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ANOTACIJA

Uzticama konstrukciju savienojumu integritates noverteSana ir biitiska inzenierbiivju
drosibas un ekspluatacijas piemerotibas nodroSinaSanai, tomer esoSajam diagnostikas pieejam
konstrukciju strukturala stavokla monitoringa bieZi ir raksturiga virzieniski nepilniga novéro-
jamiba. Lielakaja dala metozu mérfjjumi faktiski ir viendimensionali vai ari, izmantojot
daudzasu sensorus, tie joprojam balstas uz tadu ierosmi, kas nenodrosina kontrolétu daudzdi-
mensionalu reakciju intereses punkta apkartn@. Ta rezultata agrinas stadijas, pa asim selektivas
degradacijas pazimes var palikt neatklatas, tadgjadi ierobezojot paSreizgjas diagnostikas
prakses uzticamibu.

Saja promocijas darba, kas sagatavots ka publikaciju kopums, ir izstradata un eksperi-
mentali valideta sinhronizeta daudzdimensionala diagnostikas pieeja, kas paredz&ta minéto ie-
robezojumu parvargsanai. Zinatniska novitate ir saistita ar piecu savstarpgji atkarigu kompo-
nentu sistematisku integraciju: trisdimensiju paatrinagjuma mérijumu pariem konstrukciju
savienojuma pretgjas pusés kopiga reakcijas apgabala, kas fokuséts ar laika reversijas metodi;
kontroletu daudzdimensionalu ierosmi, kas balsttta uz laika reversijas vilnu fokus&Sanas prin-
cipiem; sinhroniz&tiem ierosmes un meérisSanas kanaliem; katras ass koherences novertéSanu
starp pret€jo pusu paatrindjuma reakciju pariem, ka ari virzienisko indikatoru apvieno$anu
viena skalara savienojuma stavokla metrika.

Promocijas darba pamata ir tris savstarp&ji papildinos$as publikaciju grupas, kas veido
vienotu pétfjuma trajektoriju. Pirmaja grupa ir izveidots pa asim saskanotu daudzasu reakciju
mérfjumu pamats, ka art korelacija balstiti indikatori, skalaru metriku apvienoSanas pieeja un
degradacijas imitacijas procediiras dazadiem konstrukciju objektiem un materialiem. Otra
grupa sniedz laika reversijas vilnu fokus€Sanas teorétisko bazi, kas nepiecieSama, lai reakciju
salidzinasanu attiecinatu arT uz kontrolétu daudzdimensionalu ierosmi. Tre$a grupa apliiko aug-
stas precizitates laika mériSanas un daudzkanalu sinhronizacijas metodes, kas nepiecieSamas
konsekventas laika reversijas fokusé$anas nodro§inasanai sadalitas mérfjumu sistémas ar dig-
itali savienotiem sensoriem un garam, pret trok$niem noturigam parraides Iinijam. Kopa §is
grupas veido piedavatas pieejas metodologisko pamatu, kurd daudzasu reakcijas noveértésana,
ierosmes kontrole un laika zina saskanota izkliedeta meriSana tiek uzskatitas par vienotas kon-
strukciju savienojumu diagnostikas metodologijas savstarpgji saistitam sastavdalam.

Integréta metodologija ir validéta sinhroniz&ta daudzdimensionala konstrukciju
savienojuma eksperimenta, kura pakapeniska degradacija tiek imitéta, kontrol&ti samazinot
skrtuves pievilk§anas momentu astonos posmos. Rezultati demonstr€, ka kontroléta daudzdi-
mensionala ierosme uzlabo virzienisko novérojamibu, samazina no ass atkarigu reakciju
neviennozimibu un uzlabo reakciju reproducgjamibu pakapeniskas degradacijas apstaklos.
Apvienota daudzasu komponentu koherences metrika (Multiaxial Component Coherence Met-
ric, MCCM) uzrada monotonu samazinaSanos visos degradacijas posmos, nodro$inot tadu di-
agnostisko jutibu, ko atsevisku asu indikatori nesp&j konsekventi sasniegt.

Metodologiskas sastavdalas ir dokumentgtas astonas zinatniskajas publikacijas un viena
izsniegta patenta. Saja darba ir integréta aparatiiras izstrade, sinhronizacija, uz vilnu procesiem
balstita ierosmes kontrole un konstrukciju daudzasu reakcijas novértéSana reproducgjama iet-
vara konstrukciju savienojumu nesagraujosai novertésanai.



ABSTRACT

Reliable assessment of structural joint integrity is essential for ensuring the safety and ser-
viceability of engineering structures, yet existing diagnostic approaches in structural health
monitoring frequently suffer from directionally incomplete observability. Most methods are ef-
fectively one-dimensional in sensing or, when multiaxial sensing is employed, still rely on ex-
citation that does not ensure a controlled multidimensional response around the point of interest.
As a result, early-stage, axis-selective degradation signatures may remain undetected, limiting
the diagnostic reliability of current practice.

This doctoral thesis, through publications, develops and experimentally validates a synchro-
nized multidimensional diagnostic approach designed to overcome these limitations. The core
innovation lies in the systematic integration of five interdependent components: paired three-
dimensional acceleration measurements on opposite sides of a structural joint within a shared
time-reversal-focused response domain, controlled multidimensional excitation based on time-
reversal wave-focusing principles, synchronized excitation and sensing channels, per-axis co-
herence evaluation between paired opposite-side acceleration responses, and fusion of direc-
tional indicators into a single scalar metric of joint condition.

The thesis is supported by three complementary publication groups forming a unified re-
search trajectory. The first group establishes axis-matched multiaxial response measurements,
correlation-based indicators, scalar-metric fusion, and degradation emulation across different
structural objects and materials. The second group provides the time-reversal wave-focusing
basis required to extend response comparison toward controlled multidimensional excitation.
The third group addresses high-precision timing and multichannel synchronization methods re-
quired to enable consistent time-reversal focusing in distributed measurement systems with dig-
itally connected sensors and long-distance noise-immune transmission lines. Together, these
groups form the methodological basis of the proposed approach, in which multiaxial response
evaluation, excitation control, and time-consistent distributed sensing are treated as intercon-
nected components of a single structural joint diagnostic methodology.

The integrated methodology is validated through a synchronized, multidimensional struc-
tural joint experiment that emulates progressive degradation via controlled bolt-torque reduc-
tion over eight stages. The results demonstrate that controlled multidimensional excitation im-
proves directional observability, reduces axis-dependent response ambiguity, and enhances re-
sponse reproducibility under progressive degradation conditions. The fused Multiaxial Compo-
nent Coherence Metric (MCCM) exhibits a monotonic decrease across all degradation stages,
providing a diagnostic sensitivity that individual single-axis indicators cannot consistently
achieve.

The methodological components are documented in eight scientific publications and one
granted patent. This thesis integrates hardware design, synchronization, wave-based excitation
control, and multiaxial structural response evaluation into a reproducible framework for the
non-destructive assessment of structural joints.
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CHAPTER 1: OVERVIEW

1.1. Introduction

Structural joint diagnostics in SHM are frequently limited by incomplete observability when
single-axis sensing and excitation are employed. Because joint degradation can be axis-selec-
tive, early-stage damage may manifest along specific translational components while remaining
weakly expressed or undetected along others. Multiaxial sensing alone is insufficient when ex-
citation remains effectively one-dimensional, as it does not reliably stimulate the full directional
response field around the joint. Simply increasing impact energy is not a viable alternative,
since it may introduce nonlinear effects, reduce repeatability, and overstress the joint interface.

To overcome these limitations, this thesis develops a diagnostic framework that shifts the
focus toward controlled multidimensional joint assessment. The framework begins by acquiring
three Axis-Matched Response (AMR) pairs from 3DOF sensors mounted on opposite sides of
the joint. To ensure that these AMR components are obtained under controlled multidimen-
sional excitation conditions, Multidimensional Time-Reversal Impact Focusing (MTRIF) is
used to synthesize a virtual impact point at the Near-sensor location, producing triaxial linear
excitation. This multidimensional interaction is supported by Cross-Node Sample Synchroni-
zation (CNSS), which maintains the sample-level temporal consistency required for waveform-
level comparison. The framework then uses the Response Coherence Ratio (RCR) to evaluate
the pointwise coherence of each AMR pair. Finally, the three RCR values are fused into the
Multiaxial Component Coherence Metric (MCCM), providing a scalar indicator that reduces
axis-dependent dispersion and supports interpretation of the joint structural condition.

1.2. State of the Art

This section critically reviews structural-joint SHM methods relevant to localized wave-
based and vibration-based diagnostics. The review concentrates on active diagnostic ap-
proaches in which excitation is introduced into the structure and the measured response is used
to assess degradation-related changes at the monitored joint. Global modal monitoring methods
and general condition-monitoring systems are considered only as contextual background where
they help clarify the limitations of localized joint diagnostics. The literature search was con-
ducted using the Scopus and Web of Science databases with search terms including combina-
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tions of “structural joint,” “bolted joint monitoring,” “time reversal,” “structural health moni-
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toring,” “multiaxial sensing,” “waveform comparison,” and “vibration-based diagnostics.” The
search was supplemented by forward and backward citation tracking from key references.

The reviewed literature was selected according to three inclusion criteria. First, the study
had to be relevant to structural joints, including bolted, bonded, riveted, composite, lap-joint,
or similar connection regions. Second, the method had to involve an active wave- or vibration-
based diagnostic scheme, where excitation is introduced into the structure and the response is
analyzed after interaction with the monitored joint. Third, the diagnostic information had to be
related to degradation-induced changes in the local dynamic behavior of the monitored joint,
including stiffness, coupling, wave propagation, or response transfer characteristics.

Time-Reversal (TR) studies are considered as a separate group because TR focusing is one

of the enabling principles of the proposed framework; therefore, selected works beyond



structural-joint SHM are included where they provide methodological background for con-
trolled replay, focusing, or multi-emitter excitation.
The selected studies were analyzed according to the following methodological criteria:

1. Cross-joint response acquisition - whether responses are measured on both sides of
the structural joint, allowing degradation to be evaluated through changes in dy-
namic coupling between the connected structural elements.

2. Excitation directional diversity - whether excitation activates only one dominant di-
rection or propagation path or provides controlled excitation diversity capable of
stimulating several directional response components near the joint.

3. Sensing dimensionality and multichannel interpretation - whether the response is
measured using single-axis or multiaxial sensing, and whether multiple response
components are interpreted independently or fused into a combined diagnostic indi-
cator.

4. Cross-joint waveform comparison- whether the method compares full waveform re-
sponses measured on opposite sides of the joint, rather than relying only on scalar
energy, modal, impedance, or spectral indicators.

5. Time-Reversal axis-specific excitation - whether TR replay is used as a general fo-
cusing procedure, or whether separate axis-specific replay conditions are formed to
control excitation of the receiving point along the measured response axes.

6. Distributed acquisition and synchronization - whether the sensing architecture uses
centralized acquisition, short-range analog wiring, or distributed digital nodes, and
whether synchronization is explicitly maintained at the sample level.

These criteria are not used to rank the reviewed studies by general SHM performance. They

are used to identify which methodological requirements are already addressed in the literature
and which remain insufficiently integrated for localized multidimensional structural-joint diag-
nostics. The following subsections discuss the reviewed works against these criteria.

1.2.1. Localized Joint Diagnostic Approaches

Frequency-response, guided-wave, and impedance-based approaches constitute the main
body of localized structural-joint diagnostics. Frequency-response and transfer-based methods
evaluate joint degradation through changes in dynamic characteristics between excitation and
response locations. Tol and Ozgiiven [1] demonstrated that bolted-joint loosening modifies lo-
cal transfer characteristics and vibration-response behavior, while related frequency-response
comparison and cross-signature approaches were investigated in [2]. Guided-wave and Lamb-
wave methods provide stronger localization capability because they are sensitive to wave inter-
action with joint degradation. Such approaches were applied to composite bolted joints, bolted-
joint degradation, active piezoelectric sensing, and diffuse-wave or guided-wave monitoring of
loosening and degradation [3—7].

Electromechanical impedance methods estimate joint condition through changes in local
electromechanical coupling between piezoelectric transducers and the monitored structure [8—
11]. These approaches provide high local sensitivity to stiffness and coupling variation near the
joint. However, when assessed against the criteria defined above, these methods typically rely
on scalar indicators, limited propagation paths, or directionally constrained actuator—receiver
configurations. Their principal limitation is therefore not insufficient damage sensitivity per se;
rather, it is the incomplete integration of cross-joint multiaxial acquisition, controlled excitation
diversity, and waveform-level Near/Far response comparison. For example, while guided-wave
methods [3,4] can detect bolt loosening through changes in wave propagation, they typically
evaluate a single propagation path and do not capture the full three-dimensional response of the
joint region. Similarly, impedance-based methods [8—10] provide high local sensitivity but
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measure changes in electromechanical coupling at a single transducer location without cross-
joint response comparison.
1.2.2. Response Comparison and Multiaxial Observability

Several studies show that degradation-sensitive information can be extracted by comparing
dynamic responses measured at different structural locations [1,2,6]. Such approaches reduce
dependence on detailed analytical models, relying instead on experimentally observed changes
in response induced by degradation. Earlier studies associated with the present thesis [12—15]
investigated localized response-comparison strategies using paired multiaxial response acqui-
sition near structural joints. These studies demonstrated that degradation-sensitive behavior
may appear differently across measurement directions depending on joint geometry, wave prop-
agation paths, and excitation conditions.

Multiaxial sensing increases the directional information available from the structure, and
six-degree-of-freedom and multichannel sensing concepts have been investigated for structural
monitoring applications [16,17]. However, multiaxial sensing alone does not guarantee com-
plete observability of the degradation state. If excitation remains effectively direction-limited,
some response components may be weakly activated, and degradation-sensitive changes may
remain hidden or unstable in individual channels. The key methodological issue is therefore not
merely whether multiple response components are measured, but whether they are measured
on both sides of the joint under excitation conditions that activate the relevant directional re-
sponse field.

1.2.3. Time-Reversal Methods and Axis-Specific Excitation Control

Time-Reversal (TR) methods provide a mechanism for wavefield refocusing based on rec-
iprocity [18]. By replaying time-reversed responses through the original propagation paths,
wave energy can be concentrated near a selected point of interest. In the context of this thesis,
the key question is not merely whether TR focusing is applied, but whether replay conditions
are formed in an axis-specific manner such that the receiving point is excited along the meas-
ured response axes.

TR techniques have been applied to structural-condition assessment and joint diagnostics
in several studies [19-25]. These studies demonstrate that TR replay can improve localization
and sensitivity to joint-related changes. However, most reported implementations remain lim-
ited to excitation directions, constrained propagation paths, or single-component response eval-
uation. They generally do not employ TR replay to form axis-specific excitation conditions
combined with synchronized multiaxial Near/Far waveform comparison across the joint. For
instance, Du et al. [20,23] demonstrated bolt-preload monitoring using virtual time-reversal
focusing, but the excitation and sensing remained confined to a single propagation direction.
Wang and Song [24] combined vibro-acoustic modulation with time reversal for bolt loosening
detection, yet the method evaluated only a single modulation index rather than multiaxial wave-
form coherence.

Earlier studies by the author and collaborators [26—-29] investigated multi-emitter TR focus-
ing in acoustical systems operating in attenuative propagation environments. These studies are
not treated here as structural-joint diagnostic works; rather, they serve as methodological pre-
cursors demonstrating that coordinated replay from multiple emitters can concentrate wave en-
ergy near a selected spatial location. This principle supports the transition toward controlled
axis-specific and multidirectional excitation in localized structural-joint diagnostics.
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1.2.4. Distributed Acquisition and Synchronization
Distributed sensing architectures are becoming increasingly relevant for practical SHM sys-

tems [16,30]. However, many waveform-sensitive methods, including TR replay and direct
waveform comparison, have been demonstrated in centralized laboratory configurations in
which excitation and acquisition share a common timing domain. In such configurations, syn-
chronization is implicitly ensured by common acquisition hardware or by short-range analog
sensor wiring.

This assumption becomes problematic when sensing nodes are spatially distributed and dig-
itize signals independently. Independent sampling clocks introduce systematic offset and ther-
mal drift. For scalar or slowly varying indicators, such timing errors may be less critical. For
waveform-level comparison, TR replay, and pointwise coherence evaluation, however, timing
inconsistency directly affects waveform shape, phase relations, replay consistency, and inter-
channel comparability. The synchronization requirements become particularly stringent when
TR focusing is used for controlled axis-specific excitation, because timing errors reduce the
quality and repeatability of the focused response. Most existing TR-based SHM studies either
assume ideal synchronization or operate in centralized configurations where this assumption is
implicitly satisfied.

Synchronization-related studies associated with the present work [31-33] investigated tim-
ing stability, temporal reconstruction, and sample-consistency maintenance in distributed mul-
tichannel acquisition systems. These studies provide the technical basis for maintaining wave-
form-level consistency when excitation and sensing nodes are separated.

1.2.5. Research Gap

The reviewed literature demonstrates substantial progress in localized structural-joint diag-
nostics. Existing studies provide damage-sensitive methods based on frequency-response vari-
ation, guided waves, impedance changes, response comparison, TR focusing, multiaxial sens-
ing, and distributed acquisition.

However, these methodological elements have predominantly been investigated in isolation.
The reviewed works do not sufficiently integrate controlled axis-specific multidirectional exci-
tation, paired cross-joint multiaxial response acquisition, waveform-level Near/Far response
comparison, sample-level synchronization, and fused multichannel interpretation within a sin-
gle diagnostic chain.

This limitation defines the research gap addressed by the present thesis. To bridge this gap,
the proposed framework integrates multidirectional Time-Reversal excitation focusing, paired
Near/Far 3DOF sensing, synchronized waveform-level response comparison, per-axis coher-
ence evaluation, and fused multichannel interpretation into a unified methodology for localized
structural-joint assessment.

1.3. Aim of Research

The aim of this research is to develop and experimentally validate a multidimensional meth-
odology for structural joint integrity assessment that integrates controlled axis-specific excita-
tion, synchronized cross-joint multiaxial sensing, and waveform-level coherence evaluation.

The proposed approach uses Multidimensional Time-Reversal Impact Focusing (MTRIF)
to synthesize an axis-specific virtual impact at the Near-sensor location using spatially distrib-
uted actuators. The structural condition of the joint is evaluated through three Axis-Matched
Response (AMR) pairs measured by Near and Far 3DOF sensors mounted on opposite sides of
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the joint. Per-axis coherence is quantified using the Response Coherence Ratio (RCR), and the

resulting values are fused into the Multiaxial Component Coherence Metric (MCCM).

1.4. Main Statement

The research hypothesis of this thesis was delineated as follows:

1.

Structural joint degradation can be more completely characterized through multiax-
ial response analysis of axis-matched response pairs (AMR) measured on opposite
sides of the joint than through single-point, unidirectional response evaluation.
Physically meaningful AMR pair analysis requires a controlled multidimensional
response field in the analyzed joint region, which can be synthesized by Multidi-
mensional Time-Reversal Impact Focusing (MTRIF).

Reliable implementation of the AMR-MTRIF structural joint assessment method-
ology is not possible without precise synchronization between excitation and sens-
ing nodes, which is achieved in this thesis by Cross-Node Sample Synchronization
(CNSS).

1.5. Scientific Novelty

. The novelty lies in the formation of a controlled multiaxial response field in the

analyzed joint region by means of Multidimensional Time-Reversal Impact Focus-
ing (MTRIF).

A new approach has been developed and validated for the per-axis evaluation of
three directionally specific Axis-Matched Response (AMR) pairs within a common
MTRIF-focused response region.

A novel integrated methodological framework has been formulated, developed, and
validated for multidimensional structural joint diagnostics by combining MTRIF,
AMR, and Cross-Node Sample Synchronization (CNSS), where CNSS is treated as
the key enabling component required for reliable framework operation.

1.6. Research Objectives

To achieve the stated research aim, the following objectives are established:

1.

To develop a synchronized hardware—software platform implementing Cross-Node
Sample Synchronization (CNSS) to ensure continuous sample-level alignment be-
tween excitation and sensing nodes under temporal and thermal variations.

To implement Multidimensional Time-Reversal Impact Focusing (MTRIF) using a
multi-actuator configuration in order to synthesize an axis-specific virtual impact at
the Near-sensor location.

To establish a paired cross-joint 3DOF sensing scheme using Near and Far sensors
mounted on opposite sides of the joint and to form three Axis-Matched Response
(AMR) pairs from matched linear acceleration components.

To develop a per-axis waveform-level coherence evaluation procedure based on the
Response Coherence Ratio (RCR) for the three AMR pairs under progressive deg-
radation.
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5. To formulate the Multiaxial Component Coherence Metric (MCCM) as a fused sca-
lar indicator combining the three per-axis RCR values to reduce axis-dependent dis-
persion and improve diagnostic interpretability.

6. To experimentally validate the integrated framework on a baseline structural joint
under progressive degradation conditions and to relate the final methodology to sup-
porting experimental evidence reported in the appended publications.

1.7. Structure of the Thesis

The thesis consists of seven chapters. Chapter 1 outlines the problem of structural joint
diagnostics, reviews the current literature, and defines the research aim, main statements, sci-
entific novelty, and objectives. Chapter 2 defines the methodological scope, including the 3DOF
sensing requirements, the MTRIF concept, the CNSS rationale, and the formal definitions of
AMR, RCR, and MCCM. Chapter 3 describes the hardware—software platform, including the
system architecture, excitation subsystem, sensing chain, and synchronization implementation.
Chapter 4 presents the experimental setup and data-collection workflow, including sensor and
actuator placement, degradation stages, and dataset composition. Chapter 5 details the signal-
processing and metric-calculation procedures, focusing on triaxial RCR evaluation and MCCM
fusion. Chapter 6 presents the metric-evaluation results, including per-axis RCR trends and
fused MCCM behavior across degradation stages. Chapter 7 summarizes the findings, provides
practical recommendations, and outlines directions for further development.

The publications forming the basis of the thesis are listed in Section 1.8, while the main
chapters synthesize their methodological contributions into a unified diagnostic framework.

1.8. Publications and Scientific Dissemination

This thesis is based on eight scientific publications [12—15,27,31-33] and one granted pa-
tent. The appended works do not represent independent or unrelated studies; rather, they docu-
ment the progressive development of the methodological and engineering components synthe-
sized in this thesis into a unified framework for localized structural-joint diagnostics.

The research trajectory began with response-comparison methods for structural joints. The
work on coaxial acceleration correlation for structural-joint quality assessment [12] introduced
the principle of comparing vibration responses measured in three spatial directions using coax-
ially oriented 3D accelerometers placed at different parts of a structural joint. The related non-
model vibration analysis study [13] supported the use of experimentally observed response
changes rather than detailed analytical models as the basis for structural-joint assessment. These
publications established the initial methodological direction developed further in Chapter 2 as
paired Near/Far response acquisition and in Chapter 5 as waveform-level metric evaluation.

The next stage extended this concept toward multiaxial structural-joint diagnostics under
degradation. The study on non-destructive damage detection by coaxial correlation in 6D space
[14] presented paired multiaxial sensing on opposite sides of a structural joint, synchronized
excitation—response acquisition, repeated measurements, averaging, and similarity-based eval-
uation for monitoring degradation. The timber-joint study [15] further demonstrated that re-
sponse comparison between sensors placed on different sides of a joint can be used to assess
degradation in timber structural connections. Together, these publications demonstrated that
degradation-sensitive response behavior may differ across measurement directions, thereby
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supporting the need for per-axis evaluation and fused multichannel interpretation. In this thesis,
these earlier concepts are formalized as Axis-Matched Response (AMR) pairs, Response Co-
herence Ratio (RCR), and Multiaxial Component Coherence Metric (MCCM), described in
Chapters 2 and 5 and evaluated in Chapter 6.

The same experimental program also revealed the engineering requirements for reliable
cross-joint comparison. The early response-comparison studies showed that correlation-based
interpretation depends on repeatable excitation, comparable sensor placement, stable acquisi-
tion timing, and the possibility of repeated excitation with averaging. In [14] and [15], this led
to practical synchronization of excitation start with the acquisition frame and to repeated meas-
urement workflows. However, these solutions remained tied to specific experimental configu-
rations and did not yet provide a generalized synchronization concept applicable to distributed
digital sensing nodes, long cable runs, timing drift, or temperature-dependent acquisition insta-
bility.

The synchronization-related publications [31-33] advanced this engineering requirement
further. The study on thermal stability of a multi-channel precise time-tagging system [31], the
study on multi-channel synchronization for picosecond time-tagging [32], and the work on
compensation of time-interval accuracy error [33] investigated timing stability, channel syn-
chronization, and compensation of clock-related errors. In this thesis, these results are used to
support the Cross-Node Sample Synchronization (CNSS) concept described in Chapters 2 and
3. CNSS generalizes the synchronization requirement from start-of-frame alignment toward
continuous sample-level consistency, which is required for waveform-level Near/Far compari-
son, Time-Reversal replay, and pointwise RCR evaluation in Chapter 5.
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The Time-Reversal component of the framework evolved from earlier work on controlled
replay and focusing. The study on nonlinear land-mine detection using wide-bandwidth time-
reversal techniques [27] is not treated in this thesis as a structural-joint diagnostic validation
case. Instead, it provides methodological background for controlled time-reversed replay, fo-
cusing, and multi-emitter excitation. This experience is adapted in Chapter 2 for the formulation
of Multidimensional Time-Reversal Impact Focusing (MTRIF), where spatially distributed ac-
tuators are used to synthesize an axis-specific virtual impact at the Near-sensor location.

The granted patent on non-destructive testing of building structures complements the sci-
entific publications by documenting the system-level concept of integrated structural assess-
ment. In the context of this thesis, it supports the practical implementation perspective of the
hardware—software framework described in Chapter 3 and the overall integration logic intro-
duced in Chapter 1.

Together, the appended publications document the transition from localized response com-
parison toward a synchronized multidimensional diagnostic methodology integrating MTRIF,
AMR, CNSS, and multiaxial coherence evaluation into a unified structural-joint assessment
framework.
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CHAPTER 2: METHODOLOGICAL SCOPE AND
PREREQUISITES

2.1. Measured Quantities and Scale Treatment

The measured quantities are linear accelerations expressed in m/s?. In this methodology,
three linear-acceleration components are recorded on the Near side and matched with three
corresponding components on the Far side to form three AMR pairs.

Sensor outputs are acquired as 16-bit digital values. Conversion to SI units is not required
for the proposed diagnostic metrics, since the evaluation is based on normalized waveform
comparison. Near and Far signals forming each AMR pair are synchronized and normalized
prior to RCR computation. Consequently, RCR and MCCM are treated as scale-independent
coherence metrics derived from normalized acceleration data rather than absolute-amplitude
measures.

The time axis in all plots is presented in milliseconds, while synchronization and signal
comparisons are executed within the reconstructed common master clock domain.

2.2. Experimental Objects

Methodological validation was performed on structural joints encompassing various mate-
rials, connection types, and degradation scenarios. The research program included both timber
and steel joints.

The experimental objects served two functions:

Supporting the development of individual methodological components reported in the ap-
pended publications [12—15].

Providing a baseline case for the final validation of the integrated framework.

Consistent with the thesis format, the final methodology is validated on a baseline structural
joint, while earlier experimental objects provide complementary evidence for specific compo-
nents. Intermediate validation cases did not always employ the full integrated configuration but
were essential for developing the underlying framework.

2.3. Sensor Configuration and Positioning Requirements

The measurement setup employs 3DOF accelerometers mounted on opposite sides of the
structural joint (Figure 2.1). Each sensor acquires three orthogonal linear-acceleration compo-
nents X, Y, Z. Matching these Near-side components Xyear, Ynear» ZNearWith the corresponding
Far-side axes Xgar, Yrar, Zgar forms three AMR pairs.

This configuration enables the implementation of MTRIF by defining the Near-sensor lo-
cation as the virtual impact point. The resulting synchronized data provide the basis for per-axis
RCR estimation and final MCCM fusion. The Near sensor captures the reference excitation
state, while the Far sensor records the response transmitted through the joint interface.
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Fig. 2.1. Minimum sensor configuration and measurement geometry.

2.3.1. Virtual Coaxial Alignment Requirement
This requirement, termed virtual coaxial alignment, ensures that the matched axes of the

Near and Far sensors are geometrically collinear and directionally consistent (Figure 2.1). For
valid AMR formation, alignment must be maintained between the corresponding linear-accel-
eration axes X, Y, Z of the two sensors.

In this framework, the Near sensor is placed on the virtual impact side established by
MTRIF, while the Far sensor captures the response transmitted through the joint. In baseline
implementation, alignment was achieved through precise physical mounting (detailed in Chap-
ter 4). While residual misalignment could be corrected via coordinate frame transformation,
this approach is treated as an extension and is discussed only in Chapter 7.

