
Citation: Vojáčková, B.; Tippner, J.;
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Abstract: Tree risk assessment requires mechanical response studies, but simplification of the shape,
material, or boundary conditions is necessary when dealing with such complex structures. To
observe overall tree response, sub-structuring to several levels of detail can be used, enabled by
recent developments in numerical methods and three-dimensional laser scanning (3D scan). This
study aimed to determine an appropriate level of geometry and loading simplification allowed for
high-order branches at the crown border, which is useful for the mechanical analysis of structured
tree models. Four higher-order branches were pruned and experimentally tested by single-point
loading. Beam and solid finite-element models (FEMs) were created based on measured geometric
parameters and detailed 3D scans, respectively. The FEMs were used to analyze seven loading
scenarios with force applied at (a) the center of gravity, (b) the top of side branches, (c) key discrete
points, and (d) uniformly to the whole volume (to each finite element). Force was distributed by
ratios weighted according to the mass, area, and diameter of side branches; or according to the mass
of each finite element. The results showed no significant difference between the beam model and
3D scan-based model. The scenarios with finite elements’ mass-based force distribution deviated
significantly from those of the other scenarios. The most simplified single-point loading caused a
deviation in the deflection curve. The deviation of single-point loading in the case of the bending
moment was related to force distribution ratios given by the branches architecture. Therefore, such
loading simplification is not considered always appropriate. Consistency between the bending
moment and branch deflection provided a representative mechanical response, recommended for
further modeling of trees by sub-structuring.

Keywords: tree; numerical simulation; beam; 3D scanning; sub-structuring; crown; wind load;
single-point; multi-point; force distribution; bending moment

1. Introduction

Scientific papers and technical reports on the tree failure process have increased in
recent years. Especially in urban areas, risk assessment of individual trees is of high
importance [1]. Trees are complex structures in terms of their shape, architecture [2,3], and
material properties [4]. In addition, they live in a changing environment, where stochastic
wind load is an important factor [5]. Therefore, some level of simplification is always
needed for the analysis of a tree’s mechanical response. In practice, a common approach is
to consider load as the result of the wind flow acting on the center of gravity and causing a
bending moment along the stem or at the anchorage position [6–8]. Regarding material
properties, bending strength or stiffness is used [9], which can be derived from wood
density [10]. Finally, the stem’s cross-section shape, represented by a circle, ellipse, or
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precisely derived moment of inertia, is used to calculate stress and, subsequently, safety
factor calculations [9,11].

Simplification was part of the range of previous studies that were based on analytical
and numerical solutions [12–14]. The simplification was applied to the root–soil complex,
stem shape, crown properties, and observed response parameters. The development of
numerical computations opens a possibility for understanding complex mechanics. For
example, Kim et al. [12] and Vojáčková et al. [13] used a similar approach of a cone stem
anchored in root–soil composite and added mass to represent the crown to understand the
effect of defects on trees’ static response. In the area of dynamics, the effect of material
stiffness, density, stem taper, and crown mass distribution on the first natural frequency
was observed in a similarly simplified tree model [14]. While previous studies provide
valuable insights, crown structure seems to be a significant factor, especially for the analysis
of frequency and time-domain response [15]. Three-dimensional (3D) terrestrial laser
scanning (TLS) and advanced data processing have several applications in tree structure
modeling [16–18]. The quantitative structure model (QSM) [19] was successfully used
for the generation of the beam model and finite-element analysis of wind damage [20,21],
where the simulation predicted stem strain and natural frequency. The model predicted
strains with high accuracy (R2 0.4–0.81, depending on wind velocity), but it was highly
sensitive to the level of detail in the QSM (number of averaging iterations). Even with the
high-precision model of the crown structure, the small branches (cylinders under 20 mm)
were removed due to the TLS’s resolution. The other approach used laser scanning as a tool
to calculate plant area density (PAD). The PAD was used as a parameter in the simulation
of the tree, that is, as a distributed sink in the momentum equations [22]. A numerical grid
with attributed equations created a whole tree structure and surroundings, which enabled
the simulation to involve the conditions with and without leaves. The results were sensitive
to the level of detail in the numerical grid (the coarser grid provided results that were closer
to those of the experiment). A similar homogenization approach (substitution by porous
volume) was used [23] for the wind tunnel and finite-element model (FEM) simulation
of 3D-printed scaled-down fractal trees in combination with the L-system presented by
Gobeawan et al. [24]. The porous volumes were defined as ellipsoids with a center at
the tips of the branches, and the frontal optical porosity of the 3D-printed model closely
resembled real trees. Similarly, in a study by Dellwik et al. [22], the numerical grid with
attributed equations was used for simulations, but the bulk drag coefficient and frontal
silhouette area density were local input parameters. These previous studies suggested
the method of sub-structuring in numerical tree modeling. This requires the substitution
of branches and leaves according to their physical attributes (e.g., mass, area, force, or
bending moment) at a specific level of the crown structure.

