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Abstract. Cross-laminated timber (CLT) floors are typically composed of prefab-
ricated CLT panels assembled on a construction site. The actual connections are
commonly disregarded at design stage. CLT floors are modelled either as a mono-
lithic slab or more frequently as a collection of CLT panels with no connections.
This paper presents a numerical study designed to demonstrate the effect of two
common inter-panel connections, i.e. single surface spline and half-lapped joint,
on vibration modes of various CLT floor configurations. The inter-panel connec-
tions are modelled as an equivalent 2D elastic strip between the CLT panels. This
uncomplicated yet robust approximation of reality can be used readily in design
practice, regardless finite element (FE) software used to determine modal proper-
ties of a floor. The corresponding monolithic floors and those without inter-panel
connections are studied for comparison. The results showed that the common prac-
tice of modelling CLT floors either as monolithic slabs or as a set of independent
panels should come to an end.

Keywords: Cross-laminated timber · Single surface spline · Half-lapped joint ·
Low-frequency floor · High-frequency floor

1 Introduction

Emergence of newconstruction techniques and light yet high-strength buildingmaterials,
have made vibration serviceability assessment (VSA) the governing criterion for design
of long-span structures [1], and timber floors are no exception [2–7]. Hamm et al. [8]
showed that a significant percent of timber floors that fulfill ultimate limit state (ULS)
design criteria fail to satisfy VSA requirements. The Canadian CLTHandbook [9] warns
that bare cross-laminated timber (CLT) floors differ from traditional lightweight wood
joisted floors, thus the traditional methods and criteria for VSA may not be applicable
to CLT floors.

CLT is a multilayer composite made by gluing together layers of solid thin wood
boards in a crosswise fashion [10]. Apart from outstanding strength and rigidity, dimen-
sional stability, aesthetic quality and fire resistance, CLT is a highly sustainable con-
struction material. Its low carbon footprint particularly affirms its use in residential and
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commercial buildings [10, 11]. In Europe, design of CLT structural elements is guided
by national annexes of the Eurocode 5 [12]. Analytical solutions cover only relatively
simple plate geometries and boundary conditions. Therefore, for the most real cases in
engineering practice, CLT structures are modelled using finite element method (FEM)
based on the relatively simple equivalent single layer (ESL) laminate theories [13].

Regarding VSA, Eurocode 5 [12] limits the fundamental frequency of a floor to 8 Hz
to prevent resonant vibrations due to pedestrians walking. This frequency limit is not
related to the timber as a building material but has stemmed from a false assumption
that walking excitation has no power to cause vibration serviceability problems above 8
Hz [1]. More recent studies suggest the frequency cut-off as high as 14 Hz [14]. In any
case, the cut-off frequency is just a decision factor for floor classification to so-called
“low-frequency floors” that can develop resonant response under walking excitation and
“high-frequency floors” that show a series of brief transient responses due to each footfall
[1, 14]. For more information about pedestrian-induced vibrations of both types of CLT
floors and the influence of the inter-panel connections on the vibration levels, a reader
is directed to a recent publication by Milojevic et al. [15].

Influence of the connections on both free and forced vibrations of CLT floors is
often neglected in numerical modelling, treating a multi-panel floor as a monolithic slab
or with no inter-panel connections at all [12, 16, 17]. This paper presents an extensive
numerical study on the influence of two frequently used connection types on vibration
modes of both low- and high-frequency CLT floors. The same analysis was carried out
for the corresponding monolithic and no connection floors for comparison.

2 Properties of CLT Floors

Production and transportation to a construction site limit the size of the panels to 3 m by
20 m. Inter-panel connections (Fig. 1) along the longer edges (i.e. the span) that transfer
in-plane shear forces and bending moments are commonly formed in situ.

Fig. 1. Two types of CLT inter-panel connections: a) single surface spline; b) half-lapped joint.

Fig. 2. Equivalent elastic strip.
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Although inter-panel connections are relatively complex, here they are modelled
using a simple equivalent two-dimensional (2D) homogeneous elastic strip that is linked
rigidly to the neighboring panels (Fig. 2). The geometric and mechanical properties of
the elastic strip are determined to match the shear and rotational stiffnesses of the actual
connection, as elaborated in Milojevic et al. [15]. For both connection types, the height
of the strip heq is set equal to the height of the actual CLT panels, while the adopted
width of the elastic strip is aeq = 90 mm [15]. The resulting elastic strip properties are:

– for the single surface spline: Eeq = 2.96 MPa, Geq = 10 MPa,
– for the half-lapped joint: Eeq = Geq = 4.105 MPa.

Although themodel is suitable for both 2D and 3DFEmodelling, focus of the present
study is on 2D rectangular floors only.

Table 1. Considered scenarios bymeans of frequency levels, boundary conditions and inter-panel
connection types (Examples 1–2).

Example Floor Type Boundary Conditions Connection

Example 1 LFF SFSF monolithic slab

no connection

single surface spline

half-lapped joint

SSSS monolithic slab

single surface spline

half-lapped joint

Example 2 HFF SFSF monolithic slab

single surface spline

half-lapped joint

SSSS monolithic slab

single surface spline

half-lapped joint

Note: S – simply-supported edge; F – free edge

Table 2. Mechanical properties of C24 timber class lumber used in the CLT panels

EL ET = ER GLT = GLR GRT νLT νLR νRT ρ

11000 N/mm2 370 N/mm2 690 N/mm2 50 N/mm2 0.49 0.39 0.64 420 kg/m3
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3 Modal Properties of CLT Floors

The next two subsections illustrate results of the modal analysis simulated for examples
of LFFs (Sect. 2.1) and HFFs (Sect. 2.2) with different combinations of free (F) and
simply supported (S) boundary conditions around the four edges. Four connection types
between the panels are studied: (i) rigid (monolithic) slab, (ii) absence of connections,
(iii) single surface spline and (iv) half-lapped joint, as summarized in Table 1. The cut-off
frequency between the low-frequency floors (LFF) and high-frequency floors (HFF) was
set to 10.5 Hz, according to Arup’s guideline for VSA of floor structures [16]. Natural
frequencies, modal masses, modal stiffnesses and mode shapes were exported from FE
models of the floors developed in Abaqus CAE [18]. The multilayer CLT panels were
modelled using S4R element, while each layer was modelled as a C24 unidirectional
lamina with the material properties listed in Table 2. The mechanical properties of
CLT were adopted according to [19–22]. The mesh size was 0.05 m. In all examples the
additionalmass of non-structural elements including 10%of the live loadwas 150 kg/m2.

