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Abstract. Tree failures, including branch breakage, trunk rupture, and uprooting, pose an 
ever-growing threat to public safety and the operability of transport infrastructure in both urban 
and rural environments. Ongoing trends, such as the increasing frequency and intensity of extreme 
meteorological events, combined with tree ageing and the spread of pathogens, are currently 
amplifying this risk. In this context, vibration-based inspection (VBI) is emerging as a promising 
quantitative approach for assessing tree stability and for supporting preventive risk management. 
This document presents an overview of the problem and briefly summarises dynamic testing and 
VBI monitoring strategies. Strengths, limitations, and open challenges are critically discussed, 
highlighting the need for continuous, objective, and scalable monitoring protocols. 
Keywords: vibration-based monitoring, structural health monitoring, biomechanics, dynamic 
testing, tree stability, uprooting. 

1. Introduction 

Treefalls, i.e., mechanical failures of trees, are a serious problem. Focusing on the tree as a 
(bio)structure, such events can be either structurally localised, i.e., branch detachments, or global 
collapses, involving trunk rupture or uprooting. Any of these three failure modes (root, trunk, or 
branch failure) represents a potential threat to human life. Some examples of these impressive but 
no longer uncommon events are shown in Fig. 1. 

The severity of the consequences depends on the affected area. Fallen branches and uprooted 
trees can endanger the surrounding environment, threaten public safety for passers-by (pedestrians 
and vehicles), cause property damage, and disrupt public infrastructure, particularly transportation 
networks, with negative economic consequences. 

On the one hand, trees are naturally shaped to have great stability and survivability under 
dynamic environmental forces. They also have adaptive capabilities, e.g., being able to withstand 
stronger winds when grown in particularly exposed territories (such as Trieste, Italy), as they 
become mechanically acclimated to chronic loads (thigmomorphogenesis, see e.g. [1]). Yet, 
treefalls are becoming increasingly frequent due to many reasons, especially climate change [2]. 
The ever-growing occurrence of these events has also emphasised the inadequacy of purely 
qualitative or episodic assessment methods. Indeed, traditional tree stability assessment 
frameworks rely primarily on expert-based visual inspections, occasionally supported by a few 
and limited instrumental tests. While these approaches benefit from professional experience, they 
remain inherently subjective. In engineering terms, they are poorly suited to continuous, persistent 
risk surveillance and application at scale. In contrast, automated monitoring strategies, inherited 
from classic structural applications in Aerospace, Civil, and Mechanical Engineering, may provide 
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quantitative, objective, and scalable tools for risk assessment, predictive maintenance, and early 
warning.  

In particular, vibration-based inspection (VBI) draws on concepts from structural dynamics 
and structural health monitoring (SHM), aiming to extract quantitative indicators of structural 
condition from the dynamic response of the target systems (here, tall trees) under ambient 
excitation, without requiring a controlled external input. The core concept is to build a ‘normality’ 
model, based on a dataset of empirically measured vibrations under known ambient loads and 
actions. Whenever the system (tree) behaves anomalously relative to the statistical model, an 
alarm can be triggered to assess, through other, more invasive tests, whether the unexpected state 
is caused by growing structural damage or by some other harmless (damage-unrelated) cause. 
Thus, the motivations driving towards dynamic monitoring in treefall risk assessment and risk 
reduction are introduced and detailed here. 

 
a) Uprooting 

 
b) trunk breakage  c) Branch failure 

Fig. 1. Examples of the most common treefall mechanisms 

2. The growing threat of treefalls in Italy and worldwide. 

Numerous events can be mentioned from a national and international perspective. For 
example, limiting the discussion to the City of Turin alone, some recently released data [3] 
highlight the growing scale of the phenomenon. In detail, the source [3] reported 42 tree 
failures/damage events between 2021 and 2022, then rising to 85 incidents during 2023, and 
finally 242 failures in the summer period (June-September) of 2024 alone – a +600 % increase in 
four years.  

Nationwide in Italy, several tragic events happened in the 2024-2025 cold season alone. In 
Genoa, a palm tree was uprooted on March 12th, 2025, after days of heavy rain, which probably 
softened the soil around the tree’s roots. This resulted in the death of one person [4]. At the 
University of Salerno Campus in Fisciano, on November 30th, 2024, due to strong winds, one 
uprooted tree injured five persons, two of them with fractured bones and another with serious 
injuries to the brain, chest, and spine [5]. A 50-year-old holm oak fell in Venice’s car and bus 
terminal of Piazzale Roma on June 2nd, 2025, trapping twelve people, some of whom required 
hospitalization recovery with more or less severe injuries [6]. 

