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Abstract

Standard procedures for stability assessment of unstable trees are based, among other, on the interpretation of on-site, non-
destructive static pulling tests. To this goal, a simple phenomenological equation is usually adopted in professional
agronomic practice, and an estimation of the ultimate toppling resistance is extrapolated by fitting the test data, without
taking root geometrical parameters and soil mechanical properties into account. From a geotechnical point of view,
however, the root plate of a tree plays the role of a “living foundation”, and its behaviour under toppling actions (like those
produced by intense wind gusts) conceptually corresponds to the mechanical response of shallow foundations under
rocking loads. In the paper, several static pulling tests on real-scale trees (some of them have been run until the complete
collapse, after some unloading-reloading cycles) and some tests taken from the literature are considered in order to
investigate the toppling behaviour. A possible new interpretative equation is proposed and critically compared with the
existing one against experimental results. The new equation allows for a mechanically meaningful description of the
toppling curve of the tree and accounts for strength and deformability issues. It allows to introduce innovative “perfor-
mance-based” approaches, which are commonly neglected by practitioners and professional agronomists in this field.
Nevertheless, the experimental results show that tree toppling is a complex phenomenon, and capturing its failure condition
requires more advanced multi-mechanism models and second-order effects to be accounted for. From a practical point of
view, the proposed equation, employed within the same standard interpretative procedure currently adopted in practice for
pulling tests, seems to provide conservative estimations of “operational” values of the ultimate toppling resistance, and in
perspective, it could be used to significantly optimize—when needed—the design of structural stabilizing interventions on
potentially unstable trees.
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1 Introduction

The interest towards tree stability assessment and, more in
general, arboreal heritage protection is rapidly increasing
in modern societies. It represents a key issue for the
management of urban areas, where accurate analysis
techniques can substantially help in protecting both natural
heritage (e.g. monumental and historic trees) and human
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interventions, joint to the more and more intense wind
gusts induced by climate changes, also contribute to
increase the emergency about the stability of trees. Tree
risk assessment is hence becoming part of general risk
management analyses, and as such, it requires specific risk
mitigation strategies [1, 4].

In forest regions, the protection of arboreal heritage is
strictly related to biomass conservation, biodiversity pro-
motion, soil erosion control and stability of slopes. Recent
events have shown that also in these regions trees are
exposed to a marked risk. For example, the 2018
Mediterranean storm Adrian caused the loss of 6 to 8
million of cubic metres of wood of standing trees (just
considering the Italian region), the death of 14 people [19]
and more than €3.3 billion in damages (https://www.aon.
com/). Also storm Arwen in November 2021 saw extreme
winds hit the UK, causing large-scale damage, several
fatalities and cascading impacts to utilities, services and
across many of Scotland’s forests. It is understood that
8,000 hectares of woodland (an estimated 16 million trees)
was blown down during Storm Arwen [2].

More in general, climate change is likely to impact
significantly the basic transport infrastructures and the built
environment worldwide due to a more arid, erratic and
storm-prone weather pattern [27]. As vegetation by itself is
a carbon sink, it is thus increasingly urgent to protect and
manage existing green heritage and further develop low-
carbon stabilization measures, such as the use of vegetation
in geotechnical engineering design. In ground bioengi-
neering, for example, living plant material is employed to
perform engineering functions [32]. Since the pioneering
work of [28], there are many well-documented examples in
which plants have been used for ground stabilization.
However, uptake and development of this technology have
been very slow [33] because of the difficulty engineers face
when trying to quantify the beneficial effects of vegetation
in design practice [18]. That difficulty arises because of the
complexity of the involved phenomena [16], the relative
scarcity of systematic experimental data and the limitations
of modelling tools [32].

Within the aforementioned bioengineering context,
however, stability assessment of trees requires a deep
change in the interpretative perspective, since in this case
the attention needs to be addressed to the anchoring
strength of the root systems within the soil, rather than on
its average reinforcing effect on the representative soil
volume. In this context, the paper investigates the beha-
viour of the root system of a tree, conceptually assimilated
to the foundation of a slender structure (e.g. a column or a
smokestack) “anchored” within the soil, and subject to
rocking loads, as those induced by wind gusts.

In the last twenty years, the approaches usually adopted
to assess the state of trees have evolved from the traditional

@ Springer

Visual Tree Assessment (VTA; [17]), towards the use of
quantitative geometry-based indexes, such as the slender-
ness ratio of the tree. More recently, traditional concepts
from geotechnical and structural engineering (like equi-
librium and compatibility equations, together with proper
failure criteria) have also been included in stability
assessment procedures of a tree, thought as a “natural” and
living structure [26].

Early experimental studies on real-scale trees tried to
relate the stability of the tree to its mechanical and geo-
metrical properties, focusing, for example, on sway fre-
quency [15, 30] or on the value of the maximum resisting
toppling moment [7]. Advanced small-scale tests on tree
models have also been performed, for example, by con-
sidering wind tunnel facilities [5, 14] or geotechnical
centrifuge tests [39, 38].

With the aim of defining valuable predictive models,
simplified descriptions of the roots architecture and of their
biomechanical properties are in general considered [3], and
their strengthening effects on the toppling failure mecha-
nism can be derived by properly considering the pull-out
resistance of the root [29].