3.1 Example 1: Low-frequency Floor (LFF)

This is a 5-layer square CLT floor with a total thickness h = 5 × 4 cm = 20 cm, side
length a = 6 m, hence side-to-thickness ratio a/h = 30. Such a large CLT floor must
be assembled using two 3 × 6 m panels (see Fig. 3). The modal properties due to
three combinations of boundary conditions and four inter-panel connections, as listed in
Table 1, are elaborated in the next three sub-sections.

Fig. 3. 6 m × 6 m square CLT floor composed of two panels with different boundary conditions
a) SFSF; b) SSSS. Connection details of four considered scenarios are illustrated schematically.

One-way SFSF Floor. The floor is simply supported along two parallel edges and free
along the other two (Fig. 3a). The outer layers are parallel to the span (y) direction to
maximise the bending rigidity in this direction. Simply supported boundary conditions
were assigned to the floor edges parallel to the x-axis by constraining the displacements
in the x and z (vertical) directions. Edges parallel to the y-axis remained free.

Modal properties for all modes up to 30 Hz are listed in Table 3, while the corre-
sponding mode shapes are illustrated in Fig. 4. Indexes i and j are the numbers of half
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sine waves in the mode shapes along the x and y axes, respectively. All the mode shapes
in the figure are arranged in the columns according to different combinations of (i, j)
values. The monolithic floor is selected for comparison. So, its natural frequencies are
arranged in increasing order. Note that this is not the case for other connection types.

Table 3. Natural frequencies and modal masses of 6m× 6m CLT floor (SFSF) for all considered
scenarios (* - mode shapes arising in pairs due to the symmetry).

Mode Monolithic slab No connection* Single surf. Spline Half-lapped joint

Frequency
[Hz]

Modal
Mass
[kg]

Frequency
[Hz]

Modal
Mass
[kg]

Frequency
[Hz]

Modal
Mass
[kg]

Frequency
[Hz]

Modal
Mass
[kg]

(1,1) 6.60 3981.5 6.60 2061.4 6.55 3846.6 6.55 3850.0

(2,1) 7.66 1481.8 9.65 732.73 7.46 1496.7 7.45 1506.6

(3,1) 13.01 1154.7 / / 9.63 1417.3 9.66 1414.3

(1,2) 23.38 3846.7 23.38 2046.2 23.16 2914.7 23.16 2893.8

(2,2) 24.33 1595.0 26.45 789.25 24.14 1618.8 24.11 1649.0

(4,1) 24.48 1167.5 / / 23.63 1229.4 22.86 1296.2

(3,2) 28.09 1273.1 / / 26.06 1388.5 26.06 1384.8

Fig. 4. Mode shapes and associated natural frequencies of 6m × 6m square CLT floor (SFSF),
considering different inter-panel connection types.

The modes of the floor without inter-panel connections are apparently different in
comparisonwith other three cases. Each panel is an independent (local) floor-strip. There
is almost no difference between natural frequencies andmode shapes formodes (1,1) and
(1,2) since all the flexing is just along the span, i.e. parallel to the free y-axis. However,
the modal mass of the monolithic floor is almost twice the modal mass of a single panel,
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which can yield dramatically different vibration responses. When the flexing is added
in the opposite x-direction (i.e. for i > 1), the results diverge with every increment in i.
For mode (2,1), a single panel has approximately 26% higher natural frequency than the
monolithic floor. For mode (3,1), the frequency is higher than 30 Hz (outside the target
frequency range), and there are multiple differences with the monolithic floor.

For the majority of the modes, there are almost no differences between the modal
properties of the floors assembled with the different two types of the joint connections.
Only for mode (4,1) there is a 3.25% relative error (rows 3, 4 in Fig. 4). This is due to
different shear modulus values (10 GPa vs. 4.01 GPa) incorporated in the corresponding
elastic strip model properties. Both floors expectedly have lower natural frequencies
than the monolithic reference. The surface spline connection makes a closer match with
the relative error of 3.5% in comparison to 6.6% of the half-lapped joint connection.
Moreover, the position of mode (4,1) for each connection type is rather different (Fig. 4).
In case of the half-lapped joint connection, 22.86 Hz comes at the fourth place, while
23.63 Hz is the fifth in case of the spline connection. Neither of them matches the mode
shape and/or natural frequency of the corresponding monolithic floor.

Another significant mismatch is for mode (3,1). This mode bends all along the
connection line, so the bending stiffness of the strip is fully engaged. The connection
line is also the axis of symmetry for thismode,whichmeans that the rotational stiffness of
the equivalent strip is fully operating in this mode. While there is a negligible difference
between the connection types, the values are nearly 26% lower than that of themonolithic
floor. This means that the influence of the connection is very considerable in this mode.
Considering together modes (3,1) and (4,1), it is apparent that the modal properties are
more sensitive to the rotational stiffness than the bending stiffness of the inter-panel
connection line.

SSSSFloor. In this case, the floor is simply supported along all four edges (Fig. 3b). nat-
ural frequencies, modal masses and mode Shapes are presented in Table 4 and illustrated
in Fig. 5.

Table 4. Natural frequencies and modal masses of 6 m × 6 m square CLT floor (SSSS) for all
considered scenarios.

Mode Monolithic slab Single surface spline Half-lapped joint

Frequency
[Hz]

Modal Mass
[kg]

Frequency
[Hz]

Modal Mass
[kg]

Frequency
[Hz]

Modal Mass
[kg]

(1,1) 8.28 2124.2 7.37 1505.0 7.38 1508.7

(2,1) 16.50 2128.1 16.08 2174.7 15.79 2216.1

(1,2) 24.41 2133.5 23.70 1463.4 23.69 1448.8

(2,2) 29.29 2122.2 28.80 2192.1 28.52 2248.6

(3,1) >30 / 24.15 1263.8 24.20 1255.0
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The floors composed of two connected panels show very close results and consis-
tently lower natural frequencies than the corresponding monolithic plate. The SSSS case
is particularly interesting as there is a significant difference of about 11% in the first nat-
ural frequency. Diverse order of mode shapes, observed previously in the case of SFSF
floors, is also present here. Mode shapes for the fourth and fifth mode appear again in
the reverse order when compared to the monolithic slab. This is clearly the result of how
these shapes bend in the proximity of the connection line, as elaborated in the case of
SFSF floor.

