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Abstract. Vibration-based methods are widely used in bridge assessment, yet their engineering interpretation for
serviceability evaluation remains inconsistent across studies and national practice. This paper comparatively analyzes
international practice in the vibration diagnostics of beam bridges with a focus on how measured dynamic response is
translated into conclusions about operational suitability. The analysis covers field-oriented studies and review sources
and compares excitation strategies, sensor layouts, measured parameters, interpretation routes, and links between
diagnostic results and engineering decisions. Across the reviewed studies, the most frequently used indicators are natural
frequencies, mode shapes, damping characteristics, and vibration response levels, since these quantities are sensitive to
changes in stiffness, boundary conditions, and structural deterioration. The comparison also shows that these indicators
are not equally informative across all field conditions and do not, by themselves, provide a uniform basis for serviceability
assessment. Their practical value depends on the test organization, signal interpretation, and the extent to which vibration
data are combined with structural models, inspection context, or baseline states. The paper identifies the most transferable
findings from international practice and highlights considerations relevant to bridge networks that require practical,
selective, and reproducible assessment procedures, including those in Kazakhstan.

Keywords: beam bridges, serviceability assessment, vibration diagnostics, operational modal analysis, bridge
monitoring, structural health monitoring.

1. Introduction

The assessment of bridge serviceability cannot be reduced to simply recording the presence
or absence of damage. In engineering terms, serviceability refers to a structure's ability to sustain
operational actions at prescribed traffic speeds while maintaining an acceptable technical condition,
reliability, and stability throughout its service life. For beam bridges, this means that the
superstructure must remain fit for normal operation without unacceptable deformation, excessive
vibration, accelerated deterioration, or loss of functional performance. A bridge may therefore retain
sufficient load-carrying capacity while already exhibiting behavior that is unsatisfactory in routine
service [1].

This issue becomes especially important when serviceability is interpreted only through
deformation-based checks. The Federal Highway Administration (FHWA) study [2] on steel girder
bridges showed that, within American AASHTO LRFD practice, deflection limits under the Service
I load combination were historically used to control both excessive bridge vibrations and
deformation-related damage, even though a single deflection criterion is insufficient for both tasks.
The same report noted that criteria based on natural frequency reflect excessive vibration more
adequately than deflection limits alone, whereas deterioration of the reinforced concrete deck is better
represented by strain-related indicators [2]. This suggests that if serviceability is interpreted only as
a deflection problem, part of the actual structural behavior remains outside the assessment framework.
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For beam bridges, this is particularly relevant because changes in stiffness, support conditions, and
operational regime are often reflected rather quickly in the dynamic response.

Under these conditions, vibration diagnostics has become increasingly important in bridge
assessment. Vibration-based structural health monitoring studies [3] show that a structure's dynamic
response can provide information about its actual condition. In bridge applications, this response
reflects the effects of traffic, wind, impact, and other dynamic actions, while the most commonly used
diagnostic parameters include natural frequencies, mode shapes, and damping ratios. These quantities
are valuable because they are sensitive to changes in stiffness, mass distribution, boundary conditions,
and structural deterioration. At the same time, they do not automatically translate into an engineering
judgment on serviceability, since interpretation depends on structural context, field conditions, and
the purpose of the investigation [3].

The engineering value of vibration diagnostics is also shaped by methodological diversity.
Saidin et al. [3] distinguish between forced vibration testing and ambient vibration testing, that is,
between tests with artificially introduced excitation and tests based on uncontrolled operational
loading. The same review notes that the choice of testing strategy depends on structural size, access
conditions, available equipment, and inspection objectives. In practice, bridge diagnostics is rarely
performed under fully controlled conditions, so the usefulness of a method depends not only on
sensitivity but also on reproducibility, labor demand, and compatibility with in-service operation.

At the same time, vibration diagnostics occupies an intermediate position between
conventional inspection, load testing, and full-scale permanent structural health monitoring systems
[3]. Unlike purely visual assessment, it provides access to the structure's actual dynamic behavior.
Unlike permanent Structural Health Monitoring (SHM), however, it can also be applied as a one-time
or periodic instrumented investigation, which is especially important for bridge networks where
continuous monitoring of every structure is neither technically nor economically justified [3], [4].

Beam bridges are particularly suitable for comparative analysis because they are widely used
and sufficiently repetitive in structural form to enable meaningful comparison of diagnostic
approaches. In the reviewed literature, beam and girder systems frequently serve as the basis for
operational assessment: the FHWA report analyzed a dataset of 195 steel girder bridges [2], while the
Kazakhstan-based publication on the safe operation of artificial structures [1] directly considers
vibration diagnostics for beam bridge superstructures. In that publication, the first natural frequency,
the relative damping coefficient, and the relative midspan deformation or stress are proposed as
informative parameters for technical-condition assessment. These indicators are important because
they connect a measurable dynamic response with an engineering interpretation of structural
condition.

Despite the growing number of studies in bridge monitoring and vibration-based assessment,
the literature remains uneven in scope and emphasis. The review by Saidin et al. [3] focuses on
vibration-based SHM, modal identification, and dynamic testing. In contrast, the review by Deng et
al. [4] covers a much broader spectrum of bridge monitoring technologies, including sensors,
computer vision, warning systems, and data processing. Both are useful, but neither is centered
specifically on the comparative international practice of vibration diagnostics for beam-bridge
serviceability assessment [3], [4]. By contrast, the FHWA report [2] is more directly connected to
engineering decision-making, since it shows that the relationship between vibration, deformation, and
deterioration is more complex than conventional code limits may suggest. The Kazakhstan-based
publication [1] is also practice-oriented, but it does not extend to a structured comparison of
international approaches, implementation conditions, or interpretation strategies. As a result, bridge
vibration monitoring is well studied in general terms, whereas fewer works examine how vibration
measurements are actually translated into serviceability-related engineering conclusions across
different practical contexts [1], [3], [4].