More recently, advanced finite element numerical
models [9, 36, 37] have also been used to reproduce the
experimental results. [8] recently extended the traditional
macroelement approach for shallow foundations [21] to
model the mechanical behaviour of tree roots soil systems.
The same approach was used by [39] to correct centrifuge
data and compare results with the field test data by [10] and
[20]. The good comparison between the results suggests
that a macroelement approach can be a promising mod-
elling framework to evaluate the stability of trees.

Despite all the aforementioned scientific developments,
in standard agronomic practice the toppling resistance of
trees is commonly based on VTA or on-site non-destructive
tests. Among others, static pulling tests are widely used to
get an estimation of the toppling resistance of the tree
against global uprooting failure mechanisms. Pulling tests
actually bypass the problem of a detailed characterization
of the root geometry and of the soil, and predictions are
obtained via a phenomenological interpretation of the
experimental data, based on the procedure proposed by
Wessolly and Erb [34] and briefly described in Sect. 2.
Such procedure was calibrated on a rich database of
experimental pulling tests, run on trees with a diameter
between 15 and 35 cm until the complete toppling, and
identified a common interpolating equation.

Albeit the Wessolly and Erb equation is largely adopted
in practice, the need of a more accurate fitting equation will
be clearly put in evidence here below with respect to some
pulling tests taken from the literature. Some intrinsic as
well as conceptual limitations will be pointed out and a
more general interpretative equation will be proposed
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(without significant additional computational costs for the
final user), allowing to derive some significant observations
about the mechanical behaviour of the system. Validations
against a series of real pulling tests to failure are also
presented in the paper, and the results critically compared
to the Wessolly and Erb approach. One small-scale
experimental tests will finally also be used to assess the
moment-rotation curve predicting capability in a more
controlled laboratory environment.

Independently of the chosen analytical formulation, the
proposed interpretative framework could not only increase
the accuracy in tree stability assessment for practical on-
site applications, but, from a modelling point of view, it
could provide essential information for the development of
more reliable engineering models, based, for example, on
macroelement approaches specifically conceived for trees.

2 The Wessolly and Erb model
for interpreting pulling tests

Pulling tests are usually executed by applying on a tree a
force F at a height H and with an inclination o with respect
to the horizontal ground surface, and by recording the
corresponding rotation ¢ of the base of the trunk (Fig. 1a).
The aforementioned Wessolly and Erb procedure is based
on the numerical fitting of the experimental data by means

where the parameter F; represents the limit value of the
force F, ideally corresponding with the limit toppling
resistance of the tree. The trend of Eq. (1) together with the
fan of variability of the experimental results of [34] is
shown in Fig. 1b. In order to prevent possible damage to
the roots, the test is usually limited to maximum rotations
not exceeding 0.2°, which corresponds to a very limited
portion of the curve, and the value of F is then obtained as
extrapolation over the measured data.

Over the years, Eq. (1) has been widely employed for
professional activities in agronomic practice and got sev-
eral experimental confirmations (an accuracy ranging
from + 4% to about & 37% on the evaluation of F; was
reported by [31] on the basis of twelve field tests).

Several critical observations can, however,
expressed:

(a)

be

the introduction of only one fitting parameter (F)
allows to scale the curve only with respect to the load
axis (i.e. the axis F/F) and implicitly assumes the
value ¢; = 1.914° (see Fig. 1b) as “the” limit
rotation for a tree, independently from the geomet-
rical and mechanical characteristics of the system;
similarly, Eq. (1) does not allow to precisely fit the
initial roundness of the experimental curve, thus
potentially making largely inaccurate any extrapola-
tion with respect to the measured data;

(b)

of the following equation. (c) no reference is in general made to the type of soil
| 100 F L/F\2 1 F interacting with the root system;
0 —tan< _) 4 <_> S —— (1) (d) the limited range of diameters considered in the
3 73,85k, 2\FL 10F, calibration (15-35 cm) makes it hardly applicable to
larger-diameter trees, which represent however a
2,5
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Fig. 1 a Schematic view of a pulling test; b Wessolly and Erb curve (solid line)
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class of trees frequently studied in practical applica-
tions (like in the case of monumental or historic
trees).

From a mechanical point of view, moreover, it can
be also noted that Eq. (1).

(e) does not show any asymptotic trend when F
approaches F, as it should derive from a consistent
definition of a limit failure condition for a perfect
ductile system;

(f) does not represent a meaningful mechanical rela-
tionship, since it is expressed in terms of static and
kinematic variables (F and ¢, respectively) which
are not work-conjugate to each other; as a conse-
quence, no further interpretations (like the definition
of a representative global rotational stiffness or the
evaluation of the dissipated energy during the test)
can be derived;

(g) does not allow an explicit mathematical inversion,
thus making it hardly applicable in displacement-
controlled numerical models.

In particular, points (a), (c) and (f) are of fundamental
importance in view of possible extensions of the study, like
(i) the application to large-diameter trees, (ii) the search for
meaningful correlations with well-defined soil mechanical
properties, (iii) the investigation of more complex loading
conditions (dynamic effects of wind gusts, seismic actions,
etc.) and (iv) the comparison with advanced numerical
modelling approaches (e.g. 3D finite element simulations).