2.3.2. Effect on Waveform Comparability (RCR)

Waveform comparability within an AMR pair requires the spacing between Near and Far
measurement points along a matched axis to be less than one-quarter of the shortest relevant
wavelength A/4. Violation of this condition increases phase mismatch, thereby reducing the
reliability of pointwise coherence evaluation and the robustness of the RCR estimate (Section
2.9).

Figure 2.2 illustrates this effect for three normalized spacing conditions:0, A/4 and A/3.
As spacing increases, waveform overlap decreases, causing a corresponding drop in RCR. In
the illustrated case, the A/4 condition retains over 50 % of the reference metric level, whereas
the A/3 condition reduces it by more than a factor of two relative to the zero-shift baseline. This
reduction represents a critical loss of diagnostic sensitivity for the RCR methodology.
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2.3.3. Effect on Time-Reversal Defocusing
The A/4 criterion also governs the spatial extent of the focal spot produced by MTRIF. Fo-

cused energy remains concentrated within a region of approximately A/4 around the Near-sen-
sor location. If the Far sensor is positioned beyond this focal region, it records a defocused,
lower-amplitude signal that does not represent the intended virtual impact response.

The A/4 condition is therefore critical for maintaining the physical validity of the Near/Far
comparison (Figure 2.3). While the Near sensor captures the reference focused state, the Far
sensor must remain within the focal zone to record the corresponding transmitted response.
Exceeding this spacing threshold leads to a loss of both RCR robustness and physical repre-
sentativeness of the AMR pairs.
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Fig. 2.3. TR focal spot and defocusing with increasing distance from the focus.

2.3.4. Practical Bandwidth Criterion for Sensor Spacing
The maximum permissible distance between Near and Far measurement points is con-

strained by the highest usable frequency f,,,x in the signal. This frequency is determined by the
Nyquist limit, actuator bandwidth, structural dynamics, and the system noise floor.
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In this study, signal components remain observable up to 9 kHz (Figure 2.4). The maximum
admissible spacing d . is defined by the quarter-wavelength criterion:

d o )\min — Cp(fmax)
TET 4 A 2.1)

Variables in Eq. (2.1) are defined as follows: Ay is the minimum wavelength at fy, 4

¢p(fmax) is the flexural-wave phase velocity and fy,,y is the upper frequency limit.

For the HEA 100 steel beam, the phase velocity at 9 kHz is 2.7-3.4 km/s, resulting in a
A/4 limit of 75-96 mm. The experimental Near/Far spacing was approximately 30 mm (Figure
4.2a), which satisfies the criterion without additional bandwidth restrictions. If larger spacing
is required, f},,x must be reduced via zero-phase filtering to maintain wavelength compatibility
with the sensor positions.
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Fig. 2.4. Measured response spectra before and after Time-Reversal replay.

2.4. Actuator Configuration and Positioning Requirements

The actuator configuration must provide diverse excitation paths to facilitate multiaxial ac-
tivation at the target region. Ideally, actuators are arranged to excite the principal directions of
structural response independently. This independence is enhanced by increasing the number of
actuators or introducing controlled asymmetry through off-center placement to stimulate com-
plex wavefields.

The MTRIF framework does not require pure single-axis excitation at individual actuator
locations. Instead, it relies on distinct transfer paths to ensure that time-reversed wavefields
converge at the Near-sensor location, producing a focused multiaxial response. This multidi-
mensional focus is essential for stimulating all three orthogonal axes represented in the AMR
pairs.

In this study, a three-actuator configuration was implemented as a baseline solution. This
arrangement facilitates both axis-selective sequential replay and multicomponent response ac-
tivation. The role of the actuator configuration is to provide a sufficient basis for
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multidimensional focusing at the Near location, enabling robust RCR estimation and MCCM
fusion. The practical realization of this three-actuator setup is detailed in Figure 4.2b.

2.5. Degradation Emulation

Progressive joint degradation is defined in this thesis as a controlled reduction or modifica-
tion of the mechanical coupling and stiffness of the investigated connection. In the appended
publications, degradation-sensitive behavior was investigated under different structural and ma-
terial scenarios, including direction-dependent response changes, selective fastener removal,
bolt-torque variation, and measurements performed under varying static loading conditions.
These studies provided complementary evidence that joint condition changes may affect differ-
ent response axes in different ways.

For the integrated framework developed in this thesis, degradation emulation is used to
generate repeatable structural states with progressively altered transmission properties across
the joint. The purpose of this sequence is not to reproduce every possible real damage mecha-
nism, but to provide controlled joint-integrity states for evaluating whether the MTRIF-AMR
diagnostic cycle and multiaxial Near/Far comparison remain sensitive to progressive changes
in joint condition.

In the baseline validation experiment, this concept was implemented by controlled reduc-
tion of bolt tightening torque (Figure 4.2c). The specific degradation sequence is detailed in
Section 4.1.3 and Chapter 4.

2.6. Time-Reversal Impact Focusing Principles

Time Reversal (TR) is a wavefield refocusing technique grounded in the principle of reci-
procity. Following [18], time reversal is equivalent to phase conjugation in the frequency do-
main. For a propagated signal,

Y(w) = H(w)S(w) 2.2)
time reversal gives
Yrr(w) = Y (w), (2.3)
and the refocused field becomes
Z(») = H(w) Y*(0) = H(0) H*(0) S*(») = [H(0)? S*(v), (2.4)

where Y(w) is the received signal spectrum, S(w) is the excitation spectrum, H(w) is the
transfer function of the structure, Z(w) is the refocused field, the superscript (*) denotes com-
plex conjugation and o represents angular frequency.

Within this framework, TR serves as a mechanism for the virtual relocation of excitation
from a physical actuator to a remote target position. By replaying time-reversed responses, in-
jected energy is spatially localized and focused at the target location.

For broadband mechanical impacts, the structure selectively transmits frequency compo-
nents compatible with its dynamic properties. Re-emitting the time-reversed response from the
actuator location causes wave fronts to converge at the original recording point, recreating a
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focused excitation. TR therefore functions as both a virtual relocation mechanism and a physi-
cally selective focusing process.

The basic TR procedure consists of four steps:
Emission of a broadband impulse into the structure via an actuator (Figure 2.5a).
Acquisition of the response at the target sensor position (Figure 2.5b).
Re-emission of the time-reversed acquired signal (Figure 2.5¢).

el S

Acquisition of the response at the target sensor position (Figure 2.5d).
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Fig. 2.5. Four-step Time-Reversal procedure in one dimension.

A representative practical application relevant to this principle was implemented by the au-
thor in earlier work on buried land-mine detection using time-reversal focusing with multiple
emitters and a single receiver [27] (Fig. 2.6). In that application, coordinated replay from sev-
eral actuators increased the focused energy at the target region and demonstrated that time-
reversal focusing can remain effective even in strongly attenuative media. In the context of the
present thesis, this earlier result is important not as a direct structural-joint experiment, but as a
methodological precedent showing that coordinated multi-actuator replay can be used to con-
centrate energy at a selected remote location. This principle forms the conceptual basis for the
multidimensional extension introduced in the following section.
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Fig. 2.6. Experimental Time-Reversal land-mine detection setup.

2.7. Multidimensional Time-Reversal Impact Focusing (MTRIF)

The MTRIF framework extends the TR principle from single-component focusing to sim-

ultaneous multiaxial excitation at the point of interest. The procedure is executed as follows:

1.

A broadband pulse is emitted by the actuator oriented along the X direction (Figure
2.7a), and the collinear X-component of the response is recorded at the Near sensor
(Figure 2.7b).

A broadband pulse is emitted by the actuator oriented along the Y direction (Figure
2.7e), and the collinear Y-component of the response is recorded at the Near sensor
(Figure 2.7g).

A broadband pulse is emitted by the actuator oriented along the Z direction (Figure
2.71), and the collinear Z-component of the response is recorded at the Near sensor
(Figure 2.71).

MTRIF replay preparation: The captured collinear X, Y, and Z components are nor-
malized and time-reversed. These waveforms are assigned as replay signals for their
corresponding actuators.

Simultaneous replay: The three time-reversed signals are emitted simultaneously,
each through the same actuator used during the characterization step. This synchro-
nized emission generates a simultaneous triaxial focused response at the Near-sensor
position (Figures 2.8e, 2.8k, and 2.8q).

To improve repeatability and suppress uncorrelated noise, each excitation signal in the

MTRIF workflow was emitted multiple times. The corresponding responses recorded at the

receiving sensor side were averaged before being used for replay preparation or subsequent

metric evaluation.

Although only the collinear components are used to synthesize the MTRIF replay signals,

the full triaxial response is recorded at each characterization step to monitor the system’s be-

havior. As shown in Figure 2.7, structural coupling and modal mixing mean that the peak re-

sponse does not always occur in the axis nominally collinear with the actuator. This can be
observed for the X, Y, and Z-direction excitation cases in Figures 2.7b—d, 2.7f-h, and 2.7j-1,
respectively.
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For verification only, the prepared time-reversed signals were also replayed sequentially
(Figures 2.8a—d, 2.8g—j, and 2.8m—p). This step is not part of the final MTRIF excitation pro-
cedure; it is used to confirm that time-reversed replay increases the contrast of the intended
target components at the POL

During simultaneous replay, the transmitted response is also recorded at the Far sensor (Fig-
ures 2.8f, 2.81, and 2.8r). This response is not used to construct the MTRIF excitation itself, but
it is later used for AMR, RCR, and MCCM evaluation. Thus, the procedure establishes the
repeatable and synchronized triaxial excitation condition required for the proposed diagnostic

framework.
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2.8. Time-Domain Coherence Prerequisite and CNSS Rationale

Both Time-Reversal focusing and RCR-based comparison require continuous sample-level
alignment across all channels. Start-time synchronization alone is insufficient because inde-
pendent clock domains diverge due to static offset and temperature-dependent drift. This diver-
gence degrades the time consistency required for MTRIF replay and pointwise comparison.

To maintain signal comparability, the accumulated timing inconsistency At ,, must satisfy
the quarter-period criterion relative to the highest retained frequency fi,4:

1
Ao < e 2.5)

The variables in Eq. (2.5) are the maximum admissible accumulated timing error At,,,, and
the highest usable frequency f,,.x. For a 32 kHz sampling rate, the Nyquist frequency is 16 kHz
period T = 62.5 ps, yielding a At ., limit of 15.6 ps. A typical oscillator mismatch of 30 ppm
over 10 s produces 300 ps of error, exceeding the acceptable threshold [31,33].

CNSS preserves a common time reference across independently clocked nodes. Figure 2.9
illustrates: (a) the signal in the master clock domain; (b) the signal in the local sensor clock
domain under drift; and (c) the signal reconstructed via marker-based resampling. Recorded
markers serve as timing observables to estimate mismatch and restore sample-level alignment
[32,33]. Although deviations in Figure 2.9 are exaggerated for clarity, uncorrected real-world
drift is sufficient to degrade phase consistency and RCR evaluation.
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Fig. 2.9. Illustration of clock offset, drift, and marker-based recovery via CNSS.

2.9. Response Coherence Ratio (RCR)

Because the proposed methodology evaluates three AMR pairs formed by matched linear-
acceleration components measured along corresponding axes on the Near and Far sides of the
joint, the key challenge was to select an appropriate per-axis coherence metric [12—14]. The
selected metric should be:

e invariant to absolute amplitude;
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e sensitive to waveform shape and relative amplitude within corresponding AMR;
e robust to low-energy or noisy AMR pairs;
During the development of the methodology, several candidates were considered:
e Normalized Cross-Correlation RMS (NCCR);
e Pearson Correlation Coefficient;
e Cosine Similarity;
e Response Coherence Ratio (RCR).

Table 2.1.

Qualitative comparison of candidate per-axis similarity metrics used during metric selection

Metric Ampl}tude Sh‘a pe Noise Robustness Notes
Invariance | Sensitivity
NCCR v v X Poor on noisy axes | Fails on low-signal channels
Pearson Correla- . .
tion v v X Poor on noisy axes | Classical but unstable at low SNR
Cosine Similarity N4 X Poor X Poor on noisy axes | Unstable under partial match
RCR v v v Robust Best suited for 3DOF MCCM

A comparative evaluation of the candidate per-axis similarity metrics is presented in Table
2.1. On the basis of this evaluation, RCR was selected as the final per-axis metric because it
offers the best balance among shape sensitivity, amplitude invariance, noise robustness, and
practical repeatability within the AMR cross-joint evaluation framework [12—14]. Specifically,
the peak-to-RMS formulation of RCR (detailed in Section 5.1) naturally attenuates noisy or
weakly activated channels because random noise produces a low peak-to-RMS ratio, whereas
a coherent waveform match produces a pronounced peak in the pointwise product signal. This
self-weighting property makes RCR better suited than Pearson correlation or cosine similarity
for applications where individual AMR pairs may have substantially different signal-to-noise
ratios. A quantitative comparison of all four candidate metrics on the same baseline dataset is
documented in the appended publications [12,14].

2.10. Multiaxial Component Coherence Metric (MCCM)

The MCCM is the fused scalar indicator of joint condition within the proposed framework
[12,14,15]. It consolidates the three per-axis RCR values derived from the linear-acceleration
AMR pairs into a single scalar metric. This fusion reduces axis-dependent dispersion and en-
hances the interpretability of the joint-condition assessment. The Euclidean-norm formulation
was selected over alternative fusion strategies (weighted sum, geometric mean, or minimum-
value approaches) because it preserves the contribution of all three axes without requiring prior
knowledge of axis-specific sensitivity or weighting coefficients. The mathematical procedure
for MCCM computation is detailed in Section 5.2.
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CHAPTER 3: HARDWARE-SOFTWARE PLATFORM FOR
DATA ACQUISITION

3.1. Purpose and Scope of the Platform

The proposed methodology requires a dedicated hardware—software platform providing the
following capabilities:
e synchronized multi-actuator excitation;
e multi-channel 6DOF sensing;
e high noise immunity for remotely placed sensors;
e high-speed bidirectional data transfer between the acquisition hardware and the host
computer;
e precise long-term time-domain synchronization between actuators and sensors.
Together, these requirements define the minimal functional platform structure shown in Fig-
ure 3.1 [14,27,31-33]. Its detailed architecture and subsystem organization are described in the
following sections.
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Fig. 3.1. Hardware—software platform block diagram.

3.2. System Overview and Core Architecture

The core architecture is centered on an FPGA-based main processor board (Intel Cyclone
IV EP4CE22), which provides the acquisition and control functions required by the platform
(Figure 3.1), including:

e timing control in the platform master clock domain;

e cxcitation waveform generation and control;

e acquisition and handling of SPI data streams from distributed IMU sensors;
e frame synchronization marker generation, injection, and capture;

e data framing and packaging for recording and transfer.

Sensor data are transferred through a hub of LVDS transceivers and buffers that extends the
digital SPI sensor interface over long cable runs to the FPGA, providing high noise immunity
and enabling remote sensor placement. Actuators are driven by a custom six-channel Class D
power amplifier controlled by the FPGA unit. Communication with the host computer is
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provided through a USB 3.0 interface for platform configuration, measurement control, and
high-speed bidirectional dataset transfer.

3.3. Excitation Subsystem

The excitation subsystem delivers controlled mechanical input to the structure. It consists
of'a custom six-channel Class D power stage driving up to six vibration actuators. The amplifier
is controlled via an I?S digital audio bus, enabling real-time waveform streaming from the
FPGA without the need for extensive on-chip memory. The Class D topology ensures high ef-
ficiency and low heat dissipation during multi-channel operation.

The actuators are resonance-based vibration speakers attached directly to the structural
member (Figure 3.2). These devices inject vibrations into the surface, using the structure itself
as the radiating medium. This configuration ensures efficient mechanical coupling and compact
mounting suitable for MTRIF excitation.

In the current implementation, the effective bandwidth is limited by the sensor sampling

rates. For the accelerometer channels, the usable upper frequency limit is approximately 16

{

kHz.

Fig. 3.2. Resonance speaker used as an actuator.

3.4. Sensing, Acquisition, and Noise-Robust Data Transfer

The platform supports up to six 6DOF IMU nodes, utilizing the ICM-45631 as the primary
sensor. Although the hardware provides full 6DOF acquisition (three translational and three
rotational channels), the current work focuses exclusively on the three linear-acceleration chan-
nels to satisfy the 3DOF methodology requirements. The implementation uses a 32 kHz sam-
pling rate for the accelerometer data and 8 kHz for the gyroscope data.

Data acquisition is executed via SPI and transmitted to the FPGA through LVDS extenders,
supporting cable lengths up to 100 m. This configuration ensures high noise immunity for re-
mote sensor deployment. The FPGA performs framing, buffering, and packaging of the multi-
channel data stream for host computer transfer. The sensor-side architecture is shown in Figure
3.1.

3.5. Time-Reference Support and CNSS Observables

The independent clock domains of distributed sensor nodes and the master excitation con-
troller necessitate active timing compensation. Even with a common start event, local sensor
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time bases diverge from the master clock due to static offset and thermal drift, violating the
requirements for MTRIF and RCR analysis [31-33].

To quantify this divergence, the platform injects periodic synchronization markers into each
acquisition stream. These markers function as timing observables, captured synchronously with
sensor data to estimate accumulated mismatch without modifying the local clocking of the re-
mote nodes. During signal processing, these observables are used to reconstruct all channels
into a common master clock domain, ensuring the phase consistency required for valid
pointwise waveform comparison of AMR pairs.

The timing studies reported in [31-33] demonstrated picosecond-level synchronization and
time-interval compensation capabilities. In the present platform, these results are used as the
methodological and engineering basis for CNSS; however, such accuracy is not required for the
acceleration-sensing channel considered here. The accelerometer data are acquired at 32 kHz,
corresponding to a sampling interval of 31.25 ps. For the retained upper frequency of 16 kHz,
the quarter-period timing criterion corresponds to a maximum admissible timing deviation of
15.6 ps, equivalent to approximately 9.0 us RMS under a uniform-error assumption. A single
reconstructed measurement therefore remains close to the admissible timing limit. To obtain a
robust timing margin, repeated marker-aligned measurements are averaged, reducing the ran-
dom timing component as 1/VN. With four repeated measurements, the effective uncertainty is
reduced to approximately 4.5 us RMS, while the eight repeated measurements used in this work
reduce it further to approximately 3.2 us RMS. Thus, after marker-based reconstruction and
averaging, the timing requirement for the present acceleration-sensing channel is satisfied with
a clear margin.

3.6. Control Software and User Interface

A dedicated host-PC software suite was developed as part of this work to serve as the oper-
ational front end for the platform. The software integrates experiment control, live monitoring,
and dataset management within a unified environment, ensuring seamless interaction between
the user and the hardware. Key functions of the developed software include:

e Excitation Management: Waveform preparation and multi-channel assignment.

e Hardware Control: Configuration and execution of acquisition cycles.

e Data Processing: Marker-based resynchronization, frame alignment, and real-time
visualization.

e [Iterative Workflow: Replay signal preparation for MTRIF operation.

e Storage: Multi-channel data recording and export for post-processing.

This integrated approach enables precise experimental control and efficient data handling,
directly supporting the methodology described in this thesis.

3.7. Key Specifications of the Platform

The technical characteristics of the platform are summarized in Table 3.1. These parameters
define the operational limits for sensing, excitation, synchronization, and data transfer. The tim-
ing principles and accuracy margin of the CNSS approach are discussed in Section 3.5 and
supported by the studies reported in [31-33].
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Table 3.1.

Key platform specifications

Parameter

Specification

Sensor Nodes

Up to 6 x 6DOF IMU (ICM-45631)

Linear Acceleration ODR

32 kHz (used for 3DOF methodology)

Angular Velocity ODR

8 kHz (hardware supported)

Effective Bandwidth

Sensor-limited: ~16 kHz (acceleration)

Accelerometer Range

Programmable: +2¢g to £16g

Accelerometer Noise Density

90 pg/NHz

Excitation Channels

6 x Class D (up to 100 W peak/channel)

Vibration Actuators

6 x Resonance vibrators (25 W rated)

Remote Sensor Link

SPI over LVDS (up to 100 m)

Host Interface

USB 3.0
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CHAPTER 4: DATA COLLECTION

4.1. Baseline Object and Joint Configuration

The baseline validation employed a structural steel stand consisting of two S355 (HEA 100)
beams connected by a semi-rigid bolted joint. The connection was secured with a single M16
bolt (strength class 8.8). This configuration was chosen to ensure a repeatable joint condition
under progressive stiffness variation and multiaxial measurements. The experimental setup is
illustrated in Figure 4.1.

[

Fig. 4.2. Baseline experimental arrangement.
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4.1.1. Sensor Placement
Two 3DOF sensors were mounted on opposite sides of the joint, 30 mm from the centerline

on separate beam elements (Figure 4.2a). The Near sensor defines the virtual impact location
for MTRIF, while the Far sensor captures the transmitted wavefield.

Sensor axes X, Y, Z were physically aligned during installation to establish the three AMR
pairs required for analysis. This placement ensures the virtual coaxial alignment necessary for
pointwise signal comparison without additional coordinate transformations.

4.1.2. Actuator Placement

Three resonance actuators were mounted on the Near-side beam to excite the
X,Y and Z axes (Figure 4.2b). The actuators were spatially distributed to provide the transfer
paths required for MTRIF. This configuration ensures multidimensional activation at the Near-
sensor location (virtual impact point) without placing physical transmitters directly at the POL
4.1.3. Degradation Method

In the baseline validation experiment, progressive joint degradation was emulated by a con-
trolled reduction in the bolt-tightening torque using a torque wrench (Figure 4.2¢). This proce-
dure was selected as a repeatable and reversible means of modifying the mechanical coupling
and stiffness of the bolted joint without altering the sensor or actuator configuration.

The torque was reduced from 175 N-m to 0 N-m across eight predefined degradation stages.
Within this experiment, the torque sequence is treated as a controlled set of joint-integrity states
rather than a comprehensive representation of all possible real damage mechanisms. Its purpose
is to provide a consistent sequence of altered transmission properties to demonstrate the
MTRIF-AMR diagnostic cycle and to evaluate the sensitivity of the axis-matched Near/Far
responses to progressive joint-condition changes.

4.2. Measurement Steps

The experimental process was structured as a repeated measurement—degradation cycle. To
ensure consistency across degradation states, the same MTRIF procedure was applied at each
torque level without modifying the sensor or actuator placement.

The workflow was executed as follows:

1. START: The joint was set to the baseline condition, corresponding to the fully tight-
ened state at 175 N-m.

2. MEASURE: The complete MTRIF procedure described in Section 2.7 was per-
formed for the current joint state.

3. RECORD: The triaxial Near and Far responses obtained during the simultaneous
replay phase were stored for the current state.

4. DEGRADE: The joint stiffness was reduced by decreasing the tightening torque of
the M 16 bolt to the next predefined level.

5. GOTO MEASURE: The measurement—degradation cycle was repeated until the
fully loosened state was recorded.

The degradation sequence consisted of eight torque levels:

Stage 1: 175 N-m, baseline tightened condition;

Stage 2- Stage 8: 150 N-m, 125 N'm, 100 N-m, 75 N-m, 50 N-m, 25 N'm, 0 N-m, fully
loosened condition.
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Completing this loop through all eight stages yielded the final response dataset. For each
stage, three linear acceleration components were recorded at both the Near and Far sensors
during the simultaneous MTRIF replay.

The complete measurement—degradation sequence was repeated five times without chang-
ing the sensor and actuator configuration. Each repetition covered the same eight torque levels
from 175 N-m to 0 N-m. Consequently, the repeated dataset contains:

3 channels x 2 sensors x 8 stages x 5 repetitions = 240 response signals,corresponding to:

3 AMR pairs x 8 stages x 5 repetitions = 120 AMR pairs.

This repeated dataset enables both degradation-trend evaluation and repeatability analysis
through standard deviations of the per-axis RCR values and the fused MCCM.

33



CHAPTER 5: SIGNAL PROCESSING AND METRIC
EVALUATION

This chapter details the computational procedures for transforming the synchronized
Near/Far sensor responses into diagnostic indicators. While Chapter 2 established the concep-
tual definitions and methodological rationale for the AMR, RCR, and MCCM components, the
present chapter specifies the complete processing algorithms as applied to the experimental
dataset. The workflow is applied independently to each of the three linear-acceleration AMR
pairs: AMR,, AMRy, AMR,.

In the proposed methodology, RCR and MCCM provide the per-axis evaluation and multi-
axial fusion layers of the diagnostic workflow. Their functional roles remain fixed within the
proposed framework, while the specific computational implementation may be adapted depend-
ing on the sensing configuration, signal characteristics, and application constraints. The com-
putational procedures presented below are used to quantify the degradation-sensitive response
of the MTRIF-AMR framework; the primary scientific novelty lies in the integrated diagnostic
methodology rather than in the specific computational formulations.

5.1. Per-Axis RCR Evaluation

e DC Offset Removal: Constant components are suppressed to eliminate gravity-related off-
sets:

Sdc =S — 5. (5.1

e Normalization: Signals in the AMR pair are scaled by their common maximum absolute
amplitude A:

Sp = Sgc/A. (5.2)
e Band-Pass Filtering: Signals are restricted to the target frequency range:
Sbpt = B(Sn)- (5.3)
o Pointwise Multiplication: An intermediate product signal p is generated:
bpf bpf
p = SNI:EJ:ar ’ SFSr' (54)

e RCR Extraction: The final scalar for the axis is the peak-to-RMS ratio of the product signal:
RCR = max|p| /RMS(p). (5.5)

where s is the recorded signal, 5 is the mean signal value, sq. is the offset-corrected signal,

A is the normalization factor, s, is the normalized signal, B is the band-pass operator, issyp¢
is the filtered signal, p is the pointwise product and RMS is the root mean square operator.

All signals are processed in the reconstructed master clock domain.
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5.2. MCCM Computation

After the per-axis RCR values are calculated for the X, Y, and Z AMR pairs, they are com-
bined into the Multiaxial Component Coherence Metric (MCCM). In the present implementa-
tion, MCCM is computed as the Euclidean norm of the three per-axis RCR components:

MCCM = JRCRZ + RCRZ + RCRZ. (5.6)

where RCRx, RCRy, and RCRz are the Response Coherence Ratio values obtained from
the corresponding X, Y, and Z AMR pairs.

The computation is performed independently for each degradation stage and, in the re-
peated-measurement dataset, for each measurement cycle. Thus, every torque level is repre-
sented by one MCCM value per repetition.
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CHAPTER 6: METRIC EVALUATION RESULTS

This chapter presents quantitative results from five repeated measurement—degradation cy-
cles performed across eight torque levels. Joint degradation was emulated by reducing the tight-
ening torque from 175 N-m to 0 N-m. The repeated dataset contained 240 response signals,
corresponding to 120 AMR pairs. RCR was computed independently for each axis, torque level,
and repetition, and the resulting values were fused into MCCM for each degradation state.

The repeated cycles allow the monotonic degradation trend, metric repeatability, and dis-
persion to be evaluated. The results are presented as per-axis RCR trends, fused MCCM behav-
ior, and standard-deviation-based stability analysis.

6.1. Per-Axis RCR Repeatability Across Five Measurement Cycles

The per-axis RCR results are shown in Fig. 6.1. All values are normalized to the baseline
condition of each repetition, corresponding to 175 N-m. In all cycles, the highest RCR values
occur at the baseline condition, while progressive torque reduction causes a clear decrease in
coherence across all three AMR pairs.

The repeated cycles show a reproducible degradation pattern, but the X, Y, and Z compo-
nents differ in slope and dispersion. This reflects anisotropic wave transmission through the
joint and direction-dependent sensitivity to bolt loosening. Therefore, single-axis interpretation
remains vulnerable to axis-specific variability, whereas retaining all three RCR components

provides a more complete representation of the joint condition.
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Fig. 6.1. Per-axis RCR values.

6.2. MCCM Repeatability and Degradation Trend

The fused MCCM results are shown in Fig. 6.2. All values are normalized to the initial
baseline of each repetition, corresponding to 175 N-m. Compared with the individual RCR
components, MCCM provides a more compact and interpretable degradation profile. In all five
repeated measurement cycles, MCCM decreases consistently from the baseline condition to-
ward the fully loosened 0 N-m condition.
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The repeated MCCM trend confirms that the fused metric preserves the degradation-sensi-
tive information contained in the three AMR pairs while reducing axis-dependent variability.
The monotonic or near-monotonic decrease within each repetition supports the use of MCCM
as the primary scalar indicator for joint-condition tracking. At the same time, the individual
RCR components remain useful for directional interpretation and for identifying which re-
sponse axes are most affected by the change in joint stiffness.
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6.3. Dispersion Analysis of RCR and MCCM

The standard deviations of the per-axis RCR values across the five repetitions are shown in
Figure 6.3. The dispersion is low near the fully tightened baseline condition and increases as
the tightening torque is reduced. This increase is especially pronounced at low torque levels,
where the joint interface becomes mechanically less constrained and more sensitive to small
variations in contact state, friction, and local boundary conditions.

