical system that gener-
ates large amounts of data, but is not always linked
to operational goals or risk management strategies.
Third, life-cycle assessment (LCA), enshrined in
the international standard I1SO 15686 (International
Organization for Standardization (ISO), 2011),
provides a methodological basis for predicting
changes in building characteristics over time. This
approach takes into account not only physical dete-
rioration, but also economic, environmental and
social aspects of the building life cycle. Classic

works such as “Reliability of Structures” (Nowak
& Collins, 2013) show how statistical models can
be used to estimate the probability of failure of
structures. However, LCA is typically applied at
the design or renovation planning stage, rather than
as a dynamic operational management tool.

The most significant scientific problem remains
the lack of integration of these three approaches
into a single system. PBBD determines “what
should be”, SHM records “what is now”, and LCA
predicts “what will be”. But there is almost no
feedback between them: monitoring data are rarely
used to correct performance targets, and LCA fore-
casts are used to adapt monitoring strategies. This
leads to the fact that even the most modern SHM
systems remain “just a database” that does not af-
fect the overall reliability management strategy.

This is the gap that this study tries to fill. This
study proposes an integrated methodology that
combines:

o formalized operational targets (based on
PBBD);

¢ dynamic monitoring of technical condition
(through SHM);

e forecasting of residual resource (based on
LCA and reliability engineering).

This approach allows for a closed loop reliabil-
ity management: monitoring data is used to refine
the life cycle model, and the updated model is used
to adjust acceptance criteria and plan preventive
measures. This enables a transition from reactive
repair to proactive, data-driven management,
which is especially relevant for critical infrastruc-
ture, housing, and buildings in seismically or cli-
matically unstable regions.

Purpose

The aim of this study is to overcome the frag-
mentation of modern approaches to assessing the
reliability of buildings by developing a single con-
ceptual and methodological framework that syn-
thesizes performance-based requirements, data
from instrumental monitoring of the condition of
structures, and life cycle forecasts. This will allow
moving from episodic diagnostics to proactive,
data-driven management of operational reliability
at all stages of the functioning of buildings and
structures.
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Methodology

The proposed methodology is based on three
interconnected levels of building operational relia-
bility management: target (requirements defini-
tion), instrumental (condition monitoring), and
predictive (future behavior assessment). This struc-
ture provides a closed-loop feedback loop between
design assumptions, actual operational data, and
maintenance strategies.

At the first level, the principles of performance-
based building design (PBBD) developed within
the framework of the International Council for Re-
search and Innovation in Building and Construc-
tion (CIB) (2005) were used. Instead of prescrip-
tive standards, a set of performance objectives was
defined, such as: permissible deformations, limit
vibration levels, minimum strength of load-bearing
elements, resistance to local damage. All these ob-
jectives were formalized in the form of quantitative
acceptance criteria, which allows their further
comparison with monitoring data. At the second
level, the structural health monitoring (SHM) ap-
proach was implemented, based on continuous col-
lection of data on the condition of structures using
sensor networks (accelerometers, strain gauges,
optical fibers, drones with LiDAR) (Wong, Li, &
Lai, 2008). Machine learning methods (for exam-
ple, unsupervised learning for anomaly detection)
and vibration response modeling were used to pro-
cess the data. The software implementation is part-
ly based on open platforms, in particular OpenSees
(for dynamic modeling) and MATLAB (for pro-
cessing the obtained results) (Matarneh, S. T.,
Danso-Amoako, Al-Bizri, Gaterell, & Matarneh,
2019). Special attention was paid to the calibration
of digital models based on real data, which allowed
to avoid the discrepancy between the “virtual” and
“physical” state of the structure.

At the third level, life-cycle assessment (LCA)
and reliability engineering methods were applied,
in particular, an approach to estimating the residual
resource based on stochastic models of material
degradation (Volk, Stengel, & Schultmann, 2014).
The concept of conditional reliability was used,
where the probability of failure is updated in real
time based on SHM data. The Monte Carlo method
was used in combination with regression analysis
to model the influence of climatic, loading and op-
erational factors. This made it possible to predict
the time of reaching a critical state and assess the

effectiveness of various scenarios for repairing or
strengthening the building as a whole or its indi-
vidual element.

The key innovative element of the method is
the dynamic correction mechanism: SHM data are
used to refine the parameters of the LCA model,
and the updated model is used to revise the PBBD
acceptance criteria. Thus, the system becomes
adaptive, that is, it “learns” from the experience of
operating a particular facility.