3 Proposition of a new interpolating
equation

From a mechanical point of view, the pulling test sketched
in Fig. 1a can be assimilated to a toppling test on a single-
d.o.f. rotational system, described by a rotation ¢ with
respect to its centre of rotation (CoR, assumed to coincide
with the base of the trunk), under an applied moment M
computed as:

M =H-F-cosoa. (2)

Hereafter, a new physically based equation is proposed:
M 2 1) b . b \/i /b
— = |—arctan| a— | | witha =tan|= | — ,
ML Y (p70 2 2
(3)

where moment values M are expressed as a function of the
trunk rotation ¢, and an additional shape parameter, rep-
resented by the exponent b, have been added to the arct-
angent function. Equation (3) was inspired by Eq. (1), by
removing all the polynomial terms and inverting the
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tangent relationship, and by introducing a scaling param-
eter for tree rotations. In Eq. (3) the toppling moment M
(static quantity) takes the place of the applied pulling force
F, and it is directly linked with its work-conjugate kine-
matic quantity, i.e. the rotation ¢ measured in the pulling
plane (the plane defined by the direction of applied force F
and by the centre of rotation, CoR). This new equation
represents then a meaningful mechanical relationship,
characterized by three parameters. In particular, M} cor-
responds with the limit asymptotic resistance of the root
system against toppling, and ¢, represents a reference
rotation angle of the system, corresponding to an applied

toppling moment M7y = \/TEML (i.e. about 70% of Mjy).
Exponent b, finally, controls the roundness of the curve, in
particular for very limited rotation amplitudes. It is worth
noting that the term a is an internal parameter, uniquely
dependent on b and introduced here only for the sake of
clarity of the analytical expression. Its definition derives
from imposing M /M;, = \/5/2 when ¢ = @.

A parametric study of Eq. (3) is shown in Fig. 2, toge-
ther with a consistent non-dimensional plot of Eq. (1). This
latter was in particular obtained by normalizing the rotation
axis ¢ with respect to the corresponding ¢-, value derived
for Wessolly and Erb Eq. (0.653°, as defined in Fig. la),
and, owing to Eq. (2), by equivalently expressing the ratio
F/F; as M/M;. Figure 2 highlights in particular the
influence of the exponent b on the roundness of the pro-
posed curve for limited rotations (¢/@;y<1), where
Eq. (3) tends to coincide with Wessolly and Erb equation
when b= 1. Values of b > 1 would instead induce an
upward concavity of the curve and they cannot be accep-
ted. For larger rotations (¢/@4, > 1), a clear asymptotic
trend is evident in Eq. (3), and parameter b does not sig-
nificantly affect any longer the curve.

----Wessolly and Erb - eq (1)

—this study - eq (3)

/94

Fig. 2 Parametric study of Eq. (2) and comparison with a dimen-
sionless Wessolly and Erb curve
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3.1 Comparison on experimental data
from the literature

The two equations were firstly tested on some experimental
test results available from the literature, whose details are
listed in Table 1. In particular, three tests on Larix europea
([6]; labelled as #1, #2 and #3) and five tests on Pinus
pinaster ([10]; labels have been here chosen consistently
with the cited paper) have been considered in Figs. 3 and 4,
respectively, and compared with fitting data from Egs. (1)
and (3).

In both cases, Eq. (1) does not allow for a precise fitting
of the data, since it does not allow to rescale the curves
along the ¢ axis. A simple parametrical analysis on the
values of parameter M, is only shown (dashed lines in
Figs. 3a and 4a) for a qualitative comparison with the
experimental curves. On the contrary, Eq. (3) shows a very
good fitting capability (full lines in Figs. 3b and 4b). In
both cases, the least square method has been applied. The
pre-peak branch only of the curves was considered during
the fitting procedure, since the proposed equation is not
intended to reproduce also the post-peak response. For the
sake of completeness, the values of the fitting parameters
for Eq. (3) are also listed in Table 1.

3.2 A remark on parameter ¢,,

At authors’ judgement the introduction of parameter ¢+, is
of particular mechanical interest, since it represents the
rotation of the tree under a fixed reference working con-
dition (about 70% of Mp). It can be thought then as a
measure of the “performance” of the system, and for
practical applications, it could extend the criteria for
evaluating the stability of a tree. These latter are in fact
currently based on standard “capacity-based” criteria,
comparing the expected working condition (i.e. a “design”

Table 1 List of parameters for pulling tests reported in Figs. 3 and 4

applied moment M) to the ultimate toppling resistance My,
by introducing a global safety factor Fg = M;/M,. Such
definition, evidently, completely neglects deformability
issues, which can, however, play a fundamental role when
the rocking behaviour of tall structures is concerned.
Important trunk rotations can in fact induce remarkable
second -order effects, related, for example, to the weight of
the crown or to excessive damage associated with the pull-
out behaviour of the thinnest roots. Trees characterized by
similar values of My, but by remarkably different values of
(@40 should be then associated with different evaluations in
terms of overall stability against toppling. This implies, for
example, that acceptability criteria for the values of global
safety factor Fg (values between 1.3 and 1.5 are usually
accepted in practice) cannot be a priori fixed, but they
should depend also on ¢, values. From a conceptual point
of view, the introduction of a performance parameter like
@79 allows to move from traditional “capacity-based” to
the so called “performance-based” approaches, as it
already happens in several fields of geotechnical and civil
engineering [12, 13, 22, 23].