For Kazakhstan, this issue has direct practical relevance. According to current official data,
1,335 bridge structures are in operation on republican roads, of which 735 are in good technical
condition, 547 are assessed as satisfactory, and 53 require repairs of varying complexity (Figure 1).
In terms of construction period, 341 bridges were built before 1980, 534 were commissioned between
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1980 and 2015, and 460 were built after 2015 (Figure 2). By structure type, 1,144 bridges cross rivers
and other water barriers, 151 are road overpasses, 21 are railway overpasses, and 19 are dry bridges
(Source: JSC NC «KazAvtoZhol», official letter dated 03.03.2026). This bridge stock includes
structures of different generations, designed under different regulatory conditions and operating under
different service demands. Under such conditions, selective and technically interpretable diagnostic
methods that can be applied when needed become especially valuable.
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Figure 1 — Distribution of bridge structures on  Figure 2 — Distribution of bridge structures on
republican roads in Kazakhstan by technical ~ republican roads in Kazakhstan by construction
condition period

Based on the above, this study aims to analyze international practices in vibration diagnostics
of beam bridges and identify transferable diagnostic approaches, indicators, and interpretation
strategies that can support practical serviceability assessment and maintenance decision-making for
bridge structures.

2. Methods

This study employs a comparative analytical framework to examine international practices in
vibration-based diagnostics for beam bridges. The primary objective is to evaluate how dynamic data
is collected, processed, and translated into meaningful indicators of structural serviceability across
different engineering traditions.

The literature was sourced from major engineering databases (including Scopus, Web of
Science, ScienceDirect, and ASCE Library) covering the period from 2000 to 2025. This timeframe
was chosen to capture the transition from traditional field-based modal testing to modern automated,
output-only monitoring techniques.

The search strategy utilized targeted keyword combinations focusing on the intersection of
bridge dynamics, modal analysis, and serviceability assessment. To ensure a comprehensive dataset,
the initial search was supplemented by a backward reference check of seminal papers and case studies.
The specific criteria for inclusion are detailed in Table 1.
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Table 1 — Literature search and selection criteria

Criterion Specification

Review type Comparative analytical review

Methodological basis PRISMA-inspired structured selection
Scope of structures Reinforced concrete and steel beam bridges
Databases Scopus, Web of Science, ScienceDirect, SpringerLink, ASCE Library,
IEEE Xplore, TRID
Time window 2000-2026
Search fields Title, abstract, keywords, plus backward reference checking

Main query groups ~ beam bridge and vibration diagnostics; bridge serviceability and modal
analysis; vibration-based assessment and bridge; operational modal
analysis and beam bridge; bridge monitoring and frequency and
serviceability

To facilitate consistent comparisons across diverse studies, a standardized data-extraction
protocol was used. Each publication was analyzed based on:

- Technical parameters: sensor configurations, excitation methods, and identified dynamic
characteristics (frequencies, damping, mode shapes);

- Operational context: bridge material, span length, and regional environmental conditions;

- Engineering interpretation: the logic used to correlate vibration data with serviceability
limits, maintenance decisions, and structural integrity.

This review treats vibration diagnostics as a continuous workflow — extending from raw
measurement to final engineering judgment. Rather than viewing monitoring and manual inspection
as competing domains, this study assumes they are complementary. Consequently, the evidence base
includes both long-term monitoring systems and one-time diagnostic investigations, provided they
offer actionable insights into the structure's operational state.

The methodology acknowledges several challenges inherent in this field. These include the
inconsistent use of the term «serviceability» across different jurisdictions, a prevalent research focus
on damage detection over operational assessment, and the fact that much practical experience remains
locked in project-specific reports rather than standardized academic literature.

3. International experience and measurement strategies in vibration diagnostics of beam
bridges

3.1 From modal testing to operational diagnostics: how international practice has evolved

International practice in bridge vibration diagnostics has evolved from controlled modal
testing toward measurements under real operating conditions and, increasingly, toward operational
modal analysis (OMA), in which modal parameters are identified from structural response to
unknown input excitation [3], [5]. This shift reflects practical engineering constraints: for in-service
bridges, controlled excitation is often expensive, labor-intensive, and only partially compatible with
normal traffic, whereas output-only approaches and long-term monitoring enable measurements
under actual service conditions.

In the reviewed European studies, vibration diagnostics is most often associated with long-
term observation, environmental normalization, and statistical interpretation. On the Westend Bridge
in Berlin, continuous monitoring was used to remove temperature-related effects from modal
frequencies and to track possible prestress loss [6]. The Ponte Moesa Campagnola campaign in
Switzerland combined ambient and forced vibration data on a prestressed concrete bridge with
controlled artificial damage [7]. Taken together, these studies suggest that European practice often
develops vibration diagnostics within a broader SHM framework rather than as a one-time extraction
of a limited set of modal parameters [6], [7].
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The North American line in the reviewed literature is defined less by the number of cases than
by the structure of the diagnostic workflow. In the long-term VBSHM review, the Confederation
Bridge is presented as a reference example of extended automated monitoring, including modal
estimation, mode tracking, and sensor self-diagnostics [5]. Another influential direction is the
development of deployable wireless systems. This is reflected in the Nine Wells Rail Bridge study,
where measurements from a wireless accelerometer network were used directly for structural
identification based on Finite Elements (FE) [8]. In this type of framework, vibration testing is not
treated as an isolated measurement exercise, but as part of a model-supported engineering
interpretation [5], [8].

