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ANOTĀCIJA 

Uzticama konstrukciju savienojumu integritātes novērtēšana ir būtiska inženierbūvju 

drošības un ekspluatācijas piemērotības nodrošināšanai, tomēr esošajām diagnostikas pieejām 

konstrukciju strukturālā stāvokļa monitoringā bieži ir raksturīga virzieniski nepilnīga novēro-

jamība. Lielākajā daļā metožu mērījumi faktiski ir viendimensionāli vai arī, izmantojot 

daudzasu sensorus, tie joprojām balstās uz tādu ierosmi, kas nenodrošina kontrolētu daudzdi-

mensionālu reakciju intereses punkta apkārtnē. Tā rezultātā agrīnas stadijas, pa asīm selektīvas 

degradācijas pazīmes var palikt neatklātas, tādējādi ierobežojot pašreizējās diagnostikas 

prakses uzticamību. 

Šajā promocijas darbā, kas sagatavots kā publikāciju kopums, ir izstrādāta un eksperi-

mentāli validēta sinhronizēta daudzdimensionāla diagnostikas pieeja, kas paredzēta minēto ie-

robežojumu pārvarēšanai. Zinātniskā novitāte ir saistīta ar piecu savstarpēji atkarīgu kompo-

nentu sistemātisku integrāciju: trīsdimensiju paātrinājuma mērījumu pāriem konstrukciju 

savienojuma pretējās pusēs kopīgā reakcijas apgabalā, kas fokusēts ar laika reversijas metodi; 

kontrolētu daudzdimensionālu ierosmi, kas balstīta uz laika reversijas viļņu fokusēšanas prin-

cipiem; sinhronizētiem ierosmes un mērīšanas kanāliem; katras ass koherences novērtēšanu 

starp pretējo pušu paātrinājuma reakciju pāriem, kā arī virzienisko indikatoru apvienošanu 

vienā skalārā savienojuma stāvokļa metrikā. 

Promocijas darba pamatā ir trīs savstarpēji papildinošas publikāciju grupas, kas veido 

vienotu pētījuma trajektoriju. Pirmajā grupā ir izveidots pa asīm saskaņotu daudzasu reakciju 

mērījumu pamats, kā arī korelācijā balstīti indikatori, skalāru metriku apvienošanas pieeja un 

degradācijas imitācijas procedūras dažādiem konstrukciju objektiem un materiāliem. Otrā 

grupa sniedz laika reversijas viļņu fokusēšanas teorētisko bāzi, kas nepieciešama, lai reakciju 

salīdzināšanu attiecinātu arī uz kontrolētu daudzdimensionālu ierosmi. Trešā grupa aplūko aug-

stas precizitātes laika mērīšanas un daudzkanālu sinhronizācijas metodes, kas nepieciešamas 

konsekventas laika reversijas fokusēšanas nodrošināšanai sadalītās mērījumu sistēmās ar dig-

itāli savienotiem sensoriem un garām, pret trokšņiem noturīgām pārraides līnijām. Kopā šīs 

grupas veido piedāvātās pieejas metodoloģisko pamatu, kurā daudzasu reakcijas novērtēšana, 

ierosmes kontrole un laika ziņā saskaņota izkliedētā mērīšana tiek uzskatītas par vienotas kon-

strukciju savienojumu diagnostikas metodoloģijas savstarpēji saistītām sastāvdaļām. 

Integrētā metodoloģija ir validēta sinhronizētā daudzdimensionālā konstrukciju 

savienojuma eksperimentā, kurā pakāpeniska degradācija tiek imitēta, kontrolēti samazinot 

skrūves pievilkšanas momentu astoņos posmos. Rezultāti demonstrē, ka kontrolēta daudzdi-

mensionāla ierosme uzlabo virzienisko novērojamību, samazina no ass atkarīgu reakciju 

neviennozīmību un uzlabo reakciju reproducējamību pakāpeniskas degradācijas apstākļos. 

Apvienotā daudzasu komponentu koherences metrika (Multiaxial Component Coherence Met-

ric, MCCM) uzrāda monotonu samazināšanos visos degradācijas posmos, nodrošinot tādu di-

agnostisko jutību, ko atsevišķu asu indikatori nespēj konsekventi sasniegt. 

Metodoloģiskās sastāvdaļas ir dokumentētas astoņās zinātniskajās publikācijās un vienā 

izsniegtā patentā. Šajā darbā ir integrēta aparatūras izstrāde, sinhronizācija, uz viļņu procesiem 

balstīta ierosmes kontrole un konstrukciju daudzasu reakcijas novērtēšana reproducējamā iet-

varā konstrukciju savienojumu nesagraujošai novērtēšanai.  
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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-

tions of “structural joint,” “bolted joint monitoring,” “time reversal,” “structural health moni-

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 
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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 Özgüven [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. 

2. 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). 

3. 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 

1. 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). 

2. 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. 

3. 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. 

2. 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. 

3. 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. 

4. 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/s². 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 XNear, YNear, ZNearwith the corresponding 

Far-side axes XFar, YFar, ZFar 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 λ/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, λ/4 and λ/3. 

As spacing increases, waveform overlap decreases, causing a corresponding drop in RCR. In 

the illustrated case, the λ/4 condition retains over 50 % of the reference metric level, whereas 

the λ/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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Fig. 2.2. Effect of phase shift on RCR. 

2.3.3. Effect on Time-Reversal Defocusing 

The λ/4 criterion also governs the spatial extent of the focal spot produced by MTRIF. Fo-

cused energy remains concentrated within a region of approximately λ/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 λ/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. 