4 Experimental pulling tests
4.1 Test sites

Following the loading scheme sketched in Fig. la, during
this study several pulling tests were run on real-scale trees.
Four of them (tests A, B, C and D in the following) were
conducted on relatively large-diameter trees, according
with the standard non-destructive approach, consisting in a
single loading phase not exceeding a rotation of about 0.2°.
The tests were controlled by professional agronomists and
they were stopped before inducing irreversible damages to
the trees. For the sake of clarity, a picture of the

Source Type of soil Type of tree Diameter Tree height Test label My ®70 b
[cm] [m] [kNm] [°] [-1]
Crook and Ennos [6] sandy clay loam Larix europea 12-20 10-13 #1 12.76 11.15 1.00
#2 17.71 9.40 1.00
#3 30.17 28.66 1.00
Defossez et al. [10] medium sand Pinus pinaster 17.98 10.62 #14 17.33 5.41 1.00
18.46 10.40 #15 15.83 5.29 0.78
16.87 9.70 #31 14.21 4.27 1.00
16.87 9.68 #32 12.19 5.47 1.00
16.55 10.65 #36 8.95 6.37 0.96
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Fig. 5 Experimental set up of test A

experimental set up of test A is shown in Fig. 5; Table 2
summarizes the tree typologies and the main geometrical
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Table 2 Tree typologies and geometrical characteristics of the
experimental tests

Test Type of tree Diameter Pulling Anchoring
D [cm] height distance
H [m] L [m]

A Pinus wallichiana 70 8.3 47.35

B Cedrus deodara 101 11.5 33.1

C Cupressus 43 4 19
arizonica

D Liriodendron 70 10.5 22.95
tulipifera

E Prunus avium 22 0.4 16.8

F Robinia 30 4.6 39.50
pseudoacacia

characteristics for all the tests, where D is the trunk
diameter, H is the elevation above ground of the pulling
rope and L is the distance of the tested tree from the ground
anchoring point.

Two other tests (tests E and F in the following) were on
the contrary run on smaller-diameter trees (within the range
15-35 cm, consistently with the calibration of Wessolly
and Erb equation), but followed a non-standard loading
path, consisting in several loading—unloading cycles at
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increasing amplitude until the failure, thus mimicking
(although in a quasistatic scheme) the effects of horizontal
wind gusts.

For the sake of brevity, the results of the standard
pulling tests A, B, C and D are discussed directly in
Sect. 5.1, whilst, on the contrary, a detailed description of
the two non-standard tests E and F is separately reported in
Sects. 4.4 and 4.5, respectively. A seventh experimental
tests was in addition chosen from the literature data [8],
with reference to a 1:20 small-scale 1-g pulling test on a
model tree, in order to test the capability of Egs. (1) and (3)
to capture also remarkable size effects (see Sect. 5.3 for a
brief description).

4.2 Loading device and measuring system

The load was applied for all test by means of a manual
winch and measured by a commercial load cell (Fig. 6a;
maximum capacity 5 tons). Rotations for tests A, B, C and
D where measured by means of a commercial small-scale
inclinometer (Fig. 6b; measurement range + 2°; resolution
0.001°), recording the base tree rotation in the pulling
plane, whilst for tests E and F a 3-axis large-scale incli-
nometer was used (Fig. 6c; measurement range £ 90°;
resolution 0.05°). This latter was installed with axes x and y

laying in the pulling plane (along the horizontal and ver-
tical directions, respectively), whilst axis z represents the
main axis of rotation of the test (see also Figs. 8a and 10a).
The experimental data were acquired at a frequency of
10 Hz, by using the software provided for the measuring
devices.

4.3 Soil description

For both tests E and F, one soil sample was dug at a depth
of about 30 cm, at a distance of about 150-170 cm from
the trunk. In both cases the soil can be classified as a silty
sand, with important gravelly fractions; the two grain size
distributions are reported in Fig. 7a, whilst the particle size
characterization of the two soil samples is summarized in
Table 3.

Standard direct shear tests were also executed on three
soil samples (labelled S1, S2 and S3) extracted by means of
an excavator within the first metre of the topping soil at a
distance of 10 m from the trees (in order not to disturb the
root plates). The samples (reconstituted at an average value
of the dry unit weight y,,,= 18.09 kN/m>, and tested under
normal confining pressures g,/ of 100, 200 and 300 kPa in
dry conditions; Fig. 7b) showed a global ductile response,
with average friction angle value ¢/=30.9°. The tests were

Fig. 6 Adopted instrumental equipment for pulling test: a load cell and b small-scale inclinometer [11]; ¢ 3-axis large-scale inclinometer [35]
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Fig. 7 a Grain size distributions of the soil samples for tests E and F;
b interpretation of direct shear test results on soil samples S1, S2 and
S3; ¢ shear stress—horizontal displacement curves for the tests on soil
sample S3; d vertical displacement-horizontal displacement curves
for the tests on soil sample S3

conducted at a controlled horizontal displacement rate of
about 8§ pum/min, on samples with a cross-sectional area of
28.26 cm”. As an example, for the sake of completeness the
trends of the shear stress (7) and of the vertical displace-
ment (u,; positive values indicate contractive behaviour)
recorded during the tests on sample S3 are also reported as

@ Springer

a function of the horizontal displacement (u;) in Fig. 7c
and d, respectively. (The acquisition of u, values during the
test at 100 kPa of confinement was interrupted at about
0.5 mm.) No further geotechnical characterization of these
soil samples has been performed, since the aim was here to
provide the reader an idea of the basic properties of the soil
involved in the tests. Clear relationships of soil mechanical
properties with the global toppling behaviour of an entire
root plate of a real-scale tree can in fact be found only on
the basis of advanced mechanical characterizations of the
soil (taking into account unsaturated soil response,
mechanical behaviour at very low confining stress, large
strain deformations, interaction with the grass roots and
other vegetation at shallow depths, etc.). All these data are
rarely available for practical applications of standard non-
destructive pulling tests and are generally beyond the (time
and funds) budgets. The scope of the present paper, on the
contrary is to more accurately describe the overall toppling
behaviour, and to compare the predicting capabilities of the
two Egs. (1) and (3) when fitting limited ranges of tree
rotations data.

