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1 Introduction

Buildings and other civil structures can be “interrogated” through their vibra-
tion signatures: because natural frequencies, mode shapes and damping depend
on mass, stiffness and energy-dissipation mechanisms, measuring ambient or
forced responses reveals those properties without destructive tests. Two com-
plementary approaches are in routine use: ambient /operational modal analysis,
which exploits traffic, wind, human activity or micro-tremors as unmeasured
inputs, and experimental modal analysis, which relies on shakers or vibrodynes
to provide known forces [1-3]. Data are gathered with temporary or permanent
networks of accelerometers and loggers; short campaigns suffice for finite ele-
ment model calibration, whereas long-term installations capture the influence of
temperature, humidity or occupancy on modal behaviour. The same informa-
tion underpins vibration-based damage detection and post-event safety checks.
Yet research on timber, especially multi-storey and hybrid systems, lags behind
other materials, even though wood’s moisture- and temperature-sensitive prop-
erties, and its susceptibility to biological degradation, make continuous struc-
tural health monitoring (SHM) highly desirable for verifying the flexibility and
strength assumed at design.
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2 Applications of Vibration-Based Monitoring to Timber
Structures

Due to the relatively immature state of the research in this specific sector, there is
a lack of standardised guidelines and best practices for implementing vibration-
based SHM systems in timber structures. This strongly hampers practitioners to
adopt these technologies consistently. Apart from these general considerations,
each timber-based solution presents its own specific challenges and requires ded-
icated precautions and arrangements.

For CLT structures, since the most critical failure mode (rolling shear fail-
ure [4]) involves delamination, adhesive failure, and/or cohesive failure between
two adjacent CLT layers [5], researchers have investigated the integration of dif-
ferent kinds of SHM sensors (measuring both the static or dynamic behaviour
of the structure and the environmental conditions) directly within the layers of
CLT panels. However, embedding sensors within timber members, even relatively
small ones such as strain gauges or fiber optic sensors, can be labor-intensive and
may require specialized techniques to ensure proper installation and long-term
durability. Furthermore, embedding sensors within glued layers can be challeng-
ing, as the adhesive layer may interfere with the sensor’s performance — for
instance, leading to stress concentrations that can cause premature failure of
the sensor [6]. Degradation of the adhesive or the wood-adhesive interface (due
to ageing and/or environmental conditions, such as moisture, temperature vari-
ations, and ultraviolet radiation) can lead to false alarms or missed detection
[6]. Nevertheless, embedded sensors have been proven time and time again to
be very effective, especially for moisture content monitoring at various depths
and locations [7,8]. In this specific regard, several researchers (e.g. [9] and [10])
emphasize the importance of carefully positioning moisture sensors both at criti-
cal locations (like joints, edges, and other areas prone to moisture exposure) and
at different depths inside the material. Monitoring moisture at different depths
provides insights into the moisture distribution through the CLT cross-section;
in fact, timber members’ response to changes in the surrounding climate is slower
for larger members and, consequently, moisture gradients can develop and cause
moisture-induced stresses [11]. The same considerations should be extended to
vibration-measuring sensors, such as the classic piezoelectric or MEMS-based
accelerometers, also to account for the high variability of mechanical properties
in wood, to strategically place the sensors at critical locations.

Hybrid timber-based structures (including CLT hybrid structures), which
combine timber with other materials such as steel or concrete, present addi-
tional challenges for SHM [12]. SHM sensors and techniques need to address the
unique challenges posed by the interaction between different materials and their
respective responses to loading and environmental conditions. That is achieved
by monitoring the performance of the interfaces between timber and other mate-
rials to ensure the local structural integrity of the hybrid system. Due to this
and the previous point, it is clear that (i) timber structures require, more than
other construction with other building materials, sensors at many locations; (ii)
sensors for static and dynamic monitoring should be always paired with envi-
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ronmental sensors, to adjust the measurements for the local environmental and
operational factors (EOFs). Again, this aspect is more relevant in timber than
in other materials. Therefore, the integration of multiple sensors into ‘sensing
nodes’ is beneficial; furthermore, to solve the practical issues related to cabling,
wireless sensor networks should be preferred, to allow optimal placement with-
out technical constraints. Wireless communication protocols, such as LoRa and
other low-power wide-area network technologies, are becoming more and more
adopted for such SHM applications thanks to their long-range, low-power data
transmission capabilities.