Fig. 5. Mode shapes and associated natural frequencies of 6 m × 6 m square CLT floor (SSSS),
considering different inter-panel connection types.

3.2 Example 2: High-frequency Floor (HFF)

The study elaborated in this section is nominally similar to that presented in Sect. 2.1.
A 5-layer square CLT floor with the total thickness h = 5 × 4 = 20 cm and the side
length a = 4 m (thus a/h = 20) was considered. As in Sect. 2.1, the floor was modelled
as a monolithic slab, as well as an assembly of two 2 m × 4 m panels connected with a
single surface spline and half-lapped joint (Fig. 6). The influence of the connections on
the modal properties and vibration responses due to pedestrian-induced excitation was
studied in the next two subsections for the SFSF and SSSS boundary conditions.

One way Floor SFSF. The floor is simply supported along the edges parallel to the
x-direction and free along the edges in the y-direction (Fig. 6a). The outer layers are
oriented in the y (span) direction. The results of the modal analysis are presented in
Table 5, while the mode shapes are illustrated in Fig. 7.

There are negligible differences (approximately 1.5%) in the natural frequencies that
correspond to the first and second modes of vibration for all three cases. However, the
third natural frequencies of the floors with inter-panel connections are about 26% lower
when compared with the monolithic slab. As in the case of LFF studied in Sect. 2.1, such
large differences are present for modes that flex and rotate most in the close proximity
of the connection line.

SSSS Floor. As in Sect. 2.1, the floor is simply supported along all four edges (Fig. 6b).
The increased flexibility of the inter-panel connections resulted in an average decrease
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of the natural frequencies by 12% and 7% for the first two modes, respectively, when
compared to the monolithic slab (Table 6).

Fig. 6. 4 m × 4 m square CLT floor composed of two panels with different boundary conditions
a) SFSF; b) SSSS. Connection details of four considered scenarios are illustrated schematically.

Table 5. Natural frequencies and modal masses of 4 m × 4 m square CLT floor (SFSF) for all
considered scenarios.

Mode Monolithic slab Single surface spline Half-lapped joint

Frequency
[Hz]

Modal Mass
[kg]

Frequency
[Hz]

Modal Mass
[kg]

Frequency
[Hz]

Modal Mass
[kg]

(1,1) 14.06 1768.70 13.89 1615.90 13.89 1609.3

(2,1) 15.82 660.66 15.63 674.63 15.58 685.03

(3,1) 26.50 543.04 19.58 632.49 19.62 631.51

Table 6. Natural frequencies and modal masses of 4 m × 4 m square CLT floor (SSSS) for all
considered scenarios.

Mode Monolithic slab Single surface spline Half-lapped joint

Frequency
[Hz]

Modal Mass
[kg]

Frequency
[Hz]

Modal Mass
[kg]

Frequency
[Hz]

Modal Mass
[kg]

(1,1) 17.49 948.40 15.33 667.76 15.34 666.48

(2,1) 33.52 950.84 31.85 998.36 30.42 1046.70
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Fig. 7. Mode shapes and associated natural frequencies of 4m× 4m square CLTfloor (left-SFSF,
right-SSSS), considering different inter-panel connection types.

4 Discussion and Conclusions

Codes of practice and guidelines portray CLT floors either as monolithic slabs or as a set
of panels with no connections. Numerical models of various CLT floors studied in this
paper showed that the actual inter-panel connections should be included in the modal
analysis. In case of the total absence of connections, each panel behaves dynamically as
an individual floor. Hence, the results are not easily comparable to other two cases.

Two commonly used inter-panel connections, i.e. single surface spline and half-
lapped joint, were modelled based on the analogy with the equivalent elastic strip. The
strip properties were calculated to match the rotational and shear stiffnesses of the actual
connections. Based on the visual observation of mode shapes and comparison between
values of the natural frequencies of floors modelled as monolithic slabs and panels with
connections, it could be concluded that the differences are the biggest for modes in
which the modal coordinates are the largest along the connection line. This is when
the connection line moves dominantly with respect to the rest of the floor. Moreover,
such a comparison suggest that the modal properties are more sensitive to the rotational
stiffness of the connection than to the bending stiffness. Changing boundary conditions
also made a difference. Adding supports parallel to the panel orientation resulted in
mode shapes flexing also along the minor strength direction. The connections affect
significantly mode shapes and the bending stiffness of the floor in the minor direction
when they coincide with the peak of the mode shape.

Themodels of floorswith single surface spline and half-lapped joint produce virtually
the same modal properties. A logical extension of the presented study should include
a comparative analysis between the modal properties of floors with various models of
the inter-panel connections, once these models have been made readily available in the
academic literature.
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connections on vibration response of CLT floors due to pedestrian-induced loading. Eng.
Struct. 277, 115432 (2023)

16. Willford, M.R., Young, P.: A Design Guide for Footfall Induced Vibration of Structures. MPA
The Concrete Centre, London (2007)

17. Anders, G., Johan, F.: The CLTHandbook. SwedishWood and Research Institutes of Sweden
(2019)

18. ABAQUS User Manual 6.9. DS SIMULIA Corp., Providence, Rhode Island, USA (2009)
19. DIN 1052:2004: Design of Timber Structures – General Rules and Rules for Buildings. Beuth

Verlag, Berlin, Germany (2004)
20. Hearmon, R.: The elasticity of wood and plywood. Forest Products Research Special Report

No. 7, HMSO London (1948)
21. EN 338: Structural Timber – Strength Classes. European Committee of Standardization

(CEN), Bruxelles, Belgium (2009)
22. Unterwiese. H., Schickhofer, G.: Characteristic values and test configurations of CLT with

focus on selected properties. In: Focus Solid Timber Solutions – European Conference on
Cross Laminated Timber (CLT), Graz, Austria (2013)


	 Preface
	 Organization
	 Contents
	Operational Modal Analysis as a Tool for Bridge Model Updating. Application to an Unconventional Case Study
	1 Introduction
	2 The Case Study Structure
	2.1 Damage Detection and Geometric Survey Through Laser Scanner e UAV Photogrammetry

	3 Preliminary Finite Element Model
	4 The Operational Modal Analysis
	4.1 Ambient Vibration Tests
	4.2 Data Post-process and Identification of the Modes