4.4 Test E

The test was run on a relatively small tree (diameter of D =
22 cm) that can be considered as an “ideal” case of a
healthy tree (the wood did not present any evidence of
structural weakness), falling within the range of diameters
15-35 cm. The trunk was previously completely pruned at
a height of about 190 cm from the ground in order to
prevent any second-order effects related to the weight of
the crown to affect the M — ¢ curve, even for large rotation
values. The pulling rope was fixed at a height of H =40 cm
from the ground, and it was anchored at the base of another
stable tree at a distance of L = 16.8 m (Fig. 8a). The
inclination of the applied pulling force F was then very
limited (angle o = 1.36°), so that a negligible vertical load
component is transferred to the root system. The load
program consisted in three loading—unloading cycles (la-
belled (1), (2) and (3), respectively, whilst the label (0)
indicates the start of the loading) at increasing amplitude;
recorded values of moment M and rotation ¢ are plotted in
Fig. 8b (a pause of about 30 min between cycles (1) and
(2) allowed a preliminary check of the results). The com-
plete toppling of the tree was reached during a following
fourth loading phase, whose values have, however, been
here omitted since they are out of scale (very large rota-
tions were in fact reached, for which the applied load had a
relevant tensile component with respect to trunk direction,
rather than only a toppling one). The positions of the tree
during the different phases of the loading program are
schematically represented in Fig. 8c (solid lines, labelled O
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Table 3 Particle size characterization of the soil samples from tests E and F, together with the measured values of the soil moisture content w,,

Clay Silt Sand Gravel Dy D5y Dgo Cy Wy

[%] [%] [%] [%] [mm] [mm] [mm] [—1] [%]
Test E 0.02 35.09 40.44 24.45 0.02 0.12 0.26 11.76 27
Test F 0.06 33.88 34.66 31.40 0.03 0.10 0.53 19.04 13

to 3), whilst Fig. 8d, e show two final views of the uprooted
tree.

The resulting M — ¢ curve (Fig. 9) shows a complex
nonlinear and irreversible behaviour, with progressive
accumulation of permanent rotation at end of each
unloading phase. The maximum values of the toppling
resistance (point P in Fig. 9, with Mp = 9.15 kNm) was
reached in cycle (3) for a rotation of 1.78°, relatively close
to the limit condition of Wessolly and Erb equation
(p;=1.914°). By considering the different loading—un-
loading cycles, it is also evident that increasing damage is
induced into the system, since the average stiffness of the
cycles is progressively reduced. Moreover, negligible
rotation increment is observed between the first two cycles
(A@,, = 0, as defined in Fig. 9), whilst an evident accu-
mulation of permanent rotation A¢,; is present between the
second and third cycle, probably owing to the activation of
large displacement resisting mechanisms, mobilizing the
pull-out resistance of the roots.

A deep and quantitative investigation of the progressive
activation of such multiple failure mechanisms is beyond
the purposes of the present work, since it would require
detailed descriptions of the root geometry and of its local
interaction with the soil (in general not available for
practitioners during standard on-site pulling tests). The
authors think, however, that investigating such loading—
unloading response could be largely useful for the esti-
mation of the toppling resistance of trees and for the def-
inition of meaningful quantitative precursors of the
inception of the global uprooting. In the following, con-
sistently with the usual procedure consisting in a single
monotonic loading path, only the envelope of the overall
virgin loading curve will be considered, and the fitting
procedure of Egs. (1) and (3) will be applied by disre-
garding the unloading-reloading cycles. The collected
experimental data have, however, been made here available
even with the aim of promoting further investigations in
future papers by other researchers.

4.5 Test F

The second pulling test was conducted on a tall tree (di-
ameter of 30 cm), with an estimated height of 14 m. The
pulling rope was fixed and a height of H=4.6 m from the
ground and anchored at a distance of L=39.50 m (angle

0=6.64°; Fig. 10). The same instrumental equipment
described in Fig. 6 was employed, and the inclinometer
was installed consistently with the reference system also
shown in Fig. 10. The loading programme consisted again
in several loading—unloading cycles at increasing ampli-
tude, and the global M — ¢ curve is shown in Fig. 11a. A
complex nonlinear and irreversible behaviour is again
evident, with important damaging effects (significant val-
ues of A, and A, are evident in Fig. 11a), and with the
mobilization of a large toppling zone in the ground
(Fig. 11c—d). During the loading phase of cycle (3), a long
vertical crack opened on the compressed side of the trunk
(Fig. 11b), which significantly modified the overall
mechanical response of the system. The following part of
the test (until the failure of the tree, consisted in a sudden
trunk breakage, as shown in Fig. 11e) was then considered
not representative of the toppling mechanism involving the
root plate. Only the initial part of the test will then be
considered for the fitting procedures, up to a rotation ¢ of
about 1° (point P of Fig. 11a, with Mp = 21.48 kNm). The
ultimate resistance is approximately 45 kNm (point U of
Fig. 11a), which is, however, determined by trunk cracking
and it cannot be considered representative of the toppling
mechanism. As previously discussed for test E, only the
envelope of the virgin loading curve up to point P will be
considered in the following, and unloading-reloading
cycles will be disregarded.