Furthermore, the bending moment is a useful and measurable parameter for static and
dynamic analyses [22,25,26]. The emergence of tree structure (crown and stem) creation
provides the option to apply, for example, (a) beam-shaped geometry based on directly
measured and 3D scan-based parameters [20,27]; (b) solid geometry, which can be generated
from a 3D scan by cylinders [28,29]; or (c) solid geometry, precisely extracted by Poisson
surface reconstruction [30–32]. Solid geometry opens the possibility of implementing
wood anisotropy and heterogeneously distributed properties [28]. The precisely extracted
scanned shapes used in the details (stem junction) showed more agreement with the
static response in the experiment than the cylinder-created geometry [30]. In a modal
analysis, the model accuracy varied according to the type of mode shape [32]. In a dynamic
analysis of the whole tree, the beam model provided the best prediction of the first natural
frequency [27]. In addition, the beam model was the preferable option due to the lower
number of elements and time demands for computations.

This study aimed to explore whether a certain level of simplification in geometry and
loading is appropriate for further sub-structuring of tree crown modeling. Related to this
overall aim there are two specific questions: (1) Can the precise solid geometry of the branch
be replaced by simplified finite-element beam structure for analysis of deflection and force-
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moment reaction? (2) Is a force applied to the center of gravity an appropriate simplification
for the modeling of deflection and force-moment reaction induced by wind load? To test
the hypotheses, the higher-order branches can be modeled by two different approaches:
(1) beam-based geometry, defined by directly measured parameters; and (2) precise solid
geometry, based on the 3D-scanned surface. The models provided can be subsequently
used for the analysis of static loading scenarios with different force distributions. Analysis
of loading scenarios freely followed previous work [26].

2. Materials and Methods
2.1. Experiment

Two tree species with different branch types were selected for the experiment, namely,
birch (Betula pendula Roth), with small leaves and fine, overhanging branches; and horse
chestnut (Aesculus hippocastanum L.), with large leaves and massive, upright branches. In
total, four branches (two birch and two horse chestnut) were pruned from the top part of
selected solitary urban trees. Along the main axis of the branches, markers were placed
0.15 m from each other. Near the position of the first marker, the branches were anchored to
the holder (steel pipe frame) at the same angle as they had been growing on the tree (Table 1,
Figure 1). The branches were vertically (Fv) and horizontally (Fh) loaded by pulling at the
center of gravity. The vertical direction represented additional mass load and the horizontal
direction represented wind load. The acting force was determined by hanging scales (Kern
HDB, precision 5 g), and the magnitude was similar in both directions (Table 1). The
unloaded and loaded state of the branches was captured by a Canon EOS700D (precision
1.6 mm, 0.2 fps) camera placed perpendicularly to the pulling direction. The displacement
of the main axis at the position of the markers was processed with digital image correlation
software (Mercury, Sobriety Ltd., Kuřim, Czech Republic).

Table 1. Main parameters of the investigated branches used in finite-element models (FEMs). α is
angle of branch anchorage (same as the position in the crown), lg is center of gravity, la is length of
the main axis, dv1/dh1 is diameter at branch base in vertical/horizontal direction, m is overall mass,
Fv is force applied in the vertical direction, Fh is force applied in the horizontal direction, ELd/SD is
dynamic longitudinal elastic modulus/standard deviation, and ρ is green wood density.