	5 Model Updating
	6 Conclusions
	References

	Assessment of a Damaged Bridge Based on Modal Identification from Ambient Vibration Tests
	1 Introduction
	2 Description of the Bridge 
	3 Output-Only Modal Identification 
	3.1 Ambient Vibrations Tests
	3.2 Environmental and Operational Conditions
	3.3 Modal Identification

	4 Evolution of the Dynamic Characteristics
	5 Structural Modelling and Damage Evaluation
	6 Vertical Displacements Evaluation
	7 Conclusions
	References

	Validation of an Automated Approach for the Definition of Reference Modal Properties on Onshore Wind Turbines
	1 Introduction
	2 Description of the Case Study
	3 Fully Automated Tracking of Wind Turbine’s Modal Properties
	3.1 Preliminary Analysis of the Frequency Content of the Tower
	3.2 Reference Modal Properties
	3.3 Modal Tracking

	4 Conclusions
	References

	The Analysis for the Acceleration Data of Vehicle Running on Over 100 Bridges Based on SSMA
	1 Background of Bridge Screening by Drive-By Inspection
	1.1 The Necessary of Digital Twin Bridge
	1.2 VRA
	1.3 Screening by Drive-by Inspection Technology
	1.4 The Purpose and Contribution of This Study

	2 Vehicle-Bridge Interaction Theorem
	3 Methodology of Experiment
	3.1 Experiment Details
	3.2 Data Verification

	4 Analysis and Discussion
	5 Conclusion and Future Works
	References

	Probabilistic Regression Model for OMA-Based Damping Estimates of a Cable-Stayed Bridge Under Environmental and Operational Variability
	1 Introduction
	2 Methodology
	2.1 Data Pre-processing: Displacement Reconstruction
	2.2 Data Establishment: NExT-ERA-DBSCAN
	2.3 Data Cleansing: Knowledge- and Statistics-Based Approaches
	2.4 Probabilistic Regression: Deep GPR

	3 Data
	4 Results
	4.1 Damping Estimation

	5 Conclusions
	References

	An Automated Algorithm for Experimental OMA: Application on a Warren Truss Railway Bridge with a Permanent Monitoring System
	1 Introduction
	2 Bridge and Monitoring System
	3 Research Methodology
	3.1 Data Sets and Preprocessing
	3.2 Adopted Algorithm

	4 Results and Discussion
	5 Conclusions and Future Works
	References

	A Robust and Automatic Algorithm for Structural Mode Tracking of Bridges Subjected to Operational Changes
	1 Introduction
	2 Theory
	2.1 The Proposed Modal Tracking Algorithm

	3 Examples and Test Results
	3.1 Case 1: Shear Frame with Minor Variations
	3.2 Case 2: Shear Frame with Large Variations
	3.3 Case 3: Experimental Data from the Hardanger Bridge

	4 Discussion
	5 Conclusion
	References

	Investigation of Transmissibility-Based Operational Modal Analysis from Ground Excitation
	1 Introduction
	2 Theoretical Background
	2.1 Transmissibility-Based OMA

	3 Application
	3.1 Laboratory Experiment
	3.2 Results and Discussion

	4 Conclusions
	References

	Bayesian Structural Model Update with Two-Step MCMC Methods Enabling the Evaluation of the Tail Space
	1 Introduction
	2 Uncertainty Estimation Methods
	2.1 Data Specifications
	2.2 Structural Model
	2.3 Model Updating with the MCMC Method
	2.4 Sampling from the LCB of the Likelihood

	3 Uncertainty Estimation Results
	3.1 Estimation Results of Posterior Distribution by MCMC Method
	3.2 Estimation Results of the Tail Space Using the REMC Method
	3.3 Evaluating Uncertainty Using the Complemented Samples of the Tail Space

	4 Conclusion
	References

	Tension Force Estimation of Post-tensioning External Tendons Through Vibration-Based Monitoring: Experimental Validation
	1 Introduction
	2 Tension Force Estimation Method
	2.1 Tendon with Pinned Joints
	2.2 Tendon with Semi-rigid Joints
	2.3 Tendon with Pinned and Clamped Joint
	2.4 Tension Force Estimation Approach

	3 Experimental Campaign
	4 Tension Force Estimation and Discussion of Results
	4.1 Friction Losses and Anchor Set

	5 Conclusions
	References

	First Applications and Results of the SHM of Residential Buildings in Italy
	1 Introduction
	2 The SHM Framework for Residential Buildings
	2.1 The Monitoring Framework
	2.2 Description of the Typical Monitoring System
	2.3 Monitoring Procedures and Reports

	3 Application to Real Case Studies
	4 Preliminary Monitoring Results
	5 Conclusions and Future Developments
	References

	First Results from Operational Modal Analysis of a Floating Offshore Wind Turbine
	1 Introduction
	2 Proposed Methodology
	2.1 Data Preprocessment
	2.2 Modal Shape Reconstruction
	2.3 Modes Characterisation

	3 Results
	4 Conclusions
	References

	Vibration-Based Monitoring for Non-destructive Testing of Post-tensioning External Tendons
	1 Introduction
	2 NDT Proposal
	2.1 Experimental Measurement and Analysis
	2.2 Performance Indicators
	2.3 Tension Estimation

	3 NDTT Development
	3.1 Description of the Bridge
	3.2 Description of the NDTT Device
	3.3 Example of Tendon Assessment

	4 Conclusions
	References

	Effect of Changing Environment on the Dynamic Characteristics of an Overpass
	1 Introduction
	2 Description of the Investigated Bridge
	3 Preliminary Ambient Vibration Tests and FE Modeling
	4 Continuous Dynamic Monitoring and Results
	4.1 Results 

	5 Conclusions
	References

	In Depth Assessment of a Prestressed Concrete Road Bridge Based on Dynamic Bridge Behaviour – Follow-up Analysis of Structural Integrity and Evaluation of Maintenance Condition
	1 Introduction
	1.1 Scope of Investigation
	1.2 Bridge Description

	2 Description of Measurement
	3 Dynamic Behaviour
	3.1 General
	3.2 Frequency Analysis and Dynamic System Identification 2020
	3.3 FEM Modelling
	3.4 Comparison of the Measurements from 2020 with 2003
	3.5 Comparison of the Measurements with the Numerical Models