5 Interpretation of the experimental tests
5.1 Standard analysis

The results of the six tests were firstly analysed from the
point of view of a professional user (i.e. with the aim of
getting predictions of M, values), by considering only
“standard” non-destructive pulling tests. To this goal, tests
A, B, C and D, together with the very initial part of the
experimental curve of tests E and F (up to a rotation of
0.2°) were considered in the fitting procedures. The results
are graphically summarized in Fig. 12a, b, and the list of
all the fitting parameters is reported in Table 4 (the least
squares method have been adopted for all the fitting pro-
cedures). The obtained best fitting values of the parameters
allow an objective comparison between the two equations
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Fig. 8 a View of the experimental set up of test E; b load (solid line) and rotation (dashed line) records; ¢ rotation of the tree and observed
toppling mechanism; d—e views of the uprooted tree

over the six tested experiments, and in particular, for the
two newly proposed parameters ¢,, and b, they give the
reader an idea of the order of magnitude of the expected
values for real-scale applications.

The experimental trend is qualitatively well reproduced
in all the six cases by both equations, but it is evident how
Wessolly and Erb model shows a less accurate quantitative
agreement with the experimental data, in particular for tests
A, B and D (characterized by larger-diameter values). For
tests C, F and (although less evident) E some inaccuracies
2 also appear. On the contrary, Eq. (3) accurately fits the
experimental curves in all the six cases. These considera-
tion are confirmed by the values of the root mean square

Fig. 9 M — ¢ curve for test E
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Fig. 10 Test F: a view of the experimental set up and b detail of reference system

error (RMSE, also reported in Table 4) and computed for
each test with respect to the measured rotation values ¢.
From these values, it can be observed how for tests E and F
Eq. (3) significantly reduces the average errors of about 20
to 60% with respect to Eq. (1), whilst for large-diameter
trees (tests, A, B, C and D) Eq. (3) increases the accuracy
of about one order of magnitude with respect to Eq. (1).
From a mechanical point of view, the accuracy in repro-
ducing the experimental curve (even at low rotation values)
is fundamental in view of a reliable estimation of the global
rotational stiffness of the system. This quantity, in princi-
ple, is responsible for the correct modelling of advanced
mechanical features (like second-order effects in large
displacement computational schemes) or for optimizing the
design of mechanical stabilizing interventions (like the
design of ground anchors or rigid crutches).

With respect to toppling resistance, Eq. (1) leads in general
to larger estimations of M with respect to Eq. (3), ranging
between + 10% and + 76% (as shownin Fig. 12c, where the
ratio of the two estimations is also plotted). With regard to
parameter ¢, relatively large values are obtained in partic-
ular for tests B and D (0.94° and 1.18°, respectively; see
Table 4). For such trees, a hypothetic working condition

characterized by Fg= M;/M7y=+/2 (~1.4) is then

associated with relevant rotation values (about 1°), potentially
inducing irreversible damages to the roots. As a consequence,
Fg = 1.4 cannot be considered in these cases as a “fully” safe
condition, and larger values of the F'g should then be required.
This proves how the choice of an operational values of the
factor of safety should also depend on maximum tolerable
rotation values. As far as parameter b is concerned, finally,
values between 0.46 and 0.77 are obtained, with a slight
decreasing trend for increasing diameter values.

5.2 Extended interpretation of tests E and F

The results of tests E and F can be further exploited by
repeatedly running the fitting procedure over larger and
larger portions of the experimental curve (always by con-
sidering the envelope of the monotonic part only). The idea is
to test not only the “rapidity” and “stability” of the fitting
values of M, towards a safe operational value (which is a
fundamental aspect for standard stability assessment proce-
dures, given the limited portion of the curve which is usually
investigated; see Fig. 1b), but also to derive some critical
considerations about the mobilization of the resisting
mechanisms over larger and larger parts of the toppling
curve.
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Fig. 11 a M — ¢ curve for test F; b crack formation during the test; ¢ view of the tree at the beginning of the test; d—e views of the tree just before

and after the trunk breakage

Starting from this idea, the experimental data of tests E
and F have been fitted both by Egs. (1) and (3) by con-
sidering progressively increasing ranges of the mobilized
resisting moment (expressed hereafter as a fraction of the
quantity Mp and representing a sort of mobilization ratio).

Figure 13a shows the fitting values of parameter M, for
test E, both from Egs. (1) and (3), when considering
mobilization ratios between 20% (corresponding here to
the standard interpretation of the pulling test) and 100% of
Mp (i.e. by fitting the equations over toppling moments
values between 0 and Mp). It proves a relatively stable es-
timation of M even for low mobilization ratios (with an
average value of about 6.6 kNm between 20 and 50%),
followed by an evident progressive increase in M, for
higher mobilization ratios (> 50% of Mp). This behaviour
suggests that other failure mechanisms, different from the
one initially captured by the fitting equation, are progres-
sively activated at the level of the root plate. When con-
sidering 100% of mobilization ratio, the estimated value of
My (about 11.62 kNm) significantly exceeds the observed
Mp value. This can be explained by considering that M|,
analytically represents the ultimate, asymptotic condition
of an indefinitely stable and ductile mechanical response,
who cannot account for large displacement and second-

@ Springer

order effects, which are in general responsible of a pro-
gressive reduction of the toppling resistance. In this per-
spective, Mp must not be considered as an experimental
validation for M, values. As far as Eq. (1) is instead con-
cerned, M; values only show a slight continuously
increasing trend, without any stable zone and without any
evident distinction between the initial failure mechanism
and higher-order ones.