The reviewed Asian studies are more strongly oriented toward field practicality and
operational applicability. On the Sungai Raia UHPC bridge in Malaysia, ambient vibration testing
was carried out under normal traffic conditions and was combined with FE model updating and
serviceability verification [9]. In Japan, measurements were performed from an under-bridge
maintenance walkway without traffic closure using a wireless system based on
Microelectromechanical Systems (MEMS) [10]. The Indonesian case of the A.P. Pettarani Flyover
Bridge represents a simpler but practically relevant configuration based on permanently installed
accelerometers and processing with Fast Fourier Transform/Stochastic Subspace Identification
(FFT/SSI) [11]. In this part of the literature, the emphasis is less on large-scale permanent SHM and
more on feasible measurement schemes for bridges in regular service [9], [10], [11].

An important comparative observation is that the algorithms themselves do not primarily
define international differences. The more meaningful distinction lies in what each study treats as the
central engineering task: long-term interpretation, rapid field deployment, or minimal interference
with bridge operation [6], [8], [10]. For comparative analysis, this distinction is more informative
than a simple inventory of signal-processing methods.

3.2 Excitation methods, sensor layouts, and measurement campaign parameters

With respect to excitation, international practice shows clear recurring patterns. For in-service
bridges, ambient and traffic-induced vibrations dominate, as they enable measurements without
heavy excitation equipment or major traffic disruption [5], [8], [9], [10]. This is evident in the Sungai
Raia bridge [9], the Nine Wells Rail Bridge [9], and the Japanese under-walkway system [10], where
operational traffic served as the main excitation source. The broader review of long-term vibration-
based SHM similarly emphasizes that the value of such systems lies in their ability to operate under
real-world service uncertainty rather than under artificially controlled laboratory conditions [5].

Forced excitation remains relevant, but mainly in validation-oriented or benchmark studies.
The Ponte Moesa campaign is a representative example in which both ambient and forced vibrations
were recorded after artificial damage was introduced to a real prestressed concrete bridge [7]. Such
campaigns are highly valuable for testing the sensitivity of diagnostic features, but they are too
demanding for routine bridge-network assessment [7].

Impact-based express methods occupy a separate niche. In Bondar’s method for railway beam
bridges, the main diagnostic criterion is the first-mode vibration period, while excitation is introduced
by a small impulse at midspan [12]. This approach is intended for periodic instrumental diagnostics
rather than continuous monitoring. Its main advantage is operational simplicity, while its limitation
is that it primarily captures the global structural response rather than a more complete modal portrait
of the bridge.

Sensor layouts vary as much as excitation strategies. The reviewed studies range from
compact short-session arrangements to dense long-term monitoring systems. Some cases rely on
relatively moderate instrumentation, while others use larger sensor networks, higher sampling rates,
and repeated-measurement configurations [12]. This variation does not point to a single “correct”
instrumentation scale; rather, it indicates that the measurement configuration is selected based on the
objective of the investigation.
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To illustrate these differences, Figure 3 compares the instrumentation scale adopted in
selected international case studies of vibration-based bridge diagnostics. The figure highlights the
considerable variation in sensor deployment across different monitoring programs.

Under-walkway test bridge [ 21
Large steel box-girder bridge | ——— 30
Nine Wells Bridge (UK) ", 29

Case study

Sungai Raia Bridge (Malaysia) [N 15
Westend Bridge (Germany) [N 20
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Number of dynamic channels/sensors

Figure 3 — Instrumentation scale in selected international case studies of vibration diagnostics for
beam bridges

A similar pattern is observed in sampling frequency and record duration. As shown in Figure
4, the reviewed studies employ a wide range of sampling frequencies, reflecting differences in
monitoring objectives, expected vibration characteristics, and data-processing requirements.
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Figure 4 — Sampling frequency in selected bridge vibration-monitoring case studies

Bridge case study

A compact comparison of the most informative case studies is presented in Table 2. The
comparison indicates that the most informative diagnostic configuration is not necessarily the one
with the largest number of sensors. In several studies, the key contribution lies in the clear link
between measurement, signal processing, and engineering interpretation. This can be observed in the
Sungai Raia bridge study, where the measured frequencies were validated against an updated FE
model and serviceability criteria [11]. A similar approach was adopted in the German steel box-girder
bridge case, where the identified modal properties were used to refine the numerical model and
improve the interpretation of structural behavior [13].
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Table 2 — Comparative characteristics of selected international vibration-diagnostic bridge case
studies for condition assessment

Case study

Bridge type

Measurement setup

Key result

Westend Bridge,
Germany [6]

Nine Wells Rail
Bridge, UK [8]

Sungai Raia UHPC
Bridge, Malaysia [9]

Large steel box-girder
bridge, Germany [14]

Ponte Moesa
Campagnola,
Switzerland [7]

Underneath
maintenance walkway
wireless test, Japan
[10]

Prestressed concrete
box-girder bridge

Three-span prestressed
reinforced-concrete
bridge

Single-span UHPC
bridge, 50 m

Steel box-girder bridge

Three-span prestressed
concrete bridge

In-service bridge tested
from below

20 vertical velocity sensors;
128 Hz; 32 s setup

29 accelerometers; 256 Hz

15 single-axis
accelerometers; ambient
vibration test

30-channel system; 1000
Hz; 60 min per setup

7 triaxial accelerometers;
200 Hz; ambient + forced
vibrations

21 acceleration channels;
100 Hz; 5 min records

Frequently excited modes at
about 2.5,3.4,4.9,7.8,and 8.9
Hz; long-term analysis was used
to detect possible prestress loss.
16 mode shapes were
reconstructed, of which 10 were
used for structural identification
and FE updating
After model updating, the
discrepancy for the first five
frequencies was < 5%; the first
dominant frequency was 3.348
Hz
9 modes were identified; the
first five frequencies were 0.85,
2.03,2.61, 4.22, and 4.76 Hz
4-day benchmark campaign
after artificial damage; forced
vibration level was about one
order of magnitude higher than
the ambient response
The dominant vertical
frequencies were 2.34, 4.10,
10.30, 14.45, and 18.75 Hz; the
deck—girder response

comparison proved more
informative.