Branch No. Species α lg la dv1 dh1 m Fv Fh ELd/SD ρ

(◦) (m) (m) (mm) (mm) (kg) (N) (N) (MPa) (kg/m3)

1 Birch 45 1.56 2.90 36.6 37.6 3.95 19 19.6 4819/46 916

2 Birch 57 1.71 3.62 40.4 41.1 5.20 47 49 8008/27 840

3 Horse Chestnut 49 1.35 2.68 35.2 37 2.65 33.5 33.5 4985/569 846

4 Horse Chestnut 79 1.43 2.73 43 40.5 3.23 48.5 48.5 4658/812 890

Branches were protected from moisture content loss and were weighed immediately
after mechanical testing, and subsequently measured to describe geometry and boundary
conditions for the FEM. The following parameters were determined for all branches: the
vertical and horizontal diameters (dvi, dhi) at the markers’ positions along the main axis, the
length of the main axis (la), the center of gravity’s position in the length (lg) (determined by
hanging the branch in a balanced position), the overall mass (m), and the angle of attach-
ment (α) (Figure 2c). Consequently, the lateral (side) branches were pruned at the bottom
edge of the leafy part (Figure 2a,b). On the retained (uncut) part of the lateral branches, the
angle of orientation along the circumference of the main axis (pj), the diameter of the base
(dsj), the angle of anchorage to the main axis (αsj), the distance of the base from the marker
(lmsj), and the overall length of retained parts (lsj) were measured (Figure 2c). The removed
parts of the lateral branches were weighed to obtain their mass (msj) and captured by the
camera to measure the frontal area (Asj) by image analysis software (RealTree, Sobriety, Ltd.,
Kuřim, Czech Republic) (Figure 2b). Images of the branches with shortened lateral branches
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were captured by the camera to obtain the shape of the main axis in the horizontal and
vertical direction. The angles (αmi) at the points of curvature change of the main axis were
measured by image analysis software (ImageJ 1.53t, Rasband, W.S., ImageJ, U. S. National
Institutes of Health, Bethesda, MD, USA). For the complete list of measured parameters
and figures of branches, see Supplementary Materials (File S1-Figures S1–S4 and File S2).
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Figure 2. Branch no. 2. (a) shows the main axis with markers positions (red tape) after pruning of
side (lateral) branches; and (b) shows an example of the measured frontal area of the pruned part
(Asj); (c) shows schema of measured parameters; lg distance to the center of gravity, α angle of branch
anchorage, αmi angles at points of main axis curvature change, lmsj distance of side branch base from
the marker, αsj angle of anchorage to the main axis, lsj length of side branches, dsj base diameter
of side branches, dvi, and dhi vertical and horizontal diameters at the position of each marker, pj

orientation of side branches along circumference, Fv and Fh vertical and horizontal pulling force.

The 30 cm long section samples were made from the bottom part of each branch.
The dynamic longitudinal modulus of elasticity (ELd) was assessed using the frequency
resonance method (BING® method, Cirad FR) (Table 1). The green wood density (ρ) of
samples was obtained by the mass of the green wood divided by section volume.

Finally, all branches were scanned by terrestrial laser scanner (Faro Focus 3D × 130).
The scanner was set to high quality, with field of view hor. [0◦,90], vert. [−60◦,90◦]; spatial
resolution level 1/2, that is, 20,480/360◦, and quality control level 4×, that is, 122 kpt/s.
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Point cloud data were cleaned, and the surface mesh was generated in CloudCompare
(version 2.11.1, GPL software, 2011) by Poisson surface reconstruction [33].

2.2. Numerical Simulations—FEM Set Up

Two FEMs of branches were built in Mechanical APDL (Ansys® Academic Research
Mechanical, Release 2021 R2, ANSYS, Inc., Canonsburg, PA, USA), based on beam finite
elements (Section 2.2.1) and solid finite elements (Section 2.2.2). Each model was parame-
terized, which allowed adaptation to the different branches. The FEMs were set up for the
static structural analysis of linear-elastic material behavior at different force distributions
and were used for the analysis of the four experimentally tested branches (Table 1). The
linear-elastic material behavior was assumed to be appropriate for the purpose of this study,
since most methods for stability evaluation in practice are based on the non-destructive
approach within elastic range of material response [7,8].