From this comparison, it can be pointed out that (i)
Eq. (3) gets in general more stable and safe estimations of
M already for relatively low values of the applied toppling
load, and (ii) it captures the progressive activation of
higher-order failure mechanisms for increasing toppling
loads. It must be observed in fact that one set of parameters
(i.e. a set of values for M, ¢, and b) ideally allows to
reproduce only one failure mechanism. A sharp change in
the best fitting values for these three parameters for larger
and larger mobilization ratios is then in principle associated
with the activation of more complex mechanical
phenomena.

Figure 13b plots the trends of parameters ¢, and b of
Eq. (3), showing again relatively stable estimations up to a
mobilization ratio of about 50% (average values of 0.54°
and 1 are estimated for ¢, and b, respectively), followed
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Fig. 12 Standard fitting procedure (grey dots represent the experi-
mental data): a tests A, B, C and D; b tests E and F. ¢ Comparison
between the M, values fitted from Egs. (1) and (3)

by an increase in ¢, and a decrease in b. This is consistent
with the fact that higher-order failure mechanisms are also
associated with lower global stiffness (possibly due to
irreversible damage processes taking place into the root
system). Figure 13c, d shows instead the fitting curves for
50% and 100% of mobilization ratios, respectively. It is
evident that for 50% mobilization ratio, both the curves

accurately reproduce only the initial part of the experi-
mental curve, with Wessolly and Erb equation giving a
slight overestimation with respect to Eq. (3). For 100%
mobilization ratio, Eq. (1) shows an initial stiffer response,
followed by a less accurate flatter trend in the proximity of
point P.

If test E represents an “ideal” pulling test on a healthy
and completely pruned tree, perfectly fitting within the
Wessolly and Erb calibration database, test F can be on the
contrary considered as representative of a “real” case study
regarding a complete tree with larger diameter, and char-
acterized by weaker mechanical properties (collapse was in
fact reached because of trunk failure, rather than because of
uprooting). Nevertheless, similar considerations as those
derived from Fig. 13 can be also derived for test F. Fig-
ure 14a, in fact, shows the estimated values of M; with
increasing mobilization ratios (the range 40-100% has
been here explored), highlighting again rather stable esti-
mations from Eq. (3) up to a mobilization ratio of about
60-70% (average M, value of 17.76 kNm), followed by a
pronounced increasing trend. Equation (1) gives instead a
decreasing trend, which could be particularly unsafe for the
pulling test interpretation, since it implies that higher
ultimate toppling resistance values are estimated at low
applied toppling loads. Figure 14b shows the evolution of
parameters ¢;, and b, respectively, again with rather
constant values until mobilization ratios of about 60-70%
(average values 0.38° and 0.8). The following marked
increasing trend of ¢+, accounts for a progressive reduction
of the overall rotational stiffness, probably due to
increasing damaging levels in the root plate. Parameter b,
instead, shows only a slow decreasing trend, meaning that
the experimental curve is always characterized by a major
curvature with respect to Wessolly and Erb equation.
Finally, for the sake of completeness, in Fig. 14c, d the two
fitting curves for 50% and 100% mobilization ratio,
respectively, are plotted.

Although applied here to only two experimental tests,
this method (consisting in running the fitting procedure

Table 4 List of fitting parameter of experimental tests and of the Mp values of tests E and F

Wessolly and Erb — Eq. (1)

This study — Eq. (3)

Test Mp[kNm] M, [KNm] RMSE[°] My [kNm] @70[°1 bl — ] RMSE[°]
A - 374.46 8.03E-03 212.83 0.35 0.65 1.41E-03
B - 580.89 4.01E-03 436.94 0.94 0.60 4.88E-04
C - 140.81 8.47E-03 113.46 0.76 0.60 8.48E-04
D - 673.80 1.41E-02 554.77 1.18 0.46 8.64E-04
E 9.15 7.44 6.23E-03 6.73 0.64 0.77 5.25E-03
F 21.48 28.13 5.31E-03 17.53 0.37 0.75 2.02E-03
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over a progressively increasing set of experimental data for
larger and larger mobilization ratios) has a general validity
and it could possibly inspire new real-time interpretative
codes to be run directly during the execution of standard
pulling tests.