3.3 What the International Experience Shows for Reinforced-Concrete and Steel Beam Bridges

The reviewed international experience shows that reinforced-concrete and steel beam bridges
are not interpreted in the same way in vibration diagnostics.

For reinforced-concrete beam bridges, the dominant approach is to use vibration data to assess
global structural behavior and support FE model refinement. This is evident in the Westend Bridge
[6], the Nine Wells Rail Bridge [9], and the Sungai Raia UHPC bridge [9], where vibration
measurements were interpreted primarily in terms of stiffness-related behavior and consistency with
structural models. In these cases, vibration diagnostics is used less as a direct damage detector and
more as a means of evaluating whether the bridge behaves as expected under service conditions [6],
81, [9].

For steel beam and box-girder systems, the reviewed studies indicate a greater need for
detailed spatial interpretation and caution when evaluating frequency changes. On a large steel box-
girder bridge in Germany, identified modal properties were used not only to validate but also to refine
the numerical model [13]. Similarly, in the Japanese deck-damage study, the most valuable
information was obtained not from frequency shifts alone but from comparing the relative responses
of the bridge deck and the main steel girders [12]. These examples suggest that, for steel bridge
systems, vibration diagnostics often relies on component-level assessment, environmental-effect
filtering, and careful distinction between local and global structural responses [12].

An important conclusion from this section is that the reviewed literature does not support the
existence of one universal measurement strategy for all beam bridges. For reinforced-concrete
systems, the reviewed studies more often emphasize global stiffness behavior, FE calibration, and
serviceability-oriented interpretation [6], [10]. For steel systems, they more often highlight the
importance of relative-response comparison when local deterioration is not clearly reflected in a
limited set of global frequencies [12].
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Accordingly, for one-time inspection of beam bridges, the engineering value of a vibration-
diagnostic approach appears to depend less on instrumentation density alone than on a balanced
combination of excitation type, rational sensor layout, appropriate signal processing, and comparison
with either a baseline state or a numerical model. For some railway and short-span structures under
restricted-access conditions, a period-based express approach, such as Bondar’s method, may also
remain relevant [12]. In practical terms, international experience points not to one preferred
measurement scheme, but to the need to match diagnostic depth to structural type and engineering
objective.

4. Diagnostic indicators, serviceability interpretation, and transferability of approaches to
Kazakhstan

4.1 Vibration-based diagnostic indicators and their interpretation in terms of serviceability

Among the indicators used in vibration diagnostics of beam bridges, natural frequency and
vibration period remain the most consistently applied. Both are directly related to global structural
stiffness, and their variation is commonly interpreted as a sign that the overall structural behavior of
the span has changed. In the review on modal-based damage detection, frequency is described as a
practically convenient global indicator because it is relatively easy to extract and compare. At the
same time, in Bondar’s Kazakhstan-oriented methodology, the principal evaluation criterion is
explicitly defined as the vibration period of the first mode of a girder span [12]. In the UHPC bridge
study from Malaysia, the first dominant frequency after FE-model updating was 3.348 Hz, and the
discrepancy between the updated model and the first five measured frequencies was less than 5%,
which allowed this parameter to be interpreted not only as a modal characteristic but also as an
indicator relevant to serviceability assessment [9].

At the same time, frequency and period are useful only up to the point where the task shifts
from identifying that a deviation exists to explaining what that deviation means structurally. Their
main strength lies in their sensitivity to changes in global stiffness. Their main limitation is that local
deterioration may have only a limited influence on the global modal response. As a result, the same
indicator that performs well in rapid screening may be insufficient for an engineering judgment about
the actual mechanism of deterioration [15].

Interpretation becomes more reliable when frequency is considered together with mode shapes
and their consistency with the numerical model. In the field study of a simple beam bridge, the
identified modal parameters were used to update the FE model after a relatively short instrumented
campaign [13]. In the UHPC bridge study, model validation was additionally strengthened through
the Modal Assurance Criterion (MAC), with the minimum MAC value exceeding 90% after updating
[9]. This type of interpretation is more robust than relying on a single frequency because it compares
not a single measured value but a set of dynamic characteristics against the expected structural
behavior [13], [16].

Damping must be treated more cautiously. In principle, it reflects the dissipation of vibration
energy and may therefore contain information about structural condition. In bridge testing practice,
however, damping estimates are more sensitive than frequency to the identification method, signal
quality, and excitation conditions. For this reason, in local studies on railway transport structures,
damping is proposed not as an independent diagnostic criterion, but as one of several parameters
together with the first frequency or period and relative midspan deformation or stress [1], [17]. This
combined use is methodologically more realistic than any attempt to rely on a single modal indicator
[11, [17].

The engineering meaning of serviceability-oriented interpretation becomes clearest when
vibration-based indicators are compared with external performance criteria. In the UHPC bridge
study, the identified dominant frequency was evaluated against serviceability requirements, and the
authors concluded that it fell within the admissible range. However, the same study also demonstrated
that serviceability limits depend on span configuration [11]. The relationship between natural
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frequency and span length, together with the corresponding admissible serviceability range, is
illustrated in Figure 5.
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Figure 5 — Relationship between natural frequency and span length for the UHPC bridge, with the
admissible serviceability range [9]

The FHWA report based on 195 steel girder bridges leads to an even more important
engineering conclusion: a single deflection limit is insufficient, because excessive vibration is better
controlled by a criterion based on natural frequency, whereas deterioration of the concrete deck is
better represented by flexural tensile strain [2]. Bridge serviceability, in the dynamic sense, therefore,
cannot be reduced to a single parameter. In most cases, it requires at least two lines of interpretation:
one related to vibration behavior and another related to deformation-induced deterioration [2], [11].