2.2.1. Beam Model

The geometry of the beam model was created by lines connecting key points (KPs).
To build the main axis, the cylindrical local coordinate system (LCSYS) for each marker
position (0.15 m apart) and the positions of the points of curvature change of the main axis
were created. The cylindrical LCSYS defined the X-axis oriented in the radial direction
(branch diameter) and the Y-axis in the tangential direction. The longitudinal Z-axis was
oriented in the main axis of the branch, defined by the angle (αmi) (see Supplementary
Materials S2). The Z-axis determined the direction of the LCSYS’s offset to its next position.
At the origin of each LCSYS, a KP was created, and all KPs were connected by lines.
Similarly, LCSYSs with Z-axis directions determined by the position along the circumference
of the main axis (pj) and by the angle of anchorage (αsj) were created at the locations of the
side branches’ bases. Side branches were defined by the lines connecting KPs in the distance
corresponding to side branch length (lsj). Lines were meshed by a beam element (BEAM 189,
Help System, Mechanical APDL, Element reference, ANSYS, Inc.), based on Timoshenko
beam theory with included shear-deformation effect. The size of the elements was set to
1 mm. Cross-sections of elements were defined by the user option (ASEC command) for
the main axis and the circle of side branches (defined by diameter dsj). The input values
for the ASEC command (moments of inertia and section areas) were calculated for the
elliptical shape of the cross-section of measured diameters (dvi, dhi) at the position of each
KP. Bark thickness (3 mm for the main axis and 1 mm for side branches) was subtracted
from the diameters. Side branches were bound to the main axis by constraint equations
(CE command), with full transfer of all degrees of freedom (Figure 3a).

The material model was defined by the longitudinal modulus of elasticity (ELb), the
shear modulus of elasticity (GLR), and the Poisson ratio (µLR) (Table 2). Static ELb was
derived from measured dynamic ELd by reducing it to 90%, which is assumed to be the
standard value [34,35], although the relationship can vary, especially in living trees [36,37].
The procedure for setting GLR and µLR based on ELb is described in Section 2.2.2. Density
was determined based on measured values (Table 1). The complete list of elastic constants
can be found in Table 2.

Table 2. Elastic constants in the material model of the FEM. ELd is measured dynamic longitudinal
elastic modulus; ELb is static longitudinal elastic modulus used for the beam model; ELs is static
longitudinal elastic modulus used for the solid scan-based model; EX, EY, and EZ are elastic moduli
in the direction of local coordinate systems (LCSYSs, corresponding to longitudinal, radial, and
tangential anatomical directions); GXY, GYZ, and GXZ are shear elastic moduli; and NUXY, NUYZ,
and NUXZ are minor Poisson ratios.

ELb = EX ELs = EZ EY EX GXY GYZ GXZ NUXY NUYZ NUXZ

Birch ELd×0.9 ELd×0.6 0.05 0.078 0.017 0.068 0.074 0.426 0.024 0.043

Horse Chestnut ELd×0.9 ELd×0.6 0.027 0.066 0.02 0.046 0.056 0.346 0.022 0.034
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Figure 3. FEMs of branch no. 2 with the schema of the result coordinate system (RSYS), bending
moment components, and boundary conditions of horizontal loading. (a) shows the beam model
with schema of end points (EP) and key points (KP) used for force distribution; and (b) shows the
scan-based solid model with schema of end points (EP).

To get values corresponding to the experiment and the solid scan-based model, the
Cartesian coordinate system for boundary conditions and results extraction was set to the
position of anchorage KP (Section 2.2.2). All nodes of finite elements were rotated into
this coordinate system by the NROTAT command. Boundary conditions were defined
in two load steps. In the first step, the mass of each pruned part (msj) was added to the
top node of the side branch. The branch was fully anchored at the position of the bottom
marker. The state after the first load step represented the branch position before additional
loading by pulling, where branches are naturally loaded by self-weight. For the second
load step, the small initial displacements (ux, uy, uz) and rotations (rotx, roty, rotz) were
defined at the position of anchorage to account for the slight movement of the holder
during loading (see Supplementary Materials S2). To validate the model, the branches
were loaded by single-point loading in the vertical and horizontal direction at the center
of gravity according to the experiment. The validated model was used for seven loading
scenarios with different force distributions in the horizontal direction (Table 3). The overall
magnitude (total force) was equal to that in the experiment and in scenario 2 (single-point
loading). In scenarios 1, 3, and 4, a proportional part of the force was applied to the top
nodes (endpoints) of each side branch. The total force was distributed by weighting ratios
obtained from (a) area of the pruned part (EP area—scenario 1); (b) side branch diameter
(EP diameter—scenario 3); and (c) mass of the pruned part (EP mass—scenario 4) (Figure 4).