Hence, it is crucial to establish how far research on analysing the dynamic
behaviour of timber buildings has gone to highlight critical issues and knowledge
gaps. The literature on this topic is reviewed, highlighting similarities and dif-
ferences to other structures and identifying future research needs and directions.
First, an overview of the modal identification of timber buildings is provided.
After that, the state of the research on damage identification and model calibra-
tion is investigated.

The literature on ambient vibration tests (AVTs) and forced vibration tests
(FVTs) on civil structures is vast. According to the authors’ knowledge, the first
AVT on a timber building was performed by Ellis and Bougard in 2001 [13].
The tests were conducted on a full-size, six-storey timber framed structure con-
structed inside BRE’s Cardington laboratory. They performed both FVTs and
AVTs at different stages of construction, which made it possible to evaluate the
contribution to the global stiffness of the timber frame alone, the staircase, and
the finishing and cladding (bricks). The results of their research indicate that
the building’s non-structural components play a large role in the contribution to
the lateral stiffness of the building at service levels. More recently, some other
researchers have attempted to extract the modal properties of mid-rise timber
buildings (Reynolds et al. [14,15], Feldmann et al. [16]) using operational modal
analysis (OMA) methods. The research conducted by Reynolds and colleagues
constitutes probably the largest database of AVT performed on timber struc-
tures in Europe to date. They tested different timber structural archetypes: post
and beam, timber-framed, pure CLT and hybrid timber-concrete structures. It
is also worth mentioning the tests performed in Germany and Austria on eight
timber observation towers (with a height of up to 45 m), a 100 m tall wind
turbine and three multi-storey residential timber buildings (with a height of up
to 26 m). The findings of all these testing campaigns have allowed for assessing
the simplified relationship between height and natural frequency for multi-storey
buildings given in Eurocode 1.

In North America, where there is a deeply-rooted tradition of wooden frame
housing, efforts have been made to understand the dynamic behaviour of smaller
low-rise residential buildings, see Mugabo et al. [17], and all the infield investi-
gations on light-frame wood buildings by Hafeez et al. [18-20]. Kim et al. [21]
combined vibration and force measurements. They used load cells between the
column and foundation stone to measure axial column force, and ambient vibra-
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tion tests were performed to measure natural vibration frequency and mode
shape.

The results of these campaigns shed some light on the dynamic behaviour
of tall timber buildings, providing viable information concerning stiffness and
damping of the tested structures to designers and stakeholders [22]. Nevertheless,
extensive dynamic tests on mid-rise and high-rise timber structures represent a
missing part, although some research has been conducted [23-26]. This will aid in
learning important lessons and enhance the engineering community’s confidence
towards using this material.

Damage, such as cracks and reduction of cross sections in structural members,
can modify the dynamic response of structures [27]. Thus, vibration data are
processed to extract damage-sensitive features (DSFs) and ultimately obtain
damage indices which alert about variations of DSFs between a reference and
the current state of the structure [28]. According to the available resources (e.g.,
the number and location of sensors) different levels of damage identification
can be attained [29], namely: (i) damage detection (alert about the existence
of damage); (ii) damage localization (find the position of damage); (iii) damage
quantification (assess the gravity of damage); (iv) damage prognosis (forecast
the evolution of damage). The dynamic properties of a structure do not vary
only due to the occurrence of damage. EOFs, such as ambient temperature,
humidity, wind conditions and structural usage, can modify the properties of
healthy structures. This is a major concern in damage identification.