4.2 Limits of interpretation and the integration of vibration diagnostics with inspection, load testing,
and FE modeling.

The main limitation of vibration-based diagnostics is not that it fails to detect change, but that
it cannot always explain that change reliably on its own. In review [15], this boundary is formulated
through Rytter’s damage-detection levels: when only vibration data are used, it is realistic to expect
detection, localization, and partial assessment of damage, but not a reliable prediction of remaining
service life without a sufficiently developed numerical and engineering framework. This is a
fundamental limitation because it dispels the misleading assumption that a single set of modal
parameters can replace inspection, structural analysis, and engineering judgment [15].

Accordingly, in well-designed field studies, vibration testing is rarely conducted in isolation
from finite-element modeling. In the study of a simple beam bridge, a numerical model was used
prior to field measurements to identify expected modes, select reference points, and design the sensor
layout [13], [18]. This type of workflow is particularly informative for one-time inspections: the field
test remains relatively short, but its interpretation is grounded in the actual structural scheme rather
than in an isolated set of spectral peaks [13].

In more complex cases, the role of engineering context becomes even more important. For the
retrofitted bridges B1 and B2 in Central Italy, ambient vibration tests were performed after the
interventions to verify whether the post-retrofit dynamic behavior of the structures was consistent
with the engineering intent of the strengthening scheme [19]. In this context, OMA does not function
as a universal “damage detector,” but as a tool for checking whether the bridge behaves as expected
after repair or modification [19].

A separate but equally important issue is the influence of the environment, especially
temperature. The review on temperature effects states explicitly that temperature-induced changes in
modal properties may be comparable to, or even larger than, those caused by damage; if such effects
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are not accounted for, vibration-based diagnostics may produce both false positives and false
negatives [20]. The West End Bridge provides a clear long-term example of this problem. In that
study, modal features were extracted from continuous measurements, temperature effects were
filtered using multiple linear regression, and interpretation was based on a health index derived from
residual trends rather than on raw frequency shifts alone [6]. This is an important methodological
point: once environmental variability becomes significant, the condition of the structure can no longer
be interpreted through a single frequency value. Only a normalized trend relative to the bridge’s own
baseline remains meaningful [6], [20].

Even after such normalization, one more limitation remains: the scale of damage. This leads
to an important practical conclusion. Vibration diagnostics works well when the task is to detect a
system-level change in structural behavior. However, when the problem concerns local corrosion,
crack opening, bearing condition, or a defensible prediction of remaining life, reliable interpretation
usually cannot be achieved without combining vibration data with inspection, deformation
measurements, and a numerical model [16].

4.3 Transferability of international approaches to Kazakhstan and criteria for method selection under
local conditions

For Kazakhstan, the key question is not whether international experience in vibration
diagnostics can be used, but which elements of that experience can be transferred in a technically
realistic and economically justified way. Since the national bridge stock is heterogeneous in age,
technical condition, structural configuration, and likely also in the completeness of available design
and maintenance records, the direct transfer of one uniform monitoring strategy to all bridges would
be methodologically weak. What is needed instead is a differentiated selection of diagnostic
approaches according to bridge type, expected deterioration mechanism, availability of reference
data, and the level of engineering decision required.

Table 3 — Comparative evidence on vibration-based diagnostic indicators, serviceability
interpretation, and applicability to Kazakhstan

Bridge/sample Main indicator(s) Key result and serviceability interpretation Relevance for Kazakhstan
UHPC single-  Natural frequency, The difference between the updated FE and Suitable for one-time
span bridge MAC, FE updating  the measured first five frequencies was <5%; assessment when a
[9] the minimum MAC was 90%. benchmark FE model is
available.
195 steel Natural frequency, Deflection alone was found insufficient; Useful as a framework for
girder bridges deck tensile strain ~ natural frequency was proposed for vibration ~ separating vibration-related
[2] comfort, while flexural tensile strain was serviceability from
proposed for deck deterioration. structural deterioration.
Westend Frequency trends, Baseline was built from the first year; NI Appropriate for strategically
Bridge, Berlin  normalized novelty indicators increased after 2008; tendon strain  important bridges, but too
(2000-2013)  index, tendon strain changed from 85.29 to —43.99 pmm/mm. complex for routine
[6] Interpretation was based on deviation from a network-wide use.
normalized baseline.

Two OMA, frequencies, AVTs used 30 min records at 2048 Hz; 6 Relevant for bridges after
retrofitted mode shapes tests for B1 and 8 for B2; identified repair, strengthening, or
multi-span frequencies were 2.04-6.31 Hz for B1 and bearing replacement.
prestressed 1.05-4.44 Hz for B2. Dynamic testing was
RC bridges used for post-retrofit verification.

(B1, B2) [19]
Railway Vibration period Express diagnostics is based on the response  Highly relevant for low-cost
girder spans  under small impulse  to “a person’s jump”; the main criterion is periodic assessment of

[12] action the vibration period of the first mode. typical beam spans.

Railway First frequency or ~ Condition assessment is based on comparing Directly relevant to
bridges under period, relative measured dynamic and deformation Kazakhstan because it
operational damping, midspan parameters with those of a defect-free aligns with local railway

loads [1], [17]

deformation/stress

model.

monitoring practices.




Technobius, 2026, 6(2), 0100

As shown in Table 3, the reviewed studies differ not only in the indicators they use, but also
in the engineering logic through which vibration results are translated into serviceability decisions.
This distinction is especially important for Kazakhstan, where typical beam spans, repaired bridges,
and strategically important structures cannot reasonably be assessed with the same diagnostic depth.