In scenario 5 (KP area) the force was distributed to all KPs of the main axis and side
branches. The total frontal area consisted of frontal areas of structural branches (main
axis + side branches), and the frontal area of the pruned parts was the parameter directly
interacting with wind flow [22,28,38]. For weighting, the partial frontal area of each branch
section (area of branch structure) and the partial frontal area of each pruned part (area of
leaves and branches, Figure 2b) were used.

Two other parameters (mass and diameter, used in scenarios 3 and 4) were chosen
to apply distribution based on the frontal area of the pruned parts. Diameters can be
simply and precisely measured or may be obtained by scanned geometry [39]. As there is
a functional relationship between stem or branch diameter and leaf area or mass [40–43],
the diameter could replace the frontal area as the weighting factor for force distribution.
The correlations between measured mass (msj), area (Asj), and diameter (dsj) were verified
by Spearman correlation coefficients (0.68–0.89) [26]. Scenarios 6 (ACEL) and 7 (ACEL
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and EP diameter) worked with the ACEL command, which allowed the entire object to be
loaded in a distributed way by the elements‘ mass and global acceleration. This scenario
provided easy distribution of loading, especially in solid scan-based models; acceleration
was calculated based on overall mass and total horizontal force. Scenario 6 worked with
the ACEL command only, and scenario 7 added loading on endpoints (representing pruned
parts) to ACEL. Scenario 7 used the side branch diameters as a distribution factor.

Table 3. Overview of loading scenarios. KPs are key points of the beam model.

Scenario No. Beam Scan Description

1 EP area EP area Load applied to top nodes of side branches, distributed
according to area.

2 single-point single-point Load applied to the center of gravity.

3 EP diameter EP diameter Load applied to top nodes of side branches, distributed
according to diameter.

4 EP mass EP mass Load applied to top nodes of side branches, distributed
according to mass.

5 KP area EP diametersc

Beam model: load applied to all KPs, distributed
according to area of structural branch and areas of
pruned parts.
Scan-based solid model: load applied to top of side
branches, distributed according to diameters extracted
from FEM.

6 ACEL ACEL Load applied to whole object, distributed by the
elements’ mass.

7 ACEL and EP diameter ACEL and EP diameter Load applied to whole object and to the top nodes of
side branches.
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In the post-processing stage, nodal solutions to displacement (nodes along the main
axis) were used for the evaluation of branch deflection. The reaction, described by bending
moment components at the anchorage point, was used for the evaluation of overall branch
response. See the complete code of simulation in Ansys Parametric Design Language in the
Supplementary Materials (S3).
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2.2.2. Scanned Model (Solid Model)

Branch geometry defined by surface mesh (described in Section 2.1) was imported
into SpaceClaim (Ansys® Academic Research Mechanical, Release 2021 R2, ANSYS, Inc.).
The geometry had been adjusted to fulfill the conditions of FEM mesh. The sequence of
operations: (a) repairing (deleting/creating) of self-intersecting, over-connected, sharp,
and protruding facets by a combination of manual and automatic detection, followed
by (b) regularizing (branch nos. 1 and 2) or (c) using the shrink-wrap function (branch
nos. 3 and 4) to make a regular, smooth surface with a maximum facet edge size of
3 mm. The final operation was the conversion of the surface to solid and the import of
the model into mechanical APDL through the Workbench package. In the mechanical
APDL, the workflow was defined by the following steps: (a) volume meshing by solid
elements; (b) assigning of coordinate systems and material numbers; (c) setting of boundary
conditions; (d) solution; and (e) post-processing. At first, all branches were meshed by free
mesh with a solid tetrahedral 10-node element, with an initial size of 5 mm (SOLID187,
Help System, Mechanical APDL, Element reference, ANSYS, Inc.). The naturally complex
shape of the branches required segmentation and the creation of cylindrical LCSYS for
each segment, where the Z-axis followed the longitudinal direction of the wood. This
segmentation and assignment of LCSYSs ensured the realistic orientation of material axes.
The size of the segment was set at approx. 30 mm (5× element size) to accommodate shape
variability, especially at branch junctions (Figure 5). For each segment, the LCSYS was
defined at its center of gravity, where the Z-axis was aimed to the center of gravity of the
consecutive segment.
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Constants of orthotropic linear-elastic material were derived from measured ELd
(Section 2.1). Scanned geometry included bark thickness, which caused an increase in
flexural stiffness. To compensate for this effect, the elastic modulus was proportionally
reduced. Bark thickness near the branch base was measured (1.5 mm on each side), therefore
diameter needed to be reduced by 3 mm. According to the equation for cantilever beam
deflection [44], to achieve an equivalent increase in the displacement, a 70% reduction in
the elastic modulus was needed. This approach is consistent with the study provided by
Larjavaara and Muller-Landau [45], who stated that the ratio for the reduction of stiffness
due to material properties (density) is 1.26 in comparison to diameter. In addition, to
consider the lower properties of the static modulus compared with the dynamic one, the
10% reduction was added and EL was reduced 60% in total. The remaining elastic constants
were derived from ELs through elastic ratios. Elastic ratios and Poisson’s ratios (Table 2)
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were taken from the Wood Handbook 2021 [46] for wood with 12% moisture content. The
effect of moisture content on elastic ratios was neglected, since the values of all elastic
ratios are not available for green wood of similar species and the effect of moisture content
on elastic ratios is disputable [38,47]. For birch (Betula pendula Roth), the properties of
yellow birch (Betula alleghaniensis Britton) were used, and for horse chestnut, (Aesculus
hippocastanum L.) the properties of basswood (Tilia americana L.) were used. The selection
of this substitute species assumed the corresponding properties (density and modulus of
elasticity) and followed a similar methodology as used in [13]. For density, the measured
values were used (Table 1).