The standard deviation of MCCM is shown in Figure 6.4. Although the fused metric also
exhibits increasing dispersion toward the loosened condition, its variability remains lower and
more compact than the maximum dispersion observed among the individual RCR axes. This
confirms that the MCCM fusion procedure suppresses part of the axis-dependent variability
while preserving the overall degradation trend.

A direct comparison between mean per-axis dispersion, maximum per-axis dispersion, and
MCCM dispersion is presented in Figure 6.5. The fused MCCM standard deviation remains
below the maximum individual-axis standard deviation over the degradation sequence, demon-
strating that multiaxial fusion improves the stability of the diagnostic indicator. The increase in
dispersion at low torque levels should not be interpreted as a failure of the method; rather, it
reflects the physically unstable contact condition of a loosened bolted joint, where small chan-
ges in interface state can produce larger changes in the measured dynamic response.

37



140

120

—-0(RCR,)
-0(RCR,)
o(RCR,)

100 |

(=) o
=] >
1 |

Normalized standard deviation
=
(=]
|

20+

180

160 140 120 100 80 60 40 20
Bolt tightening torque, Nm

Fig. 6.3. Per-axis RCR standard deviation.

wn
>
|

Normalized standard deviation
[ ] w =
—J [—} (=]
| | |

p—
>
1

>
|

o (MCCM)

I T T T T T T T
160 140 120 100 80 60 40 20
Bolt tightening torque, Nm

Fig. 6.4. MCCM standard deviation.

38




Normalized standard deviation

|
140 1 |——Mean axis o
- Maximum axis o
120 4 o(MCCM)
100 -
80
60
40 -
20 -
0 — -
T T T T T T T T
180 160 140 120 100 80 60 40 20 0

Bolt tightening torque, Nm

Fig. 6.5. RCR and MCCM dispersion comparison.

39



CHAPTER 7: FINAL REMARKS

This chapter summarizes the core findings, provides practical implementation guidelines,

and outlines future development paths for the diagnostic framework.

7.1. Main Conclusions

This thesis developed and experimentally validated a multidimensional framework for the

non-destructive assessment of structural joints. The results support the core premise that reliable

joint diagnostics benefit substantially from a multidimensional approach encompassing both

controlled excitation and multiaxial response evaluation.

1.

3DOF Sensing and AMR: The results confirm that the three linear-acceleration
AMR pairs contain diagnostically relevant coherence information. In the baseline
dataset, degradation-related variation was observable across all three pairs, provid-
ing a comprehensive view of joint integrity.

MTRIF Implementation: The principal contribution is the formulation of MTRIF,
which synthesizes a multiaxial excitation condition at the Near-sensor location. This
enhances the observability of degradation-related changes across multiple response
components compared with conventional single-axis excitation.

Metric Performance: At the per-axis level, the RCR effectively quantifies waveform
similarity between Near and Far responses. At the fused level, the MCCM provides
a stable and interpretable indicator, suppressing axis-dependent variance and exhib-
iting a monotonic degradation trend. Across five repeated measurement cycles, the
MCCM preserved a consistent degradation trend and showed lower dispersion than
the most variable individual RCR component, supporting its use as the primary sca-
lar indicator for joint-condition tracking.

Synchronization Rationale: The study demonstrates that temporal synchronization
is a methodological prerequisite. Since both the MTRIF and pointwise RCR com-
parisons depend on continuous sample-level alignment, the CNSS principle is man-
datory for maintaining a common master clock domain across independent nodes.
Integrated Framework: The thesis provides an experimentally grounded methodol-
ogy integrating multidimensional excitation, paired 3DOF sensing, per-axis coher-
ence evaluation, and metric fusion. This approach advances Structural Health Mon-
itoring toward localized, repeatable, and multiaxial assessment of structural joint
integrity. The limitations of the current experimental validation and their implica-
tions for generalizability are discussed in Section 7.4.

7.2. Practical Recommendations

e Sensor Alignment: Near and Far sensors must be physically aligned along their correspond-

ing X, Y, Z axes with secure mechanical coupling. This is necessary to preserve the validity

of the three linear-acceleration AMR pairs used for pointwise comparison [14].

e Excitation Configuration: Actuator placement should be determined by the required diag-

nostic coverage. While the three-actuator configuration along X, Y, Z axes is sufficient for
triaxial linear sensitivity, alternative configurations or additional actuators may be required

if complex rotational coupling is expected.
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¢ Synchronization Continuity: Continuous sample-level alignment across excitation and sens-
ing subsystems is mandatory. Without master-clock consistency, MTRIF focusing and RCR
evaluation lose diagnostic reliability [31-33].

o Signal Averaging: Repeated excitation and averaging are recommended to suppress uncor-
related noise and stabilize RCR and MCCM values [14,15,27]. High-rate multiaxial acqui-
sition generates substantial data streams, necessitating robust data handling and labeling.

e Diagnostic Indicators: MCCM should be utilized as the primary scalar indicator for joint
condition tracking. Individual RCR values should be retained for directional diagnostic in-
terpretation when detailed analysis of axis-specific degradation is required [12,14,15].

7.3. Further Development

Building on the findings and acknowledging the limitations discussed in Section 7.4, future
work should address the following technical areas:

e Automated Axis Alignment: Implementation of orientation-aware coordinate trans-
formations to compensate for physical sensor misalignment mathematically.

e Adaptive MTRIF: Development of real-time transfer-function estimation to opti-
mize the virtual impact focus under varying environmental conditions.

e Decentralized Synchronization: Expansion of the CNSS protocol for large-scale
sensor networks using wireless or PTP-based time distribution.

e Non-linear Feature Extraction: Integration of higher-order statistics into the MCCM
fusion to improve sensitivity to micro-crack initiation.

e Edge Computing Implementation: Porting the RCR and MCCM algorithms directly
to the FPGA for real-time, on-node joint integrity monitoring.

7.4. Limitations of the Current Study

The following limitations of the present work should be acknowledged to provide an accu-
rate assessment of the framework's current state and to guide future development.

Single baseline joint configuration. The integrated framework is validated on a single struc-
tural steel joint (HEA 100 beams with one M 16 bolt). While earlier experimental objects from
the appended publications—including timber joints [15] and alternative steel configurations
[12—-14]—provide complementary evidence for individual methodological components, the full
MTRIF-AMR-CNSS chain is demonstrated for a single joint geometry, material, and connec-
tion type. The extent to which the observed MCCM trends generalize to different joint types
(riveted, bonded, composite), materials, numbers of fasteners, or real-world boundary condi-
tions remains to be established through a systematic validation campaign that covers multiple
joint configurations.

Degradation emulation scope. The degradation sequence consists of controlled bolt-torque
reduction that emulates stiffness loss due to loosened fasteners. While this is a widely used and
repeatable approach in SHM research, it represents only one mode of degradation. Real-world
structural joint degradation includes fatigue cracking, corrosion, delamination, and plastic de-
formation, each of which modifies the joint’s dynamic behavior in different ways. The extent
to which the MCCM responds to these alternative damage mechanisms—and whether the
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monotonic trend observed under torque reduction is preserved under other degradation
modes—requires targeted experimental investigation.

Statistical characterization scope. The present validation includes five repeated measure-
ment cycles for the same baseline joint configuration, which enables preliminary evaluation of
RCR and MCCM repeatability through standard deviations. However, these repetitions were
performed on a single specimen and under controlled laboratory conditions.

Therefore, the statistical characterization remains limited with respect to specimen-to-spec-
imen variability, alternative joint geometries, different fastener layouts, and different degrada-
tion mechanisms. Future studies should extend the repeated-cycle analysis to multiple speci-
mens and operating conditions and should include confidence intervals and formal monotonic-
ity testing.

Sensitivity to non-ideal conditions. The current validation was performed under controlled
laboratory conditions with careful sensor alignment, stable temperature, and no external load-
ing. The sensitivity of the framework to practical deviations—such as sensor misalignment of
several degrees, partial actuator failure, environmental temperature variation during measure-
ment, or the presence of external operational loads—has not been systematically characterized.
While the A/4 criterion (Section 2.3) provides theoretical bounds, an experimental parametric
study of robustness under non-ideal conditions would significantly strengthen confidence in the
framework’s applicability to field deployment.

These limitations do not diminish the methodological contributions of the thesis, which lie
in the formalization and initial experimental validation of the integrated MTRIF-AMR—-CNSS
framework. However, they define a clear agenda for the systematic validation and robustness
characterization required before the methodology can be considered ready for practical deploy-
ment.
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Abstract

Assessment of the stiffness of joints is important for the joints’ design, monitoring the condition of building structures and prognosis
of the lifetime and safety of buildings or its elements. Typically, such assessment is done in a non-destructive way using either
shock or vibration analysis with a network of accelerometers as sensors. To improve the quality of diagnostics of structural joints
and make it more specific, a method and measurement system implementing the principle of correlation of normalized coaxial
accelerations measured in 3D space was proposed. The method is based on the mathematical analysis of vibrations of structural
joints in 3 spatial directions using 3D accelerometers located at different parts of a joint and orientated coaxially. The correlation
method was verified in a laboratory experiment using rigid, semi-rigid and pinned joints of timber beams. Stand with timber beams
joined at right angles by steel plates and screws were fabricated and tested by static loading to confirm the present state of the joint.
Timber beams with 150X50 mm solid sections made C18 strength class were used for the timber stand. The decrease of the joint’s
stiffness in the case of probable damages was modelled by the loosening of the steel screws. The stand was subjected to a vibration
load provided by electrodynamics actuators fixed on one of the joint elements. This element was excited by a chirp signal in a
frequency sweep range from 10 to 500 Hz, where the most prominent resonance of the stand was found. Acceleration responses
were recorded by 3D accelerators placed on the loaded and connected beams. Peak values of the cross-correlation function between
the responses from the correspondingly orientated pairs of coaxial accelerometers were determined. It was shown that the
difference between the peak values of the correlation functions obtained for the rigid, semi-rigid and hinge joints enabled
specification of the joints’ stiffness.
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1. Introduction

As the number of people in the world is growing, achieving a faster construction process is actual. In this situation,
a popular choice is using structural members, which are manufactured in plants away from the construction site. After
that, they are delivered to the construction site to be erected and joined together.

One of the essential parts of structural analysis and design is the calculation of joints. Joints play an essential role
in the behaviour of the building structures and can be classified according to the several criteria:

Material of the joined structures (timber, steel, precast concrete)

Loading situation (tension, compression, bending, shear, torsion)

Stiffness of joint (rigid, semi-rigid, pinned)

Joint type and/or fastener used (glued connections, carpentry connections, connections with mechanical fasteners,
welded joint)

The stiffness of the joints particularly influences the total structural firmness of buildings. The stiffness control of
the joints during the building lifetime is essential to ensure that the current situation corresponds to the designed one
and that the building is safe. The joint stiffness affects the distribution of internal forces in a structure both in members
and joints (ultimate limit state) and deformations (serviceability limit state). The joints are classified according to
initial stiffness as:

e Pinned - does not transmit any bending moments
e Semi-rigid - transfers some bending moments, and its behaviour needs to be considered in global analysis
e Rigid - members are rigidly connected and fully transmit bending moments

The moment-rotation curve, which describes rotation deformation by angle as a function of the moment applied to
joint, can be used to model the behaviour of the joints (Sagiroglu et al. (2015), Chittiprolu et al. (2014), Faridmehr et
al. (2019), Baszen (2017)). A full-scale experimental test must be performed to obtain the moment—rotation curve.
Usually, the joints are assumed to be pinned or entirely rigid to simplify the analysis and design process. However,
there are discrepancies between idealized and actual behaviour. No joint is ideally pinned or completely rigid, but
there are some classification boundaries. For example, for the steel structures, the classification boundaries were
devised to limit the error to 5% for internal forces and 20% for deformations (Sabatka et al. (2019), EN 1993-1-8
(2005)). The changes of internal forces are insignificant in the pinned and rigid region. The load capacity of the beam
structures depends on the bending moment, so the ideally pinned connection is generally a conservative solution for
the beam design. The object of interest for non-destructive testing methods are rigid joints. If, during the structure’s
lifetime fasteners that ensure the rigidity of the joint are destroyed, much greater internal forces and deformations will
develop in the structure, and it potentially can be dangerous. In addition, as the result of increasing connection
flexibility, significant second-order effects are formed in the structures (Faridmehr et al. (2019)). Therefore, checking
the joints’ current stiffness and comparing it with the initial stiffness is essential.

The structural health of joints is directly related to their stiffness. Structural health monitoring (SHM) methods
enable investigation and testing of structural joints behaviour during the whole service life of buildings. Choice of
SHM method depends on the material of the joined structural members, its loading case, joints’ structure and stiffness.
Since the beginning of the 21st century, many SHM methods have been developed to investigate structural behaviour
based on shock and vibration analysis. Vibration analysis methods allow determining possible damages of structural
joints based on frequency response, modal shape and damping. Methods of vibration analysis are classified into two
categories - methods using ready-made mathematical models and methods that do not employ such the models for



Dmitrijs Serdjuks et al. / Procedia Structural Integrity 37 (2022) 547-554 549

vibration analysis (Boscato et al. (2019), Kamgar et al. (2012), Rahgozar (2020), Fang et al. (2020), Masciotta et al.
(2017), Maksimenko (2003), EN 1993-1-8 (2005)).

The present study aimed to propose a vibration analysis method for the quality assessment of structural joints based
on the correlation of coaxial accelerations from sensors orientated coaxially in space. The method does not employ
ready-made mathematical models for vibration analysis. A stand composed of timber beams with a moment joint of
variable stiffness was developed and tested using the proposed method to verify the feasibility of the latter.

2. Materials and methods
2.1. Method of coaxial correlations for quality assessment of structural joints

To improve the quality of diagnostics of structural joints and make it more specific, a method and measurement
system implementing the principle of correlation of normalized coaxial accelerations measured in 3D space was
proposed. The method is based on the mathematical analysis of vibrations of structural joints in 3 spatial directions
using 3D accelerometers located at different parts of a joint and orientated coaxially. Analysis of vibration in 3D space
enables one to check the stiffness of joints of planar structures, such as a joint of girder and additional beam, considered
below for testing the proposed method.

The developed measuring device consisted of an electrodynamic actuator, two 3D accelerometers, a signals
amplifier, an Arduino board for signals conversion and transfer, and a computer. The developed measuring device and
its major components are shown in Fig.1.

The steps of data collection were as follows:

1. The vibration of the structure applying a sweeping signal in a wide frequency range from 10 to 500 Hz and a
duration of 0.5 second

2. Processing the obtained vibration signals by the Fourier transform and determination of the maximum magnitude
frequency in the spectrum corresponding to one of the natural frequencies of the structure

3. The vibration of the structure applying a narrow sweeping signal around the resonant frequency and recording 6
vibration signals from two 3D accelerometers

4. Repetition of measurements at each step of stiffness of the joint

Steps of data processing included:

1. Calculation of correlation functions between three coaxial directions of two 3D accelerometers placed on the
joined beams

2. Determination of peak values of correlation functions (PVCF) in each coaxial pair of 3D accelerometers

. Data averaging on several repeated measurements at each step of stiffness of the joint

4. Calculation of normalized peak values of correlation functions (further NPVCF (%)) as the main relative
vibration parameter for the analysis, where the maximum PVDF value obtained in any of the coaxial pairs was
taken as 100%

w

Fig. 1. (a) developed measuring device; (b) electrodynamic actuator; (¢) Arduino board.
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The calculation of PVCF between two data arrays, i.e., vibration signals in the time domain, from the first and
second accelerometers F1 and F2, was performed according to the following algorithm:

e Removing the constant component from each signal F1, F2 by subtracting the average value in the entire time
window (in our case, 1 sec)

e Addition to each of the signals on the left and right an array of zero values, with a duration of 1 sec

e Calculation of the convolution of the two received signals

e Determination PVCF as the maximum modulo value for the resulting convolution

Thus, vibration signals were collected from 3 coaxial pairs of two accelerometers rigidly placed on the joined
elements of the stand and NPVCF parameter was finally determined as the measure of the stage of the joint’s stiffness.
NPVCF measured at the initial and reliably confirmed the stiff condition of a system or a building is proposed as the
reference standard for further monitoring the system or building during its exploitation.

2.2. Timber beam stand

A stand of timber beams was arranged as shown in Fig.2 as a simple model in static loading and vibration test to
verify the static diagram of the structure and evaluate the proposed method of coaxial correlations correspondingly.
The stand consisted of a girder and an orthogonal beam forming T-connection and made of solid timber of C18
strength class with 150x50 mm cross-sections. The beam was freely supported, one with spans of 2.06 m and two
spans of 1.5 m each. The girder and the beam were joined rigidly by steel corners and bolts. Static loading was
concentrated vertical forces applied to steel pieces on two suspended platforms P1 and P2 shown in Fig.2. Static
diagram of the stand depended on the stiffness of the joint varied by tightening screws and bolts in steel corners. A
static test used six deflectometers and six strain gauges to verify the static diagram by 7 grades of the joint stiffness e
stand.

Three static diagrams of the stand were considered for three conditions of the joint (Fig.3): rigid (moment) joint;
pinned joint of the girder and beams; no connection between girder and beams when all screws and bolt were deleted.
To join beams, steel screws of a diameter 4 mm, steel bolts of a diameter 8 mm, angle profiles Arras Construction
Furniture OU 105x105x90x3.0 and perforated steel plates Arras Construction Furniture OU 200x50x3.0 were used.
Perforated steel corners provided the joint’s moment load-carrying capacity (rigidity), shown in Fig.3(a).
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Fig. 2. Stand of timber beams: (a) layout of static load application; (b) view of the timber beams stand loaded by the set of concentrated vertical
forces.
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Fig. 3. Three variants of beam joints: (a) rigid (moment) joint; (b) pinned joint; (¢) no connection.

3. Results and discussion
3.1. Results of a static experiment

The timber beam stand was statically loaded by the concentrated vertical forces system, applied as shown in Fig.
2. Loading steps with intensity 1 kN were applied first to platform P1 and then to platform P2. The maximum
intensities of the vertical loads were equal to 4.74 kN for platform P1 and 4.69 kN for platform P2. The loading stages
were divided into symmetric and non-symmetric ones. The loadings of the stand were repeated for the rigid and
pinned conditions of the joint between the girder and the beam. The loading and unloading regimes coincided with
the stages 1-6 and 7-12, correspondingly, and are shown in Fig.4 for symmetric and antisymmetric modes. The elastic
modulus of the beam’s material was estimated as 9.44 GPa.

The joints stiffness was determined based on the experimentally measured angle of the joint’s rotation. The
experimental values were compared with the values calculated by the FEM method using the software Axis VM Lite.
Variants of the rigid (moment) and pinned joints were considered. The angle of the joint’s rotation is shown in Fig. 4
as a function of the applied vertical load. The influence of the maximum vertical displacements of the beam on the
angle of the joints rotation was taken into account. The experimentally obtained value of the rigid joint rotation angle
was 0.0003 radians, while for the pinned joint, the same values were 0.0025 and 0.0026 radians by FEM and
experiment. The maximum rotation angle of 0.018 degrees for the rigid joint was obtained for non-symmetric loading.
The maximum rotation angle for the pinned joint was 0.173 degrees in the non-symmetric loading when the vertical
loads were 4.74, and 3.75 kN were applied to platforms P1 and P2.

The static loading confirmed that desired conditions of the girder and the beam joints could be considered the rigid
and pinned ones.
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Fig. 4. The angle of the joint’s rotation as a function from the applied vertical load for loading stages (a) symmetric; (b) non-symmetric.
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3.2. Results of vibration experiment

The vibration test examined the ability of the proposed method of coaxial accelerations correlation to determine
the stiffness of the joint in the timber beam stand. The decrease of the rigid joint stiffness was modelled by the gradual
removal of screws and bolts in the connecting steel corners. Seven grades of stiffness were considered:

Grade 1 (initial): Rigid joint, all screws and bolts tightened (Fig.3(a))

Grades 2-5: rigid joint with the decreased stiffness with gradually loosened screws and bolts (Fig.5(b))
Grade 6: pinned joint, with only one bolt (Fig.3(b))

Grade 7: absence of the joint between the girder and the beam (Fig.3(c))

The beam was subjected to a vibration load provided by electrodynamics actuators, fixed on the edge of the beam,
as shown in Fig. 5 (a). Vibration response signals in both parts of the joint, the girder and the beam, were recorded in
3 spatial directions by two 3D accelerometers fixed respectfully on the girder and the beam (Fig.5) and transferred to
the computer. A vibration test was done at all seven grades of the joint.

Differences in the vibration signals were noted in three directions: 0-1, 2-3 and 4-5. The highest values of PVCF
were obtained in the direction 4-5. NPVCF values, 5 repeated measurements and average, in 7 grades of joint stiffness
are shown in Fig.6. The vibration experiment confirmed that the differences in vibration signals occur due to loss of
the joint stifthess and the decrease of NPVCF values calculated from coaxial correlations reflect the grade of stiffness
loss in the joint of the timber beams stand.
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3.3. Discussion

Shear stiffness of the considered joint for grades 1-7 were analyzed according to the standard EN 1995-1-1 and
shown in Fig.7 (a) by the blue line. Shear stiffness of the joint is obtained on the base of the slip modulus, calculated
for the screws and the bolt according to EN 1995-1-1 (2004) and EN 26891 (2013). The shear stiffness of the screw
with a diameter of 4 mm and the bolt with a diameter of 8 mm were 1.61 and 2.58 N/m. Shear stiffnesses of the joint
were 61.8 and 10.3 N/m for the rigid and pinned conditions of the joint, correspondingly. It was shown that shear
stiffness for 1-7 grades of the joint stiffness decreased consequently with the grade. NPVCF values reduced to shear
stiffness and shown in the identical Fig.7(a) by red line had the same declining trend, but a different character with a
sharper decrease between grades 2 and 3. Changes of the experimentally determined rotation stiffness and the
respectively reduced NPVCF values by seven grades of the joint stiffness are shown in Fig. 7 (b). The patterns of the
changes of the reduced NPVCF and rotation stiffness coincided to a large extent.
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Fig. 7. (a) shear stiffness and corresponding normalized peak values of the correlation function for grades of stiffness 1-7 of the considered joint;
(b) rotation stiffness and corresponding normalized peak values of the correlation function for grades of stiffness 1-7 of the considered joint.

The study showed that the differences between NPVSF parameters calculated based on 3D coaxial accelerometers
correlation for the rigid, semi-rigid and pinned conditions of the joints enabled quantification and specification of the
joint’s shear and rotation stiffness. The proposed vibration analysis method of coaxial accelerometers correlation for
quality assessment of structural joints was successfully demonstrated for timber beam joints. Analysis of vibration in
3D space enables assessment of the stiffness of joints of planar structures in general cases. For quality assessment of
structural joints of spatial structures, the analysis of vibration in 6D space is preferable. It enables the evaluation of
shear and rotation stiffness in 6 degrees of freedom.

4. Conclusions

A vibration analysis method of 3D coaxial accelerometers correlation for quality assessment of structural joints in
three spatial directions was proposed. The method is based on the mathematical analysis of natural vibrations of
structural joints in 3D spatial directions using 3D accelerometers located at different parts of a joint and oriented
coaxially. The method enables the evaluation of the changes of the structural joint’s shear and rotation stiffness caused
by the damaging or degradation of the joint during exploitation.

The proposed method was experimentally tested on the timber T-joint in the rigid, semi-rigid and pinned conditions.
It was shown that the difference between the peak values of the normalized correlation functions obtained for the
rigid, semi-rigid and pinned joints enabled specification of the joints’ shear and rotation stiffness.
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Abstract

Structural health of joints plays an important role in the behavior of building structures. Structural Health Monitoring (SHM)
methods make it possible to investigate and keep under control the behavior of structural joints during the entire service life of
buildings. Choice of SHM methods depends on the material of the joined structural members, its loading case, joint’s structure
and stiffness. Since the beginning of the 21st century, many SHM methods have been developed to investigate the behavior of
structures using vibration analysis. Vibration analysis methods can identify possible damages of structures or structural joints due
to changes in frequency response, modal shape and damping. Methods based on vibration analysis are classified into two categories
- methods using ready-made mathematical models and methods that do not employ models. Current paper discusses various
vibration analysis methods for assessing a structural health of joints. Particular attention is paid to non-model based methods, as it
avoid the need for complex mathematical representations of models for specific investigation objects. In the context of the
development of vibration analysis methods for building structures, the authors propose the concept of a 3D coaxial acceleration
correlations to study the joints behavior in three-dimensional space.
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1. Introduction

Structural health of the building is determined by the structural health of its separate members and joints. Behavior
of structural members and joints should be carried under the control during the whole service life of the building.
Distribution of internal forces and deformations in structural members and joints depends on the joint’s stiffness. The
stiffness is the major parameter, which determines structural health of the joints and influences on the behavior of the
whole building. The joints are divided into the following groups according to its initial stiffness: pinned joints, semi-
rigid joints and rigid joints. Pinned joint does not transmit any bending moments and joined members have possibility
of free rotation in case if the friction forces are neglected. Semi-rigid joint transfers some bending moments by its sub-
members and connections and its behavior should be considered in global analysis of the whole buildings structure.
Members are rigidly connected to each other and fully transmit bending moments in the rigid joint. The moment-
rotation curve (Fig. 1 (a)), which describes rotation deformation by angle 0 as a function of the moment M, applied to
the joint, must be used to model the joint’s behavior (Sagiroglu et al. (2015), Chittiprolu et al. (2014), Faridmehr et al.
(2019), Baszen (2017)).

Joints of steel structures can be divided into the following groups depending on the types of joined steel members
(Fig.1 (b)): beams to columns joints (A); beams to beams joints (B); columns to columns joints (C); columns to
foundation joints (D).

A full-scale experimental test must be performed to obtain the moment-rotation curve, which describes rotation
deformation by angle 0 as a function of the moment M, applied to the joint. Relation of the joint to the certain group
is determined by the existing classification boundaries. The classification boundaries were devised to limit the error
to 5% for internal forces and 20% for deformations for steel structures (Sabatka et al. (2019), EN 1993-1-8 (2005)).
The changes of internal forces are insignificant in pinned and rigid region even if the stiffness changes 100 times and
changing rapidly in the semi-rigid region.

The object of the interest for non-destructive testing methods are rigid and semi-rigid joints. Increased internal
forces and deformations will develop in the structure if fasteners and details that provide the rigidity of the joint are
damaged or destroyed during the service life. Significant second order effects are formed in the steel structures as the
result of decreased joints stiffness (Faridmehr et al. (2019)). Therefore, the ability to check the stiffness of the joints
and to compare it with the initial stiffness is important. Semi-rigid and pinned beams to beams conditions of a joint
are investigated in the current study.

Choice of structural health monitoring methods depends on the material of the joined structural members, its loading
case, joint structure and stiffness. Vibration analysis methods make it possible to determine possible damages of
structures or structural joints due to changes in the frequency response, modal shape and damping. The methods based
on vibration analysis are divided into two categories - methods using ready-made mathematical models and methods
that do not employ models.
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Fig. 1. Groups of structural joints (a) according to its initial stiffness; (b) according to the type of steel members are joined.
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The aim of current investigation was to determine a structural joint’s stiffness as a function of the vibration
parameters of the structure. A non-model vibration analysis method of coaxial accelerations correlation was used. For
this, it was necessary to provide a measuring device with a description of its components and the main stages of
application of the proposed method. A stand was also developed and tested from steel beams with a semi-rigid
connection of variable stiffness was also developed and tested.

2. Methods for health monitoring of structural joints

The application of non-destructive testing (NDT) methods to assessing the quality of structural joints is largely
determined by the critical elements of the joints that perform the connecting function. For example, in welded joints,
the main determinants of the quality of the joint are the quality and defect-freeness of the weld itself. In bolted joints,
the quality of the assembly is determined by the quality of the bolts and the degree of their tightening, whereas in
adhesive joints, such an indicator is the quality of adhesion of the elements being fastened. Respectfully, NDT methods
in these cases are specific to key elements examined. So welded joints are checked by ultrasonic testing in a pulse-
echo mode using either a single-channel device, a phase array system, or the time-of-flight diffraction method (Ahmad
et al. (2018)). For NDT of adhesive joints, the echo-pulse method applying the analysis of ringing tones in multiple
reflections and the propagation of Lamb waves in plates were found suitable (Zeighami et al. (2009), Heller et al.
(2000)).