	4 Conclusions
	References

	Continuous SHM of Railway Bridges Based on Vibration Analysis of Qualitative, Selected, Asynchronous Data
	1 Introduction
	1.1 The AUDACE Project
	1.2 The AD-SIGNUM Solution

	2 Experiment
	2.1 Selection of the Targets
	2.2 Instrumental Setup

	3 Results
	4 Next Steps and Concluding Remarks
	References

	Vibration-Based Monitoring of Continuous Welded Rails
	1 Introduction
	2 Test Setup
	3 Test Results
	3.1 Temperature Measurements and Power Spectral Densities
	3.2 Machine Learning Algorithm: Architecture and Data Prepping
	3.3 Machine Learning Algorithm: Rail Neutral Prediction

	4 Conclusions
	References

	Simulation of the Rupture of the Contact Wire of a High speed Catenary
	1 Introduction
	2 Model of Contact Wire Failure
	2.1 Model of the OCL
	2.2 Modeling of the Breakage of the Contact Wire OCL

	3 Results
	3.1 Results for Scenario “A”
	3.2 Results for Scenario “B”
	3.3 Results for Scenario “C”

	4 Summary and Conclusions
	References

	A Simulation Study on Characterizing Transfer Functions of Railway Tracks Using Train-Borne Laser Doppler Vibrometer
	1 Introduction
	2 Modeling and Simulation
	2.1 A Vehicle-Track Model
	2.2 Transfer Function Estimation
	2.3 Model Parameters

	3 Result and Discussion
	3.1 Influence of Moving Excitation
	3.2 Influence of Partial Measurement
	3.3 Influence of Wheel-Laser Shift
	3.4 Performance on a New Case

	4 Conclusion
	References

	Monitoring Railway Infrastructure Through a Freight Wagon Equipped with Smart Sensors
	1 Introduction
	2 Experimental Campaign
	2.1 Field Test
	2.2 Description of the Wireless Monitoring System

	3 Data Processing and Results
	4 Conclusions
	References

	A Methodology to Estimate Railway Track Conditions from Vehicle Accelerations Based on Multiple Regression
	1 Introduction
	2 Regression Models for Track Longitudinal Level
	3 Results and Discussion
	4 Conclusions
	References

	Vibration-Based Monitoring of a 5-Story Cross-Laminated Timber (CLT) Building Prototype
	1 Introduction
	2 Materials and Methods
	2.1 Building Description
	2.2 Experimental Setup
	2.3 Operational Modal Analysis Methods

	3 Results
	3.1 Vibrational Response of the CLT Building
	3.2 Estimation of the CLT Building’s Dynamic Properties

	4 Conclusions
	References

	Modal Strain-Based Structural Health Monitoring of Steel Railway Bridges: An Overview of Three Recent Case Studies
	1 Introduction
	2 Modal Strain-Based Monitoring
	3 Monitored Structures
	3.1 The KW51 Railway Bridge
	3.2 The Old Nieuwebrugstraat Railway Bridge
	3.3 The M2.17 Railway Bridge

	4 Conclusions
	References

	Frequency Analysis of Monopiles with Masing-Type Hysteresis Damping Under Large-Strain Cyclic Loading
	1 Introduction
	2 Dynamic Soil-Structure Interaction Modelling
	2.1 The p-y Method
	2.2 Hysteresis Model
	2.3 Reference Monopile Properties

	3 Displacement Frequency Spectra
	4 Conclusion
	References

	A Shake-Table Test to Evaluate Fiber Optic Vibration Monitoring of Offshore Wind Turbines
	1 Introduction
	2 Methodology
	2.1 OFDR
	2.2 -OTDR
	2.3 Physical Model
	2.4 Computational Modeling
	2.5 Experimental Configuration
	2.6 Bend Test
	2.7 Shake Table Test

	3 Results
	3.1 Bend Test
	3.2 Shake Table Test

	4 Discussion
	5 Conclusion
	References

	Ambient Vibration Data-Based Modal Parameter Estimation and Numerical Model Calibration of an Arch Dam
	1 Introduction
	2 Presentation of the Saint-Guérin Dam
	3 Operational Modal Analysis
	3.1 Enhanced Frequency Domain Decomposition
	3.2 Illustration of Some Spectra
	3.3 Spectrogram
	3.4 Peak Selection
	3.5 Comparison of Spectrogram and Data Amplitude
	3.6 Natural Frequencies 

	4 Calibration and Validation of a Numerical Model
	4.1 3D Numerical Model of the Dam
	4.2 Model Calibration
	4.3 Validation of the Numerical Model

	5 Conclusions
	References

	A Seismic Wave Propagation Model for the Analysis of Dam-Foundation-Reservoir Systems: The Case Study of Monticello Dam
	1 Introduction
	2 The Case Study of Monticello Dam
	2.1 Geometrical and Physical Model
	2.2 Loadings
	2.3 Results

	3 Conclusion
	References

	SSHM Systems for Dams: 12 Years’ Experience in Cahora Bassa Dam. Equipment, Software, and Main Results
	1 Introduction
	2 Cahora Bassa Dam, Mozambique
	3 Dynamic Monitoring System
	3.1 Monitoring Setup. Equipment
	3.2 Design and Installation. Difficulties and Solutions
	3.3 Software

	4 Results
	4.1 Modal Parameters
	4.2 Seismic Response

	5 Conclusions
	References

	Vibration Analysis for Model Calibration and Structural Condition Assessment of Cahora Bassa Dam Considering the Concrete Swelling Effects
	1 Introduction
	2 Case Study: Cahora Bassa Dam, Mozambique
	3 Developed Software
	4 Experimental Results and Finite Element Model Calibration
	4.1 Vibration Analysis: Modal Identification Results
	4.2 Finite Element Model of the Dam-Reservoir-Foundation System

	5 Structural Condition Assessment Considering Concrete Swelling
	6 Conclusions
	References

	Software Development for Automatic Structural Health Monitoring of Cabril Dam
	1 Introduction
	2 Cabril Dam, Portugal
	3 SSHM System Installed in Cabril Dam
	3.1 Hardware
	3.2 Software Solution 

	4 DamSHM: A Program for Automatic Structural Health Monitoring of Cabril Dam
	4.1 Analysis of Natural Frequencies for Damage Detection
	4.2 Executed Tasks and Results for Dam Behavior Assessment

