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Abstract: A comprehensive understanding of the dynamic behavior of a tree can play a key role in the
tree stability analysis. Indeed, through an engineering approach, the living tree can be modeled as a
mechanical system and monitored observing its dynamic properties. In the current work, procedures
of dynamic identification used in civil engineering are applied to the case study of a black locust
(Robinia pseudoacacia L.). The tree was instrumented with 13 seismic, high-sensitivity accelerometers.
Time histories of the tree response under ambient vibration were recorded. Three representative
sections of the trunk (the collar, the diameter at breast height, and the tree fork) were equipped
with three accelerometers, in order to obtain lateral and torsional vibrations. Moreover, two pairs of
accelerometers were fixed on the two main branches. The results show that it is possible to identify
the natural frequencies of a tree under ambient vibrations, thanks also to the support of a preliminary
finite element model. Even though the optimal position is under the tree fork, the sensors fixed at the
diameter at breast height allow a clear identification of the main peaks in the frequency domain.

Keywords: tree dynamics; tree stability; tree monitoring; ambient vibration tests (AVTs)

1. Introduction

Urban trees and forests produce multiple benefits for citizens, thanks to their function-
ality in ecosystem services [1,2]. In recent years, a growing interest in the arboreal heritage
and vegetation has been witnessed, through planning actions for new plants, greater care,
and monitoring at birth. In addition, the foundation and participation of associations aimed
at the protection of urban green has increased [3–10]. On the other hand, the scientific
community is active in implementing ever-better systems to monitor the urban plants’
health, helping the owners to keep the city safe. Particular attention to the safety of places
also derives from the increase in extreme weather events [11]. Indeed, from a natural risk
perspective, the trees can be considered as vulnerable elements of an urban system that can
cause damage to things and people [12–14].

One of the duties of the modern arboriculture is the health and stability monitoring
of trees: an activity carried out by professionals with increasingly standardized protocols
and procedures in order to reduce the subjective component of the evaluation. Technology
and experience have led to a good level of in-depth analysis regarding the evaluation of
the health state of the aboveground portions. For instance, by means of tools such as the
dendrodensimeter and the sonic tomography, it is possible to accurately investigate the
wood degradation and therefore the mechanical functions of the stem [15–17]. Despite
the development of sophisticated tools (such as radar, e.g., [18]), the underground portion
still presents many uncertainties; indeed, the root systems are not directly investigable
and indirect investigation systems have not yet been developed that allow rapid analysis
and evaluation [19]. This leads researchers to develop innovative stability monitoring
techniques, especially for the assessment of root anchoring and relations with external
events (wind, rain, snow, anthropogenic actions, pathogens, etc.). Generally, the technique
most used today to evaluate the resistance to overturning of a tree is the controlled pulling
test (e.g., [20]), but, due to the great variability of potentially influencing parameters (soil
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conditions, distribution of the root system, presence of prevailing winds, etc.), many
uncertainties are involved [21]. Therefore, it seems clear that an increasingly in-depth
comprehension of the tree stability can be achieved only by facing the tree monitoring with
a multidisciplinary approach. In this perspective, the paper aims to investigate the tree
dynamics using procedures based on those used in civil engineering.

By means of an engineering approach to the tree biomechanics, especially to the
tree stability, a tree can be considered as a “living” structure, and therefore modeled
as a mechanical system. Thus, the structural health monitoring methods available for
the many civil structures can be used to assess the structural integrity of the trees by
means of long-term dynamic monitoring systems. In particular, the development of robust
identification techniques [22–25] under ambient vibration have renewed the attention on
this topic, and the application of dynamic monitoring systems has become widespread
for large civil structures [26–28]. To date, the applications of such methods on trees have
not been profoundly investigated yet. In particular, the dynamic response of the trees
under ambient vibrations, such as microtremors, light wind, etc., through an operational
modal analysis approach, has not been fully analyzed by the scientific community. For
instance, Baker [29] investigated the dynamic behavior both in summer and winter time of
lime tree by measuring the velocity with a laser-Doppler interferometer. A total of 62 trees
were tested, identifying a range of frequencies within the range 0.3–1.5 Hz by performing
a conventional fast Fourier transform on the collected time histories. Nonetheless, the
tree dynamic was characterized only by the first frequency while the identification of
higher resonant frequencies was neglected. Schindler [30] measured the wind-induced
vibration on a group of Scots pine trees with biaxial clinometers, indirectly measuring the
displacements. The dynamic identification of the trees was performed by means of peaks
in the estimated mechanical transfer function, obtaining a range between 0.26–0.34 Hz for
the first natural frequency. However, as emerged from the literature [31], there are still
many open issues on the tree dynamics.