At the same time, there is a need for holistic methods that allow an integral assessment of the functionality of a
structural joint by a non-destructive way without specific addressing to its structural elements. Such methods,
traditionally attributed to the field of structural health monitoring (SHM) use mechanical impact on the joint as a
whole and recording the responses of the reactions from its structural elements. In this case, the impact levels can be
close to those at the operating conditions, including extremal ones, or be significantly lower, taking as an assumption
the linear behavior of the system. According to the way of exposure, the methods are subdivided into shock and
vibration modes using a short pulse impact or a continuous oscillation, correspondingly, and referring to dynamic
testing modalities both (Hanly (2016)). Both shock and vibration testing are historically acknowledged methods with
standardized guidelines for the measurement and evaluation of the effects on structures (ISO 4866 (2010)), and
dynamic testing procedures for investigation of building structures such as bridges (ISO 14963 (2003)).

Dynamic characteristics of structural systems highly depend on joint properties. Due to the complexity of joints, it
is highly difficult to describe dynamic behavior of joints with analytical models only. Reliable models are generally
obtained using experimental measurements. Frequency response function (FRF) of structures containing a set of
resonant peaks of natural frequencies, damping and mode shape can be obtained analytically or experimentally
allowing the calculation of the stiffness of the structure with certain limitations (Tol et al. (2012)).

All types of accelerometers, single and multi-axes electromechanical sensors, transforming energy of motion into
an electrical output are used to measure responses on shock and vibration. The advent of low-cost MEMS
accelerometers and open-source electronic platforms, such as Arduino, have facilitated the design of low-cost systems
suitable for modal identification and measuring natural frequencies and damping ratios in building structures,
including multi degree of freedom (DOF) systems (Varanis et al. (2018)). Dynamic behavior of big structures, such
as high-rise buildings, assessing its horizontal and vertical displacements and fluctuations is proposed to monitor by
differential global positioning systems (GPS) with a reference to a stationary GPS station [A9]. The experimental
technique used to determine the dynamic characteristics of buildings is based on records of low intensity oscillations
of the building produced by various natural factors, such as micro seismic agitation motions, city traffic, wind etc.
(Park et al. (2018)). In another option of vibration testing of building structures, reasonably accurate evaluation can
be frequently obtained by a simple technique such as floor response at a single point due to heel drop compared by its
testing effect with thorough modal analysis of multiple synchronous measurements with a transducers network (Dobre
etal. (2017)).

Application of multi-sensor accelerometer network, particularly two tri-axial accelerometers allowed for the
enhancement of damage indicator when the structure is perturbed sensors, laying the basis for the creation of an IoT
system for SHM (Nguyen (2020)). It was shown that multi-axis test was more representative of a true operational
environment. Thus 6 DOF testing system improved the traditional 1 DOF approach by a more representative stress
state in a test article during mechanical shock and vibration (Muttillo et al. (2020)). To monitor the 6-DOFstructural
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displacement with high accuracy, a vision-based displacement measurement system was proposed (Hoksbergen
(2013)). The system was composed of a uniquely designed marker and a camera, where relative translational and
rotational displacement between the marker and the camera was estimated by finding a homograph transformation.
Laser vibrometer, in which the natural resonance modes are measured excited by a shaker and measured using a laser
interferometer, is routinely performed in 2D for out-of-plane displacement patterns on vibrating structures, and, with
greater system complexity, in 3D for in-plane displacement measurements (Jeon et al. (2014)). Combining dynamic
SHM methods using ultrasonic guided waves and vibrations with static strain-based sensors and sensors for
environmental entities might yield a robust multi-sensor SHM approach based on data fusion (Castellini et al. (2006)).

In order to determine structural damage to structures, mathematical models are often used to help identify structural
damage and to help identify the location of the damage and the trends for further failure. However, it is not always
possible to use a modelling approach, as the structures being assessed can be complex interacting elements where it
is hardly possible to apply mathematical models.

In such cases, an alternative approach based on non-model methods of analysis may be appropriate. In this case,
non-model methods are used based on the analysis of experimentally obtained data to determine the correlations
between the measured parameters in order to identify patterns inherent in different types and intensities of damage.
The non-model approach is based on the use of numerical methods for processing the input data. The result is an
empirical model which can be linked to specific scenarios of structural components damage.

Non-model methods for analyzing assemblies and structures include methods for assessing the response of a
structure or assemblies exposed to vibration.

Current methods for evaluating vibration monitoring systems by non-model vibration analysis methods are
summarised below:

Non-model-based damage identification using measured mode shapes

Non-model-based identification using a continuously scanning laser doppler vibrometer system

Vibration based damage assessment technique based on damage index (DI) method

Vibration-based damage detection based on combination of multiple reference impact test and finite element
model

The next chapter describes a non-model vibration analysis method for correlating coaxial accelerations, a measuring
device with a description of its components and the main stages of applying the proposed method.

3. Materials and methods
3.1. Method of coaxial accelerations correlation for quality assessment of structural joints

A non-model vibration analysis method of coaxial accelerations correlation is proposed. The method is based on
the mathematical analysis of vibrations of structural joints in 3 spatial directions using 3D accelerometers, located at
different parts of a joint and orientated coaxially. Analysis of vibration in 3D space enables to test the stiffness of
joints of planar structures, such as a T-joint of the girder and additional beam. The developed measuring device and
its major components are shown on the Fig. 2 (a).

The method of verification comprised the following steps of data collection. A frequency sweep audio signal in a
wide frequency range from 10 to 500 HZ and a duration of 0.5 second was applied to the tested structure. The obtained
vibration record (Fig. 2 (c)) passed the Fourier transform and the maximum magnitude frequency of the spectrum was
selected. A new signal of the selected frequency was applied the next. Several measurements were recorded at each
condition of the joint stiffness.
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Fig. 2. (a) proposed measuring device with its major components; (b) electrodynamic actuator and it fastening on the steel beam; (c) vibration
record.

Vibration records were taken by two 3D accelerometers and the differences of the records were compared for all
three directions. Peak values of the cross-correlation function between the responses from the correspondingly
orientated pairs of coaxial accelerometers were determined and averaged. The data processing in the following stages:
processing of the correlation function between coaxial directions of accelerometers; determination of peak values of
correlation functions; averaging of peak values for same stiffness of the joint and directions; and normalization of the
values obtained in the previous stage from minimum to maximum in range from 0 to 100 %. SigView software of
SigTest (https://sigview.com) was used for processing the vibration signals. Normalized correlation function was
calculated as the final measurement outcome. Firstly, the convolution of two signal functions, the responses from
accelerometer 1 and accelerometer 2, were calculated. The peak value of the correlation function was determined as
the maximum modulo value for the resulting convolution. The peak values in each pair of the coaxial directions were
normalized by the maximum value in the experiment.

3.2. Description of investigated steel beams joint

A steel beam stand was used to verify the suggested non-model method of vibration analysis for SHM of structural
joints, where stiffness of structural joints was a function of vibration parameters of the structure. The steel beam
stand, consisting of the main and additional beams, joined together by the semi-rigid joint of a variable stiffness, was
the object of the investigation (Fig.3). Both beams have HEA 100 cross sections. Material was S355 strength class
steel. The beams were joined by a SRS bolt with the strength class 8.8 and a diameter of 8 mm. The stand was loaded
by a system of concentrated vertical forces that varied within a range from 0 to 10 kN. Each step of loading was equal
to 1 kN. The vertical loads were applied by adding of the steel pieces to the loading platforms. Three couples of
deflectometers and strain measuring devices were used to determine the experimental values of stresses and maximum
vertical displacements. Maximum vertical displacements and stresses were determined in positions I, II and III, which
are shown in the Fig. 3.

Two stages of the steel beams joint were considered in course of the statical experiment. Rigid joint was obtained
when the bolt was completely fixed by the maximum force added to the nut by torque wrench. The corresponding
torque moment was equal to 150 Nm. Pinned joint was created when the nut was deleted (Topcijs (2021)).
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Fig. 3. (a) steel beams stand, consisting of the main and additional beams; (b) semi-rigid joint with variable stiffness of the joint between the main
and additional beams; I, IT and III are positions, where stresses and vertical displacements were determined.

4. Results and discussion

4.1. Results of static loading

Static test of the steel beam stand was carried out to specify the static diagram of the stand and beams’ joint stiffness.
Experimentally and analytically obtained values of the maximum vertical displacements and stresses at all loading
stages are shown in the diagrams for position III (middle of the span of the girder) in Fig 3a. The values of the
maximum vertical displacements and normal stresses when the structure was loaded by the total vertical load of 10
kN are shown in Tables 1 and 2 for positions I, IT and III. The values are obtained for the case, when the joint of the
steel beams have it maximum stiftness and considered as a rigid one.

Table 1. Comparison of experimental and design values of the maximum vertical displacements.

Position Experimental maximum Design maximum vertical Difference A,  Difference A, %
vertical displacements, 102 mm  displacements, 10 mm 102 mm

I 15.25 14.10 1.15 7.54

11 31.00 29.90 1.10 3.55

I 39.50 37.80 1.70 4.30

Table 2. Comparison of experimental and design values of normal stresses.

Position ~ Experimental normal stresses, MPa ~ Design normal stresses, MPa  Difference A, MPa  Difference A, %

I 8.14 7.60 0.54 6.61
11 6.83 6.38 0.45 6.52
I 10.24 10.45 0.21 2.08

Comparison of experimentally and analytically obtained results enabled to conclude that considered joint could be
considered as the rigid one when the total value of the vertical load did not exceed 10 kN. The difference between the
experimentally and analytically obtained results was 6.61% for stresses and 7.54% for the maximum vertical
displacements. Results obtained for the pinned joint also showed high correspondence between the experimentally
and theoretically obtained values. The difference between the experimentally and analytically obtained results was
9.06% for stresses and 6.21% for the maximum vertical displacements. It enabled to conclude that considered variant
of the beams joint was the rigid one at the applied level of loading (Topcijs (2021)).
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4.2. Results of dynamic loading

Dynamic test of the steel beam stand was carried out to determine the structural joint stiffness as a function of the
vibration parameters of the structure. The joints stiffness was varied by the force of the nuts warping. The steel beam
joints stiffness was numerically valued by the maximum bending moment, which it could take up. The stiffness of the
joint corresponded to the values of torque moment varying during the experiment within a range from 0 to 150 Nm.
The value of the maximum torque moment equal to 0 Nm corresponded to the pinned joint.

The additional beam was vibrated by an electrodynamic actuator fixed on the edge of the additional beam (Fig.2
(b)). Vibration responses from two parts of the joint were recorded in 3 spatial directions by two 3D accelerometers,
accelerometer 1 on the girder and accelerometer 2 on the additional beam as shown in Fig. 4 (a), and transferred to the
computer. The differences in the vibration signals were measured in three directions: 0-1; 2-3 and 4-5. Normalized
correlation factor was calculated according to the procedure described in 3.1. The maximum correlation factors in
three coaxial directions 0-1; 2-3 and 4-5 were indicators of the structural joints stiffnesses. The obtained dependencies
of the normalized correlation coefficient on the bending moment are shown in Fig. 5. The obtained dependence is non-
linear and the largest increase of the correlation factor was stated for torque moment within a range from 0 and 50 Nm.
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Fig. 4. (a) layout diagram of accelerometers at the investigated joint; (b) accelerometer placement at the joint.
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Fig. 5. Torque moment as a function of the maximum coaxial correlation factors in direction 0-1; 2-3; 4-5.
5. Conclusions

Non-model vibration analysis method for health monitoring of structural joints was proposed and experimentally
tested using a steel beam stand. The experimental results obtained on the rigid and pinned joints adequately describe
the results of analytical calculations.

Structural joint stiffness was determined as a function of the correlation factor determined based on measured
natural frequencies. The stiffness of the joint corresponded to the values of torque moment, varying during the
experiment within a range from 0 to 150 Nm. The direct relationship was found between the correlation factor and the
stiffness of the joint. The higher correlation factor corresponded to the larger stiffness of the joint. The obtained
dependence is non-linear, and the largest increase of the correlation factor was stated for torque moment within a
range from 0 and 50 Nm.
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Abstract: Failure of joints can lead to structural collapse. It is vital to monitor joint stiffness during
operation to prevent such failures. This paper proposes a novel method for the quality assessment of
structural joints using coaxial correlation in 6D space. Coaxially placed 6D sensors on either side of
the joint implemented by 3D accelerometers and 3D gyroscopes with wide frequency range, automatic
synchronisation between the input signal and receivers and response signal averaging are presented.
The root mean square (RMS) value from the obtained signals convolution is proposed as a measure
of the similarity between two signals for monitoring joint degradation. The method’s effectiveness
was tested on steel beam splice connection, where it was found that the RMS of convolution signals
in 6D space showed a direct correlation between the calculated RMS value in X, Y, GX, and GY axes
directions and the stiffness grades of the joint. The paper concludes that the nature of the RMS during
the degradation of the joint may change in different axes, and wrongly chosen axes may lead to
wrong conclusions regarding the state of the investigated joint, especially in the case of complex
joints, so that the measurements in 6D provide higher reliability of the result interpretation.

Keywords: non-destructive test; dynamic response; structural joints; coaxial accelerations; structural
health monitoring; splice connection; vibration test; convolution; time domain; moment-resisting joint

1. Introduction

Structural failures in building structures are often attributable to the failure of the
structural components connecting the structural elements. Such failures of the structural
units can occur due to a loss of strength or buckling of their elements resulting from
decreases in their parameters during operation or design errors [1]. One of the most
devastating examples of such structural failures is the collapse of the roof of the Maxima
shopping centre in Riga, Latvia, in 2013. The cause of the accident was traced back to the
failure of the assembly joint of the bottom chord of a trapezoidal steel truss, which served
as the main load-bearing structure for the roof. The consequences of the roof collapse and
the fault joint leading to the accident are depicted in Figure 1.

This is just one example of the importance of joints and the global impact on the
whole structure. Therefore, it is essential to ensure that the joint stiffness corresponds to
the designed level during operation [2,3].

A joint’s stiffness directly impacts the distribution of internal forces and deforma-
tions within a structure [4]. Joints can be classified as pinned joints, which are a more
conservative solution since the beams are designed for higher bending moment values, as
the moment is not transmitted through the joint, and moment-resisting joints. Moment-
resisting connections are connections between structural members that are designed to
transfer bending moment between them. They are commonly used in multi-story buildings,
bridges, and industrial facilities where the structure is subject to high horizontal or lateral
loads. The design of moment-resisting connections involves ensuring that the connection is
strong and stiff enough to transfer the bending moment without excessive deformation or
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failure. In steel structures, moment-resisting connections are often achieved through the
use of welded or bolted connections.

Figure 1. Deadly store roof collapse due to the failure of the metal joint.

Bolted connections can be designed as moment-resisting connections by using high-
strength bolts and plates with sufficient thickness and stiffness to transfer the required
bending moment. However, bolted connections generally have lower stiffness and strength
compared to welded connections and are more prone to fatigue and failure over time due to
cyclic loading [5]. Welded connections, on the other hand, can provide higher stiffness and
strength compared to bolted connections, and are often preferred in situations where high
loads and bending moments are expected. After the Northridge earthquake in California in
1994, where welded connections showed inadequate performance, bolted connections have
been deeply studied [6-8], increasing the popularity of combination of welded and bolted
moment connections, such as bolted end-plate connection, extended end-plate connection,
flange plate moment connections and others, which can offer high ductility with good
ability to dissipate energy, which is essential in the case of seismic or cyclic loading, as well
as high quality and prompt assembly [6,9].

The inspection and maintenance during steel structures operation is required for
the moment-resisting joints as the redistribution of moments decreases as the joint loses
its stiffness, leading to higher internal forces and significant second-order effects [10].
Therefore, the moment-resisting joints are of interest for non-destructive testing (NDT)
methods and it is essential to check the existing stiffness of the joint and compare it with
the initially designed stiffness.

The vibration method is a commonly used non-destructive technique [11]. Vibration-
based techniques for identifying damages in joints is a constantly evolving and advancing
field, with new methods and technologies being developed and continuously tested.

Generally, the non-destructive quality control vibration method involves three pri-
mary stages [12]. The first stage involves applying vibrations to a specimen using special
equipment, such as modal impact hammers or advanced shakers, depending on the desired
frequency range or ambient vibrations [13,14]. In the second stage, the vibrational response
of the specimen is measured using either contact sensors, such as accelerometers [15], or
noncontact sensors, such as laser doppler vibrometers. Several emerging technologies, such
as fibre-optic sensing and wireless sensor networks, are also being developed to enable
real-time monitoring of joint health and detect any changes in its condition [16-19]. Finally,
in the third stage, the obtained data from the second step is processed to identify changes
and characterise the system.

There are many different approaches to processing the data obtained. One of the
common techniques is the use of frequency response functions (FRFs) to identify changes
in the dynamic behaviour of the joint, which can indicate the presence of damage [20-23].
FRF of a linear mechanical system is defined as the Fourier transform of the time domain
response divided by the Fourier transform of the time domain input [24]. Other techniques
involve using wavelet transform analysis instead of Fourier analysis, which makes it
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possible to analyse dynamic behaviour in the signal, so that is a powerful tool for use in
artificial intelligence and machine learning algorithms to process vibration signals and
identify damage patterns in the joint [25,26]. Another approach involves the estimation
of changes in the dynamic properties of the specimen, including vibration frequencies,
damping ratios, and modal shapes, by using either experimental modal analysis (EMA) or
operational modal analysis (OMA) [22,27-30].

This paper proposes a novel method for assessing the quality of structural joints using
coaxial correlation in 6D space, which involves the use of 6D sensors with a wide frequency
range, automatic synchronization, and response signal averaging to measure joint stiffness.
The proposed method for quality control of moment-resisting structural joints involves
exciting the structure with a known input signal and measuring the structure’s response
by using a pair of coaxially positioned sensors. The sensors are symmetrically placed on
either side of the joint, aligned with its axis. The post-processing by correlation of obtained
measured responses is made to predict the damages in the joint. The proposed method
was verified for bolted splice connection between IPE 80 steel beams. It is a commonly
used and easily accessible parallel flange I section that allows focusing on the evaluation
of joint degradation using a simple, relatively lightweight, and effective moment joint
model for the laboratory test. The chosen joint solution is specifically selected because of
its simplicity and the ease of simulating the degradation of a moment-resisting joint in
laboratory conditions. This is accomplished by reducing the stiffness of the joint through
the loosening of bolts. The verification aimed to determine the relationship between the
correlation of measured specimen responses and joint stiffness to verify the proposed
method’s concept and evaluate its effectiveness for assessing structural moment-resisting
joint degradation in steel beams.

2. Materials and Methods
2.1. Improved Coaxial Correlations Method for Structural Joints Quality Evaluation

The proposed method for evaluating the degradation of the structural joint was shown
promising results in the case of T-type joints, where two beams are joined at right angles to
each other, forming a T-shape, both for timber and steel structures [31,32]. However, the
first version of the method for evaluating the quality of structural joints, which involves
using an electronic testing system and mathematical analysis of the recorded data, as
described in [31,32], also had several shortcomings. For example, there was an insufficient
frequency range of the used sensors, the possibility of measurements only in 3D space,
inconvenience related to the manual handling of multiple repeated measurements, and the
need for strong input signals.

The electronic system’s first improvement involves using 6D sensors implemented
by MPU-9250, which contains a 3-axis gyroscope and a 3-axis accelerometer. Three-
dimensional gyroscopes consist of three independent vibratory MEMS rate gyroscopes,
which detect rotation about the X, Y and Z axes. The analog-to-digital converter (ADC)
sample rate for 3D gyroscopes is programmable from 8000 samples per second. The ADC
sample rate for 3D accelerometers is 4000 samples per second. The 16-bit resolution of the
ADC device has been used, which provides that each sample can take one of 216 possible
values, ranging from —32,767 to 32,767. The 16-bit resolution of the ADC device allows for
a high level of precision in the digital representation of the signal amplitude.

Based on Nyquist theorem [33], also known as the sampling theorem, the sampling
frequency must be at least twice the maximum frequency of the original signal to reconstruct
an analog signal from its sampled digital representation accurately:

fsampling 22X finput,maxz (1)

where fsampling is the ADC sample rate, the number of samples per second; finput,max 1S
the highest frequency component of the sampled signal. Therefore, the frequency range
for 3D accelerometers is 0 Hz to 2000 Hz, and for 3D gyroscopes it is 0 Hz to 4000 Hz. It
has been hypothesised that 6D sensors can describe the state of the joint more fully, which
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would be especially important in the case of complex joints. The second improvement is
the introduction of automatic synchronisation between the input signal and the receivers,
as well as the use of the averaging method, which made it possible to significantly decrease
the influence of the noise in the measurements of the structure’s response and made it
possible to use even weak excitation signals for measurements. It is suggested to use at
least 16 scans for significant (four times) improvement in the signal-to-noise ratio [34]. The
improved electronic testing system is shown in Figure 2.
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Figure 2. Scheme of the improved proposed electronic system with its major components.
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The enhanced system includes 6D sensors with a wider frequency, and a custom-built
board instead of the previously used Arduino board. The custom-built board contains the
STM32 microcontroller family based on the ARM Cortex-M processor architecture. These
microcontrollers combine high performance, low power consumption, and a wide range of
integrated peripherals and features, making them suitable for a wide variety of embedded
applications. For a signal generation, Pulse Width Modulation (PWM) with a low pass filter
is integrated into the custom-built board. In this way, a powerful technique for controlling
the parameters of the generated signal is obtained, as it allows for precise and efficient
control. A low-pass filter removes the high-frequency components and smooths out the
signal. PWM is a method of controlling the power delivered to a load by modulating the
width of a pulse of constant amplitude and frequency. By changing the duty cycle of the
pulse, the effective voltage or current delivered to the load can be varied [35-37].

An electrodynamic actuator was used to generate an input signal as a short impulse.
The electronic system provides measurements taken in six-dimensional space using two
6D sensors, coaxially positioned on the beams on either side of the joint. A crucial aspect in
placing the sensors and the electrodynamic actuator is ensuring the sensors’ symmetrical
positioning on both sides of the joint and aligned with its axis. Electronic system improve-
ments allowed processing response signals from a wider frequency range and simplified
the data collecting process. The impulse is sent many times, and the response data F1
and F2 from the first and second sensors are collected and averaged. Averaged data is
saved for further post-processing, and the procedure is repeated for the medicated object
of investigation.

The signal analysis software package with a wide range of powerful tools and statistics
functions, SIGVIEW, is used to post-process collected data. The processing of the collected
data F1 and F2 in the time domain includes:

1.  Remove the constant offset from F1 and F2 by subtracting the signal’s mean value
from all the amplitude values. The result is a signal with a mean equal to zero;

2. Make the normalisation of concatenated pairs of responses F1 and F2 to ensure a
mutual comparison of the obtained data under the conditions of the experiment with
artificial degradation of the connection;

3. Choose the frequency range in which the object’s behaviour under study will be
observed based on the spectrum analysis;

4.  Split the filtered concatenated signal into two signals, F1* and F2*;
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5. Convolve the obtained normalised pairs of signals F1* and F2* from both sensors to
characterise the degree of similarity between the two signals.;

6.  Determine the root mean square (RMS) value from the obtained signals convolution
as a measure of the similarity between two signals.

Schematically, the post-processing process is shown in Figure 3.
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Figure 3. Post-processing scheme of the collected specimen raw response data F1 and F2 from the
first and second sensors to the processed specimen response signals F1* and F2* for their further
similarity comparison by convolution and RMS.

The obtained step six parameter RMS is proposed for monitoring the system’s condi-
tion during operation as a reference point using determined parameters at the initial stage,
with an approved design stiffness condition of the system.

2.2. Verification Approach

The steel beam specimen with splice connection was prepared (Figure 4) to check
the possibility of damage detection of bolted splice connection by coaxial accelerations
correlation.

ELECTRODYNAMIC
ACTUATOR

SENSOR 2

SENSOR1

Figure 4. Prepared steel specimens with different numbers of bolts, placement of sensors and
electrodynamic actuator, and the axis of the specimen.

The investigated steel specimen consisted of S355 strength class parallel flange I
section IPE 80 steel beam elements with dimensions according EN 10365, where the height
is 80 mm, the width is 46 mm, the web thickness is 3.8 mm, the flange thickness is 5.2 mm
and the root fillet radius is 5.0 mm. A total length of the specimen is 600 mm that had
been halved and joined using two metal plates with dimensions of 46 mm x 300 mm
and thicknesses of 8 mm. One metal connector plate is positioned on the top face and
the other on the bottom face of the specimen. The connection between the steel beam
and steel plates was established using 8.8-grade M8 bolts. The positioning of holes for
bolts is adopted following the requirements of the Eurocode EN 1993-1-8 of minimum and
maximum spacing and end and edge distances for bolts. Since shear resistance of the bolts
is decisive, the distance between the bolts is not essential and is not assumed as a variable
for this test. The joint was investigated using varying numbers of bolts—16, 12, 8 and 4. In
the case of 4 bolts, the bottom metal connector plate was removed. The degradation of a
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connection during operation has been artificially characterized by unbolting the bolts and
removing the metal connector plate. Structural joint degradation can occur due to factors
such as loosening of the bolts and/or corrosion. The order of unbolting was as follows: first,
the 4 bottom bolts were unbolted, 2 edge bolts on each side of the joint; second, the 4 top
bolts were unbolted, and 2 edge bolts on each side of the joint; finally, the last 4 bottom
bolts were unbolted, and the bottom metal plate was removed.

Unbolting bolts allowed adjustments to the joint’s stiffness to be made and analysed
using the proposed coaxial correlation method. During the experiment, constant support
conditions for the specimen are provided: simply supported (roller-roller) on vibration-
absorbing supports with a span of 500 mm.

The structural joint model is created using 3D modelling software Tekla Structures in
accordance with the European standard EN 1993-1-8, which outlines the general principles
and rules for designing joints in steel structures. Once the joint model is prepared, it is
exported from Tekla Structures to IDEA StatiCa and analysed using the finite element
analysis (FEA) method.

To accurately model the joint, both the webs and flanges of connected members as well
as metal connector plates are modelled using 4-node quadrangle shell elements with nodes
at each corner. The size of the finite elements varies from 5 to 10 mm, and the meshing is
done automatically. Fasteners, such as bolts, are modelled using special FEM components.

The steel joint is analysed using a nonlinear, elastic-plastic material model. After
conducting the calculations, the maximum value of the bending moment that the specimen
can withstand is determined. In this case, with all 16 bolts, in a three-point bending
configuration, the specimen is treated as a simply supported beam with a span of 500 mm.
Based on the calculations, the maximum value of the bending moment that the specimen
can absorb is determined to be equal to 4.75 kNm.

The vibration load was generated by an electrodynamic actuator mounted on one end
of the beam coaxially to the X-axis of the specimen. The structure’s response was measured
in three directions, namely, X, Y, and Z (see Figure 4), using two 3D accelerometers and
around three axes, namely, GX, GY, and GZ, using two 3D gyroscopes, thus providing
6D space measurements. Next, 6D sensors 1 and 2 were coaxially placed on the beams
on either side of the beam splice connection. The process of specimen testing is shown in
Figure 5. The obtained signals were transmitted to a computer with corresponding software
for further processing.

Figure 5. The process of specimen testing.

3. Results and Discussion

The vibration tests were conducted to assess the effectiveness of the coaxial acceleration
correlation technique in detecting changes in joint stiffness in steel beam splice connections.
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In order to simulate a reduction in joint stiffness, the bolts were gradually unbolted. These
tests aimed to confirm whether the technique could accurately identify variations in joint
stiffness. The results of the tests provided valuable insights into the method’s performance
and potential applications in structural joints.

The averaging function was applied to response records from coaxially placed 6D
sensors to obtain accurate data. This function helped minimise the effects of external noise
or vibration on the measurements. The collected response records in 6 different axes for
specimen with 16 bolts are summarised in Figure 6. The values on the y-axis in Figure 6
represent the amplitude of the signal data received from the ADC device. These values
are not physical units, but rather arbitrary units used to represent the signal amplitude.
The ADC device converts the continuous analog signal into a discrete digital signal by
sampling it at specific intervals and assigning numeric values to each sample. Each sample
represents the amplitude of the signal at that specific point in time, and the numeric value
assigned to it is a measure of the amplitude of the signal. In the case of the sound card,
each sample has a value between —32,767 and 32,767, which represents the maximum and
minimum amplitude of the signal that can be recorded with 16-bit resolution.