In Rome, a 25 m-tall poplar tree collapsed inside a park in a city neighbourhood on December 
23rd, 2024, trampling two women and resulting in one fatality and one serious injury [7]. Before 
the collapse, caused by strong winds, the tree showed no signs of decay or particular problems 
upon visual inspection and had a crown in a good vegetative state. The event prompted an 
investigation by the local police of Roma Capitale and the Carabinieri Forestali, with prosecutors 
adding this to a larger investigation already underway on the state of tree maintenance in the 
Capital, with reports on more than 600 of the 1,000 tall trees subject to structural failure from 
March 2023 to March 2024 in Rome [8].  

In late 2025 and early 2026, the situation even worsened: at Trani (Apulia), on January 10th, 
2026, a historic palm tree fell in the city centre due to strong winds, barely missing a pedestrian 
by only a few moments [9]. Again in Rome, on February 1st, 2026, a centuries-old pine tree fell 
in Via dei Fori Imperiali, a few steps from the Colosseum, following severe weather with heavy 
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rain. A 17-year-old girl and two tourists were taken to the hospital with minor injuries [10]. The 
large tree blocked most of the roadway, requiring immediate intervention by the authorities to 
avoid further risks to pedestrians and drivers in an area with high tourist and vehicle traffic. The 
incident reignited attention to the stability of historic trees in the Italian capital, as this was the 
third tree to fall on the same road in the historic centre since the beginning of 2026, in slightly 
more than one month: the first occurred on the evening of January 3rd, 2026, when an over-20-
metres-tall tree collapsed near the tourist information point on Via del Tempio della Pace, about 
100 metres from Largo Corrado Ricci [11]. A week later, on Thursday, January 8th, 2026, a second 
collapse happened at dawn at a few dozen metres from the Vittoriano [12]. In the same period, 
two palm trees fell in Genoa, on January 4th and February 3rd, 2026 [13]. A red palm weevil 
infestation appears to be the cause of at least the first of these two collapses.  

Based on all these and related events, a conservative estimate from this paper’s Authors, based 
on web research, identifies at least 4 confirmed deaths and 26 confirmed injured persons during 
the period between January 2024 and January 2026. 

Additional data can be found in the international scientific literature, including reviews of 
accidents in the United States [14], the United Kingdom [15], and the Netherlands [16], among 
others. In particular, the Dutch study [16] highlights how the standard rate of injuries per 
1,000,000 population increased from 0.14 in 1998 to 0.91 in 2021, with an annual growth rate of 
5.3 %; it also evidenced the vulnerability factor, as 75 % of recorded incidents occurred in urban 
areas, most likely due to higher human presence. Injuries were 2.5-4 times more likely per capita 
in rural areas, possibly also due to statistical bias (only major incidents being reported outside of 
population centres). On the other hand, it is statistically proven that urban trees have shorter 
lifespans than those in rural areas, and increased failure rates, due to environmental stressors like 
compacted soils, reduced water availability, and urban heat [2]. 

These are also particularly insidious for transportation (rail and road) infrastructure, as they 
can affect safety and operability at the network level in two ways: directly, by striking passing 
trains, cars, and trucks, and indirectly, by obstructing passage, causing traffic disruptions, even 
potentially leading to fatal car and train crashes. Deaths reported in [16] were predominantly 
caused by roadside tree crashes. 

3. The current tree stability assessment procedures 

As of now, tree stability assessment is mainly performed through Visual Tree Assessment 
(VTA), i.e., an expert analysis conducted by appointed professionals to identify structural defects, 
including decay, cracks, fungal bodies, and soil movement at the base. Instrumental analysis is 
less common and, even when performed, it generally consists of spot measurements, such as static 
load testing (Pull Test), and sonic or electrical tomography, used to detect internal decay or 
cavities in the trunk. Permanent and continuous monitoring systems are rarely used, and their 
hardware and software specifications are not yet standardised. 

In this regard, the current reference document in Italy is the Protocollo di Valutazione di 
Stabilità degli Alberi [17], prepared by the Società Italiana di Arboricoltura (S.I.A.). These official 
guidelines outline the main aspects of tree stability assessment. However, the document reports 
(verbatim translated): “The stability assessment begins with a visual analysis, which may be 
supplemented by diagnostic and/or instrumental investigations based on the symptoms observed”, 
yet further adding “Instrumental analysis, however it is carried out, is part of the assessment, but 
it is not the assessment itself; instrumental evidence must be interpreted in light of what has been 
identified through visual analysis and is intended to confirm the stability assessment. The type and 
quantity of instrumental analyses are defined by the assessor” [17]. Hence, under the current 
Italian legislation, the stability assessment is bound to subjective, visual interpretation; the use of 
quantitative data is only considered optional, not binding, and subordinate and ancillary to the 
expert decision, not the other way around, as it is more conventional in data-based decision 
making.  