For a large and heterogeneous bridge network, the more realistic option is not the most
technologically complex SHM scenario, but periodic instrumental inspections based on a limited yet
interpretable set of indicators. This logic is clearly reflected in Bondar’s methodology, where express
diagnostics of reinforced-concrete and steel girder railway spans is performed using a small impulse
excitation and the first-mode vibration period as the main evaluation criterion [12]. This scheme does
not address every diagnostic problem, but for typical beam spans, it is considerably closer to
engineering reality than permanent continuous monitoring at every structure.

Local Kazakhstan-oriented publications move in a similar direction, though in a somewhat
more explicitly engineering form. In studies [17], the proposed technical-condition parameters
include the first natural frequency or period, the relative damping ratio, and the relative midspan
deformation or stress. Condition assessment is based not on a single measured number alone, but on
a comparison between field-test results and the calculated parameters of a defect-free structural
model. For Kazakhstan, this appears to be one of the most practically transferable diagnostic logics:
first, a rapid vibration-based inspection, then comparison with a numerical scheme, and only after
that a decision on whether deeper investigation is required [1], [17].

This directly leads to the criteria for method selection. For typical short and medium beam
spans, when the task is screening and identifying possible signs of stiffness loss, a rapid scheme based
on the first frequency or period, with a minimal sensor set and subsequent comparison against a
benchmark or analytical model, appears rational [12], [13], [17]. For strategic or already problematic
bridges, where tracking of slow deterioration is critical, long-term monitoring with temperature
normalization and statistical indices is justified — but only as a selective scenario, not as a universal
practice for the whole network [6].

Ultimately, international experience is most transferable to Kazakhstan not as a single ready-
made technology, but as a hierarchy of approaches. At the lower level, frequency or period serves as
a rapid indicator of a general change in structural behavior. At the next level, mode shapes and FE
modeling are added when it becomes necessary to understand not only that a deviation exists, but
what it means structurally. Only at the upper level does long-term SHM with temperature
normalization and statistical pattern recognition become justified, and then only where the structure
truly warrants it. For local bridge practice, this three-level logic appears more realistic and useful than
any attempt to force all serviceability problems into a single universal monitoring scheme.

5. Discussion

The comparative analysis shows that international experience in the vibration diagnostics of
beam bridges remains methodologically heterogeneous rather than fully unified. Different practical
lines coexist in the current literature, including one-time field testing, long-term vibration-based
monitoring, operational modal analysis, and, more recently, indirect and Al-assisted approaches [5],
[21], [22], [23], [24], [25]. At the same time, one stable pattern is evident across the reviewed studies:
frequency-based interpretation and OMA-based analysis remain central to practical bridge vibration
diagnostics [8]. Serviceability is rarely measured directly. In most cases, it is inferred through changes
in modal parameters, stiffness-related response, or the degree of consistency between measured
vibration behavior and an expected structural model [5], [26].

From an engineering perspective, vibration diagnostics should not be treated as a self-
sufficient decision tool. Its main strength lies in the ability to detect and interpret changes in structural
behavior under operational conditions. Its main limitation is that such changes do not always explain
themselves. For this reason, the reviewed studies repeatedly show that reliable serviceability
assessment requires not only vibration data, but also structural context, inspection results, and, where
necessary, FE-supported interpretation [26].
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This is also why the most practically useful distinction in the reviewed literature is not between
traditional and advanced algorithms, but between different levels of diagnostic purpose. Some studies
are aimed at rapid field screening, others at post-repair verification, and others at long-term tracking
of deterioration under environmental and operational variability [5], [19]. These are not
interchangeable tasks, and they should not be forced into one universal monitoring scheme. A method
that is sufficient for identifying a possible change in stiffness may still be insufficient for explaining
a local defect, evaluating the effect of repair, or supporting maintenance prioritization.

Indirect and Al-assisted approaches are promising, especially for rapid screening of large
bridge stocks, but their current engineering role remains limited [23], [24], [25]. Indirect monitoring
is operationally attractive because it reduces the need for bridge-mounted instrumentation, yet
extracting bridge-specific information from vehicle responses remains sensitive to vehicle—bridge
interaction and road roughness [23], [24]. Similarly, Al-based methods are likely to become more
useful for serviceability-oriented bridge assessment only if they become more interpretable, more
robust to incomplete and noisy field data, and more transferable across bridge types and operational
conditions [25]. At present, such methods are better viewed as supplementary tools rather than as
replacements for measurement-based engineering interpretation.

The reviewed studies also indicate that future progress in beam-bridge vibration diagnostics
depends less on increasing data volume alone than on improving the interpretability and
reproducibility of the full diagnostic chain. This includes baseline definition, resistance to
environmental and operational variability, automated but controllable mode tracking, and a clearer
relationship between measured dynamic response and engineering decisions [5], [25], [27], [28]. In
practical terms, the main methodological challenge is not simply to detect a dynamic deviation, but
to establish when that deviation is meaningful for serviceability assessment and when it is not.

Overall, the review leads to several conclusions. First, international practice does not support
one universal vibration-diagnostic scheme for all beam bridges. The engineering value of vibration
measurements depends not only on the identified parameters but also on how they are interpreted in
relation to structural behavior, inspection findings, baseline state, and numerical modeling [5], [26].
Second, reinforced-concrete and steel beam bridges require partly different diagnostic emphases: the
former are more often assessed through global stiffness-related behavior and model consistency,
whereas the latter more often require environmental filtering, denser spatial interpretation, or relative-
response comparison [1], [17]. Third, for bridge networks such as those considered in this article, the
most realistic strategy is not universal continuous monitoring, but a selective hierarchy of approaches
ranging from rapid frequency- or period-based screening to OMA- and FE-supported assessment and,
where justified, long-term SHM [6], [12].