F1 from sensor 1 F2 from sensor 2

2000 [ 2800 [
s
L 2400 [
% gggg T '\Q'}) 2200 [,
2 BF 2 amf
= 1800 [ = 1800
X [ o 1800
£ o I | I g oo | | | | | | . .
< 1200 = L L i L < 1200 &=
0.07 014 021 028 0.07 014 021 028 035 0.42 049 0.56
time, s time, s
350 |
200 [ 2001
s E@F o HF
et 100 [~ < 70 I
2 50 2 0
vy = 0 = -
a =50 [ Q. -0
g  -100f g 200 T I ] T ) ) T H
< 150 Ik ' ' ' ' ' ' | ' < =
007 014 021 028 035 042 049 056 007 014 021 028 035 042 049 056
time, s time, s
| 360
200 270 [
180 [
5 s ] 90 -
5 200 5 0
= £ -0
= -s00(” = 180"
Z = [ Q. 270
g 600 & 360
1 1 ! 1 I I 1 1 450 = L L 1 L 1 L 1 L
< 800 007 014 021 028 035 0.42 0.49 056 < 007 014 021 028 035 042 049 056
time, s time, s
640 -80
560 -120
() 480 [} =160
i 8 =
B 240 E :g;g
GX & o, 320
E o] L I | I | I I I E 2 ; ; ; 1 ; . : |
< ¢ 007 044 0 028 0.35 042 0.49 0.56 < 0 007 014 021 028 035 042 049 056
time, s
300
200
% %} 100
0
2 2 -0
£ = 20
GY & S, -300
g g -4
L 1 L 1 -500 1 L 1 1 1 1 1 1
< ) 007 014 021 028 035 042 049 056 < 007 014 021 028 035 042 049 056
time, s time, s
600 [
w o 400
g T 20
= = 0
GZ & o [
g E 0]
< 2 i i L i i i L i 2 I L I I I I L I
0 007 014 021 028 035 042 049 056 [) 007 014 021 028 035 042 049 056
time, s time, s

Figure 6. Collected response signals F1 and F2 for the specimen with 16 bolts in 6 axes, where the
y-axis represents the amplitude of the signal in the arbitrary units assigned by the ADC device to
each sample and x-axis represents the duration of the signal in seconds.
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Amplitude

Amplitude

12,000~

4000 [~

After removing the constant offset from F1 and F2, the signals are concatenated in the
new signal and normalised. Based on the spectrum analysis (Figure 7), which represents
the amplitude of the signal at each frequency component, the region of second pronounced
peak is selected for further analysis. Infinite Impulse Response (IIR) filter with band-pass
from 1200 Hz to 1800 Hz is used. The amplitude units on the y-axis of the spectrum are
dependent on the units of the original signal recorded by the ADC device. As the original
signal was recorded in arbitrary units, then the amplitude units of the spectrum are also in
arbitrary units.

Amplitude

— 2
Ao s uai 1 A
300 600 900 1200 1500 1800

Frequency, Hz

Figure 7. Fast Fourier transform spectrum for specimen with 16 bolts obtained from F1 in X-axis
direction, which represents the amplitude of the signal in arbitrary units at each frequency component.

The split signals F1* and F2* after the IIR filter are shown in Figure 8.

-4000 [~

-8000 [~

-12000

-16000 =

Time, s

1 1
077 084 091 098 1.05 112 1.19
Time, s

Figure 8. Processed response signals F1* and F2* for the specimen with 4 bolts, where the y-axis
represents the amplitude of the signal in the arbitrary units assigned by the ADC device to each
sample, after signal pairs normalisation ranging from —32,767 to 32,767 and x-axis represents the

duration of the signal in seconds.

Obtained product of convolution in the X-axis direction, which combines the pair of
signals from both sensors and characterises the degree of similarity between two signals
for four grades of joint stiffness, is shown in Figure 9.
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Figure 9. Convolution of two X-axis measured and processed signals F1* and F2* for splice connection:
(a) with 16 bolts, (b) with 12 bolts, (c) with 8 bolts, (d) with 4 bolts.

As can be seen from Figure 9, as the degree of joint degradation develops, its convo-
lution shape changes. The representation of the convolutional signal becomes noisier as
the joint degrades. As a convolution is integral that expresses the amount of overlap of
one signal as it is shifted over another signal, it can be argued that as the joint degrades,
the similarity of response signals from coaxially placed sensors on each side of the joint
decreases. Quantitatively, this change can be expressed by the RMS of the convolution
signal. RMS values of signals F1* and F2* and their convolution as a percentage from the
corresponding maximal value are summarised in Figure 10.

100 . _
90 :
80
70
60
50
40
30
20
10
0

[ Convolution

R

RMS, %

[— b

16 12 8 4
Number of bolts

Figure 10. Calculated root mean square (RMS) values for response signals F1* and F2* in the X-axis
direction and its convolution for different grades of joint stiffness as a percentage from the RMS
maximal value of corresponding signal.

It can be seen from Figure 10 that the RMS of sensors’ signals cannot provide a
sufficient description of the joint stiffness grade. In the case of sensor 1, the difference
between RMS for the joint with 16 bolts and 12 bolts is equal only to 0.6%. In the case of
convolution of two coaxially collected signals, the RMS of convolution clearly shows a direct
correlation between the calculated RMS value and the stiffness grades of the steel beam
splice joint. The sensitivity of this parameter to changes in stiffness is high enough to be safe
for a joint stiffness evaluation. These findings suggest that the coaxial correlation method
with RMS of convolution signal can be used as indicators of joint stiffness in steel beam
splice connections, providing valuable insights into the behaviour of these connections.
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Figure 11 summarises the RMS values of convolution signals in 6D space. For the
investigated type of splice joint, the RMS of convolution shows a direct correlation between
the calculated RMS value and the stiffness grades of the joint in the X, Y and GY axes
directions. In the GX axis, the obtained difference in RMS value for joints with 12, 8 and
4 bolts are not so pronounced for convenient and certain evaluation of joint stiffness. In
the Z-axis direction, the increased RMS value was reached at a higher degree of joint
degradation when the bottom metal plate was removed, and only the top 4 bolts were left.
In the GZ axis, direction obtained data is not informative.

100.0 - -
90.0 =
80.0 -
70.0 mXx
= 60.0 @Y
g 50.0
2 100 8z
30.0 mGX
20.0
0.0 oGz
16 12 8 4
Number of bolts

Figure 11. Calculated root mean square (RMS) values for convolution in 6D space for different grades
of joint stiffness as a percentage from the RMS maximal value in corresponding axis direction.

So, it can be concluded that the nature of the RMS during the degradation of the
joint may change in different axes. If, in the case of simple joints, it is possible to predict
which axes are better to investigate, then in the case of complex joints, wrongly chosen
axes may lead to wrong conclusions regarding the state of the investigated joint. Therefore,
the relationships obtained with the simple splice joint considered in this work confirm the
usefulness of 6D measurements and increase the reliability of the interpretation of quality
assessment of structural joints.

4. Conclusions

The novel method of coaxial correlation in 6D space for quality assessment of moment-
resisting structural joints, including a system response analysis method with coaxially
placed 6D sensors on either side of the joint and electronic system, is proposed. The improve-
ments of the initial version of the coaxial correlation method provide the possibilities of:

e Determining linear accelerations and angular velocities, thus providing a measurement
option in 6D space;

e Analysing at frequencies higher than 500 Hz, which is essential to ensure the possibility
of studying the prototype of the structural joint in laboratory conditions;

e Processing data in the time domain thanks to synchronisation between the input signal
and system responses;

e  Using even weak input signal thanks to averaging system response.

The developed approach of collected data post-processing using convolution signals
from both sensors makes it possible to estimate damage or degradation of the structural
joint during its operation both visually by changes in the appearance of the convolution
signal and also quantitatively by the suggested RMS value. Measurements in 6D space
provide the reliability of the result interpretation. Mostly direct correlation between the
calculated RMS values of convolution signals and the stiffness grades of the structural
joint is obtained during the verification of the proposed method. It means that as the
stiffness of the moment-resisting structural joint decreases, the similarity of the response
signals from both sides of the joint also decreases. The results obtained from testing the
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proposed method on a simple model with a bolted joint demonstrate that the method can
be effectively used to assess the quality of moment-resisting joints. Moreover, this method
shows promise as a solution for assessing more complex joints, as well as welded joints.
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Abstract: With the growing popularity of timber structures, the requirement for reliable and non-
destructive methods to assess the quality and condition of structural joints becomes increasingly
essential. A novel coaxial correlations method is investigated to assess the degradation of panel-to-
panel moment joints in timber structures. The method involves analysing the response data obtained
from accelerometers placed on both sides of the joint and comparing the readings to evaluate
the joint’s condition. A specific joint solution to simulate the degradation of the moment joint in
laboratory conditions is selected based on its simplicity and the ease with which its degradation can
be simulated. The joint consists of angle brackets joined with timber screws and bolts to plywood
panels. Gradually unscrewing the timber screws reduces the joint’s stiffness to simulate wear and
tear over time. The experimental setup includes static loading and finite element modelling (FEM)
to determine the rotational stiffness of the investigated joint at each degradation level. A dynamic
experiment using vibration loading with sweep signal in the frequency range of 10 Hz to 2000 Hz is
conducted to assess the quality of the joint. The conducted research provides valuable insights into
the behaviour of timber panel-to-panel connections. The findings highlight the relationship between
joint stiffness, vertical displacements, and the proposed dimensionless parameter, volume root mean
square value (RMS, ), which offers a more comprehensive assessment of the joint’s condition in three
spatial directions. As a result of the research, it has been established that, in the case of linear-type
connections, unlike point-type joints, there is a possibility of signal scattering, so it is recommended
that power comparisons and evaluations of the response signals from both accelerometers at the
initial stage of applying the coaxial correlations method are performed.

Keywords: non-destructive test; dynamic response; structural joints; coaxial accelerations; structural
health monitoring; timber structures; vibration test; rotational stiffness

1. Introduction

Timber structures have gained significant attention recently due to their sustainable
and environmentally friendly nature [1-3]. Buildings and construction account for ap-
proximately 40% of global energy consumption and contribute 33% of greenhouse gas
emissions [4]. With the growing interest in sustainable construction practices, timber has
emerged as a viable alternative to conventional building materials. Timber offers numerous
advantages, such as a low carbon footprint, renewable resource availability, and aesthetic
appeal [5,6]. As a result, the use of timber in construction has witnessed a resurgence, with
an increasing number of multi-story timber buildings being designed and built [7,8].

However, ensuring timber structures’ structural integrity and long-term performance
presents unique challenges [9,10]. Timber is susceptible to various degradation mechanisms,
including moisture, fungal decay, and mechanical damage, which can compromise strength
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and stiffness [11,12]. Therefore, the quality control of timber structures is of the utmost
importance to ensure their safety, durability, and reliability throughout their service life.

Traditionally, quality control in timber structures has relied on destructive testing meth-
ods, which involve extracting samples or subjecting the structure to load tests until failure.
While these methods provide valuable information, they are invasive, time-consuming, and
expensive. Moreover, destructive testing is not feasible for in-service structures or those
with complex joint configurations.

Non-destructive quality control methods have emerged as a promising alternative
to overcome these limitations. Non-destructive testing (NDT) techniques allow for the
evaluation of structural conditions without causing damage to the timber elements or
the overall structure [13]. NDT methods enable timely and cost-effective assessment of
civil engineering structures, facilitating preventive maintenance, timely repairs, structural
health monitoring, and the determination of the residual resources of buildings [14,15].

Various techniques have been employed to evaluate timber structures in the field of
non-destructive quality control. These techniques include visual inspection, ultrasound
testing, infrared thermography, acoustic emission, resistography, moisture-content tests,
vibration-based methods, and others [16-20]. Each technique offers unique advantages
and limitations, and their effectiveness depends on factors such as the type of defect,
accessibility, and the size and configuration of the timber elements.

Among the non-destructive techniques, vibration-based methods have gained promi-
nence due to their sensitivity to changes in stiffness and dynamic characteristics of the
structure [14,21-23]. Vibration-based methods involve exciting the structure with a known
input signal and analysing the response to extract information about its stiffness, damping,
and natural frequencies. By monitoring changes in the structure’s dynamic behaviour, it
is possible to identify defects, degradation, and changes in the mechanical properties of
timber elements.

A growing interest has recently arisen in developing non-destructive quality control
methods tailored explicitly for timber structures [24,25]. Researchers have focused on
investigating the behaviour of timber connections, which play a critical role in the overall
performance and stability of timber structures [8,11,26,27]. The stiffness of a joint directly
influences how internal forces and deformations are distributed within a structure [28,29].
The joints in timber structures are typically classified as pinned or moment joints (Figure 1).
Understanding the degradation mechanisms and evaluating the condition of timber con-
nections is essential for ensuring the safety and reliability of the entire structure.

f
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Figure 1. Joints of timber structural members: (a) pinned joint, (b) moment joint.

This study presents a novel non-destructive evaluation method, the coaxial correlations
method, for assessing the degradation of panel-to-panel moment joints in timber structures.
By incorporating static loading, finite element modelling (FEM), and dynamic vibration
testing, the authors aim to simulate and assess the behaviour of panel-to-panel moment
joints under varying degradation levels.

The proposed method offers several advantages over existing techniques, compre-
hensively assessing the joint’s condition in three spatial directions. Using vibration-based



Buildings 2023, 13, 1929

3o0f11

methods combined with numerical modelling enhances the understanding of the joint’s
stiffness, displacements, and the proposed dimensionless parameter, volume root mean
square value (RMS,)). These findings contribute to more accurately evaluating the quality
and integrity of panel-to-panel moment joints in timber structures.

Overall, this study contributes to the growing body of research on non-destructive
quality control methods for timber structures and provides valuable insights into the
behaviour of timber connections. By offering a non-invasive and efficient approach to assess
the quality of structural joints, the coaxial correlations method can potentially improve
the safety and durability of timber structures, thus promoting their wider adoption in
sustainable construction practices.

2. Materials and Methods
2.1. Choice of the Object of Investigation

This study focused on simulating real timber structure connections without destructive
testing methods [30]. A panel-to-panel moment joint consisting of steel angles joined
with timber screws and bolts to plywood panels was carefully selected as the subject of
investigation. This joint solution was chosen for its simplicity and the ease with which
the degradation of a moment-resisting connection in timber multi-storey buildings can be
replicated under laboratory conditions. By loosening bolts, we can effectively reduce the
joint’s stiffness and emulate the behaviour during the degradation of a moment-resisting
joint, such as the wall-to-floor panel connection in timber multi-storey buildings.

The objective was to create a versatile joint configuration capable of absorbing a wide
range of bending moments, allowing for various adjustment possibilities. The experi-
ment involves designing and fabricating a specialised testing stend specifically tailored
to simulate the behaviour of multi-storey timber floor structures at various degrees of
joint degradation. This stend incorporates the selected adjustable panel-to-panel moment
joint (Figure 2). The range of adjustment possibilities allows us to evaluate the joint’s
performance under various loading conditions, making the findings more applicable to
diverse timber construction scenarios. This approach of simulating joint degradation by
loosening bolts eliminates the need for destruction and provides a controlled and replicable
environment for studying joint behaviour over time.

The stend consists of two Riga Ply plywood panels of grade IV according to EN 635-2
with dimensions of 1250 mm x 400 mm and a thickness of 18 mm and additional timber
supports. Riga Ply, produced by Latvijas Finieris Group, comprises 13 cross-bonded birch
veneer layers. Additional timber supports play a vital role in ensuring the stability of
both the vertical plywood panel and the vertical support under the free-end connection of
the horizontal plywood panel. The timber supports provide the possibility to represent
investigated connection as analogous to the connection between a wall and floor panel in
a larger structure. By incorporating the additional timber supports, the stend is fortified
against unwanted movements that may arise due to its relatively small size. These sup-
ports effectively minimise potential structural instabilities, making the stend more robust
and reliable.

The experimental setup includes two types of connections shown in Figure 2a: a free-
end connection (B) and a panel-to-panel moment joint (A). The free-end connection allows
for the vertical (Z-axis) and longitudinal (X-axis) movements of the plywood panel while
preventing transversal (Y-axis) movements with steel plates on both sides of the connection.
The moment joint is made of angle brackets with dimensions 70 mm x 55 mm x 2 mm,
and Fortis-produced fasteners—timber screws and bolts following the European stan-
dard EN 1995-1-1, which outlines the general principles and rules for designing joints in
timber structures. Angle brackets produced by Arras CF are one-piece non-welded three-
dimensional nailing plates designed for use in timber-to-timber connections. Used angle
brackets are made from pre-galvanised steel DX51D + Z275 according to EN 10346:2015,
with a steel yield strength of at least 250 MPa and tensile strength of at least 330 MPa. The
angle brackets are placed in two rows at the top and bottom of the horizontal panel, with
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6 pieces on each side. M2.5 timber screws with a length of 15 mm are used to fasten each
row of angle brackets to the vertical plywood panel. We use 8.8-grade M10 hexagon head
bolts with thread up to the head, a tensile strength of at least 800 MPa, and a yield strength
of at least 640 MPa to connect the angle brackets and the horizontal plywood panel. The
total amount of used fasteners is 9 timber screws per one steel angle row (18 timber screws
in total for investigated connection) and 6 bolts.

MI10 bolts step-by-step removal
total 6 pcs A M2.5 timber screws

[‘ AV \
__ permanent | "\ 2mmclearance
M2.5 timber screws

(©) (d)
Figure 2. Investigated object: (a) stend for modelling semirigid panel-to-panel structural joints of
multi-storey buildings, where A is the investigated moment joint of plywood panels, B is a free-end
connection of a horizontal plywood panel, and TS are additional timber supports used to ensure
stability and reduce unwanted movements of the stend; (b) free-end connection of horizontal plywood
panel; (¢,d) investigated moment joint of plywood panels.

The structural joint considered during the current study is the moment one which
can take up the bending moment. The load-carrying capacities of the considered joint are
defined by the parameters of the strengthening details and fasteners by their amounts.
The degradation of the connections during the structure’s service life is simulated by the
unscrewing of timber screws on the top row of steel angles and measurement, thereby
simulating the wear and tear of the connection over time. The assumption is that there
is a functional relationship between the connection joint’s stiffness and the structure’s
vibrational characteristics.

2.2. Evaluation of Stiffness of Investigated Joint Using Static Loading

To determine the stiffness of the investigated joint at each degradation level, the static
loading of the stend and its modelling based on the finite element method are carried
out. The panel-to-panel moment joint degradation process was modelled by changing the
number of screws in the angle brackets row at the top of the horizontal panel from 9 to
0 under a static load equal to 151.8 kg. Zero timber screws on the top row of angle brackets
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represent the case when the investigated connection cannot carry the bending moment, and
the horizontal plywood panel is simply supported. The loading was carried out by adding
steel pieces with the weight changing within limits from 17 kg to 21 kg. The placement of
the steel pieces during loading is shown in Figure 3.

(b)

Figure 3. (a) The placement of the steel pieces during the loading of the stend; (b) the numerical

model of the panel-to-panel structure with modelled screws.

Numerical models of the investigated joint were developed with the structural analysis
program RFEM. This part of the investigation is the determination of the rotation stiffness
of the investigated joint at various degrees of joint degradation by calibrating a numerical
model to further determine the relationship between the joint’s stiffness and the structure’s
vibrational characteristics. The failure stage of the investigated connection is not of interest.
Only the linear behaviour of materials is investigated. The orthotropic elastic material
model was used for plywood elements, and the linear elastic material model was used for
modelling angle brackets and fasteners.

There were two unknown characteristics of the investigated joint to be deter-
mined—the mean elastic modules of the plywood and the joint’s rotational stiffness during
the modelling, so the two models have been developed differently. The surface type finite el-
ement with rectangular mesh and a target length of 0.02 m was used to model the plywood
panels for both developed models. This mesh size provided accurate results (reducing
the mesh fineness did not change the results significantly) and good calculation speed.
During the first modelling approach, angle brackets were modelled using surface-type
finite elements and the fasteners were modelled using beam elements as full pipe profiles.
The number of fasteners corresponded to the real assembly for each degradation grade.
The modulus of elasticity of the plywood was determined via the iterative calibration of the
numerical model with laboratory experiment data. The joint degradation was simulated
via the step-by-step deletion of timber screws at each new iteration. A total of 10 bolt
variations were tested for each load (starting with a non-degraded assembly with 9 timber
screws in the top row of the angle brackets to a fully degraded assembly without timber
screws in the top row of the angle brackets).

During the second modelling approach, the panel-to-panel connection was modelled
using a line hinge function (without modelling fasteners separately) with a defined value
of the joint’s rotational stiffness. Using the iterative calibration of the developed second
approach model with laboratory experiment data, the rotational stiffness of the moment
joint was determined for each degradation step.
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The maximum vertical displacements of the horizontal panel were determined with
laboratory testing using the mechanical deflectometers with a precision of 0.01 mm and
numerical models developed in the software RFEM 6 version 6.01.0019.

2.3. Coaxial Correlation Method for Structural Joint Quality Evaluation

The evaluation method proposed for assessing the degradation of structural joints
has demonstrated promising results, particularly in the case of two beams joining at right
angles both for timber and steel structures [31,32] and steel beam slip connections [33].

A dynamic vibration-based experiment was conducted to evaluate the quality of the
timber panel-to-panel moment joint during its degradation. The coaxial correlation method
involved generating a signal using specialised software, transmitting the signal through an
electrodynamic actuator, capturing the signal with accelerometers placed on both sides of
investigated joint, and analysing the differences in the readings to assess the condition of
the joint. The experimental setup included an electrodynamic actuator, which produced
signals in the frequency range of 10 Hz to 2000 Hz, and two sensors capable of measuring
6D acceleration.

The experimental procedure involved running the sweep-type signals with a duration
of 0.5 s in the frequency range of 10 Hz to 2000 Hz applied to the end of the free supported
horizontal panel in direction Z according to Figure 4, checking the signals’ compatibility
with the accelerometer’s range, saving the appropriate signals, simulating degradation
via the step-by-step removal of timber screws from the upper row of connections, and
repeating the experiment until no fasteners remained in the upper row.

Figure 4. (a) The coaxial placement of the accelerometers Al and A2 on either side of the investigated
timber joint; (b) the electrodynamic actuator for generating sweep signals; and (c) the custom-
built board.

The structure’s response is measured in three spatial directions: X, Y, and Z, using
two 3D accelerometers. The signal is initially detected with an accelerometer A1 affixed to
the horizontal element (as a reference point) and subsequently with an accelerometer A2
affixed to the vertical element (Figure 4). The accelerometer readings correspond precisely
to an idealised scenario where the joint is perfectly rigid. However, suppose the joint
undergoes loss of rigidity during operation. In that case, the accelerometer readings will
deviate (indicating energy absorption by the compromised joint), enabling conclusions
to be drawn regarding the joint’s condition. The obtained signals are transmitted to a
computer for further post-processing (Figure 5).

It was concluded in the previous study [33] that the nature of the root mean square
(RMS) during the degradation of the joint may change in different axes, and wrongly chosen
axes may lead to wrong conclusions regarding the state of the investigated joint, especially
in the case of complex joints. During this study, the data post-processing process described
in [33] has been enhanced and simplified by introducing one parameter for evaluating joint
degradation in three directions at once, thus obtaining a more complete picture of the state
of the joint. The proposed dimensionless parameter is obtained using the equation which
calculates the volume root square value (RMS,):
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RMS,; = \/ RMS; + RMS;, + RMS; 1)

where RMSy, RMSy, and RMS, are RMS values from the processed signal convolution as a
measure of the similarity between two signals in directions X, Y, and Z, correspondingly.

] Remove
A= F 1
Concatenate
g Remove l § N
offset 7]
« €

Figure 5. Post-processing scheme of the collected specimen raw response data F1 and F2 from the Al

Convolution

Normalisation

and A2 accelerometers to the processed specimen response signals F1* and F2* for further similarity
comparison using convolution and root mean square (RMS).

In addition to the newly introduced parameter, the evaluation of the joint with the
proposed coaxial correlations method was carried out under a loaded stand of 151.8 kg.

3. Results and Discussion

In the framework of static loading with 151.8 kg, ten measurements were made by
removing one timber screw from the joint model at each stage. The numerical model, in-
cluding the modelling of each screw in the investigated joint, was validated with laboratory
experiment data. The results obtained for the stend modelling panel-to-panel moment joint
are given in Table 1.

Table 1. Vertical displacements and rotational stiffness obtained via static loading and numeri-

cal models.
Screws Displacement, mm Difference, Rotational Stiffness of the Investigated Joint Obtained

Nr. Number Uexp UFEM,1 % by the 2nd Numerical Model, [kNm X rad—1 x m~1]
1 9 17.85 18.3 2.46 8.60

2 8 17.83 18.5 3.65 8.30

3 7 18.10 18.6 2.69 8.00

4 6 18.61 18.9 1.56 7.40

5 5 19.30 19.1 1.05 7.00

6 4 19.90 19.7 1.02 6.10

7 3 20.63 20.6 0.15 4.70

8 2 21.73 209 3.95 4.30

9 1 22.99 21.4 7.43 3.80

10 0 24.48 239 2.43 1.53

The modulus of elasticity of the plywood was estimated at 6800 MPa by comparing the
maximum vertical displacements of the stend horizontal panel obtained via the laboratory
experiment (Uexp) and the first-type numerical model (upgy;,1) with modelled fasteners.

The rotational stiffness of the investigated moment joint for the stages differed with the
number of screws determined by the second-type numerical model, in which the studied
joint is remodelled as a linear support. The rotational stiffness of the linear support is
determined iteratively based on the displacements obtained in the laboratory experiment
and the modulus of elasticity obtained via validation of the first-type numerical model. The
obtained rotational stiffness of the moment joint is used for its quality assessment using the
coaxial correlation method.

The post-processing of collected raw response signals F1 and F2 from the Al and
A2 accelerometers includes the removal of offsets. As a result, signals with a mean value
of zero are obtained. As a next step, both signals are concatenated to save the scale
relationships between two signals in the same axis direction. The concatenated signal pairs’
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normalisation is completed to further compare the signal pairs in all three directions. The
signal pairs after normalisation in the X, Y, and Z directions are shown in Figure 6.

i asa —— —

Figure 6. Normalised signal pairs from both accelerometers Al and A2 in directions X, Y, and Z.

The signal pairs are split after normalisation to the F1* and F2*. The similarity compar-
ison of the obtained signals F1* and F2* is made with the RMS of the signals’ convolution
in three directions and by determining the proposed dimensionless parameter—volume
root mean square value. Obtained volume root square values are given in Table 2.

Table 2. RMS of signals’ convolution in three directions and proposed volume root mean square

parameter.

Nr. Screws Number RMS, RMSy RMS, RMS,
1 9 1.5739 4.2289 6.0235 7.5262
2 8 2.5188 2.7883 6.3096 7.3437
3 7 3.7834 2.2017 8.3543 9.4316
4 6 1.0254 3.8577 2.9503 4.9636
5 5 0.9018 5.4463 13.9686 15.0199
6 4 2.6823 5.8421 17.5589 18.6986
7 3 4.7522 4.2519 23.3603 24.2150
8 2 0.9565 4.3896 23.1195 23.5519
9 1 2.2475 4.2156 24.4985 24.9599

10 0 7.4473 4.4542 24.5854 26.0720

Figure 7 describes the obtained behaviour of the joint during its degradation. As
can be seen, a decrease in moment joint rotational stiffness increases maximal vertical
displacements and the proposed parameter—volume root mean square. RMS,; shows the
changes in the joint more clearly than maximal vertical displacements. For example, when
the joint rotational stiffness decreases by two times, the maximal vertical displacement only
increases by 22%, while the RMS, | increases by 213%.

B RMSvol

Ou

@ stiffness

0 1 2 3 4 5 6 7 8 9

Screws number

Figure 7. Calculated volume root mean square (RMS,|) and experimental displacements (u) and
rotational stiffness of the investigated joint values for various grades of joint degradation as a
percentage from the RMS,}, u, and stiffness maximal values.

On the one hand, the dependence between the proposed parameter RMS,,; and
joint stiffness is obtained. On the other hand, it is the opposite compared to the direct
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relationships obtained in the previous research [31-33]. The physic-mechanical clarification
of the increased RMS,,; with the degradation of the joint stiffness can be explained with the
configuration and type of the investigated joint. Figure 6 shows a significant difference in
the power of the collected response signals from both accelerometers Al and A2, indicating
signal scattering in this kind of panel-to-panel connection. The transmitted signal is
dispersed in multiple directions in the horizontal panel due to various factors, leading
to signal degradation in the vertical panel, measured with A2. During the loss of joint
stiffness, the horizontal panel becomes more free and can be more exposed to vibrations
from the input signal. Based on this, the response signal of the horizontal panel measured
with Al increases in its power and can lead to an overall increase in the RMS of both signals
from A1 and A2 convolution.