The Cartesian LCSYS was created to place the branch in the same position as during
measuring. The system was defined by the position of attachment and branch angle. All
nodes were rotated into the coordinate systems by the NROTAT command, which allowed
the orientation of boundary conditions and result extraction (or RSYS) equal to those of the
experiment (Figure 3b).

Boundary conditions were applied in two load steps, similar to those for the beam
analysis (the first load step involved full anchorage and mass of the pruned part, and the
second step included the movement at attachment points corresponding to the measured
and added load by horizontal and vertical pulling). Forces applied to the ends of side
branches were equally distributed to the sets of nodes (in five rows of elements). The mass
of the pruned part in the first load step and the distribution of force in scenarios 1, 3, 4, 5,
and 7 in the second load step were defined in this manner. Nodes on the branch surface at
the position of the bottom marker (zone length of 35 mm) were selected for the anchorage
definition. As the solid elements did not allow the application of rotation to nodes, the
master node (with interaction by contact elements TARGE170 and CONTA175) was used
for full transfer of all boundary conditions. The applied conditions corresponded to that of
the beam model and the experiment.

The validation process and loading scenarios were analogous to the beam analysis
(Section 2.2.1). Table 3 presents the loading scenarios. A different approach was used
only for scenarios 5 and 7. For scenario 5 (EP diametersc), the approach for the distribution
of forces used only the values available from the scans (the side branch diameters were
extracted from the FEM). Some side branches were completely pruned near the main axis
and not detected by the scan; therefore, the total force was distributed to the detected
branches only. The differences between the measured and the extracted diameters caused
by the reconstruction error are shown in Figure 6. A balance between the creation of a good
quality surface mesh and maintaining the original shape [30,31] was preferred. Scenario 7
(ACEL and EP diametersc) combined scenario 5 with mass-acceleration loading (scenario 6).

To get solutions that corresponded to the experiment (markers), the mean values of
the positions and displacements in the RSYS were calculated for the surface nodes, and
reactions in the bending moment components from the master node were used. See the
complete code of simulation in Ansys Parametric Design Language in the Supplementary
Materials (S3).

2.2.3. Post-Processing of the Results

The experiment and FEM results were post-processed in MATLAB (MATLAB Version:
9.11.0.1873467 (R2021b) Update 3, The MathWorks, Inc., Natick, MA, USA). Experimental
values of the markers’ positions and displacements in the case of horizontal loading were
transformed by the pinhole camera model [48] to avoid an influence of the perspective
on the captured images (the values from vertical loading images were used as the ref-
erence values for the markers’ distance to the camera). Camera distances/focal lengths
for branch nos. 1, 2, 3, and 4 were 3.9 m/18 mm; 4.3 m/19 mm; 3.9 m/18 mm; and
3.9 m/22 mm, respectively.