5.3 Small-scale pulling tests

The capability of the two equations to capture significantly
different size effects (even beyond the proper range of
applicability of Wessolly and Erb equation), was also tes-
ted by considering a seventh experimental pulling test on a
small-scale tree prototype. The aim is not to provide
practical scaling laws for the values of the governing
parameters, but to show how the proposed Eq. (3) can
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accurately be employed both to large- and small-diameter
trees. A 1:20 small-scale 1-g displacement-controlled lab-
oratory test taken from the literature [8] was considered,
run on a 3D printed root model, with a global diameter of
220 mm and embedded 6.5 mm below the ground level
(Fig. 15a). The soil was a mixture of 70% dry sand and
30% silt, with a relative density of about 48%. The dry unit
weight of the soil was 74,=16.5 kN/m> and a critical state

friction angle, derived from direct shear tests, is q’)' = 38°
(further details can be found in the cited paper). The test
showed a marked nonlinear behaviour, with a peak top-
pling moment Mp = 1.86 Nm at a rotation of 13° (point P
of Fig. 15b) and followed by a strength reduction, wit-
nessing a global fragile behaviour of the system at large
rotation values. A minor local failure phenomenon is
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Fig. 16 Fitting of Egs. (1) and (3) over the experimental data from [8] for different mobilization ratios. a Values of My ; b values of ¢, and b; c—

d predicted curves fitted over 70% and 100% of Mp, respectively
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observed for a rotation of about 6.46°, beyond which a
secondary failure mechanism is apparently activated. It is
worth noting that the initial part of the curve (from the
origin up to point A, corresponding to a toppling moment
of 0.51 Nm) is characterized by a significant stiffening
effect, probably due to soil disturbance in model prepara-
tion, and it will not be considered in the following fitting
procedures.

The results of the interpolation by means of Eqgs. (1) and
(3) are summarized in Fig. 16, following the same
approach already discussed for tests E and F (in this case,
for the sake of significance with respect to the lower limit
represented by point A, only mobilization ratios larger than
50% of Mp have been considered). Equation (3), again,
shows stable predictions both in terms of My, and ¢, for a
relatively wide range of mobilization ratios (with average
values of about 1.1 Nm and 2°; see Fig. 16a, b, respec-
tively), followed by a marked increase for higher mobi-
lization ratios (> 80%), consisting with the activation of a
possible secondary failure mechanism. Parameter b shows
instead a marked decrease (from 1 to about 0.2). On the
contrary, M; values from Eq. (1) show only a minor
increasing trend for increasing mobilization ratios, with
severe underestimations (about 30-50%) with respect to
the values obtained by means of Eq. (3). Finally, the two
fitting curves are also reported in Fig. 16¢, d for 70% and
100% of mobilization ratios, respectively. It can be noted
that Wessolly and Erb equation generally shows initially a
stiffer mechanical response, very evident even when the
complete loading curve (i.e. mobilization ratio of 100%) is
considered. This is due to the fact that, as initially pointed
out in Sect. 2, a fixed value @5,=0.653° is implicitly
assumed in Eq. (1), preventing the possibility to capture
significant size effects.

6 Conclusions

In the paper, several pulling tests on trees are discussed
(both considering real-scale and small-scale experimental
results, and by adopting monotonic and cyclic loading
schemes), and it has been observed how the general
mechanical response is characterized by a complex, non-
linear and irreversible moment—rotation curve. The exper-
imental data revealed that the toppling mechanism is a
complex process, consisting in the progressive activation of
several and subsequent resisting mechanisms (character-
ized by increasing strength and decreasing stiffness), pos-
sibly corresponding with the mobilization of second-order
and large displacement effects. The prediction of the ulti-
mate toppling resistance (especially when, as in real cases,
the tests are limited to very low rotation values) is then a
complex problem, that can hardly be described by a unique
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global fitting equation and requires in principle a multi-
mechanism approach.

Despite this limitation, in the paper a new interpretative
equation is proposed, extending and enriching the usual
Wessolly and Erb equation. In particular, a meaningful
mechanical relationship is here introduced for the moment—
rotation curve, thought as a single-d.o.f. rotational system.
With respect to the traditional “capacity-based” approach,
the presented framework allows to move towards innova-
tive “performance-based” approaches, characterizing the
system not only in terms of its toppling resistance, but also
in terms of a reference rotation value under a prescribed
working condition (represented here by parameter ¢4;). As
a result, standard stability assessment procedures (usually
based only on the definition of a global factor of safety
against toppling) can be enriched by the evaluation of the
corresponding rotation, to be compared with a maximum
tolerable value for the tree.

In the considered cases, the new equation accurately fit
the experimental data and it also correctly captured
important size effects. For standard predictions, Wessolly
and Erb equation showed a general tendency at overesti-
mating the values of the toppling resistance with respect to
the new proposed equation, which can then be considered
more conservative. When considering “extended” predic-
tions on progressively increasing values of the mobilization
ratios, the new equation proved to rapidly and stably pro-
vide safe estimations of the ultimate toppling resistance (at
least of the first failure mechanism) and to adaptively
capture the progressive activation of higher-order failure
mechanisms during the execution of the tests. This property
is of particular practical interest, since it can significantly
help practitioners in the interpretation of the pulling tests,
for example, by adopting innovative real time fitting pro-
cedures to be run during the execution of the test. It is
worth noting, finally, that the new equation does not
require any significant additional computational cost to the
user (standard least square fitting procedures were in all
cases adopted throughout the paper).

At authors’ judgement, however, the development of a
new, mechanically meaningful interpretative framework
for the moment-rotation curve of a tree has also the
important outcomes of (i) pushing the scientific research
towards the definition of more reliable relationships with
soil mechanical properties and root typologies, and (ii)
improving the design procedures of sustainable structural
stabilizing interventions on trees. It is authors’ hope that
the present paper can give a contribution in these direc-
tions, and promote the scientific and professional debate on
these topics.
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