4. Conclusions

The coaxial correlation method, which includes the processing of response data from
coaxially placed accelerometers on either side of the joint, is applied to assess panel-to-panel
moment joint degradation in timber structures. The dependence between the proposed
new dimensionless parameter, volume root mean square value (RMS,,), and the joint’s
rotational stiffness is obtained during the research. The following results and conclusions
are obtained and made:

e There is a clear relationship between joint stiffness, vertical displacements, and the
RMS,, parameter, as well as the RMS,,| parameter more sensitively reflecting changes
in the joint’s condition compared to maximal vertical displacements.

e In the case of the input signal as a sweep signal in the frequency range of 10 Hz to
2000 Hz and the placement of the accelerometer pair symmetrically on either side of
the joint, aligned with its axis, an inverse correlation between the calculated RMS,;
values of convolution signals and the panel-to-panel moment joint rotational stiffness
is obtained.

e  The reason for the opposite direction of the relation mentioned above can be sig-
nal scattering.

e The changes in the RMS,,) parameter can be used for monitoring the system’s condi-
tion during operation as a reference point using determined parameters at the initial
stage, with an approved design stiffness condition. But, it is recommended that, at the
stage of the reference measurement, it should be determined whether the input signal
is well transferred through the joint by comparing the power of the response signals
from both sides of the joint of interest to save a more user-friendly interpretation of
the results.

The obtained findings provide valuable insights into the behaviour of timber panel-to-
panel connections and offer a non-destructive method for assessing the quality of structural
joints. This investigation aims to approve the conception of the existence of the dependence
between RMS,, and joint degradation level, and additional research is required to adopt
the proposed technique for on-site non-destructive testing.
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ABSTRACT

Time reversal acoustic (TRA) focusing allows concentration of elastic energy at a location in the soil being investigated
to detect landmines. The TRA process is conducted by broadcasting a wide bandwidth signal and recording the surface
vibration by a Laser Doppler Vibrometer (LDV). The system impulse response from speaker to the LDV output can then
be computed by cross correlating the original and recorded signals for each channel. Each transducer re-radiates the time
reversal impulse response. This provides efficient focusing of the seismic wave in both space and time, thus enhancing
the nonlinear effects associated with soil and landmine vibrations. Using orthogonal initial signals the suggested TRA
procedure can be implemented simultaneously with multiple transmitters to increase the scanning speed. The nonlinear
effects were investigated using a phase inversion method where the TRA signal is broadcast a second time with an
opposite sign and the two received signals are added in post processing. The summed signal contains mainly the results
of nonlinear wave interaction and tends to cancel the linear response. Small scale land mine detection experiments were
conducted using a laser Doppler vibrometer and an array of speakers in the frequency band 50-500Hz. They
demonstrate that the TRA system provides high concentration of elastic wave energy in the tested area. The
measurements of spectral density of the TRA focused signal reveal increased spectral density in the vicinity of mine
resonance frequencies. The nonlinear TRA phase inversion method shows higher contrast between mine and no mine
than the linear TRA method.

Keywords: land mine detection, Time Reversal Acoustics, nonlinear acoustics

1. INTRODUCTION

Acoustic and seismic waves provide a method to localize landmines in situations where ground penetrating radar,
electromagnetic induction, and conventional methods are unsuccessful. This is especially true for plastic mines since the
material differences between the soil and landmine is great and the mine is compliant. The mine’s compliance causes
large surface vibrations in the vicinity of the mine that one can use for mine detection and localization [1-4]. Another
localization technique processes surface waves reflected from the mine due to the impedance differences [5-6].

Concentrating seismic wave energy in time and space using principles of Time Reversed Acoustics (TRA) [7-8] can
overcome disadvantages of current acoustic and seismic methods [9-13]. Seismic waves, produced by a speaker or
shaker propagate outward from the source through a multi-path environment. While airborne sound propagates relatively
unencumbered over the ranges of interest, it suffers significant attenuation when coupling into seismic modes. Seismic
propagation as body and surface waves is subject to layer effects [14] and attenuation at moderate to high frequency
levels. In either case, only a small part of the radiated acoustic or seismic energy reaches a mine. If the source is placed
several meters from the mine, the amplitude of the mine vibration could be too small to distinguish a mine using linear
methods or to produce nonlinear acoustic effects. Time reversal processing increases the seismic energy in the region
under interrogation. The technique creates signals with appropriate delays to ensure that seismic and airborne arrivals
from multiple sources are in phase in a soil region at approximately the same time.

Detection and Remediation Technologies for Mines and Minelike Targets XI, edited by
J. Thomas Broach, Russell S. Harmon, John H. Holloway, Proc. of SPIE Vol. 6217,
62171B, (2006) - 0277-786X/06/$15 - doi: 10.1117/12.673714
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First investigations of application of wide frequency signals for TRA seismic wave excitation were published in [12, 13].
Previous experiments on TRA land mine detection were conducted using tone burst signals that occupy a narrow
frequency band. Since the mine resonance depends on the type of mine, soil, and mine burial depth [2-4] fine frequency
steps would be required to ensure that the optimal frequency is excited, ultimately resulting in time consuming
measurements. TRA is capable of focusing seismic waves with a wide frequency spectrum in order to determine a
mine’s frequency response. Thus the linear soil surface response indicates the presence of a mine with increased
amplitude near the resonant frequency.

Seismic measurements of landmines are often confounded with naturally occurring surface vibration levels due to clutter
and inhomogeneous soil. Separation of the landmine response may be possible by taking advantage of the nonlinear
elastic characteristics of the mine provided these are distinguished from soil nonlinearities [15-20]. Traditionally, the
nonlinear acoustic method utilizes the excitation of two sinusoidal waves at slightly different frequencies. These waves
interact with the soil and top surface of the mine, producing different vibration frequencies than the ground near the
mine. This method demonstrated the ability to detect plastic antitank and antipersonnel mines.

The time reversal technique is especially effective for nonlinear measurements since it can focus energy in time and
space. The nonlinear response near landmines is generally proportional to the linear amplitude squared; therefore one
desires high amplitude linear signals to generate the nonlinear components. In the landmine detection scenario we would
like to measure the nonlinear response in the vicinity of the mine, but not nonlinearities associated with the loudspeakers
or the soil propagation path. Equal amplitude vibration can be generated at the measurement point with lower source
drive levels using time reversal than when traditional excitation is used Thus a lower drive signal reduces undesired
nonlinear components associated with the propagation path.

This paper presents results of TRA focusing of acoustic and elastic waves on the ground surface for landmine detection.
The technique takes advantage of the temporal signal compression to achieve high vibration amplitudes that will excite
nonlinear components in the soil.

2. PRINCIPLES OF TIME REVERSAL FOCUSING OF SEISMIC WAVES
The functional elements of the time reversal system include an array of loudspeakers which couple energy into elastic

waves in the soil. A vibrometer measures the soil surface at one point and the measured signal is processed using a
specially designed system to increase the level of excitation.

Laser Doppler > - -
Vibrometer TRA processing unit
/ A 4
=) Audio power amplifier
.
St

Figure 1. Setup illustrating the TRA focusing of acoustic and seismic waves.

The present work used two different types of excitation signals to measure the system response: linear frequency sweeps
that permit channel by channel measurements and orthogonal sets that permit simultaneous measurement of all channels
[13, 27]. Both of the signals contain frequencies in a range of 50-500 Hz. The soil vibration measurements from these
measurements are used to approximate the impulse response from each loudspeaker to point of measurement on the soil
surface. The impulse responses are then time reversed and rebroadcast through the appropriate loudspeaker.
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2.1 Wide Band TRA Methodology

The method of time reversal used in this work is essentially a form of match filtering where an approximation of a
system impulse response is broadcast through the real system. The impulse is initially flipped in time, so the process of
playing the signal through the real system is a physical correlation. The linear system is described here for wide band
frequency signals.

Step 1. A wide-bandwidth initial signal e () is sent to each speaker sequentially. A variety of wide bandwidth signals

can be used for land mine detection and a review of these signals is presented in [21] and further discussed in section 2.2.

Step 2. A laser Doppler vibrometer records surface vibration for each loudspeaker. The measured signal can be
represented as

v () =e()®h (1) M

Where 7, (f) is the system impulse response between the electrical signal applied to speaker number & and the output of

the LDV; and ® indicates linear convolution. This direct signal is cross-correlated' with the radiated signal resulting in
a short pulse, ¢ ().

5, (0 =V, ()@ e(-1) @
The signal approximates the system impulse response, /,(¢), but has frequency content scaled by the frequency content of

the radiated signal. This can be shown by considering the cross-correlation of the received signal and the source signal
in the frequency domain:

S, (@)= E()H,(0)E (o) ©)

Where E(®), Hi(w), and Si(®w) are the Fourier spectra of an initial signal e(i), transfer function /4(?), and cross
correlation of the received signal and radiated signals Sx(?) respectively. For an initial signal with constant spectral
density in the frequency band of interest E(@) = E, for @, < ® < @, , the cross correlation of the received signal is

proportional to the system impulse response.

Sy (@)= E H, (). “

Thus the system impulse response in a limited frequency band can be approximated in the time domain as hk ).

(%)

Step 3. The approximate system impulse is time reversed and normalized, channel by channel for all loudspeakers. The
normalization maintains the same peak amplitude for all radiated signals. The prepared signals have the form

_ Sk (tdulul\r' B t)
O = s, (0] ©

Where #gejqy is an arbitrary delay chosen to ensure causality.

Cross correlation is presented in equations as a linear convolution with a flipped signal, which is an equivalent expression.

Proc. of SPIE Vol. 6217 62171B-3



Step 4. A second measurement records the surface vibration py(?), produced by broadcasting the time reversal signals
k() over all loudspeakers simultaneously. The measured signal associated with loudspeaker & can be expressed as

D) =r(O®h (1) @

Since the TRA signals are applied simultaneously to all loudspeakers the total response is a superposition of the
individual responses.

P =31, (O®h, (1) @®

The spectrum of the surface vibration is approximately proportional to the square of the impulse function
spectra, P, (@) = H, (@)H, (@) . Thus the final response for one channel will have preferentially excited natural

resonances of that system and will emphasize the mine resonances. When multiple loudspeakers are utilized the spectral
response will be a summation of all channels’ spectral responses including the mine’s resonances. We expect that the
impulse responses will reflect the mine’s resonances the same for all speakers.

2.2 TRA focusing with orthogonal signals

Two types of source signals were used to measure the systems’ impulse responses. A linear frequency sweep is an
obvious choice, but requires that the impulse response be measured sequentially for each loudspeaker. Alternatively, the
initial broadcast signals can be radiated from all speakers simultaneously by choosing an orthogonal set of signals, this
quickens the measurement time [13]. Folegot describes these signals in detail [27], but they are conceptually presented
here without rigorous mathematical detail.

Each source signal consists of a combination of equal amplitude sinusoidal components with random phase. They differ
in that each signal has unique frequency content making them orthogonal to all other channels. This is achieved by
creating a comb structure of frequency components that does not overlap the other signals being used. The result is a set
of K noise-like signals that can be broadcast simultaneously from the sources. The orthogonal signal set, ey(?) (&=1:K),
are broadcast simultaneously through the loudspeakers thus the first vibration measurement is a superposition of all
sources.

K
S =, (N®h (1) (10)
k=1

After measurement, the individual impulse responses are separated by cross-correlating the received surface vibration
signal with each loudspeaker signal. For example, the impulse response associated with loudspeaker / is the cross-
correlation between the measured vibration and the radiated signal e(?).

5,(0) =5, Oe/(=1)= i[ek O ®e, (=D] hy (1) an

k=1
The utility of orthogonal signals is that the cross correlation between different orthogonal signals is close to zero.

e, () ®e, (1) = nll) k1 (12)

Where n(t) is noise that is small in comparison to contribution from the auto-correlation.
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e, (N®e,(—)~ EXS5(t,) k=1 (13)

Where O(t5) is a delta function provided the spectral content is broadband. In practice a finite bandwidth results in a

finite width pulse instead of a true delta function. Substitution of (12) and (13) into (11) results in an impulse response
similar to (5), that can then be utilized as in steps 3 and 4 in the preceding section.

2.3 The principle of nonlinear phase inversion method

One nonlinear acoustic method of land mine detection utilizes the excitation of two frequency waves, which interact with
the top surface of the mine, producing a difference vibration frequency than that of the excitation [15-20]. The
disadvantages of this method are connected with limited frequency range of excited waves that may not match the mine’s
resonance. Sweeping of the excitation frequencies addresses this problem at the cost of extended measurement time.

This paper investigates an alternative method of nonlinear measurement, the phase-inversion method, using a wide
frequency band signal [23-26]. This method was initially proposed for ultrasonic imaging of microbubbles (contrast
agents) in medical ultrasound. Bubbles have distinguishable resonance and nonlinear properties similar to that of mines.
If bubbles are insonified simultaneously at two frequencies, f; and f 5, then the backscattered echo will contain spectral
content at the sum and difference frequencies, as well as higher order terms [23]. By filtering around the nonlinear
components, the backscatter from bubbles can be isolated from tissue backscatter. Since the nonlinear characteristics of
bubbles are several orders of magnitude greater than tissue, these methods can be used to enhance contrast between
bubbles and tissue.

The idea behind the phase-inversion method is that the linear portion of a signal is cancelled leaving nonlinear terms for
analysis. In this implementation two time reversed pulses are sent out in sequence, the first, 74(f) , with a sign opposite
that of the second, -7(1-T), where T is the period of the signal. The linear vibration response from each of these signals
is recorded producing a response PyAf) and -py(f) respectively, as described by (8). As a result the two linear

responses at the measurement point will have opposite signs and shifting the second signal back by 7 and summing will
cancel the response.

The nonlinearity of the system leads to distortion of the recorded signal. In the case where quadratic nonlinearities
dominate a sign change will not produce cancellation. Thus the actual sum of the two received signals is

P =P + Dle, ()] +[- P,y + O(—e, (1))] (14)

where the function ®(e, (f)) represents the nonlinear part of the surface vibration. In the absence of nonlinearities, the

sum of the received signals is close to zero. In the presence of nonlinearities, the amplitude is proportional to the level of
nonlinearity in the tested medium. This method has a higher sensitivity than the conventional methods of nonlinear
detection because it takes into account nonlinearities at a variety of frequencies. Additional advantages of this method
are that a high amplitude short pulse can be produced at the measurement region of interest while limiting the nonlinear
contributions from the propagation path.

3. EXPERIMENTAL SETUP AND SIGNAL ILLUSTRATIONS

At the center of the experimental setup is a prototype Artann Labs TRA system. This component is responsible for the
time synchronization of 8 channels of output and 1 channel of input data acquisition. It is controlled via Ethernet from a
laptop computer running proprietary software that facilitates the measurements described above. Additional hardware
includes: eight channels of audio amplification from commercial surround sound amplifiers, eight Audiobahn 12 inch
loudspeakers, a Polytec Laser Doppler Vibrometer CLV-1000, one microphone and preamplifier (Tube Ultragain 100),
and a signal generator BNC625 that was used for calibration of the TRA system.
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Figure 2. a) Block diagram of the system components: 1) TRA system, 2) power amplifiers, 3) speakers, 4) Laser Doppler
Vibrometer (LDV), 5) microphone preamplifier, 6) signal generator used for calibration, b) ¢) pictures of the experimental setup for
TRA focusing, and (d) anti personal landmine used in the experiments presented here.

The experiments were performed in sand and soil containing clay, sand, small rocks, and fine organic matter. A VS-50
antipersonnel mine was buried at a depth of 2 cm unless otherwise stated and surface vibration measurements were taken
in positions directly above as well as adjacent to the mine. A mine has little influence on soil surface vibration
measurements acquired a diameter of more away from the mine unless a defined effort to excite and process for surface
waves in undertaken [5]. Thus when we reference a “no mine”” measurement this implies a soil measurement taken at
least a diameter distance from the mine.

The tests with linear frequency sweep signal (LFS) were conducted according the sequence of steps described above and
examples are given in Fig. 3. A windowed LFS, e(?), is broadcast sequentially from each loudspeaker, Figs. 3a and 3b,
and the resultant surface vibration, v,(?), is measured for each loudspeaker, Fig. 3c. The surface vibration measurement
is then cross-correlated with e(?) resulting in an approximation of the system impulse response in the excitation
frequency band, 50-500Hz, Fig. 3d. The impulse response is then time flipped and scaled, 7(?), to maximize the useable
dynamic range of the digital to analog converter for subsequent broadcast, Fig. 3e. Finally, the prepared signals are
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broadcast from all loudspeakers simultaneously producing a pulse soil vibration response. This response is shown twice
in Fig. 3f; the second is a response to the phase inverted broadcast of the TRA signals. Variations of the spectra of the
TRA focused signals are presented in later sections for mine and no mine conditions.

3.1 Experiments with linear frequency sweeps
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Figure 3. Examples of signals used during the TRA experiments: a) e(?), the initial linear frequency sweep; b) E(w), its spectrum; c)
Vi (2), surface vibration measurement recorded by the LDV corresponding to speaker &; d) s; (2), system impulse response estimate
based on cross-correlation of v; (¢) and e(%); e) r(t), the time reversed signal for subsequent broadcasts; f) p,,(?), two surface vibration
measurements resulting from the broadcast of r4() simultaneously from all loudspeakers the second pulse has opposite sign.
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Figure 4. Examples of signals associated with TRA experiments using
orthogonal signals: a) ey(?), an initial signal; b) Ei(w), its spectrum; c)
zoom of spectra of two orthogonal signals; d) comparison of the central
pulse of the auto-correlation of e,(?) to that of the auto-correlation of the
LFS signal; e) auto-correlation of e4(?) shown with a solid line and the
cross-correlation of ex(?) and e,(¢) where k # / shown with a dashed line; f)
sk(?), the cross-correlation of the recorded soil vibration, v (), and a source
- signal ey(?); 2) pwi(), the pulses received after time reversal based on the
LFS signal and the orthogonal set of signals.
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3.2 Experiments with orthogonal signals

Multiple orthogonal source signals, as opposed to one signal, permit simultaneous measurement of all system impulses
simultaneously. The comb frequency structure of two of these signals is illustrated in Fig. 4. A byproduct of correlating
these signals is the appearance of multiple pulses outside of the central region of interest. These byproducts will be
windowed out during processing of the measured signals leaving only the pulse like nature of the auto-correlation and
the low amplitude noise associated with cross-correlation. The auto-correlation function’s central pulse is similar to the
auto-correlation function of LFS chirp as shown in Fig. 4d, as a result when one of the orthogonal source signals is cross-
correlated with the soil response the impulse response estimates, Fig. 4f, are similar to that measured with the LFS
signals, previous shown in Fig. 3d, with exception to the byproduct pulses. Experiments then produce results similar to
that illustrated in Figs. 3d and 3f.

4. SPECTRAL DENSITY OF TRA FOCUSED SIGNALS DUE TO MINE PRESENCE

It is well known that surface vibrations are higher in the vicinity of a mine than in surrounding soil regions [1-4]. Fig. 5
presents examples of direct LFS signals and two TRA focused signals recorded for positions with and without a mine.
This figure illustrates that the amplitude of soil vibration directly above the mine is nearly twice that without the mine.

50dir1. FLW 60dir1 FLW
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Figure 5. Measurements of the soil vibration for an individual loudspeaker system response using a LFS excitation a) with mine and
b) without mine. The system response to the TRA focused signals from all loudspeakers ¢) with mine and d) without mine.

Spectral density was used as a means of characterizing the energy of the soil vibrations much like its use in underwater

acoustics [28]. The soil spectral density of the initial broadcast and TRA focused response (time windowed from 140-
190 ms) are presented in Fig. 6.
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Figure 6. Spectral density of the soil surface with a buried VS-50 mine and without. a) Direct response from one channel of
excitation and b) using the TRA focused signals.

5. RESULTS

5.1. Measurements and spatial distributions of linear and nonlinear TRA focused signals

Section 2.3 describes the nonlinear phase inversion method that sums two TRA focused signals broadcast with opposite
phases. The linear portions cancel and leave an indication of the quadratic nonlinearities. The examples of summed
signals measured above the antipersonnel mine and without a mine are presented in Fig. 7. The normal TRA focused
signals for these cases are presented in Figs. 4 and 5. The spectral density of the summed signals shows the largest
contrast occurs between 500-800 Hz. This band roughly corresponds to the second harmonics of the radiated signals
shown in Fig. 6. The nonlinear spectral differences between the mine and no mine conditions are larger than the linear
spectral differences of the TRA focused signal in Fig. 6.
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Figure 7. Nonlinear responses generated by summing TRA phase inverted signals a) above the VS-50 mine, b) without the mine, and
¢) spectral density.

The nonlinear responses to the TRA signals provide a higher contrast comparing mine to no mine than the linear
response. Fig. 8 shows the spatial distribution of the linear and nonlinear TRA responses. To generate this data the TRA
signals were focused on each measurement point independent of previous measurements. In other words the procedure
outline in section 2.1 was repeated along a line passing above the antipersonnel mine.
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Figure 8. The spatial distribution of soil vibration along a line passing above the antipersonnel mine. a) Linear TRA focused signal
and b) nonlinear response of the TRA signal.

5.2 The amplitude dependencies of nonlinear generated signal

The experiments demonstrate that nonlinear TRA response variations due to the presence of a mine are greater than the
linear response differences. To investigate the relationship between linear and nonlinear responses the TRA broadcast
amplitudes were decreased incrementally to the noise floor. This technique was performed for a variety of mine burial
depths at the same physical location and using a new set of TRA focused signals for each depth. The tests were
conducted for the antipersonnel mine VS-50 buried in soil and sand.

The dependency of the nonlinear TRA amplitude on the linear amplitude is presented in Fig. 9. The TRA linear
amplitude is the peak to peak amplitude of the TRA temporal response. The nonlinear amplitude is calculated by
summing the normal and phase-inverted TRA signals, band pass filtering from 500-1100Hz, and selecting the peak to
peak amplitude. Fig. 9 shows that the relationship between linear and nonlinear response amplitudes is quadratic once
the amplitude of the signals exceeds the noise floor. While this relationship holds for different burial depths and soil
types the variations in the offset parameter are not entirely understood and will be investigated in future work.
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Figure 9. The nonlinear TRA response as a function of the linear TRA response for a VS-50 antipersonnel mine at various depths in
a) soil and b) sand. The dotted line shows a quadratic dependence (4,,,, ~4 i)
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6. CONCLUSION

Land mine detection experiments were conducted using a time reversed acoustic focusing system. This system of
hardware and signal processing is capable of focusing wide bandwidth seismic and acoustic energy at a target location in
both time and space. By using orthogonal source signals, the system impulse responses between multiple sources and a
receiver can be measured simultaneously thus reducing the overall measurement time associated with sequential source
broadcasts.

The nonlinear response of the target region can be measured using the TRA method of phase inversion. In this case the
linear response cancels in post processing leaving the nonlinear response. This response is predominantly influenced by
the large amplitude region where the linear signals are focused making it an ideal tool for measuring the mines nonlinear
response as opposed to the nonlinear response of the transmission system. This method provides the higher contrast for
mine/no mine comparisons than the linear method.
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Abstract—This work is devoted to an experimental study of
the thermal stability of a multichannel timing system with
picosecond precession. The main area of application of the
observed multichannel synchronization system is satellite laser
ranging (SLR) stations with several pulsed radiation sources.
The possibilities of multichannel measurements will
significantly increase the accuracy of measurements and open
up new opportunities for scientists working in satellite
positioning, synchronization, geodesy, etc. The concept of the
developed multichannel system, including the proposed
synchronisation method, is described. The prototype consists of
five independent event timers, an AFG (arbitrary function
generator), a reference clock active splitter, and a controllable
equal delay multiplexer. The AFG generates a 10 MHz reference
clock and an event signal (1 PPS). All five event timers and a
controlled delay multiplexer are connected to the PC from
which they are controlled. The thermal chamber was used to
organize measurements of thermal stability. The temperature in
the thermal chamber was changed from 15 to 30°C, and the
initial calibration of the system was carried out at a temperature
of 22.5°C.

Keywords—event timer, synchronization methods,
multichannel event timing, thermal stability, picosecond precision,
satellite laser ranging

I.  INTRODUCTION

For Earth-orbiting satellites, laser ranging dates back to
1964, when the first successful experiments were carried out
at the Goddard Optical Research Center, now called the
Goddard Geophysical and Astronomical Observatory. A team
of scientists fired a ruby laser - brand new at the time - at the
Explorer 22 spacecraft orbiting high in Earth's atmosphere.
The satellite, also known as Beacon Explorer B, was equipped
with a set of reflectors designed specifically to send the laser
signal back to its point of origin. The researchers measured the
distance to the spacecraft at around 966 km and with an
accuracy of about 3 meters [1]. From that moment, laser
ranging became a technology in everyday use. Nowadays,
Satellite Laser Ranging (SLR) Stations are placed worldwide
and used for geodesy, geomatics, satellite positioning and
synchronization, debris tracking, the basis for special tests of
the Theory of General Relativity, climate monitoring,
oceanography, etc. One of the core parts of SLR technology is
ultra-precise  time measurements. The ultra-precise
measurement equipment should meet a high requirement on

979-8-3503-1178-5/23/$31.00 ©2023 IEEE

immunity and stability, including thermal stability.

The study of the thermal stability of accurate time-event
detection systems is a critical aspect of applying and
interpreting the results produced by such systems [2], [3].
Calibrations at different temperatures are performed to
determine the effect of temperature conditions on the time
delays in the circuits [4].

Time scale shift due to changes in operating temperature
can lead to desynchronization of the multichannel timing
system, thereby introducing a significant timing error for
consecutive events and a discrete series of events requiring a
fixed time scale.

The issue addressed in this publication is critical for space
applications [5], as well as for ground-based systems that need
to consider the temperature effect on the measurement
accuracy of time-tagging systems [6].

The study is focused on timing technology, Event Timers
with multiple channels for Satellite Laser Ranging (SLR)
stations with multiple pulse emission sources. Such a
requirement was announced by leading organizations and
experts (DIGOS, Pulse Power, DLR) during the last
International Laser Ranging Service (ILRS) event organized
in Stuttgart on October 21-25, 2019. [7] While the current
timing system developed by the Eventech team is recognized
as a standard for Satellite Laser Ranging by NASA, and it is
used in more than half of the SLR stations and is also
applicable for other applications where precise and fast event
timing is required (reflectometry, 3-d scanning, gravimetry,
etc.).

The paper is organized as follows: the first section is
devoted to the introduction, the second section presents the
concept of a multi-channel time-tagging system, the third
section discusses the setup for experimental studies, and the
fourth section analyzes the results of thermal stability tests,
last but not least section concludes the study.

II. MULTI-CHANNEL TIME-TAGGING SYSTEM

Multi-channel timing system development mainly aims at
Satellite Laser Ranging (SLR) stations with multiple pulse
emission sources. This new timing system will allow
receiving data about multiple inputs' rising slope, extremum,
and falling slope. This information will significantly increase



the precision of the measurements and open new opportunities
for scientists working in the satellite position field,
synchronization, Geodesy, etc.

A. Multi-channel Synchronisation Method

The five event timers’ synchronization method
examination is based on an experimental study. The prototype
with 5 independent channels was made on the Eventech event
timers base for study performance.

After the event timer is turned on, its time scale is
arbitrary. Therefore, even if several timers are turned on
simultaneously, the time-tags of each timer for the same event
will still be different. For all the channels to show the same
time-tag for one event, it is necessary to synchronize the time
scale of each timer with the external time scale.

For the synchronization of five event timers, timescale
alignment is used. Before starting the experiment, each timer
was measured to calculate the difference At between the 1PPS
(Pulse per second) time-tag and the course time for each timer.
Fot this purpose, 32 x 1 PPS signals are applied to each event
timer. Equation (1) was used to calculate the time difference
At.

1
At = ﬁz?lﬂ(tppsi - turci)’ (1)

where typ¢ is the PC course time (1 sec. resolution); tppg is
the Time-tag of 1PPS signal measured by event timer.

III. EXPERIMENTAL STUDY SETUP

The first prototype of a five-channel system was
developed to ensure five-channel synchronisation. The first
prototype block diagram is shown in Fig. 1. The principle of
the prototype is to ensure that all channels work in the same
timescale. The prototype consists of five independent event
timers, AFG (Arbitrary Function Generator), reference clock
active splitter and managed equal delay multiplexer. AFG
generates 10 MHz reference clock and event signals (1 PPS).
A clock signal is simultaneously applied to all channels using
an active splitter. The event signal is applied to each channel
sequentially with a known identical delay using managed
equal delay multiplexer. All five event timers and managed
delay multiplexers are connected to the PC from which they
are controlled.
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Fig. 1. Experimental setup.

Event timers and reference clock active splitter are placed
in the thermal chamber. The temperature in the thermal
chamber changed according to the curve in Fig. 2.

Temperature changed evenly from 15 to 30 °C within 90
minutes, kept its peak value for 30 minutes, and then changed
back to 15 °C within 90 minutes. System initial calibration has
been done at the temperature of 22.5 °C.
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Fig. 2. The curve of temperature in time of the thermal chamber.