The current paper deals with the dynamic response of a black locust (Robinia pseu-
doacacia L.) under ambient vibration through the direct measurement of the accelerations
along the trunk and the main branches. Starting from preliminary finite element (FE) mod-
els of the tree, an experimental layout of 13 high-sensitivity accelerometers was defined.
Then, the results of the experimental dynamic testing campaign are presented, showing
how a spectral analysis can be a useful tool for a first dynamic identification of the tree.
The results presented here are a first step of a wider research; therefore, additional field
measurements and further post-processing analyses will be performed in the future. The
results indicate an extremely complicated field of research, but they are encouraging for
further studies of the topic. Indeed, the operational modal analysis approach can make a
significant contribution to the development of advanced monitoring systems, based on the
creation of IoT (Internet of Things) devices equipped with high-frequency accelerometers
for widespread monitoring of tree stability [32–34].

2. Materials and Methods
2.1. Site and Case of Study

The fieldwork was carried out in the Lastra a Signa countryside (Florence), on a plot
of land on a farm (Figure 1). The investigated tree is a black locust (Robinia pseudoacacia
L.), which grows within a belt of vegetation on the border of an arable field (43◦45′50.3′ ′

N; 11◦06′44.1′ ′ E). The young plant (about 17–20 years of age) does not show structural
defects, such as cavities or caries of the stem and branching, which could alter its behavior.
It has a fork of the main stem, which is divided into two branches. The angle of insertion
of the branches is less than 30◦ and there is no inclusion of bark. The crown, in good
vegetative conditions, is in contact with the adjacent plants, and has a codominant position,
as it receives more light from above than from the sides. It is more exposed to southern
winds and is greatly influenced by the presence of adjacent trees, participating in the
canopy structure. The selected tree was not protected by legal constraints (such as public
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or monumental trees), and it was in a safe place if during the tests an unexpected failure
occurred. The tree is a portion of a linear group of trees, which is a configuration that one
can find in the urban environment, for instance, along a boulevard. The stand represents
an ecological corridor, has an age of about 15–20 years, and the most representative plant
species are maples (Acer campestre), ashs (Fraxinus ornus), oaks (Quercus pubescens), and
other black locust plants. The instrumented tree was about 6.9 m high, with a diameter
breast height of 15.3 cm and a crown diameter of about 4 m. The measured plant, on the day
of the fieldwork (13 October 2021), is in the vegetative phase, with complete foliation. Only
a few yellowed leaves are noted due to the approaching phase of vegetative quiescence.
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2.2. Analytical Model

To have a first approach to the tree dynamic, a simplified analytical model of a tree
with a trunk height h, consisting of a lumped mass system with the canopy approximated
as a sphere of radius Rs and a rotational inertia I0 about the vertical axis, was considered.
The flexural stiffness of the trunk k• (relative to the • axis) can be approximated as a simple
cantilever beam. Thus, in both directions it can be expressed as follows:

kxx = kyy = 3
EJxx

h3 with Jxx = Jyy (1)