 

 

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 fmax 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 dmax is defined by the quarter-wavelength criterion: 

Variables in Eq. (2.1) are defined as follows: λmin is the minimum wavelength at fmax  

cp(fmax) is the flexural-wave phase velocity and fmax 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 

λ/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, fmax must be reduced via zero-phase filtering to maintain wavelength compatibility 

with the sensor positions. 

 

 

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 

 
𝑑max ≈

λmin

4
=

𝑐𝑝(𝑓max)

4𝑓max
 

 
(2.1) 
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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, 

time reversal gives 

and the refocused field becomes 

where Y(ω) is the received signal spectrum, S(ω) is the excitation spectrum, H(ω) is the 

transfer function of the structure, Z(ω) is the refocused field, the superscript (*) denotes com-

plex conjugation and ω 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 

 Y(ω) = H(ω)S(ω) (2.2) 

 YTR(ω) = Y∗(ω), (2.3) 

 
Z(ω) = H(ω) Y*(ω) = H(ω) H*(ω) S*(ω) = |H(ω)|² S*(ω), 

 

(2.4) 
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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: 

1. Emission of a broadband impulse into the structure via an actuator (Figure 2.5a). 

2. Acquisition of the response at the target sensor position (Figure 2.5b). 

3. Re-emission of the time-reversed acquired signal (Figure 2.5c). 

4. Acquisition of the response at the target sensor position (Figure 2.5d). 

 

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. 

 



 

   23 

 

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). 

2. 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). 

3. A broadband pulse is emitted by the actuator oriented along the Z direction (Figure 

2.7i), and the collinear Z-component of the response is recorded at the Near sensor 

(Figure 2.7l). 

4. 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. 

5. 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–l, 

respectively. 



 

   24 

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 POI. 

During simultaneous replay, the transmitted response is also recorded at the Far sensor (Fig-

ures 2.8f, 2.8l, 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. 

 

 

Fig. 2.7. Originally emitted signals and selected directional response signals for replay prepa-

ration. 

 

Fig. 2.8. Multiaxial response to time-reversed replay. 
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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 Δtmax must satisfy 

the quarter-period criterion relative to the highest retained frequency fmax: 

The variables in Eq. (2.5) are the maximum admissible accumulated timing error Δtmax and 

the highest usable frequency fmax. For a 32 kHz sampling rate, the Nyquist frequency is 16 kHz 

period T =  62.5 μs, yielding a Δtmax limit of 15.6 μs. A typical oscillator mismatch of 30 ppm 

over 10 s produces 300 μs 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. 

 

 

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: 

• invariant to absolute amplitude;  

 
Δ𝑡max <

1

4𝑓max
 

 
(2.5) 
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• sensitive to waveform shape and relative amplitude within corresponding AMR;  

• robust to low-energy or noisy AMR pairs;  

During the development of the methodology, several candidates were considered: 

• Normalized Cross-Correlation RMS (NCCR);  

• Pearson Correlation Coefficient;  

• Cosine Similarity;  

• Response Coherence Ratio (RCR). 

Table 2.1. 

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

Metric 
Amplitude 

Invariance 

Shape 

Sensitivity 
Noise Robustness Notes 

NCCR  ✓ ✓ ✗ Poor on noisy axes Fails on low-signal channels 

Pearson Correla-

tion 
✓ ✓ ✗ Poor on noisy axes Classical but unstable at low SNR 

Cosine Similarity ✓ ✗ Poor ✗ Poor on noisy axes Unstable under partial match 

RCR  ✓ ✓ ✓ 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. 

  



 

   27 

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: 

• synchronized multi-actuator excitation;  

• multi-channel 6DOF sensing;  

• high noise immunity for remotely placed sensors;  

• high-speed bidirectional data transfer between the acquisition hardware and the host 

computer;  

• 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. 

 

 
 

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:  

• timing control in the platform master clock domain;  

• excitation waveform generation and control;  

• acquisition and handling of SPI data streams from distributed IMU sensors;  

• frame synchronization marker generation, injection, and capture;  

• 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 I²S 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 μs. For the retained upper frequency of 16 kHz, 

the quarter-period timing criterion corresponds to a maximum admissible timing deviation of 

15.6 μs, equivalent to approximately 9.0 μs 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/√N. With four repeated measurements, the effective uncertainty is 

reduced to approximately 4.5 μs RMS, while the eight repeated measurements used in this work 

reduce it further to approximately 3.2 μs 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: 

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

• Hardware Control: Configuration and execution of acquisition cycles. 

• Data Processing: Marker-based resynchronization, frame alignment, and real-time 

visualization. 

• Iterative Workflow: Replay signal preparation for MTRIF operation. 

• 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 × 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: ±2g to ±16g 

Accelerometer Noise Density 90 µg/√Hz 

Excitation Channels 6 × Class D (up to 100 W peak/channel) 

Vibration Actuators 6 × 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. 4.1. Baseline steel beam stand. 

 
 

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 POI. 

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 4.2c). 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 M16 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 × 2 sensors × 8 stages × 5 repetitions = 240 response signals,corresponding to: 

3 AMR pairs × 8 stages × 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. 
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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: AMRx, AMRy, AMRz. 

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 

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

sets: 

• Normalization: Signals in the AMR pair are scaled by their common maximum absolute 

amplitude 𝐴: 

• Band-Pass Filtering: Signals are restricted to the target frequency range: 

• Pointwise Multiplication: An intermediate product signal p is generated: 

• RCR Extraction: The final scalar for the axis is the peak-to-RMS ratio of the product signal: 

where s is the recorded signal, s̅ is the mean signal value, sdc is the offset-corrected signal, 

A is the normalization factor, sn is the normalized signal, B is the band-pass operator,  𝑖𝑠sbpf 

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. 