For Kazakhstan, this conclusion is particularly important. The most transferable international
experience is not a single ready-made technology, but a differentiated diagnostic logic matched to the
bridge type, the expected deterioration mechanism, and the required decision level [1], [17]. For
typical short- and medium-beam spans, rapid instrumental assessment based on the first frequency or
period may be sufficient for screening. For repaired or modified bridges, OMA combined with FE
support is more appropriate. For strategically important or already problematic structures, long-term
monitoring with environmental normalization may be justified, but only selectively [6], [17]. In this
sense, the practical future of vibration diagnostics lies not in methodological expansion alone, but in
the development of reproducible, engineering-oriented procedures that can be adapted to real bridge
networks and operating conditions.

References

[1] N. Makhmetova, M. Kvashnin, I. Bondar, and V. Shultz, “Ensuring safe operation of artificial structures,” Bull.
KazATC, vol. 128, no. 5, pp. 28-37, Oct. 2023, doi: 10.52167/1609-1817-2023-128-5-28-37.

[2] M. G. Barker and J. Staebler, “Servicability limits and economical steel bridge design,” in Report No. FHWA-HIF-
11-044, Washington DC, USA: Federal Highway Administration, 2011, p. 93.

[3] S.S. Saidin, A. Jamadin, S. Abdul Kudus, N. Mohd Amin, and M. A. Anuar, “An Overview: The Application of
Vibration-Based Techniques in Bridge Structural Health Monitoring,” Int. J. Concr. Struct. Mater., vol. 16, no. 1, p.
69, Dec. 2022, doi: 10.1186/s40069-022-00557-1.



Technobius, 2026, 6(2), 0100

[4] Z.Deng, M. Huang, N. Wan, and J. Zhang, “The Current Development of Structural Health Monitoring for Bridges:
A Review,” Buildings, vol. 13, no. 6, p. 1360, May 2023, doi: 10.3390/buildings13061360.

[5] S. Desjardins and D. Lau, “Advances in intelligent long-term vibration-based structural health-monitoring systems
for bridges,” Adv. Struct. Eng., vol. 25, no. 7, pp. 1413-1430, May 2022, doi: 10.1177/13694332221081186.

[6] W.-H. Hu, D.-H. Tang, J. Teng, S. Said, and Rolf. G. Rohrmann, “Structural Health Monitoring of a Prestressed
Concrete Bridge Based on Statistical Pattern Recognition of Continuous Dynamic Measurements over 14 years,”
Sensors, vol. 18, no. 12, p. 4117, Nov. 2018, doi: 10.3390/s18124117.

[7] Y. Reuland, L. Garcia-Ramonda Estevez, P. Martakis, S. Bogoevska, and E. Chatzi, “A full-scale case study of
vibration-based structural health monitoring of bridges: prospects and open challenges,” ce/papers, vol. 6, no. 5, Sep.
2023, doi: 10.3929/ETHZ-B-000665062.

[8] M. J. Whelan, M. V. Gangone, K. D. Janoyan, N. A. Hoult, C. R. Middleton, and K. Soga, “Wireless operational
modal analysis of a multi-span prestressed concrete bridge for structural identification,” Smart Struct. Syst., vol. 6,
no. 5_6, pp. 579-593, Jul. 2010, doi: 10.12989/SSS.2010.6.5_6.579.

[9] S.S. Saidinetal., “Operational modal analysis and finite element model updating of ultra-high-performance concrete
bridge based on ambient vibration test,” Case Stud. Constr. Mater., vol. 16, p. e01117, Jun. 2022, doi:
10.1016/j.cscm.2022.e01117.

[L0]L. Li and T. Ohkubo, “Wireless vibration testing and bridge deck damage identification using underneath
maintenance walkway,” Sci. Rep., vol. 14, no. 1, p. 25247, Oct. 2024, doi: 10.1038/s41598-024-77179-y.

[11] M. Akbar, A. Aminullah, and A. Awaludin, “Operational Modal Analysis of a Box Girder Bridge using Fast Fourier
Transform and Stochastic Subspace Identification,” INERSIA J. Tek. Sipil Dan Arsit., vol. 21, no. 2, pp. 270-280,
2025, doi: 10.21831/inersia.v21i2.83380.

[12] I. S. Bondar, P. G. Khardikov, D. T. Aldekeyeva, and R. S. Imambaeva, “Methodology for determining the period
of vibrations of beam span structures of bridges,” Bull. Kazakh Lead. Acad. Archit. Constr., vol. 83, no. 1, pp. 127—
133, Jan. 2022, doi: 10.51488/1680-080X/2022.1-07.

[13] I. G. Araujo, E. Maldonado, and G. C. Cho, “Ambient vibration testing and updating of the finite element model of
a simply supported beam bridge,” Front. Archit. Civ. Eng. China, vol. 5, no. 3, pp. 344-354, Sep. 2011, doi:
10.1007/s11709-011-0124-8.

[14] R. Schneider, P. Simon, F. Hille, R. Herrmann, and M. BaeBler, “Vibration-based system identification of a large
steel box girder bridge,” J. Phys. Conf. Ser., vol. 2647, no. 18, p. 182039, Jun. 2024, doi: 10.1088/1742-
6596/2647/18/182039.

[15] J. J. Moughty and J. R. Casas, “A State of the Art Review of Modal-Based Damage Detection in Bridges:
Development, Challenges, and Solutions,” Appl. Sci., vol. 7, no. 5, p. 510, May 2017, doi: 10.3390/app7050510.
[16] O. Krutikov, I. Gershuni, and D. Ryzhov, “Evaluation of the self-induced vibrations modes of bridge superstructure
during monitoring,” Russ. J. Transp. Eng., vol. 9, no. 2, p. 01SATS222, Jun. 2022, doi: 10.15862/01SATS222.