	5 Conclusions
	References

	Ambient Vibration: Feedbacks from Measurements on 20 Concrete Dams and Comparisons with Finite-Element Analyses. Focus on One Year of Recording on an Arch
	1 Introduction
	2 Ambient Vibration Measurement
	2.1 The Two Strategies Developed by EDF
	2.2 Method for Signal Processing of the Records

	3 Results from Measurements on 20 Dams
	3.1 Feedback
	3.2 Comparison with Finite-Element Analyses

	4 Feedback on One Year of Recordings on an Arch Dam
	4.1 Instrumentation and First Results
	4.2 Recent Analysis 
	4.3 Influence of Local Vibrations
	4.4 Influence of Temperature in Winter and Summer

	5 Conclusion
	References

	Operations and Dam Safety with the KMIDam Platform
	1 Introduction
	2 Brief Overview of KMIDam and Its Applications
	2.1 Real-Time Seismic Monitoring
	2.2 Earthquake Impact Alerts (EIA)
	2.3 Structural Health and Performance Monitoring Solution
	2.4 Multi-asset Command and Control System (CCS)

	3 Conclusions
	References

	Determination of Sample Size on Surrogate Model-Based Parameter Inverse Analysis of a Super-High Arch Dam
	1 Introduction
	2 Methodology
	2.1 Inverse Analysis Theory Based on Measured Displacement
	2.2 CNN-Based Surrogate Model
	2.3 Sample Datasets Based on LHS and FEM

	3 Results
	3.1 Description of the Concrete Arch Dam
	3.2 Determination of Sample Size
	3.3 Results of Parametric Inverse Analysis

	4 Conclusion
	References

	A Convenient Tension Estimation for Linked Suspenders Based on Multiple Vibration Measurements
	1 Introduction
	2 Numerical Exploration
	3 Experimental Verification
	4 Conclusion
	References

	Fully Automatic Cable Tension Monitoring Based on Vibration Measurements with Deep Learning Techniques
	1 Introduction
	2 Mao-Luo-Hsi Bridge and Its Cable Vibration Measurements
	3 Identification of Cable Frequencies with SSI Methodology
	3.1 Alternative Stabilization Diagram and Hierarchical Shifting Process
	3.2 Determination of Target Modes and Frequency Range
	3.3 Parameter Selection for Real-Time SSI Analysis

	4 Automated Sieving Algorithm for Cable Frequencies
	4.1 Difficulties
	4.2 Deep Learning Algorithm Based on CNN

	5 Conclusions
	References

	Optimization of Sensor Configurations for Cost-Efficient Monitoring of Infrastructure Systems
	1 Introduction
	2 Optimal Sensor Placement Through Heuristic Algorithms
	2.1 Proposed OSP Algorithms
	2.2 Performance Evaluation

	3 Data-Driven OSP: Application to the Z24 Bridge
	3.1 Dynamic Characterization of the Bridge Under Different Scenarios
	3.2 Evaluation of Best Candidate Sensor Configurations

	4 Conclusions
	References

	Game Theory-Based Finite Element Model Updating of a Cable-Stayed Footbridge
	1 Introduction
	2 Game Theory-Based Finite Element Model Updating 
	2.1 General Problem
	2.2 Evolutionary Game Theory Model

	3 Finite Element Model Updating of the Viana Do Castelo Bridge
	3.1 Initial Numerical Model
	3.2 Experimental Investigation of the Structure
	3.3 Comparison Between the Experimental Test Results and Initial Numerical Model Prediction
	3.4 Solution of the Multi Objective Finite Element Model Updating Problem Based on the Conventional Approach
	3.5 Solution of the Multi-objective Finite Element Model Updating Problem Based on the Evolutionary Game Theory Model

	4 Discussion
	5 Conclusion
	References

	Optimisation of Bridge Decks Modal Analysis
	1 Introduction
	2 Traditional Methods for Modal Analysis of Structures
	3 Proposed Method for Modal Analysis of Bridge Decks
	4 Parametric Study of the Dynamic Structural Response in Bridge Decks
	4.1 Discussion of Results

	5 Validation of the Proposed Method in Real Operational Case
	5.1 Instrumentation and Monitoring Arranged
	5.2 Results Obtained

	6 Summary and Conclusions
	References

	A Smart System Based on Wireless Sensors for Vibration Monitoring of Railway Bridges
	1 Introduction
	2 Description of the Wireless Monitoring System
	2.1 Gateway
	2.2 Wireless Sensor Nodes
	2.3 Acquisition Procedure

	3 Field Test on a Railway Bridge
	4 Conclusions
	References

	Experimentally Validated Time-Domain Dynamic Response Analysis of the Highway Bridge with Permanent Deflections of Spans
	1 Introduction
	2 Bridge Structure
	3 Assessment Goals and Procedure
	4 Theoretical Modelling of Bridge-Vehicle Interaction
	4.1 Methodology of Theoretical Analysis
	4.2 Results of Theoretical Analysis

	5 Experimental Dynamic Tests
	6 Discussion of the Results
	7 Conclusions on Bridge Condition
	References

	The Monitoring System of the New Filomena Delli Castelli Cable-Stayed Bridge
	1 Introduction
	2 The “Filomena Delli Castelli” Bridge
	3 The Structural Health Monitoring System of the Bridge
	3.1 Configuration of Sensors
	3.2 Data Acquisition, Data Transfer and Storage
	3.3 Data Post-processing and Data Fusion

	4 First Results of the Monitoring
	5 Conclusions and Future Developments
	References

	Estimation of Cable Forces at the Ashton Bridge Using Ambient Vibration Testing
	1 Introduction
	2 Vibration Testing and Taut String Theory
	3 Cable Dynamic Behaviour Formulation
	4 Case Study: Ashton Bridge
	4.1 Test Setup
	4.2 Identifying Natural Frequencies
	4.3 Cable Analytical Model
	4.4 Evaluation of Force

	5 Results and Discussion
	6 Conclusion
	References

	Vibration-Based Structural Health Monitoring of a Historic Arch Bridge
	1 Introduction
	2 The Brivio Bridge: Preliminary Activities
	3 The Monitoring System and Data Processing
	4 Structural Health Monitoring: Results and Discussion
	5 Conclusions
	References