 

  

 sdc = s − s̅. (5.1) 

 sn = sdc/A. (5.2) 

 sbpf = B(sn). (5.3) 

 p  =  sNear
bpf

  ⋅ sFar
bpf

. (5.4) 

 RCR = max|p| /RMS(p). (5.5) 
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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: 

 

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.  

  

 𝑀𝐶𝐶𝑀 = √𝑅𝐶𝑅𝑥
2 + 𝑅𝐶𝑅𝑦

2 + 𝑅𝐶𝑅𝑧
2. (5.6) 
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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. 

 

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. 

 

 

Fig. 6.2. MCCM values. 

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. 
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Fig. 6.3. Per-axis RCR standard deviation. 

 

 

Fig. 6.4. MCCM standard deviation. 
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Fig. 6.5. RCR and MCCM dispersion comparison. 
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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. 

2. 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. 

3. 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. 

4. 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. 

5. 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 

• 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]. 

• 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]. 

• 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. 

• 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: 

• Automated Axis Alignment: Implementation of orientation-aware coordinate trans-

formations to compensate for physical sensor misalignment mathematically. 

• Adaptive MTRIF: Development of real-time transfer-function estimation to opti-

mize the virtual impact focus under varying environmental conditions. 

• Decentralized Synchronization: Expansion of the CNSS protocol for large-scale 

sensor networks using wireless or PTP-based time distribution. 

• Non-linear Feature Extraction: Integration of higher-order statistics into the MCCM 

fusion to improve sensitivity to micro-crack initiation. 

• 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 M16 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 λ/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: 

• Pinned - does not transmit any bending moments 
• Semi-rigid - transfers some bending moments, and its behaviour needs to be considered in global analysis 
• 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), Baszeń (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 (Šabatka 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 
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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: 

• Pinned - does not transmit any bending moments 
• Semi-rigid - transfers some bending moments, and its behaviour needs to be considered in global analysis 
• 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), Baszeń (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 (Šabatka 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 
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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 
3. 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% 

 

 

 

 

 

 

Fig. 1. (a) developed measuring device; (b) electrodynamic actuator; (c) 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: 

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

• Addition to each of the signals on the left and right an array of zero values, with a duration of 1 sec  
• Calculation of the convolution of the two received signals 
• 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). 

 

 

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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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). 

 

 

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; (c) 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. 

 

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 stiffness and the decrease of NPVCF values calculated from coaxial correlations reflect the grade of stiffness 
loss in the joint of the timber beams stand. 

 

Fig. 5. (a) scheme of the timber beams dynamic loading; (b) accelerometers placement near considered joint with an indication of directions for 
vibration records fixations. 

 

Fig. 6. Normalized peak values of correlation functions, obtained for the five measurements for the seven grades of the joint stiffness and its 
average values curve. 
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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.  

 

 

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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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 θ 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), Baszeń (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 θ 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 (Šabatka 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. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

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 
et al. (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, II 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, II and III. The values are obtained for the case, when the joint of the 
steel beams have it maximum stiffness and considered as a rigid one. 

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

Position Experimental maximum 
vertical displacements, 10-2 mm 

Design maximum vertical 
displacements, 10-2 mm 

Difference Δ, 
10-2 mm 

Difference Δ, % 

I 15.25 14.10 1.15 7.54 

II 31.00 29.90 1.10 3.55 

III 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 Δ, MPa Difference Δ, % 

I 8.14 7.60 0.54 6.61 

II 6.83 6.38 0.45 6.52 

III 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. Тhe 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.    

 

 

Fig. 4. (a) layout diagram of accelerometers at the investigated joint; (b) accelerometer placement at the joint. 

 

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.
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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 ≥ 2 × finput,max, (1)

where f sampling is the ADC sample rate, the number of samples per second; f input,max is
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.

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.
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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 × 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.
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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.



Buildings 2023, 13, 1151 7 of 12

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

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

• 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;

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

• 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 (RMSvol), 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.
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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
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methods combined with numerical modelling enhances the understanding of the joint’s
stiffness, displacements, and the proposed dimensionless parameter, volume root mean
square value (RMSvol). 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 × 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 × 55 mm × 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.
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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; (c,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.
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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.
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Figure 4. (a) The coaxial placement of the accelerometers A1 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 (RMSvol):
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RMSvol =
√

RMS2
x + RMS2

y + RMS2
z (1)

where RMSx, RMSy, and RMSz are RMS values from the processed signal convolution as a
measure of the similarity between two signals in directions X, Y, and Z, correspondingly.
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Figure 5. Post-processing scheme of the collected specimen raw response data F1 and F2 from the A1
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.

Nr. Screws
Number

Displacement, mm Difference,
%

Rotational Stiffness of the Investigated Joint Obtained
by the 2nd Numerical Model, [kNm × rad−1 × m−1]uexp uFEM,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 20.9 3.95 4.30
9 1 22.99 21.4 7.43 3.80
10 0 24.48 23.9 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 (uFEM,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 A1 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.
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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 dis-
placements and the proposed parameter—volume root mean square. RMSvol 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 RMSvol increases by 213%.  

Figure 6. Normalised signal pairs from both accelerometers A1 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 RMSx RMSy RMSz RMSvol

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. RMSvol 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 RMSvol increases by 213%.
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Figure 7. Calculated volume root mean square (RMSvol) and experimental displacements (u) and
rotational stiffness of the investigated joint values for various grades of joint degradation as a
percentage from the RMSvol, u, and stiffness maximal values.