Due to the complex shapes of the main axes, the relative error (RE) was used as the
parameter for validation and comparison of loading scenarios. To eliminate high RE values
in the case of small displacement and local derivations, the RE was calculated based on the
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sum of displacement values. From the experiment, only the displacements in two direc-
tions were available; hence, the displacements in vertical and horizontal directions were
compared separately to validate the model. To observe overall branch response in different
loading scenarios, the displacement sum (Usum, resultant of directional displacements)
was used. The values from loading scenario 1, EP area (force distribution according to the
area of pruned parts), were used as reference.
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3. Results and Discussion
3.1. Experiment and Validation

Displacements in the direction of loading (horizontal and vertical) were used for the
validation of the FEMs. In the case of horizontal loading, the RE of the scan-based solid
model ranged from −7.3% to 34.2% (Figure 7). The range in RE for the beam model was
−1.4% to 20.7%. The horse chestnut branches (nos. 3 and 4) showed a higher RE in both
cases of geometry (beam and scan) than the birch branches. Only the scan-based geometry
of branch no. 1 showed significantly lower deflections (RE −7.3%), corresponding mainly to
the close-to-linear bottom part of the deflection curve. The scan-based geometry of branch
no. 1 had approximately 10% higher diameter at the bottom part than measured diameter
used for beam geometry. This was caused by the reconstruction errors due to the point
cloud noise. Validation of this branch’s model was only possible for its lower half (without
the leaves). In addition, the beam model of branch no. 2 showed lower deflection values
than the experiment (RE −1.4%), while scan-based geometry showed higher deflection
than the experiment (RE 24.3%), especially in the upper part. There was a complicated
junction at the middle of the branch with unpredictable material properties which could
contribute to the above-described inconsistent response of beam and scan-based solid
geometry, which was also related to the directions of loading (Figures 7 and 8).

In contrast, the FEMs’ displacements in vertical loading were lower than those in
the experiment (REscan from −34.8% to 23.5%, REbeam from −40% to −11.3%), except in
the case of branch no. 4 (REscan 27.3%, REbeam 7.9%) (Figure 8). Although orthotropy
of the wood considered, the material properties for radial and tangential directions and
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the shear modulus were adopted from the literature [46] on similar species at 12% of
moisture content. The developed material model was used in the entire branch, without
incorporating expected variability of material properties [49] in different parts of the branch,
or without the effect of moisture content on the elastic ratios. These two factors may have
been the main contributors to the contradictory behavior of branches in different loading
directions. Branch no. 2 showed the highest RE in both cases of geometry (REbeam −40%
and REscan −34.8%). There was significant deviation in the upper part of this branch, which
caused the bending curve to be unrealistically straight. Such a complicated branch shape
with a junction point in the middle can cause deviation, since there is a high probability of
different material properties at the junction [50].

Forests 2023, 14, x FOR PEER REVIEW 11 of 20 
 

 

distances/focal lengths for branch nos. 1, 2, 3, and 4 were 3.9 m/18 mm; 4.3 m/19 mm; 3.9 
m/18 mm; and 3.9 m/22 mm, respectively. 

Due to the complex shapes of the main axes, the relative error (RE) was used as the 
parameter for validation and comparison of loading scenarios. To eliminate high RE 
values in the case of small displacement and local derivations, the RE was calculated 
based on the sum of displacement values. From the experiment, only the displacements 
in two directions were available; hence, the displacements in vertical and horizontal di-
rections were compared separately to validate the model. To observe overall branch re-
sponse in different loading scenarios, the displacement sum (Usum, resultant of direc-
tional displacements) was used. The values from loading scenario 1, EP area (force dis-
tribution according to the area of pruned parts), were used as reference. 

3. Results and Discussion 
3.1. Experiment and Validation 

Displacements in the direction of loading (horizontal and vertical) were used for the 
validation of the FEMs. In the case of horizontal loading, the RE of the scan-based solid 
model ranged from −7.3% to 34.2% (Figure 7). The range in RE for the beam model was −1.4% to 20.7%. The horse chestnut branches (nos. 3 and 4) showed a higher RE in both 
cases of geometry (beam and scan) than the birch branches. Only the scan-based geome-
try of branch no. 1 showed significantly lower deflections (RE −7.3%), corresponding 
mainly to the close-to-linear bottom part of the deflection curve. The scan-based geome-
try of branch no. 1 had approximately 10% higher diameter at the bottom part than 
measured diameter used for beam geometry. This was caused by the reconstruction er-
rors due to the point cloud noise. Validation of this branch’s model was only possible for 
its lower half (without the leaves). In addition, the beam model of branch no. 2 showed 
lower deflection values than the experiment (RE −1.4%), while scan-based geometry 
showed higher deflection than the experiment (RE 24.3%), especially in the upper part. 
There was a complicated junction at the middle of the branch with unpredictable material 
properties which could contribute to the above-described inconsistent response of beam 
and scan-based solid geometry, which was also related to the directions of loading (Fig-
ures 7 and 8).  