Variations of EOFs might hide the effect of structural anomalies and hamper
damage identification. Besides, variations in the dynamic behaviour due to EOFs
might be erroneously attributed to damage. Therefore, the influence of EOFs on
different materials and structural typologies must be carefully understood and
considered for damage identification purposes.

In addition to temperature and relative air humidity, one of the main con-
cerns in the case of timber buildings is the moisture content (MC), which influ-
ences several properties of timber, such as strength, density, and elastic modulus.
Larsson et al. [30] were the first to carry out long-term monitoring of a hybrid
timber building and investigated the relationship between environmental factors
and the dynamic response of a hybrid timber-concrete building. The authors
have tracked the modal parameters, i.e., natural frequencies, modal shapes, and
damping ratios, for three years, together with hygrothermal parameters, i.e.,
temperature, relative humidity, absolute humidity, and moisture content. The
results of the long-term monitoring show that modal frequencies change with
the temperature, showing maximum and minimum values in early autumn and
early spring, respectively. In contrast, damping ratios did not present seasonal
variations. Furthermore, it is observed that the modal frequencies decrease in
the first year after construction due to the drying out of timber elements. In
[31], the results of a 3-year monitoring campaign on a Pres-Lam building are
presented. In this case, the results show that temperature and relative humidity,
as well as post-tensioning losses, do not affect the structure’s dynamic behaviour.
Recently, Aloisio et al. [32] investigated the effect of MC on the dynamic proper-
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ties of an eight-storey CLT building and related the moisture content variation
to the shear modulus G through model updating, based on a model developed
in [26].

Nevertheless, the specific effects of varying moisture content (MC) on the
dynamic properties of timber-made structures and infrastructures remain largely
underinvestigated. MC monitoring, per se, is quite commonly performed, at least
since the late 2000s. This is also referred to as hygrothermal monitoring (see
e.g. [33]). These embedded sensing capabilities represent the natural progression
from portable pin-type moisture meters, which can be used to manually measure
moisture content at the surface or at different depths of the CLT elements during
construction, but require human technicians and can only provide a snapshot of
moisture levels at specific points in time. Especially for timber infrastructures,
the technology was successfully tested on several wood bridge case studies in
Switzerland [34,35] and several similar field tests in Germany, with applications
to 21 large-span timber structures [36] and other bridges and structures [37,38].
In one case, the MC monitoring system reportedly remained operational for five
years without the need for maintenance. Similar MC applications were tested on
17 modern and historical wooden bridge constructions in central Europe [39], in
the USA during the Development of the ‘Smart Timber Bridge’ program [40],
in Norway [41], Finland [42], and Sweden (both in road bridges and pedestrian
ones)[43]. However, out of all these examples, only the last one [43] was paired
with accelerometric readings. Other noteworthy and successful field applications
of combined MC-dynamic monitoring are represented by the George W. Peavy
Forest Science Complex (or “Peavy Hall”) a large timber building monitored
during its construction, where researchers assessed the building’s long-term per-
formance including monitoring moisture levels and structural vibrations in their
study [44]; the House of Natural Resources (HoNR) in Ziirich, Switzerland [45];
and the University of British Columbia (UBC) Tallhouse [46]. Therefore, the
moisture-related EOFs on modal parameters and derived DSFs will require fur-
ther experimental investigations.

It is also worth mentioning that MC and dynamic monitoring can (and
should) be paired, as internal moisture is notoriously a potential leading cause
for damage, for different reasons: sustained exposure to moisture content levels
above 20%, due to moisture/water intrusion, localized moisture accumulation,
water entered during construction or assembly and trapped inside, and/or other
phenomena, can lead to damage by several species of wood-decaying fungi and
mould growth; while in-service drying can cause the development of cracks [47].
In certain cases, these occurrences may happen in the inner layers of CLT roof
and walls, without signs noticeable through visual inspections on the external
surfaces. Therefore, without proactive MC monitoring and management, the
negative effects could be either direct, due to the insurgence of moisture-related
problems, or indirect, due to the damage-unrelated perturbations in the identi-
fied modal parameters.