[17] M. Ya. Kvashnin, S. E. Bekzhanova, A. S. Akbayeva, 1. S. Bondary, and A. Kurbenov, “On the question of safe
operation of artificial structures of railways,” Bull. Kazakh Lead. Acad. Archit. Constr., vol. 79, no. 1, pp. 229-240,
Mar. 2021, doi: 10.51488/1680-080X/2021.1-30.

[18] A. De Angelis, G. Esposito, G. Maddaloni, E. Cosenza, and M. R. Pecce, “Ambient vibration test on an existing
prestressed conctere bridge,” in Proceedings of the 8th International Conference on Computational Methods in
Structural Dynamics and Earthquake Engineering, Athens, Greece: Institute of Research and Development for
Computational Methods in Engineering Sciences (ICMES), 2021, pp. 3720-3730. doi: 10.7712/120121.8741.18728.

[19] V. Nicoletti, R. Martini, L. Amico, S. Carbonari, and F. Gara, “Operational modal analysis for supporting the retrofit
design of bridges,” ce/papers, vol. 6, no. 5, pp. 1182-1188, Sep. 2023, doi: 10.1002/cepa.2125.

[20]J. Luo, M. Huang, and Y. Lei, “Temperature Effect on Vibration Properties and Vibration-Based Damage
Identification of Bridge Structures: A Literature Review,” Buildings, vol. 12, no. 8, p. 1209, Aug. 2022, doi:
10.3390/buildings120812009.

[21] C. Qu, G. Tu, F. Gao, L. Sun, S. Pan, and D. Chen, “Review of Bridge Structure Damping Model and Identification
Method,” Sustainability, vol. 16, no. 21, p. 9410, Oct. 2024, doi: 10.3390/su16219410.

[22] . Li, W. Lin, C.-W. Kim, M. P. Limongelli, and E. Chatzi, “A comprehensive review of indirect bridge health
monitoring,” Mech. Syst. Signal Process., vol. 247, p. 113918, Mar. 2026, doi: 10.1016/j.ymssp.2026.113918.

[23] Y. Lan, Z. Li, and W. Lin, “Physics-guided diagnosis framework for bridge health monitoring using raw vehicle
accelerations,” Mech. Syst. Signal Process., vol. 206, p. 110899, Jan. 2024, doi: 10.1016/j.ymssp.2023.110899.

[24] Z. Li, K. Feng, A. Markou, and W. Lin, “State-of-the-art review of vibration-based bridge health monitoring using
Artificial Intelligence,” ce/papers, vol. 8, no. 5, pp. 5665, Oct. 2025, doi: 10.1002/cepa.3377.

[25] V. M. Di Mucci, A. Cardellicchio, S. Ruggieri, A. Nettis, V. Reno, and G. Uva, “Artificial intelligence in structural
health management of existing bridges,” Autom. Constr.,, vol. 167, p. 105719, Nov. 2024, doi:
10.1016/j.autcon.2024.105719.

[26] R. Niyirora, W. Ji, E. Masengesho, J. Munyaneza, F. Niyonyungu, and R. Nyirandayisabye, “Intelligent damage
diagnosis in bridges using vibration-based monitoring approaches and machine learning: A systematic review,”
Results Eng., vol. 16, p. 100761, Dec. 2022, doi: 10.1016/j.rineng.2022.100761.

[27] V. Rillo, A. De Angelis, and G. Maddaloni, “Effective structural health monitoring (SHM) system for bridges: a case
study,” Procedia Struct. Integr., vol. 64, pp. 700-707, 2024, doi: 10.1016/j.prostr.2024.09.332.



Technobius, 2026, 6(2), 0100

[28] Y. Fujino, D. M. Siringoringo, T. Nagayama, and D. Su, “Proceedings of the IABSE-JSCE Joint Conference on
Advances in Bridge Engineering-11, August 8-10, 2010, Dhaka, Bangladesh,” in Proceedings of the IABSE-JSCE
Joint Conference on Advances in Bridge Engineering-1l, Dhaka: Bangladesh Group of IABSE, 2010, pp. 61-74.

Information about authors:

Madina Zarlykova — PhD Student, Department of Civil Engineering, L.N. Gumilyov Eurasian
National University, Astana, Kazakhstan, madinazarlykova888@gmail.com

Denis Tsygulyov — Candidate of Technical Sciences, Associate Professor, Department of Civil
Engineering, L.N. Gumilyov Eurasian National University, Astana, Kazakhstan,
denis_riza_72@mail.ru

Murat Karacasu — Professor, Department of Architecture and Civil Engineering, Eskisehir
Osmangazi University, 26480 Eskisehir, Turkey, muratk@ogu.edu.tr

Author Contributions:

Madina Zarlykova — methodology, visualization, interpretation, drafting.
Denis Tsigulyov — concept, analysis, funding acquisition.

Murat Karacasu — resources, editing.

Conflict of Interest: The authors declare no conflict of interest.

Use of Artificial Intelligence (Al): Grammarly was used to improve the language and general
readability.

Received: 27.04.2026
Revised: 10.06.2026

Accepted: 15.06.2026
Published: 21.06.2026

ey

Copyright: @ 2026 by the authors. Licensee Technobius, LLP, Astana, Republic of Kazakhstan.
This article is an open access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY-NC 4.0) license (https://creativecommons.ora/licenses/by-nc/4.0/).



mailto:madinazarlykova888@gmail.com
mailto:denis_riza_72@mail.ru
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