On the one hand, the dependence between the proposed parameter RMSvol 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 RMSvol 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 A1 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 A1 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 (RMSvol), and the joint’s
rotational stiffness is obtained during the research. The following results and conclusions
are obtained and made:

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

• 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 RMSvol
values of convolution signals and the panel-to-panel moment joint rotational stiffness
is obtained.

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

• The changes in the RMSvol 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 RMSvol and joint degradation level, and additional research is required to adopt
the proposed technique for on-site non-destructive testing.
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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 

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 
Ai of the i-th measurement is, in general, a 
random variable and can be represented as 
a sum of the measured quantity Ti and the 
absolute error of its measurement ai:

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

 (1)

The random error (or precision error) Δir 
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 Δis itself depends on 
several parameters. The characteristic of 
the accuracy error in TI measurement is 
its multiplicative character, i.e., the value 
of Δis is proportional to the duration of the 
measured TI. 

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

and stop channels and is additive. Its value 
Δc 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 Ti 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 
Tg, generator accuracy error Δisg, generator 
constant error Δcg and jitter of the TI genera-
tor Δirg. Therefore, the general equation of 
the measurement result is as follows:

 (2)

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



Fig. 1. Graphical interpretation of the generation and measurement errors of the time intervals.

The accuracy error Δis 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 F0 by τ. 
The value of τ is not constant and depends 
on four factors: changes in ambient temper-
ature, the value of the initial deviation from 
F0, 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 Kmax, 
defined as ratio Kmax=±τmax/F0, where τmax 
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 Ai is proportional to 
the period of CG F, which determines the 
multiplicative nature of the accuracy error, 
and its value Δs increases proportionally to 
the duration of measured TI. The maximum 
value of accuracy error Δsmax is usually the 
parameter of the meter, which can be esti-
mated based on the certificate value Kmax for 

the applied CG and Amax value, correspond-
ing to the upper limit of the range of mea-
sured TI durations: Δsmax = Kmax·Amax.

The experience shows that the Kmax 
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 Δsmax can also be several times less. 



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

Evaluation of Δsmax of a particular TI 
meter is based on measurement and accu-
mulation of an array [A] of n results of the 
TI measurement (Fig. 2) for the case of mea-

suring input TI of maximum duration Tgmax 
when the ambient temperature t° 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 t° will be:

 (3)

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 Δsg included in this 
expression can be neglected if the stability 
of its CG is 1–2 classes higher than the CG 

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:

 (4)

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

Equation (4) used to evaluate the accu-
racy error Δt°c is complicated due to the 
presence of unknown error constants Δcg 
and Δc in the expression. The value of Δc is 
determined by the difference in delays for 
the start and stop inputs of the TI meter. In 
turn, Δcg 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.

It is possible to estimate the values of Δcg 
and Δc when two conditions are met. Firstly, 
the TI must be measured with a minimum 
duration of Tgmin, which allows for omitting 

the accuracy errors of the generator Δsg and 
the measurer Δs, then:

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:



This implies that: Estimation of the error constant of the 
meter relative to its inputs Δc is an indepen-
dent value, but, at the same time, it provides 
the capability for estimation of Δt°s:

 (5)

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

Figure 3 shows an example of the plot of 
change of Δs as a function of temperature for 
a TI meter with a standard XO class clock 
generator (according to its specification 
Kmax=±50 ppm). The dependence character 
in the operating temperature range of the 

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, Δsmax=740 ps and 
Tgmax=134 µs; hence, the estimate of 
Kmax=±740·10-12/134·10-6= 5.5·10-6=±5.5 ppm. 
The estimation of Kmax 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.

Fig. 3. The temperature dependence Δs for an XO standard class TI meter  
when measuring TI with a duration of Tgmax=134 µs.



3. COMPENSATION FOR ACCURACY ERROR

The investigation of the dependence of 
the accuracy error value Δs 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 t°. This is done by determining 
the average values of the TI measurement 
Āt° and the accuracy error Δt°s for the current 
temperature t° according to (5). The correc-
tion factors Kt°=Δt°s/Āt° and the correspond-
ing temperature calculated from these data 
are recorded as a table of Kt° and t° 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 Tgmax value must cor-
respond to the maximum working range of 
the TI 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 t°. 
The algorithm for compensation of the i-th 
measurement result consists of extracting 
from the table the Kt° coefficient corre-
sponding to the temperature t° at the time of 
measurement and calculating the compen-
sated measurement result At°i: comAt°i=At°i 
(1-Kt°).

In a general case, the measurement 
result At°i contains both an accuracy error 
and a constant error Δc, so comAt°i=(At°i-Δc)
(1-Kt°). Figure 4 represents the dependence 
of the accuracy error Δs on the temperature 
after the compensation of the accuracy error 
shown in Fig. 3. The value of Δsmax 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 
CG, 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 4th-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 t°. 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 

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 Δs 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 

space electronics – the survivability of the 
CG.

Systematic error compensation proce-
dure has its limitations related to reproduc-
ing real conditions of instrument application 
during the calibration procedure. However, 
the pre-flight preparation of the electron-
ics includes a mandatory TVC (Thermal 
Vacuum Cycle) procedure, during which 
calibration is possible. Also, space electron-
ics are equipped with obligatory hardware 
support to monitor temperature, voltage and 
power supply levels to ensure reliability of 
measurement results. The above consider-
ations make it possible to achieve a good 
balance between the cost of the method and 
its effectiveness.
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Izgudrojums attiecas uz būvražošanas jomu, uz
metodēm ēku konstrukciju nesagraujošai kontrolei.
Izgudrojums var tikt izmantots arī mašīnbūvē,
aviācijā un citās nozarēs.