One of the most promising techniques in the field of structural health mon-
itoring (SHM) for timber structures is vibration-based analysis. This method
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involves the use of sensors to detect and analyze vibrations within a structure,
which can reveal critical information about its integrity and any potential dam-
age. Vibration-based SHM is particularly beneficial for timber structures as it
provides a non-invasive means to continuously monitor their condition, thus
helping to prevent catastrophic failures and prolong their lifespan.

The research by Suzuki et al. [48] explores the use of machine learning
techniques to enhance the accuracy of SHM systems for timber structures. By
employing piezoelectric sensors to capture vibration waveforms and neural net-
works to classify damage locations, the study achieved an impressive 83.8% accu-
racy in identifying damage even in previously unlearned timber pieces. This
demonstrates the potential of advanced machine learning methods to generalize
across different timber samples, making SHM systems more robust and reliable.
Similarly, Chunyu et al. [49] have developed a specialized device for monitoring
vibrations in ancient timber structures. This innovation addresses the practical
challenges of securing sensors in delicate, historical buildings. The device’s design
ensures stable and accurate vibration monitoring, which is essential for detect-
ing structural issues early and implementing timely maintenance. Zhibin et al.
[50] introduced a health monitoring device designed to improve the accuracy
and ease of installation for vibration monitoring in ancient wooden buildings.
Their approach enhances the practicality of long-term SHM by simplifying the
alignment of monitoring components, thereby ensuring consistent and reliable
data collection. This method is particularly useful for historical structures where
precision and minimal invasiveness are critical. Another significant contribution
is from Oiwa et al. [51], who proposed an Al-based system for continuous moni-
toring of timber health using piezoelectric sensors. By applying machine learning
techniques such as k-nearest neighbor and support vector machine, their system
demonstrated strong classification performance in identifying structural damage.
This integration of ATl and SHM underscores the potential for highly automated,
accurate, and efficient monitoring systems that can operate with minimal human
intervention.

3 Conclusions

Vibration-based structural health monitoring has proved to be a powerful, non-
destructive tool for characterising, calibrating and safeguarding civil structures,
yet its systematic application to timber remains in its infancy. The studies
reviewed in this chapter show that modal testing (operational or forced) can
reveal stiffness, damping and mass changes caused by moisture cycling, duration-
of-load effects and biological decay that are unique to wood, while also support-
ing damage localisation and finite-element model updating. Progress is never-
theless constrained by the pronounced anisotropy and spatial heterogeneity of
timber, by the strong, often coupled influence of temperature and especially
moisture content on identified modal parameters, and by the absence of stan-
dardised protocols for sensor placement, data correction and feature normali-
sation under environmental and operational factors. Recent field campaigns on
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mid-rise buildings and bridges confirm that multi-year datasets, coupled with
embedded moisture probes and wireless accelerometer networks, are essential
for disentangling true structural change from reversible hygro-thermal trends
[30,32]. At the same time, machine-learning classifiers trained on high-frequency
vibration signatures, sometimes augmented with local piezoelectric actuation,
have reached damage-identification accuracies above 80% on unlearned speci-
mens [48,51], signalling a viable path toward automated, low-maintenance mon-
itoring of both modern CLT and heritage timber. To translate these advances
into routine practice, future work must establish harmonised guidelines that link
sensor networks with moisture and temperature measurements, quantify accept-
able environmental correction ranges for modal features, and define reliability
targets for algorithmic decision support. Only then can vibration-based SHM
fulfil its dual promise of ensuring the safety of ever-taller timber buildings and
preserving the embodied carbon advantage that makes them attractive in the
first place.
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