IV. THERMAL STABILITY TESTING RESULTS

The following parameters were calculated during the
experiment: timescale drift was calculated using equation (2),
equation (3) is for the timescale difference of each pair of
timers, and RMSE (Root-mean-square error) was calculated
using equation (4).

tdrift = trag sync = tute 2
Dtmg_sync=Attag_sync_n - Attagsyncm- (3)
_ [):(Dtmg,sync,predmed = Dttag_sync_actual)®
RMSE = | < : 4)

A. Timescale Drift

Fig. 3 shows the timescale drift of each timer, which
means the time measurement result and PC time each second.
Each colour represents one of the timers.
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Fig. 3. Timescale drift of all five event timers.

The graphs show that the dynamics of the timescale drift
of each of the timers directly corresponds to the temperature
change curve. The time scale shifts up to 300 ps at peak
temperatures, but within the temperature at which the system
was initially calibrated (22.5 °C), the timescale drift value is
around 0 s.

B. Timescale Difference

Fig. 4 shows the timescale difference for each pair of
timers. The X-axis indicates PC time in seconds; the Y-axis —
is the value of the timescale difference of a pair of timers in
picoseconds.

According to the results, each pair of timers has its own
synchronisation character depending on temperature. In most
cases, the nature of the synchronization follows the curve of
temperature  change. At peak temperatures, the
synchronization difference is greatest, and within the
temperature at which the system was initially calibrated
(22.5°C), the synchronization difference is the smallest.
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Fig. 4. Timescale difference for each pair of timers.

C. RMSE

Fig. 5 shows a plot of the RMSE value of the timescale
difference of each pair of timers. The X-axis shows PC time
in seconds. The Y-axis shows the RMSE value in
picoseconds. The blue indicates the RMSE value at each
point at which the calculation was made; the red is the
average value calculated by a sliding window with a step of
100 values.

35

Fig. 5. RMSE plot of one pair of timers.

D. Cross-channel RMSE

Fig. 6 shows the cross-channel RMSE curve. The blue
colour shows the RMSE value for each event, and the red line

is the average value calculated by sliding the window 800
seconds wide.
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Fig. 6. Cross-channel RMSE.

According to the results, the RMSE parameter has its
lowest values at the temperature at which the system has been
calibrated.

E. Parameters’ Dependence on Temperature

Employing mathematical processing program, graphs of
the dependence of the analyzed parameters with temperature
were plotted.

The timescale drift-dependence graphs on temperature are
shown in Fig. 7. The X-axis indicates the temperature (°C),
and the Y-axis shows the value of the time scale shift (ps).
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Fig. 7. Timescale drift dependence on temperature.

It is seen that timescale dependence on temperature is
linear with a little hysteresis.

Fig. 8 shows a plot of the timescale difference of a pair of
timers dependent on temperature for each pair. Temperature
(°C) is indicated on the X-axis, and the synchronization
difference (ps) value is indicated on the Y-axis.

Fig. 9 shows a plot of the RMSE of each pair of timers
dependence on temperature. Temperature (°C) is indicated on
the X-axis, RMSE value (ps) is indicated on the Y-axis.

A small hysteresis is visible on the obtained graphs. It may
be since the graphs were based on the external temperature
readings (the temperature of the thermal chamber). If the
graphs were based on the internal temperature (the
temperature sensor readings on the timer), the correlation
would be better.
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V. CONCLUSION

This research has been devoted to the experimental
thermal stability study of a multichannel time-tagging system
with picosecond precession. The paper introduces the design
of time-tagging systems prototype with five measurement
channels and a common timescale. Prototype testing
procedures were described and performed. Such parameters as
single channel timescale drift, timescale difference and RMSE
of each pair of channels were measured and evaluated. After
the obtained results analysis, it is evident that:

e The main problem with RMS degradation for
multiple  measurement  channels  applying
independent timers is that each timer's calibration
oscillator and reference PLL are separate. Suppose
the calibration oscillator and the PLL are made
common. In that case, the problem of deterioration
of the RMS will be solved, and the situation with the
time scale discrepancy in temperature will be
improved.

e Ananalysis of the noise immunity of the event timer
to external influences shows that the timer is
unstable to external influences. According to our
assumptions, this may be because the timer design
is not differential.

e Analysis of the thermal stability of the timer system
showed that the timers are insufficiently thermally
stable. Based on obtained testing results, to stay
within 10 ps RMSE accuracy, the Active Splitter 2.0
system must be recalibrated every 4 degrees of
temperature change.

The testing results showed the weaknesses of the system,
providing an opportunity for improvement in development
and thermal stability enhancement. The future steps include
deferential design, the common calibration oscillator and the
PLL, thermal calibration procedures development and
implementation.
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Abstract—Multichannel Event Timing (ET) systems are scientific
instruments digitally processing real-time information from multiple
sensors. An experimental study was carried out to investigate the
synchronization method of five event timers. Testing is performed on a
channel-by-channel basis for events registered separately by each timer
channel. The average value of RMSE for each timer was computed on
the stationary portion, shown on the graphs of each timer from 35000
seconds to the completion of the measurements. The proposed five
independent channel synchronization approach analysis is
experimentally validated, and the obtained average cross-channel
RMSE is around 8ps. The temperature stability has not been examined
and evaluated, but the observed timescale drift indirectly evidences that
thermal compensation approaches should be applied. The experimental
studies on the proposed synchronization method will continue to
investigate thermal stability and optimize the timer design for 3 ps
RMSE precision obtainable.

Keywords—Event timer, synchronization methods, Multichannel
Event Timing

I.  INTRODUCTION

Satellite Laser Ranging (SLR) precisely estimates the
distance from ground stations to retroreflectors on satellites
and the Moon. SLR is an indispensable space geodetic
technique for defining the International Terrestrial Reference
Frame (ITRF). To better comprehend sea level rise, ocean
dynamics, ice mass balance, and terrestrial topography, SLR
enables precise orbit determination, instrument calibration,
and validation for satellite-based altimeters. It can also
investigate lunar dynamics, fundamental constants, and
hypotheses.

Multichannel Event Timing (ET) systems are scientific
instruments digitally processing real-time information from
multiple sensors [1]. In all of these applications, the temporal
relationship between events is of the utmost importance and
must be preserved and measured precisely.

In multichannel systems, some precautionary measures are
required to ensure that the timing relationship between the
channels is unaffected by the system's physical configuration
or during the A/D conversion of signals from multiple
channels.

Acquiring these signals using a common sampling
reference is a key technique for maintaining the inherent
timing information between channels. All ADCs are simply

979-8-3503-1178-5/23/$31.00 ©2023 IEEE

clocked using the same clock source to accomplish this. The
multichannel event timing system simply needs to track when
each event set is captured because all signals are digitalized
simultaneously. It gives an absolute time reference, which is
utilized to derive relative timing information between
channels.

Despite being a relatively simple procedure, it can be
challenging to execute it accurately, especially when dealing
with signals that operate at high frequencies. Even if the event
timer ADCs are synchronized from a single clock source, it is
still feasible to record signals in which the timing information
between channels has been changed during the conversion
process. Consider that electrical signals move along the traces
of an electronic circuit at a constant, incredibly rapid speed of
around 15 cm per nanosecond.

The clock will arrive at ADC #2 six picoseconds after
arriving at ADC #1 if there is a one millimeter length
difference between the clock traces connected to ADC #1 of
the first event timer module and those attached to ADC #2 of
the second module.

This is an inaccuracy of twice the event timer's accuracy,
which is a substantial amount for an event timer with a 3ps
RMS accuracy. Identical signals connected to the first and
second timers of a multichannel system would be assumed to
have a delay between them when there is none, which means
that there isn't much that can be done to eliminate the inherent
delay in signals travelling along electrical traces on the surface
of a PCB. Trace length matching is a technique that can be
used to guarantee that all signals travelling from comparable
sources to similar destinations encounter the same delay.

The clock distribution unit makes many identical clock
replicas that are all exactly in time with each other. The ADC
must receive all signals on the same trace length
simultaneously. To maintain the temporal link between these
signals, the signal from the input connectors to the ADC inputs
must likewise have the same trace length.

Individual measurement channels can no longer rely on
their internal clock source in the design of a multi-channel
event timer since these clocks are all free-running and
asynchronous with respect to each other. ADCs from several
modules cannot produce data at the same sampling rate [2].



II. PRECISE SYNCHRONISATION APPLICATIONS

Developers of space and satellite systems must cope with
picosecond-scale device synchronization. Unique hardware,
algorithms, and software are required to operate at sub-
nanosecond or picosecond time intervals and monitor
picosecond occurrences. Numerous semiconductor designers
investigate picosecond pulse capturing. This paper outlines
the construction of a 0.38 ps-accurate high-speed wireless
time synchronization chip [3]. The effect of temperature on
the precision of information and space systems can result in
time delays of up to 20 picoseconds per degree. The approach
proposed by Meng et al. [4] can enhance timing precision to 2
picoseconds every 80-second interval. In numerous domains
of contemporary science, the precision of calculating time
intervals in a few seconds is crucial. For instance, in the case
of Very Long Baseline Interferometry, photomultipliers or
avalanche diodes are utilized to detect single-photon-level
returns. Event timers measure the propagation delay within a
few picoseconds [S]. SLR stations with various geographic
coordinates also employ time synchronization [6]. The
European Union Agency has developed a document on time
and synchronization requirements primarily for GNSS
applications as part of the Space Programme to clarify the
requirements of various businesses for GNSS services [7].

An overview of synchronization methods is presented in
the following table

III. MULTI-CHANNEL TIME-TAGGING
SYNCHRONIZATION METHOD

Event timer metrology is a type of metrology that focuses
on the precise measurement and analysis of events that occur
within a specified or known time interval. It is utilized in
numerous applications, including telecommunications, time-

of-flight measurements, precise timing in scientific

operations, and time and frequency metrology.

Event timing refers to recording event occurrences with a
discrete time scale. The conversion result is the event moment
code (time-tagged, time-stamped). Utilizing event timing to
examine temporal correlations in event streams. The primary
nodes of the event timer are the sensor that detects the event,
the periodic clock generator that sets the timescale, and the
memory (Figure 1). Typically, there is also a mechanism for
synchronizing the event timer's scale with an external (more
precise) timescale.

External time Clock Time scale
>
scale generator
N
Time scale syncronization
. ! Sensor Memory
Hvent % Time-tag
Fig. 1. Event timer nodes.
An  experimental investigation examined  the

synchronization technique of five event timers. Based on
Eventech event timers, a prototype with five separate channels
has been developed for the performance of the study.

The event timer's time scale is in an arbitrary state when it
is turned on. Therefore, even if multiple timers are activated
simultaneously, each timer will have a distinct time scale for
the same event. Figure 2 demonstrates one example. The time
scale of each timer must be synchronized with the external
time scale to have identical time tags for the same occurrence.

The review of synchronisation methods in Table I is
presented.

TABLE L. REVIEW OF SYNCHRONISATION METHODS

Authors, Reference Method

Application area Precision achieved

control is

IKanno et al. [8]

Semiconductor integrated circuit and control|
method for clock signal synchronisation

Synchronisation
synchronise clocks and ensures operation s

supply voltage for the first circuit is changed.

provided to[5-30 ps

that a phase of two clocks to be compared fits|
in a range of design values while the power-|

for communication and navigation platfor:
lequipment

IMari Shridhar et al. [9] Partial timing synchronisation functionSynchronisation between wireless devices /A
(TSF) synchronisation in fine timing
imeasurement (FTM) protocol

IReyes et al. [10] [Picosecond clock synchronisation techniquelSensors communication synchronisation 10 ps

Danian Zh., Dong H. [11]

[Free-space  Synchronisation with  Sub-
nanosecond Resolution Using Atmospheric|
Optical Time Transfer

Data transfer and synchronisation

10 ps (of 10 s integral time
period)

Vyhlidal D., Cech M. [12, p. 1]|

[Time-to-Digital Converter With 2.1-ps|
RMS Single-Shot Precision and|
Subpicosecond Long-Term and|

[Temperature Stability

SLR systems

2.5-3.4 ps (RMS)

Batysta F. et al. [13]

Picosecond and sub-picosecond laser pulsel
timing synchronisation by means of

feedback loop based on the measurement of]
the relative delay in the pulses of a pump and|
signal laser beams, using their interaction in|
a nonlinear media.

Laser technologies

Retterath J.E. et al. [14]

[Methods and apparatus for increased|
[precision and improved range in a multiple|
detector LiIDAR arrays

LIDAR (synchronisation clocking methods)
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Fig. 2. Time tags of unsynchronised timers.

IV. EXPERIMENTAL TESTS AND VERIFICATION

Testing is performed channel-by-channel for events
registered separately by each timer channel. The testing
methodology does not differ from the methodology for a one-
channel timer.

To test the accuracy of a multichannel timer by measuring
the time intervals between events registered by different
channels of the timer, it is not necessary to use a precision
generator. Applying an input signal to each channel
simultaneously or one after the other is sufficient in a known
time window (Figure 3). The difference C of the registration
results (time tag) of each pair of channels of the event timer is
determined. The array of differences [C] is accumulated.

Event timer

Pulse Chl

Generator

Fig. 3. Pulse generator use for multicannel event time testing.

The variance D[C] for the array of differences [C] makes
it possible to estimate the precision of the timer:

o = RMS(Single short) = /D[C]. 1)

Timescale alignment is used to synchronize the five event
timers. Before starting the experiment, a test measurement
was made for each timer. The difference At between the 1 PPS
(pulse per second) time tag and the running time for each timer
was calculated. This is done by applying 32 x 1 PPS signals to
each event timer. Considering that the pulse generator's output
is insufficient to supply five channels simultaneously with
input signals of sufficient voltage, a splitter with equal delay
was used. This splitter sequentially applied a signal to each of
the timers at the known time interval.

Therefore, the same event will be applied to each timer
with a known delay. The events will be pseudo-simultaneous
in the following experiment description.

1 o
A= _Z,V:. (ZI’I'S, —lyr, )’ 2)

where 7,,,.. is the PC course time (1 sec. resolution); #pps is the

time-tag of 1 PPS signal measured by event timer.

The At value obtained for each timer corrects the time
scale. Thus, all timers begin to work on the same time scale,
making it possible to verify the experiment setup and test the
synchronization method.

A. Five Event Timers Synchronization Method Testing
Parameters

During testing, a 1 PPS signal was sent sequentially with
a known equal time delay to five timers and the time-tag array
of each timer was accumulated.

These parameters of the first multi-channel prototype were
tested. The timescale drift of each timer was calculated using
this formula:

Timescale drift =1, ~—1,., 3)

where 7, =1, AL

tag

is the time-tag measured by event

timer; 7,  is the time-tag the corrected with time scale; A is
the difference between PC course time and 1PPS time tag

(described in the previous chapter).

Timescale difference between each pair of event timers.
The difference between the time tags of two timers at each
event moment was calculated using a mathematical
processing software according to the formula:

, “4

taggyne 15y, 1asyncy,,

where n, m is the event timers index number.

RMSE of each pair of event timers were calculated
according to the equation:

2
Z( 19 sync predicted a8 syncqenual )

RMSE = R 5
N (&)

where At

a8 sync predicted

difference (equals 0); At

lag,

is a predicted value of timescale

is the actual value of

WiCactual

timescale difference.

Cross-channel RMSE was calculated between all five
event timers for each event by the equation:

2
YA, -an, )
RMSE = , (6)
N

where At,, is the average time-tag (with corrected time
g

scale) of each event timer; Ar, s the time-tag the

corrected with a time scale of each event timer; » is the event
timer index number; N is the number of event timers.

To identify each of the timers, the numbering T1... TS was
used, and each pair of timers is designated by a letter and is
given in the Table II.



TABLE II. EVENT TIMERS PAIR [INDEXES

Index a b c d e f g h i j
of a
pair
Pair | T1 | T1 | T1 | TL | T2 | T2 | T2 | T3 | T3 | T4
of - - - - - - - - - -
timers | T2 | T3 | T4 | T5 | T3 | T4 | TS | T4 | T5 | T5

B. Five Event Timers Synchronization Experiment

Five event timer synchronization setup is shown in (Fig.
4). Five V1 timers, an active signal splitter, a frequency
generator, and a managed equal delay splitter were used in the
experiment.

Before starting the experiment, each timer was measured
to calculate the difference Ar between the 1 PPS time tag and
the PC course time for each event timer. The calculation of At
is described in the section above. The A¢ value obtained for
each timer was used to correct the time scale of the timer.

10M input

>
Event timer V1 T1
Channel 1 event input

nput
Event timer V1 T2

Channel 1 event input

|—> 10 Mz reference clock input

Event timer V1 T3

»| Channel 1 event input

Reference clock
active splitter

reference clock 10MHz

> input

event signal Event timer V1 T4
1PPS F — >

Channel 1 event input

managed equal > input
delay 1x5 Event timer V1 TS
multiplexer L 3] Chammelt eventinput

Fig. 4. Experimental setup.

The course of the experiment: 1 PPS signal was applied to
five timers through a managed manual splitter 45000 times.
Five timers read the PPS signals, and measurement results
were registered by the PC and compared with an external time
scale (course time). Using the necessary software, the
difference between the course time and the measurement
result and the synchronization difference between the timers
and the RMSE parameter were calculated and displayed
graphically.

C. Timescale Drift

The time scale drift for a single timer (Timer No 1 is used
as an example) (Fig. 5) and for all 5 timers (Fig. 6). The x-axis
shows the course time (PC time) in seconds. The y-axis shows
the timescale drift value in picoseconds.

T1 Tme synchvonization

200

Tmescale drift, ps

00 5000 100000 150000 200000 250000 300000 350000  40000.0  45000.0  50000.0
PCtime, sec

Fig. 5. An example of the time-scale drift for the 1-st timer.

Time synchronization

Timescale drift, ps

0
0.0 S00.0  10000.0 150000  20000.0 250000 300000  35000.0 400000  45000.0  50000.0
PC time, sec

Fig. 6. The time-scale difference of 5 event timers.

It is evident that the timer measurement results' average
value almost precisely matches the experiment's initial 10000
seconds of running time. After this period, all three timers
deviate by 20 ps. Figure 6 shows that the time difference
between the timers remains constant, which indicates that they
run synchronously.

The average value of RMSE for each timer was computed
on the stationary portion, shown on the graphs of each timer
from 35000 seconds to the completion of the measurements.
The Table III provides a summary of the results.

a), R — Time difference distribution ()

|
|

5 =0.70591
Siame |
|

[me——

Fig. 7. An example of timescale difference and distribution histogram for
two pairs of timers.

TABLE III. EVENT TIMERS AVERAGE RMSE

Timer T1 T2 T3 T4 TS5

RMSE, ps 5.18 5.26 591 6.68 5.19

The timescale difference of each pair of event timers has
been evaluated during the experimental investigation.

Below is an illustration of the timescale difference
between the two timers (Atmgw) and a histogram of the

distribution of the resulting values (Fig. 7). The generated
graphs depict the difference between the two timers' readings
at each measurement point. The Y-axis depicts the
synchronization difference between the two timers in
picoseconds. Each graph bears a symbol corresponding to the
index number of a pair of timers. A comparison is made
between the distribution histogram for each case and a



standard distribution curve based on the case-specific factors.
Histograms display the parameters of the normal distribution
curve (u is the mean value and o is the standard deviation).

The timing discrepancy between the two timers does not
exceed 40 picoseconds, and the average value for all examples
approaches zero. Yet, in some instances, the difference
between the timers' readings is less than 10 ps, which may
imply that they were linked to the same channel. In every
instance, the distribution of findings follows the normal
distribution.

Despite the timescale drift of each timer during the
experiment, the time scales between the timers remain nearly
unchanged, which may indicate that the delays have similar
characteristics and compensate for one another.

The statistical information about the experimental results
is summarised in Table IV.

TABLE IV. STATISTICAL DATA ABOUT THE TIMESCALE

Pair index Min, ps Average, ps Max, ps
a 0 0,706 36
b 0 0,348 40
c 0 2,166 32
d 0 2,256 36
[ 0 -0,36 34
f 0 1,45 34
g 0 1,85 40
h 0 1,82 40
i 0 221 32
] 0 0,39 32

The RMSE value between timers was calculated using the
equation:

2
Z(At’ﬂe‘w redicted tlaﬂ‘w'c““”"" )
RMSE = — SR

The timescale difference (At,ﬂgw ) of each pair of timers

ic

was used in the calculation. 32 values were used to calculate
each RMSE point.

The diagram below (Fig. 8) illustrates the RMSE for an
example pair of timers. The X-axis denotes the course
duration in seconds, while the Y-axis represents the RMSE in
picoseconds.

According to the gathered results, the RMSE value
between two timers ranges between 7 and 10 ps. Table V
summarises the statistical data of the RMSE results.

TABLE V. RMSE STATISTICAL DATA OF TIMER PAIRS

Pair index Min, ps Average, ps Max, ps
a 4.58 8.05 12.86
b 428 7.18 11.29
c 483 7.66 11.25
d 2.66 5.8 8.95
e 5.24 8.53 12.14
f 4.80 7.77 11.31
g 3.94 7.69 12.73
h 6.75 10.76 164

i 3.84 7.63 12.10
i 4.18 7.35 11.14

Figure 9 below depicts cross-channel RMSE. The blue
colour represents the RMSE value for each occurrence, while
the red line represents the average value determined by a
1500-second sliding window. The diagram's right side
displays the distribution histogram for cross-channel RMSE
(Fig. 9).

Fig. 8. RMSE of an example pair of event timers.

Cross-channel RMSE Cross-channel RMSE histogram

- .
.

6 B 10 12
RMSE, ps

Fig. 9. Cross-channel RMSE and distribution diagrammes.

The average RMSE across all channels is 8.26 ps.
Although the RMSE for some pairings of timers is
nonstationary with time, the cross-RMSE can be constant.

V. CONCLUSIONS

Increasing the precision of time event synchronization has
proven as an incentive for advancing research during the past
few decades. Today, picosecond precision for event recording
is a frequently utilized time recording method in many
scientific disciplines. However, work in the picosecond region
necessitates unique techniques at both the hardware and
mathematical processing levels. Different implementations of
the event registration system for diverse applications in the
fields of data transmission, laser technology, identifying the
location of celestial bodies and positioning satellites, and
exact synchronization of device functioning are examined in
this article. The achievable precision ranges are from 2 to
10 ps.

Although investigating the Eventech event timer's present
technological solution and its ability to serve as the foundation
for a multi-channel event timer has revealed adequately high
operational performance, there is still room for improvement.
The investigation of the proposed five independent channel
synchronization methods is empirically confirmed. The
average cross-channel RMSE found is around 8ps. This
indicates that the technological solution must be optimized. In
addition, the temperature stability has not been tested and
evaluated, but the observed timeframe drift suggests that
thermal compensation  strategies should be used.
Consequently, experimental research on the suggested
synchronization mechanism will be pursued to study thermal
stability and refine the timer design to attain a 3 ps RMSE
accuracy.
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A method of accuracy error compensation for the time interval is examined, allowing to
decrease the dependence of accuracy error on the duration of measured intervals and minimis-
ing the influence of destabilising factors — ambient temperature changes and the initial devia-
tion of the meter clock generator frequency from the nominal value. The compensation method
is based on a calibration procedure that measures precise time intervals under conditions of
changing ambient temperature. Then the dependence of the accuracy error on temperature for
a particular meter is recorded. Based on these data, a correction table is compiled contain-
ing correction factors and temperature values at which these factors were determined. Under
real measurement conditions, the correction factor corresponding to the current temperature
is determined from the table for measured result correction. The table with correction factor
values could be stored in the memory of the meter or processing computer. Experimental
verification of the method showed that applying a correction for a meter with a standard XO
class clock generator (certificated instability of £50 ppm) could obtain an equivalent clock
generator instability of £0.15 ppm. The application of the method is efficient in cases where
the use of high-end clocking to ensure the required measurement accuracy is not economically
feasible.

Keywords: Accuracy error compensation, clock generator, correction of measurement
results, measurement of time intervals.



1. INTRODUCTION

Time measurements (time-to-digital
conversion) [1]-[4] have always belonged
to the class of the most demanded measure-
ments since it is reasonable to reduce mea-
surements of many heterogeneous physical
quantities to time measurements. As modern
methods and instruments for measuring time
provide very high accuracy [5], these tech-
nologies are in demand in a wide range of
fields and industries [6], [7]. The most com-
monly used time measurements are measure-
ments of time intervals (TI) between the start
and stop input signals [8], [9]. For a signifi-
cant part of the experiments, the object of

Ai=Ti+a; =T; + Dy + D + A

The random error (or precision error) A
has an unpredictable value and represents
the scatter of the measurement results due
to the influence of noise of different origin.

The accuracy error is determined by
the repeatability of its value from mea-
surement to measurement. However, the
value of this error A itself depends on
several parameters. The characteristic of
the accuracy error in TI measurement is
its multiplicative character, i.c., the value
of A, is proportional to the duration of the
measured TI.

The offset error is determined by the
difference between the delays of the start

investigation is the time relations between
initialising and secondary events [10], [11].
In the analysis of measurement errors
of time intervals, we assume that the result
A, of the i-th measurement is, in general, a
random variable and can be represented as
a sum of the measured quantity 7, and the
absolute error of its measurement a;:

Ai=Ti+ai.

The absolute measurement error a,can,
in turn, be represented as the sum of the ran-
dom A, accuracy A, and offset A compo-
nents of the total error [12], therefore:

e

and stop channels and is additive. Its value
A is offset for a particular meter. The offset
error can be determined and used to correct
the measurement results accordingly.

Let us suppose that the task is to test
a meter. In that case, the value of T, in (1)
is generally unknown since the source (gen-
erator) of input signals possesses its errors
(Accuracy, Offset, Jitter). Ti can be repre-
sented as the sum of the generator set value
T,, generator accuracy error A, , generator
constant error Acg and jitter of the TT genera-
tor Ahg. Therefore, the general equation of
the measurement result is as follows:

Ai = Ti + a; = Tg + Airg + Aisg + Acg + Air + AiS + AC' (2)

A graphical interpretation of the generation
and measurement errors is illustrated in Fig. 1.
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Fig. 1. Graphical interpretation of the generation and measurement errors of the time intervals.

The accuracy error A, in the TI measure-
ment is determined by the stability level of
the clock generator (CG) of the meter and
is caused by the fact that the period F of the
CG differs from the nominal value F, by .
The value of t is not constant and depends
on four factors: changes in ambient temper-
ature, the value of the initial deviation from
F,, variations in the generator supply volt-
age and ageing of its components.

In the specifications of a CG, the maxi-
mum value of its relative stability is K,
defined as ratio K =+t /F, where t
takes into account all destabilising factors.
According to the methods of minimising
the influence of destabilising factors, CGs
are divided into stability classes [13], [14]:
standard XO (Crystal Oscillator), thermo-

compensated TCXO (Temperature Com-
pensated Crystal Oscillators), thermo-stated
OCXO (Oven Controlled Crystal Oscil-
lators), microprocessor-corrected MCXO
(Microprocessor Corrected Crystal Oscilla-
tor), and atomic standards.

Reducing the accuracy error is rela-
tively easy to achieve by using high-end
CG in the meter. However, for specific
applications (e.g., space electronics), such
a solution is not always feasible due to the
high cost of high-class CGs, as the main
cost component of space-level CGs is the
testing procedure. In this paper, the prob-
lem of significant reduction of the accuracy
error without increasing the CG class of the
TI meter is solved.

2. ESTIMATION OF ACCURACY ERROR

When measuring time intervals, the
result of measurement 4, is proportional to
the period of CG F, which determines the
multiplicative nature of the accuracy error,
and its value A increases proportionally to
the duration of measured T1. The maximum
value of accuracy error A is usually the
parameter of the meter, which can be esti-
mated based on the certificate value K for

the applied CG and A value, correspond-
ing to the upper limit of the range of mea-
sured TI durations: A =K A4 .

The experience shows that the K
value of a particular CG for the specific
temperature conditions of its application
can be much less than the value taken from
its specification data. Respectively, the real

value of A can also be several times less.



Therefore, the first step in reducing the
accuracy error is to estimate the A value
of a particular CG meter.

Evaluation of a, . of a particular TI
meter is based on measurement and accu-
mulation of an array /4] of n results of the

TI measurement (Fig. 2) for the case of mea-

A

t'max

In this case, we assume zero values of
the meter’s random error and the TI oscil-
lator’s jitter. The influence of the accuracy
error of the generator 4, included in this
expression can be neglected if the stability
of its CG is 1-2 classes higher than the CG

=Tymax + Acg + Acg + Aps + Ac.

suring input T1 of maximum duration T
when the ambient temperature ¢° changes
in the operating temperature range of the
meter. Based on (2), it can be assumed that
the average value of the array of measure-
ment results at temperature ¢° will be:

3)

stability of the TI meter under study. Thus,
Fig. 2 shows the use of an external OCXO
(reference oscillator). In this case, Expres-
sion (3) is simplified:

A =Tymax T Acg + Dpeg+ Ac. (4)

°
t max

Time Interval
T Tl
generator B ~

stop

P

start TI meter

PC

1
1
1
1
1
1
1
Ai e
<«

A 4

OCXO
Reference

generator

Climate
Camera

Fig. 2. Flow chart of the systematic and constant error estimation of the TI meter.