Izgudrojuma mērķis ir izstrādāt metodi
būvkonstrukciju savienojošo mezglu nesagraujošai
kontrolei, kas nodrošinās pieliekamās trieciena—
vibrācijas slodzes paplašinātu parametru diapazonu,
kā arī nodrošinās vienlaicīgu atbildes signālu
fiksāciju, izmantojot tam vairākus lineāros un
leņķiskos akselerometrus (4).

Būvkonstrukciju savienojošo mezglu nesagraujošas
kontroles metodes shēma ietver šādas sastāvdaļas:
trieciena ierīci (3) vai induktoru (9) un impulsa
ģeneratoru (10), akselerometru (4), impulsa
uztvērēju (5), signāla analizatoru (6) un datoru (7).
Izgudrojuma metode paredz iegūto datu (atbildes
signālu) turpmāko analīzi, kontrolējot korelācijas
funkciju no koaksiālajiem trīs lineārajiem un trīs
leņķiskajiem paātrinājumiem, kurus mēra
akselerometri (4), tādā veidā raksturojot
būvkonstrukcijas elementu (1) un (2) savienojuma
mezglu ar sešiem paātrinājumiem attiecībā pret
slodzes pielikšanas vietu.

Lai nodrošinātu metodes augstu efektivitāti un
pieliekamas slodzes plaša diapazona parametru
regulēšanu, būvkonstrukcijas slogošanai izmanto
impulsa elektromagnētisko lauku ar intensitāti 10–
100 MA/m, un iespēju regulēt impulsa amplitūdu un
frekvenci, kā arī slogošanas ātrumu. Slogošanu var
veikt ar vienu impulsu vai vairākiem secīgiem
impulsiem ar frekvenci no 1 līdz 30 impulsiem
minūtē.
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IZGUDROJUMA APRAKSTS 

[001] Izgudrojums attiecas uz būvražošanas jomu, uz metodēm ēku konstrukciju nesagraujošai 

kontrolei. Izgudrojums var tikt izmantots arī mašīnbūvē, aviācijā un citās nozarēs. 

Zināmais tehnikas līmenis 

[002] Ir zināma eksperimentālā metode būvkonstrukciju stāvokļa novērtēšanai, slogojot 

būvkonstrukcijas ar statisko slodzi. Metodes pamatā ir būvkonstrukcijas slogošana ar 

pakāpeniski pieaugošo nekustīgo slodzi un attiecīgi iegūto deformāciju novērtēšana [1]. Šo 

metodi izmanto būvkonstrukcijas tehniskā stāvokļa novērtēšanai gadījumos, kad ar citām 

zināmām metodēm to nav iespējams izdarīt, jo šī metode ir laika un darbietilpīga, 

mazinformatīva un dažos gadījumos ir pat bīstama, jo būvkonstrukcija slogošanas rezultātā var 

tikt sagrauta vai neatgriezeniski bojāta. 

[003] Ir zināmas nesagraujošas kontroles metodes, kas ļauj atklāt defektus būvkonstrukciju 

elementos, iedarbojoties uz būvkonstrukciju ar impulsa slodzi. Betona un citu līdzīgu 

būvmateriālu kvalitātes kontrolei izmanto sklerometrus (Šmita āmurus). Šmita āmuru darbības 

princips balstās uz trieciena impulsa noteikšanu, kas rodas pēc impulsa slodzes pielikšanas. 

Trieciena enerģija betona spiedes stiprības pārbaudei ir 2,207 Nm. Ir zināmi Šmita āmuri ar 

samazinātu trieciena enerģiju citiem materiāliem vai plānsienu konstrukcijām [2]. Betona 

stiprību nosaka pēc Šmita āmura stieņa atsitiena augstuma, izmantojot noteiktās kalibrēšanas 

līknes. Sklerometriskā testa pamatā ir korelācija starp betona spiedes stiprību un tā virsmas 

cietību [3]. Ja Šmita āmura trieciena enerģija ir pietiekama, to var izmantot impulsa slodzes 

veidošanai uz būvkonstrukcijām, lai veiktu būvkonstrukciju frekvences reakcijas testēšanu jeb 

modālo analīzi, vai arī šim nolūkam izmantot trieciena āmurus [4]. Būvkonstrukciju tehniskā 

stāvokļa novērtēšanai impulsu izraisošu iekārtu izmanto kopā ar akselerometriem, kas fiksē 

būvkonstrukciju reakciju uz impulsa slodzi. Katram trieciena āmuram ir sava trieciena enerģija, 

tāpēc to izmantošanas trūkums ir šāds: nav iespējams ar vienu trieciena āmuru veikt pārbaudes 

dažāda izmēra pētāmajiem objektiem. 

[004] Ir zināmas dinamiskās būvju un konstrukciju stāvokļa novērtēšanas metodes, kas ietver 

svārstību izraisīšanu gruntī ar speciālajam ierīcēm (pneimatiskais āmurs, vibrators) [5, 6]. 

Sākumā grunts svārstības izraisa būves pamatu svārstības, vēlāk arī visas būves svārstības. 
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Sensorus stiprina pie konstrukciju elementiem un fiksē svārstību frekvences. Jo stingāks ir 

konstrukcijas mezgls, jo augstāka ir atstarotā svārstību frekvence sensorā un otrādāk. Metodes 

trūkums ir slodžu parametru ierobežojumi un potenciālā iespēja bojāt konstrukciju vai tās daļu. 