Meantime, the torsional stiffness kθ can be calculated as follows:

kθ =
GJzz

h
=

2EJxx

2(1− ν)h
∼=

EJxx

h
(2)

where G is the shear modulus, E is the Young modulus, ν is the Poisson’s coefficient, J• is
the moment of inertia about the • axis, and h is the height of the trunk. The translational
frequencies for the system can be calculated as follows:

fθ =
1

2π

√
kθ

I0
=

√
5EJxx

2MsR2
s h

(3)

where Mtot is the total lumped mass, Ms is the canopy mass, and I0 is the inertia of the tree
crown about the vertical axis (approximating it as a sphere). The ratio between the first
torsional and bending frequencies can be calculated as follows:

fθ

ft
=

√
5Mtot

6Ms

(
h

Rs

)
(4)
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The total mass of the system can be expressed as the mass of the canopy plus one third
of the trunk mass Mtr (e.g., [35]); the above equation can be simplified as follows:

fθ

ft
=

√
0.83 + 0.27

Mtr

Ms

(
h

Rs

)
∼=

h
Rs

(5)

meaning that, under the above-mentioned assumptions, the ratio between the torsional and
the translational frequencies mainly depends on the ratio between the trunk height and
the radius of the canopy. Indeed, in this simplified model, if the radius of the tree crown is
higher than the trunk height, the first frequency will be torsional; by contrast, if the height
of the trunk is higher than the radius of the canopy, the first frequencies will be bending
modes about the x–x and y–y axes.

2.3. Preliminary FE model

After some analytical considerations, a preliminary FE model was studied. The FE model
was built to gain an idea about the dynamics of the tree and to optimize the sensors layout
in the dynamic test campaign. Only the trunk and the two main branches were modeled,
considering the higher branches only in terms of mass. As a preliminary strong assumption,
the trunk was considered as fixed at the base, neglecting the interaction with the soil.

Using the commercial software SAP2000-v19 [36], the tree was modeled as a discrete
dynamic system with beam elements. The properties of the materials were assumed according
to the studies of Passialis and Adamopoulos [37,38] and are reported in Table 1. Of course,
the mechanical properties of the tested tree can be different from those given in the literature.
For instance, Gardiner et al. [39] considered ±20% of variation in the sensitivity analysis of
the inputs of two mechanistic models. If the same variation is considered for the mechanical
parameters assigned to the numerical model, the frequency f of each mode can be considered
the reference value of an interval where 1.225 f and 0.817 f are, respectively, the upper and the
lower limits.

Table 1. The mechanical properties of each preliminary FE model.

Model-0 Model-1 Model-2

Structural mass (kg) 51 71 87
Lumped masses (kg) 108 88 72

Young modulus
(MPa) 14,000 14,000 14,000

Density (kg/m3) 1000 1000 1000

Two different models were used (Figure 2), mainly to understand the influence of the
branches in the tree dynamics. Each tree component was modeled with beam elements or
additional masses and rotational inertia. Thus, the first model (Model-0) considers only the
geometry of the trunk as a beam element, with the upper part of the tree (above the tree
fork) modeled as a lumped mass with an assigned torsional inertia. In the second model
(Model-1), the trunk and the two main branches are modeled as beam elements, while the
remaining parts of the tree (i.e., smaller branches and leaves) are modeled as two lumped
masses positioned in the middle of the main branches. To obtain comparable models, the
value of the total mass was scaled in order to obtain the same vertical reaction at the base
of the tree. Lastly, modal analyses were performed on the three models described above to
identify the tree modal properties.

Considering a reference system with the z-axis aligned with the trunk, the plane
x–z, which contains the two branches, is named as the lateral plane, while the y–z plane
(orthogonal to the lateral plane) is named as the frontal plane. The results obtained from
each preliminary FE model are summarized in Table 2. Given the approximation adopted
in the preliminary FE models, the comparison between numerical and experimental results
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reported in the following section are based on the ratio between the resonant frequencies
instead of the mere values.
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Table 2. Results of the preliminary FE models in terms of resonant frequency (f), percentage of
participating mass in the x-direction Mx (%), percentage of participating mass in the y-direction My

(%), percentage of participating mass around z-axis Mz (%), and the sum of the participating mass in
each direction ΣMx (%), ΣMy (%), ΣMz (%).