TOWARDS DYNAMIC MONITORING FOR TREEFALL RISK ASSESSMENT AND RISK REDUCTION ON CIVIL INFRASTRUCTURE OPERABILITY.  
MARCO CIVERA, ALESSIO RUBINO, UMBERTO GARLANDO, ELENA BELCORE 

74 ISSN PRINT 2345-0533, ISSN ONLINE 2538-8479  

A recent alternative is the Areté protocol [18], which proposes a more risk-targeted approach 
and a prioritisation framework. In terms of instrumental analysis, it maintains a similar approach, 
with a core of VTA and evaluation from a professional expert; however, the instrumental analysis 
(together with model analyses) is presented as a source of objective data that can be fundamental 
for defining structural variables that inform and support the expert’s diagnosis. 

4. Trees as structural systems: biomechanical modelling  

The application of structural mechanics concepts to trees is a common field of study within 
the broader area of biomechanics, which has been extensively studied since the 1970s [19,20]. 
From a purely mechanical perspective, a tree can be interpreted as a living, evolving and complex 
structural system, subjected primarily to dynamic loading of various sources. Many ambient 
factors, predominantly among them wind action, induce oscillatory motion in the structure, with 
both global and local dynamic responses. It is, indeed, possible to discern between trunk-
dominated (global) and branch-specific (local) modes; all of them are, to a greater or lesser extent, 
affected by tree geometry (especially the canopy architecture), timber mechanical properties, and 
boundary conditions at the root-soil interface. Thus, they behave anomalously whenever any of 
these characteristics undergoes a significant change. In this sense, it is possible to directly translate 
tools and methods developed for SHM of human-made buildings to tall trees, given the similarities 
in wind-induced aeroelastic dynamics (compare, e.g., the principles of [21] with [22]). 

 
a) SDoF and 2-DoF simplified systems [23]  

 
b) MDoF system (𝑀 ൐ 2) with trunk, branches,  

and sub-branches [24] 

 
c) Trunk and main branches as an ensemble of continuous beams with global and local modes (top row), 

also accounting for different branch orders and levels (middle row), considering lumped masses and 
rotational springs for rotational degrees-of-freedom (bottom row) [26] 

Fig. 2. Example of simplified discrete and continuous models for tree vibration analysis, with the tree 
trunk, branches, and sub-branches all simplified as pointwise masses, interconnected through springs and 

dampers, which can inform the optimal sensor placement for investigating global and local modes 

Simplified mechanical models are often adopted to describe tree dynamics (see Fig. 2 for 
common examples). These include single-degree-of-freedom (SDoF) and multi-degree-of-



TOWARDS DYNAMIC MONITORING FOR TREEFALL RISK ASSESSMENT AND RISK REDUCTION ON CIVIL INFRASTRUCTURE OPERABILITY.  
MARCO CIVERA, ALESSIO RUBINO, UMBERTO GARLANDO, ELENA BELCORE 

 VIBROENGINEERING PROCEDIA. APRIL 2026, VOLUME 61 75 

freedom (MDoF) discretisations [23, 24], as well as continuous models, depending on the 
complexity of the tree architecture. In particular, the arrangement and geometry of the canopy and 
main branches have been identified as key factors influencing the global dynamic response [25], 
affecting the modal parameters (natural frequencies 𝑓௡, mode shapes 𝜑௡, and especially damping 
ratios 𝜁௡). As mentioned, these parameters encapsulate the combined effects of stiffness, mass 
distribution, and energy dissipation mechanisms within the trunk-branches-roots-soil system. 

Within vibration-based monitoring frameworks, these modal parameters are commonly treated 
as damage-sensitive features. Variations in 𝑓௡, 𝜁௡, or 𝜑௡ may reflect changes in structural integrity, 
such as stiffness degradation due to decay, root damage, or pathological weakening. The 
biomechanical interpretation of these parameters is therefore central to linking measured dynamic 
behaviour to physical degradation mechanisms, and these indicators are particularly effective 
when analysed over long time windows, allowing the definition of baseline behaviour and the 
robust detection of anomalies. However, this aim is hindered not only by varying environmental 
conditions (e.g., snow loads) but also by non-harmful structural changes in the tree itself, such as 
naturally occurring leaf fall in the cold season and man-made pruning [25, 27]. In turn, while not 
directly harmful, these changes can pose an indirect risk: e.g., pruned trees have much lower 
damping (due to lower air drag force) and, as a consequence of reduced energy dissipation during 
large-amplitude oscillations, are much more likely to undergo local (branch) or global (trunk) 
failures. Hence, human-made arboricultural practices have relevant (positive or negative) impacts. 
A vast literature is available on this topic; see, e.g., all the natural frequencies reported and 
discussed in [28] and [29] for different arboreal species, showing higher natural frequencies in the 
cold season (leaf-off) than in warmer months (spring-summer, leaf-on). 