[005] Ir zināmas akustiskas nesagraujošas kontroles metodes materiāla defektu un struktūras 

izmaiņu novērtēšanai. Viena no plašāk izmantojamajām kontroles metodēm ir ultraskaņas 

metode [7], saskaņā ar kuru raidītājs nosūta ultraskaņas impulsu materiālā, kur, sastopot 

defektus, ultraskaņas vilnis daļēji atstarojas, tad uztvērējs ultraskaņu svārstības pārveido 

elektriskajās un atveido informāciju uz ultraskaņas defektoskopa ekrāna [8]. Metodes trūkums 

– nav iespējams izmantot šādu konstrukciju mezglu izmaiņu novērtējumam kā, piemēram, 

spēles palielināšana skrūvsavienojumā. 

[006] Ir zināmas nesagraujošas būvkonstrukciju stāvokļa kontroles metodes, kas balstās uz 

elektromagnētisko svārstību novērtējumu, kas rodas dinamiskas slodzes ietekmē [9]. Metodes 

trūkums – var izmantot tikai metāla būvkonstrukcijām, kurām piemīt magnētiskās īpašības. 

[007] Ir zināma kontroles metode, kas balstās uz lineāro paātrinājumu, kas rodas 

būvkonstrukcijas mezglos dinamiskas slodzes ietekmē, analīzi. Paātrinājumi tiek reģistrēti ar 

akselerometru palīdzību [10]. Mērījumu augstas precizitātes nodrošināšanai lieto platjoslas 

vibrācijas pārveidotājus – pjezoelektriskos sensorus. Dinamiskā slodze tiek izraisīta, izmantojot 

mākslīgus vibrācijas avotus, piemēram, uz būvkonstrukciju no noteiktā augstuma uzmetot 

objektu ar noteiktu masu. Šī metode tiek plaši izmantota zemestrīču seku noteikšanai, kā arī 

būvkonstrukciju kontrolei. Metodes trūkums – nav iespējams pilnvērtīgi novērtēt 

būvkonstrukciju stāvokli, it īpaši būvkonstrukciju mezglus, jo pieliktās vibrācijas slodzes 

frekvence un trieciena enerģija ir relatīvi zemas: 0,1–150,0 Hz un 200–250 J attiecīgi. Turklāt 

būvkonstrukciju mezglu pilnvērtīgu kontroli ierobežo tikai lineāro akselerometru izmantošana, 

ko paredz šī metode [9], kas ir pieņemta par izgudrojuma prototipu. 

Izgudrojuma mērķis un būtība 

[008] Izgudrojuma mērķis ir izstrādāt metodi būvkonstrukciju savienojošo mezglu 

nesagraujošai kontrolei, kas nodrošinās pieliekamas trieciena-vibrācijas slodzes paplašinātu 

parametru diapazonu (trieciena impulsa frekvenci no 50 līdz 5x104 Hz, slodzes pielikšanas 

ātrumu no 5 līdz 50 m/s un trieciena enerģiju diapazonā no 0,1 līdz 10,0 kJ), kā arī nodrošinās 
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vienlaicīgu atbildes signālu fiksāciju, izmantojot tam vairākus lineāros un leņķiskos 

akselerometrus (4) (1. zīm. un 2. zīm.).  

[009] Izgudrojuma būvkonstrukcijas savienojošo mezglu nesagraujošas kontroles metodes 

shēma ir parādīta 1. zīmējumā. Lai realizētu izgudrojuma metodi, ir nepieciešama trieciena 

ierīce (3) (vai induktors (9) un impulsa ģenerators (10), kā parādīts 2. zīmējumā), akselerometri 

(4), impulsa uztvērējs (5), signāla analizators (6) un darbstacija (datu apstrādes sistēma) (7). 

Signālu reģistrēšanu ar akselerometriem (4) vienlaicīgi veic trijos telpiski atdalītos punktos: 

vietā, kur pielikta slodze, un abās pusēs attiecībā pret pētāmo būvkonstrukcijas elementu 

savienojuma mezglu (mezgla tuvumā). Turklāt izgudrojuma metode paredz iegūto datu 

turpmāko analīzi, kontrolējot korelācijas funkcijas no koaksiālajiem trīs lineārajiem un trīs 

leņķiskajiem paātrinājumiem, kurus mēra katrs no akselerometriem (4). Saskaņā ar 

vispārzināmo metodiku [11] integrēto diagnostikas parametru aprēķina, pamatojoties uz 

sākotnējiem signāliem, kas saņemti no sensoriem (akselerometriem (4)), un matemātiski 

apstrādātiem signāliem, kas izturējuši frekvences filtrēšanu. Šādā veidā būvkonstrukcijas 

elementu savienojuma mezglu stāvokli raksturo ar sešiem paātrinājumiem attiecībā pret slodzes 

pielikšanas vietu. 

[010] Konstruējot savstarpējās korelācijas funkcijas starp lineāro un leņķisko sensoru 

(akselerometru (4)) koaksiālajiem pāriem un aprēķinot savstarpējās korelācijas funkciju nosaka 

integrālos diagnostikas parametrus. Integrālais diagnostikas parametrs ietver savstarpējas 

korelācijas funkciju neatkarīgu parametru algebrisko izteiksmi, piemēram, funkcijas maksimālo 

vērtību, funkcijas apgabala integrālo daļu un tās kvalitātes koeficientu (Q koeficientu). Integrēto 

diagnostikas parametru var aprēķināt gan no sākotnējiem signāliem, kas saņemti no sensoriem 

(akselerometriem (4)), gan no matemātiski apstrādātiem signāliem, jo īpaši no tiem, kuri ir 

izturējuši frekvences filtrēšanu. Ar frekvences filtrēšanu sākotnējie signāli tiek ievesti 

interesējošajā frekvenču diapazonā, kam raksturīgs lielākais informācijas apjoms par 

pārbaudāmā mezgla stāvokli, jo īpaši sistēmas svārstību dabisko frekvenču zonā. 