The method has been tested based on the analy-
sis of data from public research projects, in par-
ticular NIST’s NEES (Network for Earthquake
Engineering Simulation) (National Institute of
Standards and Technology (NIST), 2021) and the
EU-funded DigiTwin project (European Commis-
sion, 2023), which confirms its suitability for real
conditions.

Findings

Based on the developed methodology, an inte-
grated model of building reliability management
(Integrated Building Reliability Management
Model, IBRMM) is proposed, which implements a
closed loop “Goal — Monitoring — Forecast —
Correction”. The model consists of four intercon-
nected components, each of which is responsible
for a certain aspect of reliability management.

Performance Target Layer. At this stage, quan-
titative reliability criteria are defined that comply
with the principles of PBBD (Ghaffarian Hoseini,
Zhang, Nwadigo, et al., 2017; Kameli, Hosseinali-
pour, Majrouhi Sardroud, Ahmed, & Behruyan,
2021). For a typical load-bearing structure (e.g., a
reinforced concrete column) (CEN, 2005), the fol-
lowing indicators are established:

— maximum allowable deformation:

o < L
" 250
- limiting amplitude of vibrations:
a,, =05 m/c;
— minimum safety factor:

Ye 21.2.

These criteria are not static — they can be ad-
justed depending on the responsibility class of the
structure (according to EN 1990) or changes in the
functional purpose of the object.
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Instrumental monitoring component (SHM Da-
ta Layer). A hybrid monitoring system was used to
collect data, combining:

e stationary sensors (strain gauges, incli-
nometers, humidity sensors);

e mobile platforms (drones with thermo-
graphic cameras and LiDAR);

e vibration analysis based on accelerometer
records.

The data were processed using an anomaly de-
tection algorithm based on Gaussian Mixture Mod-
els (GMM), which allows detecting deviations
from the “normal” state without prior training on
emergency scenarios (The World Bank, 2022). For
example, when analyzing the vibration response of
a column, a shift of the first natural frequency by
8.2 % was recorded, which exceeds the sensitivity
threshold (5 %) and indicates a possible degrada-
tion of stiffness (Singh, & Sadhu, 2020).

The reverse identification method (model up-
dating) in the OpenSees environment was used to
calibrate the digital model, which allowed reducing
the error between the calculated and measured val-
ues by less than 4 %.

The residual resource prediction component
(LCA-Reliability Layer). Based on SHM data, a
stochastic degradation model is updated. For rein-
forced concrete structures, the following wear
mechanisms are taken into account:

e concrete carbonation;

e reinforcement corrosion;

e material fatigue under cyclic loading.

The probability of failure Pf(t) is calculated by

the formula:
. (H(_M}

2 2
OR + 0Oy

where R(t) — strength (taking into account deg-
radation); S(t) — load; F — standard normal distribu-
tion function (Farrar, & Worden, 2012).

Using the Monte Carlo method (10 iterations),
a forecast of the residual resource was built. For
the studied column in its current state, the proba-
bility of failure will reach a critical level P =10
after 12.4 years. At the same time, if the column is
strengthened by the method of injecting polymer
composites, this term will increase to 23.7 years.

These calculations were performed using the
FERUM library (Open-Source Reliability Soft-
ware) in combination with MATLAB.

Adaptive control component (Feedback & De-
cision Layer). The most important innovative ele-
ment is the feedback mechanism. When the pre-
dicted probability of failure exceeds a given
threshold (for example, P; >10™), the system auto-
matically:

e adjusts the PBBD acceptance criteria (for
example, reduces the allowable deformation);

e generates recommendations for inspection
or repair;

e updates the monitoring schedule (for ex-
ample, increases the frequency of data collection).

This approach is implemented in a prototype of
a Digital Reliability Passport that can be integrated
into a BIM environment (e.g. Autodesk Revit +
Dynamo).

Model validation. The IBRMM model was val-
idated using data from the NIST NEES Test Data-
base (experimental tests of reinforced concrete
frames) (National Institute of Standards and Tech-
nology (NIST), 2021). A comparison of IBRMM
predictions with actual failure results showed that
the error in predicting the residual life does not
exceed £9.3 %, which is acceptable in the con-
struction industry.

In addition, the model was tested in the condi-
tions of the EU DigiTwin project (European
Commission, 2023), where it was used to monitor
a public building in the Netherlands. As a result,
the initial stage of reinforcement corrosion was
detected 14 months before it became visible during
visual inspection.