	Self-powered Sensors Through Harvester Beams: Application to Weigh-in-Motion and Dynamic Sensing
	1 Introduction
	2 Analytical Background
	3 Experimental Setups
	3.1 Self-powered Sensing Test Setup of the Smart Pavement Slab
	3.2 Vibration Test Setups for Different Structures

	4 Numerical Results and Discussion
	4.1 The Sensing Through Smart Pavement Powered by Energy Harvesters
	4.2 Vibration Analysis of Test Structures with Harvester Beams

	5 Concluding Remarks
	References

	Numerical Model Calibration of a Bridge by Using Inverse Engineering: A Case Study
	1 Introduction
	2 The Ponte Della Musica Case Study
	3 On Site Tests
	4 Dynamic Identification Based on Accelerometric Data
	5 Numerical Modelling Calibration
	6 Discussion
	References

	Data-Based Condition and Prognosis Statements for Bridge Structures Using Standardized Monitoring Systems
	1 Introduction
	2 Selection of Bridge Clusters 
	3 Monitoring Systems
	3.1 Cluster Orthotropic Decks
	3.2 Cluster Cables and Hangers

	4 First Results
	5 Conclusion and Future Prospects
	References

	Structural Monitoring: Modal Tracking with LoRaWAN Wireless Systems and Automatic Cloud Algorithms
	1 Introduction to the LoRaWAN Monitoring System
	1.1 System Architecture
	1.2 Types of Sensors

	2 Modal Analysis with SHM Accelerometers
	2.1 Data Acquisition
	2.2 OMA and FDD

	3 New Automated - OMA Algorithm Based on FDD
	3.1 Daily Data Processing
	3.2 Classification of Structural Modes and Initialization of Traces
	3.3 Tracking of Structural Modes
	3.4 Case Study

	4 Conclusions and Future Developments
	References

	Optimal Conditions for Carrying Out an OMA on Bridges and Viaducts, Both in Terms of Environmental Excitation and the Type of Transducers Used
	1 Introduction
	2 Wired Solution 
	3 Excitation of Artifacts
	4 Number of Transducers
	5 Transducers Characteristics
	References

	Dynamic Monitoring Plant Integrated with a Weight in Motion Apparatus Aimed at Having a More Complete SHM System
	1 Introduction
	2 Topic Framing
	3 Basic Approach
	4 Application Case
	5 Future Improvements and Extensions
	6 Afterword
	References

	Experimental Nonlinear Dynamic Analysis of a Machine Supporting Structure
	1 Introduction
	2 Experimental Setup
	2.1 The Model Beam
	2.2 Instrumentation

	3 Results and Discussion
	4 Comments on End Conditions
	5 Conclusions
	References

	Detecting Real Damage in Operating Tie-Rods Under Uncontrolled Environmental and Operational Conditions
	1 Introduction
	2 Case Study
	3 Unsupervised Learning Data Clustering
	4 Results
	5 Conclusions
	References

	A Novel Hybrid Damper for Mitigating Seismic Responses of Mass Irregular Buildings
	1 Introduction
	2 Mathematical Modelling
	3 Results and Discussion
	3.1 Both TMD and TLD Tuned
	3.2 Effect of Mistuning

	4 Conclusions 
	References

	Damping Ratio Estimation for a Slender Modular Building from Full Scale Ambient Response Monitoring
	1 Introduction
	2 In Situ Testing
	2.1 Description of the Instrumented Building
	2.2 Instrumentation Overview

	3 Analysis of Data for Modal Identification
	4 Conclusion
	References

	Investigations of Mode Shapes of Closely Spaced Modes from a Lattice Tower Identified Using Stochastic Subspace Identification*-4pt
	1 Introduction
	2 Theoretical Background
	3 Application
	4 Discussion
	References

	Long-Term Multiple Sensor Monitoring of a Hybrid Tower Wind Turbine – Lessons Learned
	1 Introduction
	2 General Considerations, Wind Turbine, Sensor Placement
	3 Optical and Wired Sensing
	4 Wireless Sensing
	5 Numerical Simulation and Some Data Evaluation Results
	6 Conclusions and Outlook
	References

	A Hybrid Damper with Particle Impact Damper and Coulomb Friction Designed for Free Vibration Damping
	1 Introduction
	2 Free Vibration Response of SDOF Structure
	2.1 Particle Impact Damper
	2.2 Hybrid Damper

	3 Experimental Validation
	4 Conclusion
	References

	Serviceability Criteria for the Dynamic Response of Timber Floors
	1 Serviceability Criteria
	2 Aspects Related to Specific Construction Typologies
	2.1 CLT Floors
	2.2 Composite Floors

	3 Conclusions
	References

	System Identification of a Six-Story Lightweight Timber Frame Building Using Ambient Vibration Measurements at Different Environmental Conditions
	1 Introduction
	2 Methodology
	2.1 Case Study Description
	2.2 Ambient Vibration Tests
	2.3 Humidity and Temperature Continuous Monitoring System

	3 Analysis
	3.1 Enhanced Frequency Domain Decomposition (EFDD) Method
	3.2 Stochastic Subspace Identification (SSI) Method

	4 Dynamic Properties of the Building
	4.1 Influence of Environmental Conditions

	5 Conclusions
	References

	Automatic Identification of Structural Modal Parameters Under Ambient Excitation and Its Application to Heritage Timber Structures
	1 Introduction
	2 Brief Review of the SSI-Cov Method
	3 Parameter Optimisation for SSI-Cov
	4 An Adaptive Hybrid Clustering Algorithm Based on Max-Min Modal Distance
	4.1 Determination of an Initial Clustering Centre
	4.2 Adaptive Clustering Using Max-Min Distance Measure

	5 Application on a Heritage Timber Structure Benchmark
	5.1 Description of the Structure and Field Tests
	5.2 Analysis of Modal Identification Results

	6 Conclusions
	References

	Effect of Inter-panel Connections on Modal Properties of Cross-Laminated Timber Floors
	1 Introduction
	2 Properties of CLT Floors
	3 Modal Properties of CLT Floors
	3.1 Example 1: Low-frequency Floor (LFF)
	3.2 Example 2: High-frequency Floor (HFF)

	4 Discussion and Conclusions
	References

	The Role of In-Field Experiments for the Definition of Procedural Guidelines on the “CASE Project” Timber Buildings in L’Aquila
	1 Introduction
	2 Experimental Investigation
	2.1 CLT Slab
	2.2 In-Field CLT Floor Load-Tests