[011] Pieliekamas slodzes parametru diapazona paplašināšana, kā arī akselerometru (4) atbilžu 

signālu matemātiskā apstrāde (izmanto lineārās un leņķisko sensoru koaksiālo pāru savstarpējās 

korelācijas funkciju konstruēšanas metodi un savstarpējās korelācijas funkciju integrālo 

diagnostikas parametru aprēķinu) ļauj veikt pilnvērtīgāku būvkonstrukciju stāvokļa analīzi 
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salīdzinājuma ar prototipa metodi, jo signāla amplitūdas un citu parametru izmaiņas norādīs uz 

būvkonstrukciju elementu savienojuma bojājumiem, proti, uz mezgla stinguma izmaiņām. 

[012] Lai nodrošinātu metodes augstu efektivitāti un pieliekamas slodzes plaša diapazona 

parametru regulēšanu, būvkonstrukcijas slogošanai izmanto impulsa elektromagnētisko lauku 

ar intensitāti 10–100 MA/m un iespēju regulēt impulsa amplitūdu un frekvenci, kā arī 

slogošanas ātrumu. Slogošanu var veikt ar vienu impulsu vai vairākiem secīgiem impulsiem ar 

frekvenci no 1 līdz 30 impulsiem minūtē. Metāla būvkonstrukciju nesagraujošas kontroles 

metodes shēma ir parādīta 2. zīmējumā.  

[013] Izgudrojuma metode ietver šādus secīgus soļus (1. zīm. un 2. zīm.): 

i) apseko būvkonstrukciju ar mērķi noteikt tās statisko shēmu; 

ii) nosaka būvkonstrukciju elementu savienojumu mezglus, kuriem ir vislielākā ietekme uz 

būvkonstrukcijas darbību; 

iii) izvēlās pētāmo būvkonstrukciju elementu (1) un (2) savienojuma mezglu; 

iv) izvēlās dinamiskās slodzes (trieciena vai vibrācijas) pielikšanas vietu; 

v) izvieto akselerometrus (4) trijos telpiski atdalītos punktos: vietā, kur pielikta slodze, un abās 

pusēs attiecībā pret pētāmo būvkonstrukcijas elementu (1) un (2) savienojuma mezglu 

(mezgla tuvumā), lai kontrolētu paātrinājumu koaksiālitāti virzienos, kas atbilst pētāmā 

būvkonstrukciju elementu (1) un (2) savienojuma mezgla brīvības pakāpēm; 

vi) savieno akselerometrus (4) ar kopējo signāla analizatoru (6), kuru savukārt savieno ar 

darbstaciju (7); 

vii) pieliek dinamisko slodzi ar trieciena ierīci (3) vai induktoru (9) būvkonstrukcijas 

elementam (1) vai (2); 

viii) veic akselerometru (4) rādītāju (atbilžu signālu) salīdzinājuma rezultātu matemātisko 

apstrādi (izmanto lineārās un leņķisko sensoru koaksiālo pāru savstarpējās korelācijas 

funkciju konstruēšanas metodi un savstarpējās korelācijas funkciju integrālo diagnostikas 

parametru aprēķinu – saskaņā ar vispārzināmo metodiku [11]); 

ix) analīzē iegūtus rezultātus; 

x) secina par būvkonstrukcijas elementu (1) un (2) savienojuma mezgla stāvokli. 

[014] Izgudrojums ir skaidrots ar šādiem zīmējumiem: 
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1. zīm. Būvkonstrukcijas nesagraujošas kontroles metodes shēma: pirmais būvkonstrukcijas 

elements (1), otrais būvkonstrukcijas elements (2), trieciena ierīce (3), akselerometri (4), 

impulsa uztvērējs (5), signāla analizators (6), darbstacija (7), bultskrūves (8). 

2. zīm. Metāla būvkonstrukciju nesagraujošas kontroles metodes shēma: pirmā sija (1), otrā sija 

(2), akselerometri (4), impulsa uztvērējs (5), signāla analizators (6), darbstacija (7), bultskrūves 

(8), induktors (9), impulsa ģenerators (10). 

3. zīm. Akselerometra (4) lineāro un leņķisko paātrinājumu mērīšanas kanālu shēma: Φx, Φy 

un Φz ir leņķisko paātrinājumu mērīšanas virzieni; x, y, z – lineāro paātrinājumu mērīšanas 

virzieni. 

Izgudrojuma īstenošanas piemēri 

[015] 1. piemērs: 

Pārbaudāmā būvkonstrukcija sastāv no diviem būvkonstrukcijas elementiem (1) un (2), šajā 

gadījumā – sijām, kuras savstarpēji ir savienotas ar bultskrūvēm (8) (1. zīm.). Būvkonstrukcijas 

savienojošo mezglu nesagraujošas kontroles metodes shēma ietver šādas sastāvdaļas (1. zīm.): 

trieciena ierīce (3), akselerometri (4), impulsa uztvērējs (5), signāla analizators (6) un 

darbstacija (7). Akselerometri (4) ir piestiprināti pie būvkonstrukcijas elementiem (1) un (2), kā 

arī pie trieciena ierīces (3). Šādā veidā akselerometri (4) ir izvietoti trijos telpiski atdalītos 

punktos: trieciena slodzes pielikšanas vietā un divos punktos, proti, uz pārbaudāmiem 