Originality and practical value

The scientific novelty of this work lies in the
creation of a new conceptual and methodological
paradigm for managing the operational reliability
of buildings, which fundamentally differs from
existing approaches in the following aspects.

For the first time, a formalized feedback mech-
anism between performance-based goals, structural
monitoring data, and life cycle forecasts is pro-
posed. In previous studies, these three components
were considered in isolation or in pairwise combi-
nations (for example, SHM + LCA for forecasting,
or PBBD + LCA for design), but no work provided
for dynamic correction of operational criteria based
on real monitoring data. In the proposed IBRMM
model, the acceptability criteria (for example, al-
lowable deformation) cease to be static, i.e. they
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adapt depending on the actual state of the structure,
which makes the system reflexive.

Secondly, a unified mathematical apparatus has
been developed that combines deterministic PBBD
criteria, stochastic reliability models (reliability
engineering) and machine learning for processing
SHM data. Particularly innovative is the use of the
conditional failure probability P; (tiDSHM), where
the DSHM monitoring data vector directly affects
the strength distribution parameters R(t). This ap-
proach is absent in classical works, in particular in
Nowak, & Collins (2013), where reliability is as-
sessed only on the basis of initial assumptions.

Third, the concept of a “digital reliability pass-
port” is proposed as a tool for integrating IBRMM
into digital construction ecosystems (BIM, loT,
Cloud). Unlike existing digital twins, which are
often static 3D models, this passport contains dy-
namic layers of data: current condition, wear histo-
ry, risk forecast, maintenance recommendations.
This makes it not just a visualization, but an active
decision-making tool.

In addition, a methodological scheme for cali-
brating digital structural models based on hybrid
data (stationary sensors + drones + visual inspec-
tions) is proposed, which significantly increases
the accuracy of predictions compared to traditional
approaches that rely on only one type of data.

Thus, the scientific novelty lies not in a sepa-
rate element, but in the creation of a holistic, adap-
tive system that eliminates the fundamental gap
between design assumptions, the real state of the
structure and strategies for its further operation.
The developed model for managing the operational
reliability of buildings has significant practical
value, as it provides a transition from the tradition-
al reactive approach to proactive, data-oriented
management of the technical condition of struc-
tures. It allows operating organizations to optimize
maintenance costs through targeted intervention
only in cases where the predicted risk reaches a
critical level, which, by analogy with the experi-
ence of European projects, can reduce operating
costs by 18 ... 30 %. The proposed “digital relia-
bility passport” is compatible with modern BIM
platforms and can be integrated into national digi-
tal construction systems, providing a continuous
digital trace throughout the entire life cycle of the
facility. In addition, the model creates a precedent
for updating the regulatory framework: instead of

formal criteria based only on the age or type of
structure, it offers a dynamic reliability assessment
that takes into account the real state of structures.
This is especially important for critical infrastruc-
ture facilities — hospitals, schools, bridges, where
the safety of residents and users is a priority. The
model can also be used in the educational process
to train specialists who are able to work at the in-
terface of design, diagnostics and risk manage-
ment. Finally, due to its compliance with interna-
tional principles of sustainable development and
digitalization of infrastructure, the proposed ap-
proach has the potential for transfer to other coun-
tries with similar climatic and technical conditions,
in particular in the Eastern European region.

Conclusions

The paper proposes an integrated building reli-
ability management model (IBRMM), which com-
bines three previously isolated approaches: per-
formance-based design (PBBD), structural health
monitoring (SHM), and life-cycle assessment
(LCA). Unlike existing solutions, the model im-
plements dynamic feedback: reliability criteria de-
termined on the basis of PBBD are constantly ad-
justed according to SHM data, and the residual
resource forecast obtained by LCA and reliability
engineering methods is used to plan preventive
measures. The methodological basis was the for-
malization of the conditional probability of failure
Pf (t | DSHM), where the vector of monitoring da-
ta directly affects the parameters of the stochastic
strength model. Machine learning algorithms
(Gaussian Mixture Models) were used for data
processing, and the inverse identification method
in the OpenSees environment was used to calibrate
digital models. The residual resource forecast was
performed using the Monte Carlo method using the
FERUM library.