Model-0
Mode f [Hz] Mx [%] My [%] Mz [%] ΣMx [%] ΣMy [%] ΣMz [%]

I 3.76 88.07 11.93 0.00 88.07 11.93 0.00
II 3.76 11.93 88.07 0.00 11.93 88.07 0.00
III 8.87 0.00 0.00 100.00 0.00 0.00 100.00

Model-1

I 2.04 68.52 0.00 0.00 68.52 0.00 0.00
II 2.04 0.00 73.81 26.82 68.52 73.81 26.82
III 3.78 0.00 14.44 71.86 68.52 88.25 98.67
IV 3.85 17.32 0.00 0.00 85.84 88.25 98.67
V 15.80 14.16 0.00 0.00 100.00 88.25 98.67
VI 17.33 0.00 11.75 1.33 100.00 100.00 100.00

Clearly, the soil interaction plays a crucial role in the dynamic behavior of the tree.
In order to understand such influence, a rotational spring exhibiting different stiffness
values was added to Model-0. The results are reported in Figure 3, where the value of
the translational frequencies rapidly decay when the spring is softer. In particular, from a
stiffness of 10 to 1000 kN ·m/rad, a frequency range spanned from 0.5 to 3 Hz is covered.
That means that slight differences in terms of the spring stiffness can substantially modify
the resonant frequencies of the tree, confirming that for such kind of structural systems, the
interaction with soil cannot be neglected to set up reliable models of the tree. In practice, if
a pulling test is performed, it is possible to have more reliable boundaries for the rotational
stiffness of the tree.

2.4. Experimental Setup

The tested tree was equipped with 13 seismic, high-sensitivity accelerometers (re-
spectively, seven PCB 393-C, two PCB 393-B31, and four 393-B12) measuring the dynamic
behavior of five different sections along the trunk and the main branches (see Figure 4).
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In particular, the trunk was instrumented at three representative heights above the ground
level, such as the tree fork (Figure 5a), the diameter at breast height (dbh) (Figure 5b), and the
collar (Figure 5c). These representative sections were at 2.31 m, 1.3 m, and 0.12 m from the
ground, respectively. Each section along the trunk had one sensor along the y-direction (i.e.,
perpendicular to the frontal plane) and two opposite sensors along the x-direction (perpendicular
to the lateral plane) in order to measure possible torsional vibrations. On the branches, only
a pair of sensors oriented along the two main directions were fixed at about 0.90 m from the
tree fork.

Given that this first experimental campaign was focused on ambient vibration tests
(AVTs), the tree was not forced by any external device (i.e., those used for pull and release
tests). The tree was forced only by microtremors from the ground and a light wind that,
under opportune hypotheses, can be considered as a forcing system with a relatively
flat spectrum (e.g., [40]). The field measurements were performed in October, when the
environmental conditions were characterized by a sunny day, with temperatures ranging
from 25 ◦C up to 35 ◦C and light winds. Even if the wind direction and intensity were not
measured close to the tree, a check on the weather stations available nearby the selected site
confirmed that the wind was at most a light air, according to the Beaufort scale (Figure 6).
Eight AVTs were performed, by simultaneously recording all the sensors at a sampling
frequency of 4800 Hz for about 30 min, which can be considered a good compromise
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for well representing the first resonant frequency and minimizing the noise effects. For
instance, applying the rule by Brincker and Ventura ([40]) to a mechanical system with a
first resonant frequency of about 0.7 Hz and a damping ratio of 1%, a minimum window
length of about 1430 s is attained. Then, in the post-processing phase, the raw signals were
filtered with a third-degree Butterworth bandpass filter between 0.15 and 50 Hz.
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3. Results

The current work focuses on the results obtained in the frequency domain. Therefore,
power spectral densities (PSDs) of the signals were estimated with the P-Welch algorithm
with 50% overlap and using a Hanning window to minimize the leakage effects. In order
to improve the clarity of the results, the PSDs obtained on the entire signal were averaged
by means of a moving average fitting. An example of the comparison between the results
obtained before and after the averaging is reported in Figure 7. Moreover, even if the signal
was filtered in the frequency band 0.15–50 Hz, in the following, only the spectra in the
range 0.1–5 Hz are shown, where the first resonant frequencies of the tree are supposed to
be, according to the purposes of the current work.