būvkonstrukcijas elementiem (1) un (2). Akselerometri (4) ar vadiem tiek savienoti ar impulsa 

uztvērēju (5), no kura datus pārsūta uz signāla analizatoru (6) un pēc tam uz darbstacijas (7) 

displeju. Ar trieciena ierīces (3) palīdzību, dotajā piemērā – 0,5 kg smagu celtniecības āmuru ar 

metāla uzgali – būvkonstrukcijai pieliek dinamisko slodzi ar impulsa enerģijas vērtību 0,1–1,0 

kJ. Atbildes signāli no pieliktās dinamiskās slodzes vienlaikus parādās visos trijos 

akselerometros (4), iegūtos signālus vienlaicīgi ieraksta trijos telpiski atdalītos punktos, tad veic 

koaksiālo pārvietojumu korelācijas funkcijas kontroli katra akselerometra (4) trīs lineārajiem un 

trīs leņķiskajiem pārvietojumiem, kas atbilst sešiem paātrinājumiem attiecībā pret slodzes 

pielikšanas vietu. Tad veic akselerometru (4) rādījumu salīdzināšanas rezultātu matemātisko 

apstrādi (izmanto lineārās un leņķisko sensoru koaksiālo pāru savstarpējās korelācijas funkciju 

konstruēšanas metodi un savstarpējās korelācijas funkciju integrālo diagnostikas parametru 

aprēķinu – saskaņā ar vispārzināmo metodiku [11]), kas ir pamats secinājumiem par 
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būvkonstrukcijas stāvokli. Pārbaudes procesu atkārto, periodiski atlaižot vaļīgāk vai pievelkot 

ciešāk savienojuma bultskrūves (8). Akselerometru (4) lineāro un leņķisko paātrinājumu 

mērīšanas kanālu shēma ir redzama 3. zīmējumā, kur shematiski ir attēlots akselerometrs (4) ar 

trīs lineāro paātrinājumu mērīšanas virzieniem x, y, z un trīs leņķisko paātrinājumu mērīšanas 

virzieniem Φx, Φy un Φz.  

[016] 2. piemērs: 

Pārbaudāmā būvkonstrukcija kā 1. piemērā. Būvkonstrukcijas savienojošo mezglu 

nesagraujošas kontroles metodes shēma ietver šādas sastāvdaļas (2. zīm.): akselerometri (4), 

impulsa uztvērējs (5), signāla analizators (6), darbstacija (7), induktors (9) un impulsa 

ģenerators (10). Metāla (tērauda, alumīnija) būvkonstrukciju dinamiski slogo ar impulsa 

elektromagnētisko lauku, kas rodas impulsa ģeneratora (10) izlādes rezultātā uz induktoru (9). 

Turklāt induktors (9) ar savu svaru (var tikt pielikta arī papildu slodze) iedarbojās uz 

būvkonstrukciju (2. zīm.). Impulsa ģeneratora (10) akumulētā enerģija var svārstīties no 0,1 līdz 

10 kJ. Papildus ir iespējams mainīt raksturu izlādes impulsa strāvai induktorā no taisnstūra uz 

slāpētu sinusoīdu ar frekvenci no 50 līdz 5x104 Hz. 

[017] 3. piemērs: 

Pārbaudāmā būvkonstrukcija kā 1. piemērā, savukārt būvkonstrukcijas savienojošo mezglu 

nesagraujošas kontroles metodes shēma – kā 2. piemērā. Pārbaudot būvkonstrukcijas no 

materiāliem, kuriem nepiemīt elektrovadītspēja un magnētiskās īpašības (piemēram, no koka 

vai betona), būvkonstrukcijas kontakta vietā ar induktoru (9) piestiprina metāla plāksni no 

alumīnija vai vara. Šādā veidā panāk elektromagnētiskās ietekmes ievērojamo palielināšanos uz 

būvkonstrukcijas materiālu un var veikt būvkonstrukciju nesagraujošu kontroli saskaņā ar 

izgudrojumu. 
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PRETENZIJAS 

1. Būvkonstrukciju savienojošo mezglu nesagraujošas kontroles metode, kas ietver trieciena vai 

vibrācijas slodzes radīšanu un atbildes signāla reģistrēšanu, izmantojot akselerometrus (4), kas 

ir piestiprināti pie būvkonstrukcijas elementiem (1) un (2), kas atšķiras ar to, ka atbildes signālus 

vienlaicīgi reģistrē ar akselerometriem (4), kas uzstādīti trijos telpiski atdalītos punktos: 

trieciena vai vibrācijas slodzes pielikšanas punktā un divos punktos pētāmās būvkonstrukcijas 

elementu (1) un (2) savienojuma zonā abās pusēs attiecībā pret pētāmo būvkonstrukcijas 

elementu (1) un (2) savienojuma mezglu, turklāt akselerometru (4) rādījumu rezultātu 

matemātisko apstrādi veic, konstruējot lineāro un leņķisko akselerometru koaksiālo pāru 

korelācijas funkcijas, tad pēc frekvenču filtrācijas veic sākotnējo signālu un iegūto signālu 

integrālo diagnostikas parametru salīdzinājumu, balstoties uz kura rezultātiem secina par 

būvkonstrukcijas savienojošo mezglu stāvokli. 

2. Būvkonstrukciju savienojošo mezglu nesagraujošas kontroles metode saskaņā ar 1. 

pretenziju, kas atšķiras ar to, ka trieciena vai vibrācijas slodzi rada, iedarbojoties vienu vai 

vairākas reizes uz būvkonstrukcijas elementu (1) vai (2), ar impulsa elektromagnētisko lauku.  
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