	3 Methods
	3.1 Analytical Frequency Estimation
	3.2 Analytical Deflection Estimation
	3.3 Numerical Simulations
	3.4 Stiffness Evaluation from Experimental Load-Test

	4 Results
	5 Conclusions and Future Perspectives
	References

	Towards a Cloud-Based Platform for Structural Health Monitoring: Implementation and Numerical Issues
	1 Introduction and Main Motivations
	2 The MOSCARDO System
	3 An Automatic OMA Pipeline for Dynamic Identification of Modal Parameters
	4 Numerical Tests
	5 Conclusions
	References

	Numerical Insight on the Dynamic Identification of a Reinforced Concrete Bell Tower
	1 Introduction
	2 The Bell Tower
	3 Dynamic Tests
	4 Numerical Model
	5 Conclusions and Future Developments
	References

	Monitoring of the Dynamic Behaviour of a Telecommunication Tower
	1 Introduction
	2 Description of the Structure
	3 Description of the Monitoring System
	4 Data Processing
	5 Results and Observations
	6 Discussion
	7 Conclusions
	References

	Data Processing to Assess Structural Damping of Tall Timber Buildings
	1 Buildings Features
	2 Monitoring
	3 Conclusions
	References

	Dynamic Identification and Automatic Updating of the Numerical Model of a Masonry Tower
	1 Introduction
	2 Description of the Case Study
	3 Dynamic Characterization
	4 Numerical Modeling Updating
	5 Conclusion
	References

	Monitoring the Modal Parameters of a Historical Belfry in Earthquake Prone Region
	1 Introduction
	2 The Structural Monitoring System of CIvitacampomarano’s Belfry
	3 Monitoring Results
	4 Conclusions
	References

	Dynamic Characterization for the Structural Integrity Assessment of a XIII Century Church with Temporary Provisional Structures
	1 Introduction
	2 S. Giorgio in Ruballa Church
	2.1 S. Giorgio in Ruballa Church
	2.2 Brief Review of the Provisional Structures Installation

	3 Ambient Vibration Measurements and Modal Parameters Extraction
	3.1 Instrumentation and Sensors Configuration
	3.2 Sensors Configurations
	3.3 Signal Analysis and Modal Parameters Identification

	4 Dismantling Phase
	4.1 Method
	4.2 Check

	5 Results
	6 Conclusions
	References

	Model Calibration of Slender Minarets Based on Artificial Neural Networks
	1 Introduction
	2 Proposed ANN-Based Model Calibration of Minarets
	3 Illustrative Numerical Implementation
	4 Conclusions
	References

	Variation of the Dynamic Response of Retrofitted Masonry Walls at Different Stages of Damage
	1 Introduction
	2 Materials and Methods
	2.1 Specimens Description
	2.2 Reinforcement Schemes
	2.3 Loading Setup, Instrumentation and Modal Testing

	3 Experimental Results
	3.1 Wall M2A
	3.2 Wall M2B
	3.3 Wall M2C
	3.4 Wall M2D

	4 Conclusions
	References

	Analytical Relation Between Natural Frequency and Spectral Entropy in Information Theory of Single Degree of Freedom Systems
	1 Introduction
	2 Analytic Relation Between CWE and Modal Parameters
	2.1 Acceleration/Acceleration
	2.2 Velocity/Acceleration
	2.3 Acceleration/acceleration

	3 Causes of Variation in CWE
	3.1 Impulse
	3.2 Sinusoid Curve
	3.3 Gaussian Random Noise

	4 Critical Discussion on the Use of CWE for SHM
	5 Conclusions
	References

	Redesign of Strengthening Interventions on Historical Buildings. The Case Study of an Earthquake-Damaged Bell Tower
	1 Introduction
	2 The Case Study of Fossano Bell Tower
	3 Study on the Effectiveness of the Strengthening Interventions
	3.1 Description of the Interventions
	3.2 Seismic Assessment of the Strengthened Structure

	4 Discussion of the Results
	5 Conclusions
	References

	Ambient Vibration Study and Laser Scanning of Islam Khodja Minaret in Khiva (Uzbekistan)
	1 Introduction
	2 Laser Scanning
	2.1 Laser Scanning Procedure
	2.2 Fully Registered Point Cloud
	2.3 Minaret’s Overall Dimensions of Minaret: Point Cloud Measurements
	2.4 Analysis of Minaret’s Horizontal Cross Sections

	3 Ambient Vibration Tests
	3.1 Equipment, Setup, and Types of Tests
	3.2 Data Reduction and Results

	4 Conclusions
	References

	Algorithms for Large-Scale Quasi-Real Time Monitoring of Architectural and Cultural Heritage Based on MT-DInSAR Data
	1 Introduction
	2 Materials and Methods
	2.1 Materials
	2.2 Methods

	3 Application to a Case Study Area
	4 Conclusions
	References

	Vibration Monitoring and Seismic Response of the Milan Cathedral
	1 Introduction
	2 Description of the Cathedral and Dynamic Monitoring System
	3 Dynamic Characteristics of the Cathedral and SHM Strategy
	4 SHM Results and Discussion
	5 Response to Seismic Events
	6 Conclusions
	References

	Thermal Effects on Bridges Dynamic Behaviour
	1 Introduction
	2 Structures Sample Description
	3 Thermal Influence on Lateral Modes
	4 Thermal Influence on Flexural and Torsional Modes
	5 Critical Analysis for SHM Diagnostics
	6 Conclusions
	References

	“Use of Ground-Based Interferometric Radars (GB-inRa) for Remote Real-Time Monitoring of Critical Infrastructures”
	1 Introduction
	2 Principles of Radar Interferometry
	3 IDS GeoRadar Interferometric Portfolio
	4 GB-inRa Applications for Critical Infrastructure Monitoring
	4.1 Bridge Monitoring
	4.2 Powerplant Chimney Monitoring
	4.3 Building Monitoring
	4.4 Dam Monitoring
	4.5 Tunnel Face Monitoring

	5 Conclusions
	References

	Monitoring the Vibration Response of the School of Engineering Main Building at University of Naples “Federico II” to an “Earthquake of Joy”
	1 Introduction
	2 The Temporary Data Acquisition System
	3 Experimental Results
	3.1 Vibration Amplitude
	3.2 Modal Parameters
	3.3 Vibration Levels at the Ground

	4 Concluding Remarks
	References

	Author Index