Firstly, for each direction, the signals were individually analyzed and compared at
different heights along the trunk, corresponding to each measuring station (Section 1-1,
2-2, and 3-3 of Figure 4b). The main results are summarized in Figure 8, where the PSDs
obtained for the two orthogonal directions (X and Y) in two different tests are reported. In
particular, Figure 8a,b refer to Test #3, performed in the morning when the wind was rarely
perceived, while Figure 8c,d refer to Test #8, carried out in the afternoon with an almost
constant presence of light wind (Figure 6).
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The results show a correlation between the sensor position and the energy content in
the spectra. In particular, the accelerometers placed under the tree fork can clearly measure
vibrations in both directions also in Test #3 (Figure 8a,b), therefore this can be considered an
optimal position to measure the tree dynamics. Moreover, the sensors fixed at the dbh can
also represent the frequency content of the tree sways well, as shown in Figure 8 (Section
2-2). At a first glance, some broadband peaks around 0.7 Hz can be identified in the PSDs,
presumably linked with the first resonant frequencies of the tree.

The branches influence the global dynamic of the tree [41]; therefore, the normalized
PSDs (NPSDs) of the signals measured in Sections 4-4 and 5-5 were estimated. The NPSDs,
with respect to the energy content of the signals, were analyzed on the two main branches
to investigate the contribution of each sub-system to the global dynamics of the tree. Such
normalization allows the comparison of the spectral content of the two main branches without
any distortion due to the energy distribution along each frequency band of the input signal.
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The results are shown in Figure 9, where the two global frequencies are confirmed around
0.65–0.7 Hz, and other peaks can be identified between 1–2 Hz and 2–3 Hz.
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Lastly, global analyses of the spectral composition by means of the averaged nor-
malized power spectral densities (ANPSDs) [42] for Section 3-3 in Test #3 and Test #8 are
reported, respectively, in Figure 10a,b. In particular, the NPSDs of the symmetric (mean
of the measured signals along each direction) and antimetric (difference of the measured
signals along each direction) component of the signals were evaluated at each measuring
station along the tree, giving an idea about the nature of the identified resonant frequencies.
Considering Section 3-3 as the most representative to characterize the global dynamics of
the tree, only the results of this section are reported herein in Figure 10. While in the range
of 2–5 Hz the ANPSD is almost flat in both the considered tests, the first three modes are
clearly visible in the frequency band between 0.5–1 Hz, and some other peaks can also be
seen in the frequency band between 1–2 Hz.

The results presented in Figure 11 show that, on the one hand, the global dynamics
of the tree can be perceived in the two main planes (frontal and lateral) with a uniform
amplification of the spectra due to the higher sensor position. On the other hand, the
modes with a torsional component around the vertical z-axis are more amplified in the
branches than in the trunk. In both the presented tests with different loading conditions
(Test #3 and Test #8), the first two modes around 0.7 Hz in the frontal and horizontal plane,
respectively, can be clearly detected. In addition, the third mode, exhibiting a predominant
torsional component about the vertical axes, can be recognized at a frequency of about
0.8 Hz, while the higher modes in the two considered planes are quite closer at about
1.5 Hz, and the second torsional mode can be probably identified at about 3 Hz. It is worth
noting that a slight difference in the frequency domain response can be detected according
to the different load conditions. In particular, some broadband peaks below 0.5 Hz can be
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identified in both conditions and some additional torsional peaks in the branches PSDs
between 1 and 2 Hz can be localized when the wind is almost absent (Figure 11a).
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4. Discussion

The extensive experimental campaign performed shows that a dynamic identification
of the tree under ambient vibration can be performed with the classical spectral analysis
method. If properly combined with a preliminary numerical model, both the estimation
of the PSDs of each signal and the ANPSDs of each section along the trunk can provide
useful information for the dynamic identification of the tree. The main natural frequencies
(i.e., those related to global modal shapes) of the tree can be identified, even if some
peaks observed at very low frequency (below 0.5 Hz) require further investigations. Small
differences in the spectral response can be seen when considering two tests with different
loading conditions (e.g., Test #3 and Test #8). This is probably due to the nonlinearities of
the mechanical system studied, but also the intrinsic broadness of the peaks observed that
can affect the interpretation of the results.
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Concerning the comparison between the results of the field measurements and the
preliminary FE model, it is possible to highlight the following points:

• The first two frequencies found in the numerical models are almost the same, activating
a major part of the participating mass both in x and y directions. This is due to the
geometry of the body studied and it gave a warning of the possible presence of
very close peaks in field measurements. Indeed, as confirmed by the results, close
peaks were found in the frequency domain and, despite the relatively high spectral
resolution, sometimes they appeared as a unique broad peak. The combination of
PSDs and ANPSDs was helpful in their identification, adding more information about
the nature of the two identified modes.