5. Vibration-based monitoring strategies and their limitations 

In the examples found in the literature, vibration-based monitoring of trees is usually 
implemented using uni- or tri-axial accelerometers installed on selected anatomical parts of the 
tree, such as the trunk base, mid-height sections, or primary branches [23]. Both single-sensor and 
multi-sensor layouts have been reported, with the latter allowing for a more detailed 
characterisation of dynamic behaviour (see, e.g., [23]). 

Yet, despite its potential, vibration-based tree monitoring faces several challenges:  
1) While vibration-based indicators are sensitive to global structural changes, they may not 

always pinpoint localised defects without complementary measurements, e.g., long-term rigid 
roto-translation, which can have negligible effects on global stiffness until a critical point is 
reached, after which it results in a sudden (partial or total) collapse.  

2) The intrinsic variability of structural systems under varying operational and environmental 
conditions complicates the definition of universal thresholds from vibration patterns alone 
(Fig. 3).  

3) The failures can be caused by multiple comorbities (i.e., multiple coexisting factors), also 
including the superposition of predisposing causes and triggering phenomena. For instance, wind 
is the vastly predominant cause of tree failures, followed by fungal decay; yet, the two issues often 
coexist, with fungi-weakened trees more likely to break under wind loads. Structural Health 
Monitoring is intended to detect material degradation at an early stage, before exceptional external 
conditions could trigger the collapse. 

4) Finally, living organisms react significantly to seasonal effects via growth and adaptation 
processes; these interactions between the biological structure and its environment do not have a 
counterpart in human-made systems, introducing another term that can be accounted for in data-
driven modelling, i.e., the non-stationarity of their long-term dynamic response data. 

Addressing all these limitations requires integrating different monitoring strategies and robust, 
physically principled data interpretation frameworks. This research field is currently under 
investigation by the Authors. That also includes: 

1) Data fusion of vibration measurements (tree sway) with environmental (temperature, 
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moisture, etc) and static (tree tilt, root–plate movement, etc.) monitoring. 
2) AI-driven labelled supervised learning, including tree parameters that are statistically 

associated with a higher probability of trunk failure (e.g., tree height and estimated trunk weight) 
or uprooting (estimated trunk height, estimated total tree weight, soil conditions). 

3) Physics-informed consideration on materials and modes of failure (e.g., buckling in light 
woods vs. tension-induced cracks propagating longitudinally along weak planes in dense woods), 
to account for different failure patterns according to wood density and anisotropic properties [31]. 

 
a) Effects of varying operational conditions (branch 

pruning) on the dynamic response [25] 

 
c) Effects of varying environmental conditions  

(wind speed and direction) [30] 

 
b) Effects of different accelerometer locations in the 

identification of higher-order local modes [28] 
  

 
d) Effects of tree growth (fundamental natural 

frequency vs the ratio of diameter at breast 
height to total tree height squared (DBH/H2) 

[29] 
Fig. 3. Key issues related to vibration-only SHM  

(not accounting for tree parameters and static and environmental monitoring) 

6. Conclusion and future developments 

Recent events and trends, as reported in this document with a focus on the Italian context, shed 
light on the issue of mechanical failures in trees. In this context, vibration-based inspection and 
structural health monitoring are promising quantitative approaches for assessing tree stability and 
supporting preventive risk management in urban and rural environments, especially along highly 
trafficked transportation lines. By modelling trees as dynamic structural systems and exploiting 
ambient excitation, VBI and SHM can enable continuous, non-invasive surveillance of mechanical 
behaviour. However, the current state of the art highlights that, despite the central role of dynamic 
monitoring in providing damage-sensitive features, it must be integrated with other damage 
indicators, such as static, tomographic, and environmental measurements. Such a multi-faceted 
dataset would enable truly predictive data-driven modelling, encompassing a variety of possible 
damage-induced anomalies while filtering out uninteresting, damage-unrelated phenomena. In 
conclusion, the need for constant monitoring amid increasingly frequent extreme weather events 
will require dedicated, multidisciplinary, and effective solutions. These are the subject of ongoing 



TOWARDS DYNAMIC MONITORING FOR TREEFALL RISK ASSESSMENT AND RISK REDUCTION ON CIVIL INFRASTRUCTURE OPERABILITY.  
MARCO CIVERA, ALESSIO RUBINO, UMBERTO GARLANDO, ELENA BELCORE 

 VIBROENGINEERING PROCEDIA. APRIL 2026, VOLUME 61 77 

research and will be discussed in future works. 
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