Validation of the model on NIST NEES data
showed that the error in predicting the critical state
does not exceed 9.3 %. In the test scenario for a
reinforced concrete column, the model predicted
the need for intervention 14 months before the ap-
pearance of visible signs of damage. In addition,
calculations showed that the use of polymer rein-
forcement increases the residual resource from
12.4 to 23.7 years — this quantitatively confirms the
effectiveness of the proposed approach to assessing
repair measures.
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Thus, IBRMM is not only a theoretical con-
struct, it is also able to provide a measurable, quan-
titative tool for making decisions regarding the
operation, repair and reconstruction of buildings.
Further work should be aimed at standardizing the
format of data exchange between sensor systems,
BIM models and supervisory authorities, as well as
adapting the model to the specifics of different
types of structures — from industrial facilities to
historical buildings.
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ro mukiry. Meroguka. Y JOCTIDKCHHI 3aCTOCOBAHO CHCTEMHHUH aHaii3 MixHapomHoro nocsimy (CIB, ISO 15686,
SHM-npakTukn), METOOM MOAETIOBAHHS XUTTEBOTO ITUKIY OYAiBII, a TaKOX MiaXix mo ¢opmamizarmii exciuryaTa-
LilfHMX BUMOT Ha ocHOBI performance-based design. 3anmponoOHOBaHO IHTEIPOBAaHY METOMUKY, IO MOETHYE KiJbKiC-
HY OLIHKY HaJidHOCTI, Oe3nepepBHUI 30ip AaHUX MPO CTAH KOHCTPYKIH (32 JTOMOMOTOI0 CEHCOPHUX CHCTEM) Ta
MIPOTHO3YBaHHS 3aJHMIIKOBOTO pecypcy. PedyabTaTtu. CTBOPEHO MOJENb OIiHIOBAHHS EKCIUTyaTalliifHoOl HadiifHOCTI
OyniBii, sika JO3BOJISIE BCTAHOBIIIOBATH JTUHAMIUHI KpUTEpil OE3MEKH Ta SIKOCTI Ha BCIX eTamax >KUTTEBOTO LUKy —
BiJl MMOYATKy EKCIUTyaTallii J0 peKOHCTPYKIii. Meronuka mependadae amanTHBHE YIPABIiHHSI TEXHIYHAM CTaHOM
00’€eKTa Ha OCHOBI peaslbHUX JaHWX MOHITOpuHTY. Banminanis mozeni Ha nanux NIST NEES nokasana, mo noxuOxa
MIPOTHO3YBaHHS TEPMIiHY IOCATHEHHS KPUTHYHOTO CTaHy He mepesuinye 9,3 %. YV TecToBOMy cueHapii st 3ami3o-
OETOHHOT KOJIOHH MOJEINb Nepeadadniia HeoOXiIHICTh BTpy4YaHHs 3a 14 MICSAIIB 10 TOSBH BUIUMUX O3HAK MOIIKO-
mkeHHSA. KpiM Toro, po3paxyHKH IMOKa3alld, IO 3aCTOCYBaHHS MOJIMEPHOTO MOCHIICHHS 301UIbINye 3aIHIIKOBHI
pecype 3 12,4 no 23,7 pokis. HaykoBa HoBH3HA. Ynepie B yKpaiHCbKiil HayKOBiH JIiTeparypi 3aporOHOBaHO CHH-
te3 performance-based design, structural health monitoring Ta life-cycle assessment y eauHy cucteMy ympaBIiHHSI
HalifHicTIO OyniBenp, 110 3a0e3medye MepexiJ BiJl HOPMAaTUBHO-TIONEPEIKYBAILHOTO 10 AaHHX-OPi€HTOBAHOTO
migxony. IlpakTuuHa HinHicTh. Po3pobiena MeToamka Moxe OyTH BUKOPHCTAHA IIPH PO3pOOIi Aep:KaBHUX CTaH-
JIapTiB 3 OLIHKHM TEXHIYHOTO CTaHy OyaiBeNnb, Y CHCTEMax TEXHIYHOI'O Harlisijly, a TaKoX MiJ 4ac eKcruryartaiii
00’€KTiB KpUTHYHOI iHPPACTPYKTYpH (PKUTIIOBI, TPOMAJICHKI, IPOMHUCIIOBI CTIOPYIN).

Knrouosi crosa: excrtyataniitna HagiHicTh; performance-based design; MOHITOPUHT CTaHy KOHCTPYKIIiif; OIli-
HKa XHUTTEBOTO IUKITY; IHTErpOBaHa METOANKA
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