• If the branches are modeled in the FE model, the main frequencies decrease when
the branches are modeled, and the ratio between the first resonant frequency and the
others increases, as reported in Table 3. These observations confirm the assumption in
the literature [31] of the importance of modeling the tree branches.

• The main role of the FE was to support the definition of the experimental setup, espe-
cially of the positions of the sensors. The strong assumptions adopted and discussed
in Section 2.3 concerning the tree properties can lead to results different from the
experimental measures, also in terms of frequency ratios. In particular, referring to
the ratios between the first and the third mode reported in Table 3, the differences are
still remarkable. Therefore, if a model-based monitoring approach is of interest, the FE
model should consider at least the main branches to well represent the tree dynamics,
and it should be calibrated after a first set of measurements.

• In the next studies, the fixed support used in the numerical model will be replaced
with a more realistic rotational spring. This will further reduce the gap between the
resonant frequencies extracted from the experimental campaign and those obtained
by the model.

Table 3. The frequency ratio between the lowest resonant frequency and the others for Model-0,
Model-1, and the experimental values in the two loading conditions: (i) absence of wind (Test #3) and
(ii) with light wind (Test #8).

Frequency
Ratio Model-0 Model-1 Test #3 Test #8

fI/fII 1.00 1.00 0.95 0.97
fI/fIII 0.41 0.54 0.82 0.88

Concerning the results of the field measurements, one of the main findings is that the
frequency content of the signals measured at the dbh are comparable to those under the
tree fork. Thus, future research can be oriented to a tree monitoring system (or procedure)
such that it does not need a complicated installation of the sensors. Nevertheless, given
that the accelerations measured at the branches helped the interpretation of the results,
it can be suggested to use a first set of dynamic tests with additional sensors, in order to
consider the effects produced by the main branches. In the next steps of the research, more
sophisticated OMA analyses (e.g., frequency domain decomposition, stochastic subspace
identification, etc.) will be performed to obtain accurate information about mode shapes
and damping ratios with different sensor arrangements.

Further investigations are needed to deepen the tree dynamics, focusing on the system
nonlinearities. For instance, some points have already emerged in the current work, such as
the nature of the peaks below 0.5 Hz and tree–soil interaction that should be deepened to build
reliable FE models. Therefore, some additional sensors, such as an anemometer to measure the
wind speed in the proximity of the tree, and other activities, such a pull and release test, will
be included in the next field measurements to increase the level of the available information
on those critical points. However, considering the complexity of the problem, the results gave
positive feedback for further studies about the real-time dynamic monitoring of trees and
their application in a broader structural health monitoring approach.
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5. Conclusions

This paper investigates the dynamic behavior of a standalone tree under ambient
vibration. The experimental setup was defined by the analysis of some preliminary FE
models, and the accelerations were collected by means of 13 high-sensitivity accelerometers
(PCB 393-C, 393-B12, and 393 B-31) placed along the tree and its main branches. The
spectral analysis of the signals shows that it is possible to identify the first three resonant
frequencies of the tree, and the ANPSD analysis adds some information about the modal
shape. Nevertheless, during the experimental tests, the wind was not directly measured
and the dynamic interaction with the tree cannot be considered. Thus, the nature of the
low-frequency peaks must be investigated with additional tests. Along with the wind
measurements during the tests, the rotational stiffness of the tree with pull-out tests must
also be considered to update the FE model and to check the experimental results.

These findings open a new scenario in the dynamic monitoring of the tree under AVTs
that requires some further investigations to broadly apply such a method in the damage
assessment of trees. Then, the application to the long-term monitoring data of wider groups
of trees with SHM purposes must be considered in the future.
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