Equation (4) used to evaluate the accu-
racy error A, is complicated due to the
presence of unknown error constants A,
and A in the expression. The value of A is
determined by the difference in delays for
the start and stop inputs of the TI meter. In
turn, A, is determined by the difference in
delays in the TI meter start and stop signal
generation circuitry and the difference in
the lengths of the connection wires.

Itis possible to estimate the values of A,
and A when two conditions are met. Firstly,
the TI must be measured with a minimum
duration of T i Which allows for omitting

the accuracy errors of the generator A, and
the measurer A, then:

Amin = Tg min T Acg + Ac.

Secondly, additional measurements are
required when the wires are cross-connected
to the meter inputs (shown in dashed in Fig.
2), and the sign of inter-channel delay of the
TI generator is changed. In this case, a sys-
tem of equations can be formulated:

“Tlmin = 2Tg min T Acg + A

/TZ min = 2Tg min — Acg + Ac.



This implies that:

_ Almax — AZmax.
o= 3

Almax + AZmax - 2Tg min
A, = > .

= 1
Apog = A_(Tgmax+ Acg"' Ac) = ?:1‘4

While testing the meter in a climate
chamber within the meter’s operating tem-
perature range (Fig. 2), a dependence of A ,
on ambient temperature changes 7° can be
derived by TI measurement of maximum
duration T, The graphical representa-
tion provides a capability to estimate the
value of A for a particular TI meter and
the actual stability of its clock generator
K =tA

max smax" ~ gmax®

Figure 3 shows an example of the plot of
change of A asa function of temperature for
a TI meter with a standard XO class clock
generator (according to its specification
K = =+50 ppm). The dependence character

max

in the operating temperature range of the

200.0
0.0

Asps
-400.0
-600.0

-300.0
-40

te°C

.0 -30.0 -20.0 -10.0 0.0 10.0

Estimation of the error constant of the
meter relative to its inputs A_is an indepen-
dent value, but, at the same time, it provides
the capability for estimation of A . :

= (Tymax + Beg + ). (5)

meter (- 40 °C ++60 °C) is of a pronounced
non-linear nature and corresponds to the
frequency-temperature characteristics of
quartz AT-slice plates.

Based on Fig. 3, A =740 ps and
T,.=134 us; hence, the estimate of
K =£740-10"%/134-10°= 5.5-10%=+5.5 ppm.
The estimation of K obtained in this way
is underestimated since it does not take into
account the influence of instability of the
generator supply voltage and the ageing of
its components. Nevertheless, the differ-
ence between the specification listed and
the actual component’s parameter values is
sufficient.

Asinax

20.0 30.0 40.0 50.0 60.0 70.0

Fig. 3. The temperature dependence A_ for an XO standard class TI meter

when measuring TI with a duration of T

=134 ps.

gmax



3. COMPENSATION FOR ACCURACY ERROR

The investigation of the dependence of
the accuracy error value A_on the tempera-
ture for a particular CG provides the capa-
bility to perform a procedure for offsetting
the influence of the accuracy error on the
measurement result.

The compensation procedure is based
on a special calibration, during which a
series of high-precision TI measurements
are carried out under changing ambient
temperature ¢°. This is done by determining
the average values of the TI measurement
A_to and the accuracy error A, for the current
temperature #° according to (5). The correc-
tion factors K =A . /A . and the correspond-
ing temperature calculated from these data
are recorded as a table of K, and #° values
in the memory of the meter or processing
computer.

Considering the non-linear nature of the
relationship between the accuracy error and
temperature (Fig. 3), the choice of a table
to record the relationship between the cor-
rection factors and temperature is the sim-
plest method, although it requires memory
resources.

Several conditions have to be met dur-
ing calibration: the CG class of the TI gen-
erator must be higher than the CG class
of the measured (compensated) meter, the
results of the calibration measurements
must be averaged to increase the accuracy
of the table, and the T s value must cor-
respond to the maximum working range of
the TT durations to be measured.

In general, calibration should be carried
out under the real conditions of the meter’s
use or its equivalent. For example, if we are
talking about space applications, then cali-
bration must be carried out under thermo-
vacuum conditions.

To implement the procedure for com-

pensating for the accuracy error under
actual measurement conditions, it is essen-
tial to monitor the current temperature £°.
The algorithm for compensation of the i-th
measurement result consists of extracting
from the table the K. coefficient corre-
sponding to the temperature ¢° at the time of
measurement and calculating the compen-
sated measurement result A ,: comA =A
(1-K).

In a general case, the measurement
result A, contains both an accuracy error
and a constant error AC, o) comAtoi:(Atol.—Ac)
(1-K,.). Figure 4 represents the dependence
of the accuracy error A on the temperature
after the compensation of the accuracy error
shownin Fig. 3. The value of A decreased
from 740 ps to 20 ps, and the equivalent sta-
bility of CG, in this case, reached a value of
+0.15 ppm.

The compensation procedure also has
its limitations since it does not consider the
influence of instability of CG supply volt-
age and the ageing of its components.

As in the proposed solution, a variant of
accuracy error minimisation implying a pre-
calibration procedure is presented in [15].
This option is based not on the correction
of measurement results but on microproces-
sor correction of frequency of VCXO class
CQG, the frequency of which is controlled by
DAC voltage.

The microprocessor performs the cali-
bration by the user. As a result of this pro-
cedure, the coefficients of the 4"-degree
polynomial are determined and stored.
These coefficients are used to calculate
the DAC codes, which compensate the
VCXO frequency deviation for the current
temperature value 7°. The CGs based on
this principle belong to the CCXO (Coef-
ficient Corrected Oscillator) class and can



ensure the stability of the CG at the level
of 0.1+0.3 ppb. In its application, there is
no need to manually correct measurement

20.0
15.0
10.0

5.0

Asmen PS
0.0

-40.0 -30.0 -20.0 -10.0 0.0
I o

results, but the cost of such CGs is high, and
at this time, it is not manufactured for the
space-level ready version.

Fig. 4. Dependence of the accuracy error value As to the temperature after compensation.

4. CONCLUSIONS

The accuracy error at measuring time
intervals (TI) is determined by the relative
stability of the clock generator (CG) used
in a meter and the duration of the measured
time interval. The discussed method of
accuracy error compensation eliminates the
dependence of accuracy error on the dura-
tion of measured TI. It reduces to a mini-
mum the influence of such destabilising
factors as changes in ambient temperature
and initial deviation of the clock frequency
from its nominal value.

To implement the compensation
method, three procedures have been devel-
oped: a procedure for registering an accu-
racy error, a calibration procedure in which
a correction table is generated, and a proce-
dure for correcting measurement results in
real conditions of the meter’s application.
The main expenditures of implementing the

method consist primarily in correctly con-
ducting the meter’s calibration, and hard-
ware support for temperature monitoring
and performing relatively straightforward
computational operations is also required.
The main costs of the method implementa-
tion primarily consider the correct calibra-
tion of the meter, as well as the required
hardware support for temperature moni-
toring and relatively simple computational
operation performance.

Experimental validation of the method
demonstrated that an equivalent instabil-
ity of £0.15 ppm could be achieved for a
standard class XO meter (specification
instability of £50 ppm), which reduced the
accuracy error to the equivalent degree. The
accuracy error compensation procedure has
its limitations related to the replicability of
the field conditions in which the calibration



procedure has been performed.
Implementation of the described method
of systematic error compensation has lim-
ited feasibility in terrestrial applications,
when a given level of systematic error in
time interval measurement can be obtained
without much cost by simple selection of
the required clock class. In space electron-
ics, replacement of a complex high class
clock by a simple standard XO class clock
not only reduces significantly the cost of
electronics, but in combination with simple
computational operations, performed by an
on-board computer, it also increases mani-
fold the reliability of the CG. Modern capa-
bilities for resetting the onboard computer
increase another important parameter for
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(57) Kopsavilkums:

Izgudrojums attiecas uz bdvrazoSanas jomu, uz
metodém é&ku konstrukciju nesagraujo$ai kontrolei.
Izgudrojums var tikt izmantots ar masinbavé,

Izgudrojuma mérkis ir izstradat metodi
bavkonstrukciju savienojo$So mezglu nesagraujosai
kontrolei, kas nodrosinas pieliekamas trieciena—
vibracijas slodzes paplasinatu parametru diapazonu,
ka ari nodrosinas vienlaicigu atbildes signalu
fiksaciju, izmantojot tam vairakus linedros un

lenkiskos akselerometrus (4).

Blvkonstrukciju savienojoso mezglu nesagraujosas r
kontroles metodes shéma ietver $§adas sastavdalas:
trieciena ierici (3) vai induktoru (9) un impulsa z...
generatoru  (10), akselerometru (4), impulsa

uztvéréju (5), signala analizatoru (6) un datoru (7).
Izgudrojuma metode paredz iegdto datu (atbildes

signalu) turpmako analizi, kontroléjot korelacijas 4 4 [ e . ]
funkciju no koaksidlajiem tris linearajiem un tris 8 /////// \\ \\\ N
lenkiskajiem paatrinajumiem, kurus méra \\ \\‘\
akselerometri  (4), tada veidd  raksturojot %/% \\\\X‘-\ \
bdvkonstrukcijas elementu (1) un (2) savienojuma 1 A 2 A

mezglu ar seSiem paatrinajumiem attieciba pret
slodzes pielikSanas vietu.

Lai nodroSinatu metodes augstu efektivitati un
pieliekamas slodzes plasa diapazona parametru
reguléSanu, bavkonstrukcijas slogoSanai izmanto
impulsa elektromagnétisko lauku ar intensitati 10-
100 MA/m, un iespé&ju regulét impulsa amplitddu un
frekvenci, kd ari slogoSanas atrumu. SlogoSanu var
veikt ar vienu impulsu vai vairakiem secigiem
impulsiem ar frekvenci no 1 Iidz 30 impulsiem
minaté.
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IZGUDROJUMA APRAKSTS

[001] Izgudrojums attiecas uz buivraZzo$anas jomu, Uz metodém &ku konstrukciju nesagraujosai

Zinamais tehnikas ITmenis

[002] Ir zinama eksperimentala metode buvkonstrukciju stavokla noveérté$anai, slogojot
buvkonstrukcijas ar statisko slodzi. Metodes pamata ir buvkonstrukcijas slogoSana ar
pakapeniski pieaugo$o nekustigo slodzi un attiecigi iegiito deformaciju novértésana [1]. So
metodi izmanto bavkonstrukcijas tehniska stavokla novértéSanai gadijumos, kad ar citam
zinamam metodém to nav iespgjams izdarit, jo S§T metode ir laika un darbietilpiga,
mazinformativa un daZos gadijumos ir pat bistama, jo bavkonstrukcija slogo$anas rezultata var
tikt sagrauta vai neatgriezeniski bojata.

[003] Ir zinamas nesagraujosas kontroles metodes, kas lauj atklat defektus bavkonstrukciju
elementos, iedarbojoties uz buavkonstrukciju ar impulsa slodzi. Betona un citu lidzigu
biivmaterialu kvalitates kontrolei izmanto sklerometrus (Smita amurus). Smita amuru darbibas
princips balstas uz trieciena impulsa noteikSanu, kas rodas péc impulsa slodzes pielikSanas.
Trieciena energija betona spiedes stipribas parbaudei ir 2,207 Nm. Ir zinami Smita amuri ar
samazinatu trieciena energiju citiem materialiem vai plansienu konstrukcijam [2]. Betona
stipribu nosaka p&c Smita amura stiena atsitiena augstuma, izmantojot noteiktas kalibrésanas
liknes. Sklerometriska testa pamata ir korelacija starp betona spiedes stipribu un ta virsmas
cietibu [3]. Ja Smita dmura trieciena energija ir pietickama, to var izmantot impulsa slodzes
veidosanai uz bavkonstrukcijam, lai veiktu bavkonstrukciju frekvences reakcijas testésanu jeb
modalo analizi, vai arT §im noliikam izmantot trieciena amurus [4]. Biivkonstrukciju tehniska
stavokla novértésanai impulsu izraisosu iekartu izmanto kopa ar akselerometriem, kas fiksé
bavkonstrukciju reakciju uz impulsa slodzi. Katram trieciena amuram ir sava trieciena energija,
tapéc to izmantosanas trikums ir $ads: nav iesp&jams ar vienu trieciena amuru veikt parbaudes
dazada izméra p&tamajiem objektiem.

[004] Ir zinamas dinamiskas biivju un konstrukciju stavokla noveértésanas metodes, kas ietver
svarstibu izraisiSanu gruntl ar specidlajam iericem (pneimatiskais amurs, vibrators) [5, 6].

Sakuma grunts svarstibas izraisa biives pamatu svarstibas, vélak arT visas blives svarstibas.
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Sensorus stiprina pie konstrukciju elementiem un fiks€ svarstibu frekvences. Jo stingaks ir
konstrukcijas mezgls, jo augstaka ir atstarota svarstibu frekvence sensora un otradak. Metodes
triikums ir slodzu parametru ierobezojumi un potenciala iesp&ja bojat konstrukciju vai tas dalu.
[005] Ir zinamas akustiskas nesagraujosas kontroles metodes materiala defektu un struktiiras
izmainu novértéSanai. Viena no plasak izmantojamajam kontroles metodém ir ultraskanas
metode [7], saskana ar kuru raiditdjs nosiita ultraskanas impulsu materiala, kur, sastopot
defektus, ultraskanas vilnis dalgji atstarojas, tad uztveérjs ultraskanu svarstibas parveido
elektriskajas un atveido informaciju uz ultraskanas defektoskopa ekrana [8]. Metodes trakums
— nav iesp&ams izmantot $adu konstrukciju mezglu izmainu novért§jumam ka, pieméram,
spéles palielinasana skriivsavienojuma.

[006] Ir zinamas nesagraujosas biivkonstrukciju stavokla kontroles metodes, kas balstas uz
elektromagn@tisko svarstibu novertgjumu, kas rodas dinamiskas slodzes ietekmé [9]. Metodes
triikums — var izmantot tikai metala biivkonstrukcijam, kuram piemit magné&tiskas Tpasibas.
[007] Ir zinama Kontroles metode, kas balstas uz linearo paatringjumu, kas rodas
buvkonstrukcijas mezglos dinamiskas slodzes ietekmg, analizi. Paatrinajumi tiek registréti ar
akselerometru palidzibu [10]. Mérijjumu augstas precizitates nodros§inasanai lieto platjoslas
vibracijas parveidotajus — pjezoelektriskos sensorus. Dinamiska slodze tiek izraisita, izmantojot
maksligus vibracijas avotus, pieméram, Uz biivkonstrukciju no noteikta augstuma uzmetot
objektu ar noteiktu masu. ST metode tiek plasi izmantota zemestridu seku noteiksanai, ka ari
bavkonstrukciju kontrolei. Metodes trikums — nav iesp&jams pilnvertigi novertet
biivkonstrukciju stavokli, it paSi biivkonstrukciju mezglus, jo pieliktas vibracijas slodzes
frekvence un trieciena energija ir relativi zemas: 0,1-150,0 Hz un 200-250 J attiecigi. Turklat
bivkonstrukciju mezglu pilnvértigu kontroli ierobeZo tikai linearo akselerometru izmanto$ana,

ko paredz §1 metode [9], kas ir pienemta par izgudrojuma prototipu.

Izgudrojuma mérkis un biitiba

[008] Izgudrojuma mérkis ir izstradat metodi buvkonstrukciju savienojoSo mezglu
nesagraujoSai kontrolei, kas nodrosinas piclickamas trieciena-vibracijas slodzes paplasinatu
parametru diapazonu (trieciena impulsa frekvenci no 50 lidz 5x10* Hz, slodzes pielik§anas

atrumu no 5 1idz 50 m/s un trieciena energiju diapazona no 0,1 1idz 10,0 kJ), ka arT nodroSinas
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vienlaicigu atbildes signalu fiksaciju, izmantojot tam vairakus linearos un lenkiskos
akselerometrus (4) (1. zim. un 2. zZim.).

[009] Izgudrojuma biuvkonstrukcijas savienojoSo mezglu nesagraujosas kontroles metodes
shéma ir paradita 1. zim&uma. Lai realizétu izgudrojuma metodi, ir nepiecieSsama trieciena
ierice (3) (vai induktors (9) un impulsa generators (10), ka paradits 2. zim&juma), akselerometri
(4), impulsa uztveérgjs (5), signala analizators (6) un darbstacija (datu apstrades sisteéma) (7).
Signalu registrésanu ar akselerometriem (4) vienlaicigi veic trijos telpiski atdalitos punktos:
vieta, kur pielikta slodze, un abas pusé€s attieciba pret p&tamo buvkonstrukcijas elementu
savienojuma mezglu (mezgla tuvuma). Turklat izgudrojuma metode paredz ieguto datu
turpmako analizi, kontrol&jot korelacijas funkcijas no koaksialajiem tris linearajiem un tris
lenkiskajiem paatrinajumiem, kurus méra katrs no akselerometriem (4). Saskana ar
visparzinamo metodiku [11] integréto diagnostikas parametru aprékina, pamatojoties uz
sakotngjiem signaliem, kas sanemti no sensoriem (akselerometriem (4)), un matematiski
apstradatiem signaliem, kas izturgjudi frekvences filtré$anu. Sada veida biivkonstrukcijas
elementu savienojuma mezglu stavokli raksturo ar seSiem paatrinajumiem attieciba pret slodzes
pielikSanas vietu.

[010] Konstrugjot savstarpgjas korelacijas funkcijas starp linearo un lenkisko sensoru
(akselerometru (4)) koaksialajiem pariem un aprékinot savstarpgjas korelacijas funkciju nosaka
integralos diagnostikas parametrus. Integralais diagnostikas parametrs ietver savstarpgjas
korelacijas funkciju neatkarigu parametru algebrisko izteiksmi, pieméram, funkcijas maksimalo
vertibu, funkcijas apgabala integralo dalu un tas kvalitates koeficientu (Q koeficientu). Integréto
diagnostikas parametru var aprékinat gan no sakotngjiem signaliem, kas sanemti no sensoriem
(akselerometriem (4)), gan no matematiski apstradatiem signaliem, jo Tpa$i no tiem, kuri ir
izturgjusi frekvences filtréSanu. Ar frekvences filtréSanu sakotngjie signali tiek ievesti
interes€josaja frekvenCu diapazona, kam raksturigs lielakais informacijas apjoms par
parbaudama mezgla stavokli, jo Tpasi sisteémas svarstibu dabisko frekvencu zona.

[011] Pielickamas slodzes parametru diapazona paplasinasana, ka ar akselerometru (4) atbilzu
signalu matematiska apstrade (izmanto linearas un lenkisko sensoru koaksialo paru savstarpgjas
korelacijas funkciju konstruéSanas metodi un savstarpgjas korelacijas funkciju integralo

diagnostikas parametru aprékinu) lauj veikt pilnvértigaku buvkonstrukciju stavokla analizi
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salidzinajuma ar prototipa metodi, jo signala amplitiidas un citu parametru izmainas noradis uz
buvkonstrukciju elementu savienojuma bojajumiem, proti, uz mezgla stinguma izmainam.
[012] Lai nodroSinatu metodes augstu efektivitati un pielickamas slodzes plasa diapazona
parametru reguléSanu, bavkonstrukcijas slogosanai izmanto impulsa elektromagnétisko lauku
ar intensitati 10-100 MA/m un iesp&ju regulét impulsa amplitidu un frekvenci, ka ari
slogosanas atrumu. Slogo8anu var veikt ar vienu impulsu vai vairakiem secigiem impulsiem ar
frekvenci no 1 lidz 30 impulsiem miniité. Metala biivkonstrukciju nesagraujosas kontroles
metodes shéma ir paradita 2. zZim&juma.

[013] Izgudrojuma metode ietver $adus secigus solus (1. zZim. un 2. zZim.):

i) apseko buvkonstrukciju ar mérki noteikt tas statisko shému;

i) nosaka buvkonstrukciju elementu savienojumu mezglus, kuriem ir vislielaka ietekme uz
biivkonstrukcijas darbibu;

iii) izvelas pétamo bivkonstrukciju elementu (1) un (2) savienojuma mezglu;

iv) izveélas dinamiskas slodzes (trieciena vai vibracijas) pielikSanas vietu;

V) izvieto akselerometrus (4) trijos telpiski atdalitos punktos: vieta, kur pielikta slodze, un abas
pusés attieciba pret petamo buvkonstrukcijas elementu (1) un (2) savienojuma mezglu
(mezgla tuvuma), lai kontrolétu paatrinajumu koaksialitati virzienos, kas atbilst p&tama
buvkonstrukciju elementu (1) un (2) savienojuma mezgla brivibas pakapem;

vi) savieno akselerometrus (4) ar kop€jo signala analizatoru (6), kuru savukart savieno ar
darbstaciju (7);

vii) pieliek dinamisko slodzi ar trieciena ierici (3) vai induktoru (9) buvkonstrukcijas
elementam (1) vai (2);

viii)veic akselerometru (4) raditaju (atbilzu signalu) salidzinajuma rezultatu matematisko
apstradi (izmanto linearas un lenkisko sensoru koaksialo paru savstarpgjas korelacijas
funkciju konstrugsanas metodi un savstarpgjas korelacijas funkciju integralo diagnostikas
parametru aprékinu — saskana ar visparzinamo metodiku [117);

iX) analize iegitus rezultatus;

X) secina par bavkonstrukcijas elementu (1) un (2) savienojuma mezgla stavokli.

[014] Izgudrojums ir skaidrots ar §adiem zZim&umiem:
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1. zim. Bavkonstrukcijas nesagraujosas kontroles metodes shéma: pirmais biivkonstrukcijas
elements (1), otrais buivkonstrukcijas elements (2), trieciena ierice (3), akselerometri (4),
impulsa uztveérgjs (5), signala analizators (6), darbstacija (7), bultskriives (8).

2. zim. Metala biivkonstrukciju nesagraujosas kontroles metodes shéma: pirma sija (1), otra sija
(2), akselerometri (4), impulsa uztveréjs (5), signala analizators (6), darbstacija (7), bultskrtives
(8), induktors (9), impulsa generators (10).

3. zim. Akselerometra (4) linearo un lenkisko paatrindjumu mérisanas kanalu shéma: ®x, Oy
un @z ir lepkisko paatrindgjumu mérisanas virzieni; X, y, z — linedro paatrinajumu meériSanas

virzieni.

Izgudrojuma isteno$anas piemeéri

[015] 1. piemérs:

Parbaudama bavkonstrukcija sastav no diviem blvkonstrukcijas elementiem (1) un (2), $aja
gadijuma — sijam, kuras savstarpgji ir savienotas ar bultskriivém (8) (1. zim.). Buivkonstrukcijas
savienojoso mezglu nesagraujosas kontroles metodes shéma ietver $adas sastavdalas (1. zim.):
trieciena ierice (3), akselerometri (4), impulsa uztveérgjs (5), signala analizators (6) un
darbstacija (7). Akselerometri (4) ir piestiprinati pie baivkonstrukcijas elementiem (1) un (2), ka
arl pie trieciena ierices (3). Sada veida akselerometri (4) ir izvietoti trijos telpiski atdalitos
punktos: trieciena slodzes pielik§anas vieta un divos punktos, proti, uz parbaudamiem
buvkonstrukcijas elementiem (1) un (2). Akselerometri (4) ar vadiem tiek savienoti ar impulsa
uztvérgju (5), no kura datus parsiita uz signala analizatoru (6) un péc tam uz darbstacijas (7)
displeju. Ar trieciena ierices (3) palidzibu, dotaja pieméra — 0,5 kg smagu celtniecibas amuru ar
metala uzgali — bavkonstrukcijai pieliek dinamisko slodzi ar impulsa energijas vértibu 0,1-1,0
kJ. Atbildes signali no pieliktas dinamiskas slodzes vienlaikus paradas visos trijos
akselerometros (4), iegiitos signalus vienlaicigi ieraksta trijos telpiski atdalitos punktos, tad veic
koaksialo parvietojumu korelacijas funkcijas kontroli katra akselerometra (4) tiTs linearajiem un
tris lenkiskajiem parvietojumiem, kas atbilst seSiem paatrinajumiem attieciba pret slodzes
pielikSanas vietu. Tad veic akselerometru (4) radijumu salidzinaSanas rezultatu matematisko
apstradi (izmanto linearas un lenkisko sensoru koaksialo paru savstarpgjas korelacijas funkciju
konstruésanas metodi un savstarpgjas korelacijas funkciju integralo diagnostikas parametru

aprékinu — saskana ar visparzinamo metodiku [11]), kas ir pamats secindgjumiem par
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buvkonstrukcijas stavokli. Parbaudes procesu atkarto, periodiski atlaizot valigak vai pievelkot
cie$ak savienojuma bultskruves (8). Akselerometru (4) linearo un lenkisko paatrinajumu
mériSanas kanalu shéma ir redzama 3. Zim&juma, kur shematiski ir att€lots akselerometrs (4) ar
tris linedro paatrinajumu mérisanas virzieniem X, y, z un tris lenkisko paatrindjumu mériSanas
virzieniem ®x, ®y un P-.

[016] 2. piemérs:

Parbaudama buvkonstrukcija ka 1. piem&ra. Biivkonstrukcijas savienojoSo mezglu
nesagraujosas kontroles metodes shéma ietver $adas sastavdalas (2. zim.): akselerometri (4),
impulsa uztvérgjs (5), signala analizators (6), darbstacija (7), induktors (9) un impulsa
generators (10). Metala (térauda, aluminija) bavkonstrukciju dinamiski slogo ar impulsa
elektromagnétisko lauku, kas rodas impulsa generatora (10) izlades rezultata uz induktoru (9).
Turklat induktors (9) ar savu svaru (var tikt pielikta ari papildu slodze) iedarbojas uz
bavkonstrukciju (2. zim.). Impulsa generatora (10) akumuléta energija var svarstities no 0,1 lidz
10 kJ. Papildus ir iesp&jams mainit raksturu izlades impulsa stravai induktora no taisnstiira uz
slapétu sinusoidu ar frekvenci no 50 lidz 5x10* Hz.

[017] 3. piemérs:

Parbaudama bivkonstrukcija ka 1. pieméra, savukart bivkonstrukcijas savienojoSo mezglu
nesagraujoSas kontroles metodes shéma — ka 2. pieméra. Parbaudot bavkonstrukcijas no
materialiem, kuriem nepiemit elektrovaditspgja un magnétiskas ipasibas (piemeéram, no koka
vai betona), biivkonstrukcijas kontakta vietd ar induktoru (9) piestiprina metala plaksni no
aluminija vai vara. Sada veida panak elektromagnétiskas ietekmes ievérojamo palielina$anos uz
bavkonstrukcijas materialu un var veikt bGvkonstrukciju nesagraujosu kontroli saskana ar

izgudrojumu.
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PRETENZIJAS

1. Bavkonstrukciju savienojo$o mezglu nesagraujosas kontroles metode, kas ietver trieciena vai
vibracijas slodzes radiSanu un atbildes signala registrésanu, izmantojot akselerometrus (4), kas
ir piestiprinati pie bavkonstrukcijas elementiem (1) un (2), kas atskiras ar to, ka atbildes signalus
vienlaicigi registré ar akselerometriem (4), kas uzstaditi trijos telpiski atdalitos punktos:
trieciena vai vibracijas slodzes pielik§anas punkta un divos punktos p&tamas biivkonstrukcijas
elementu (1) un (2) savienojuma zona abas pus€s attieciba pret pe€tamo buivkonstrukcijas
elementu (1) un (2) savienojuma mezglu, turklat akselerometru (4) radijumu rezultatu
matematisko apstradi veic, konstrugjot linearo un lenkisko akselerometru koaksialo paru
korelacijas funkcijas, tad péc frekvencu filtracijas veic sakotngjo signalu un iegiito signalu
integralo diagnostikas parametru salidzinajumu, balstoties uz kura rezultatiem secina par
buivkonstrukcijas savienojoSo mezglu stavokli.

2. Bavkonstrukciju savienojoso mezglu nesagraujosas kontroles metode saskanpa ar 1.
pretenziju, kas atSkiras ar to, ka trieciena vai vibracijas slodzi rada, iedarbojoties vienu vai

vairakas reizes uz biivkonstrukcijas elementu (1) vai (2), ar impulsa elektromagnétisko lauku.
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