 
Figure 7. Experimental validation of beam and scan-based solid FEMs for horizontal loading. Rel-
ative error (RE) refers to the relative error of the sum of horizontal displacements. The presented 
relative errors are for comparison of beam (REbeam) and scan (REscan) with experiment, and also for 
comparison of beam and scan-based solid geometry (REbeam vs. scan). 

Figure 7. Experimental validation of beam and scan-based solid FEMs for horizontal loading.
Relative error (RE) refers to the relative error of the sum of horizontal displacements. The presented
relative errors are for comparison of beam (REbeam) and scan (REscan) with experiment, and also for
comparison of beam and scan-based solid geometry (REbeam vs. scan).

Forests 2023, 14, x FOR PEER REVIEW 12 of 20 
 

 

In contrast, the FEMs’ displacements in vertical loading were lower than those in the 
experiment (REscan from −34.8% to 23.5%, REbeam from −40% to −11.3%), except in the 
case of branch no. 4 (REscan 27.3%, REbeam 7.9%) (Figure 8). Although orthotropy of the 
wood considered, the material properties for radial and tangential directions and the 
shear modulus were adopted from the literature [46] on similar species at 12% of mois-
ture content. The developed material model was used in the entire branch, without in-
corporating expected variability of material properties [49] in different parts of the 
branch, or without the effect of moisture content on the elastic ratios. These two factors 
may have been the main contributors to the contradictory behavior of branches in 
different loading directions. Branch no. 2 showed the highest RE in both cases of geome-
try (REbeam −40% and REscan −34.8%). There was significant deviation in the upper part of 
this branch, which caused the bending curve to be unrealistically straight. Such a com-
plicated branch shape with a junction point in the middle can cause deviation, since there 
is a high probability of different material properties at the junction [50].  

 
Figure 8. Experimental validation of beam and scan-based solid FEMs for vertical loading. RE is the 
relative error of the sum of vertical displacements. The presented relative errors are for comparison 
of beam (REbeam) and scan (REscan) with experiment, and also for comparison of beam and 
scan-based solid geometry (REbeam vs. scan). 

In general, the REs expressing the difference in the sum of displacements were 
higher than in other studies [20,22,27,51], except for the detailed static analysis of inos-
culated joints [30]. However, it is necessary to emphasize that none of the FEMs of 
branches in our study were calibrated to fit the results. For example, involving the dis-
tribution of variable material properties or bark thickness could improve the models’ 
agreement with the experiment. These parameters were intentionally fixed to test our 
hypotheses, to obtain comparable results for different geometries, and to eliminate the 
number of variables in loading scenarios. Furthermore, the relatively high RE value may 
have been intensified by the monitoring of more positions in detail [13,30,51]. While the 
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[51], the low accuracy in the optical measurement of relatively low displacements of 
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beam (REbeam) and scan (REscan) with experiment, and also for comparison of beam and scan-based
solid geometry (REbeam vs. scan).
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In general, the REs expressing the difference in the sum of displacements were higher
than in other studies [20,22,27,51], except for the detailed static analysis of inosculated
joints [30]. However, it is necessary to emphasize that none of the FEMs of branches
in our study were calibrated to fit the results. For example, involving the distribution
of variable material properties or bark thickness could improve the models’ agreement
with the experiment. These parameters were intentionally fixed to test our hypotheses,
to obtain comparable results for different geometries, and to eliminate the number of
variables in loading scenarios. Furthermore, the relatively high RE value may have been
intensified by the monitoring of more positions in detail [13,30,51]. While the overall FEM
deflection was sensitive to the initial displacement at the anchorage point [51], the low
accuracy in the optical measurement of relatively low displacements of holder movement
was probably responsible for increasing the RE. In addition, the movement of the holder
was captured in two directions only; thus, the FEM was fully fixed for the third direction.
In general, the attention to the branch’s anchorage point in both the experiment and the
FEM should be improved in future research. Despite the numerically higher REs, the
overall shape of branch deflection was very realistic and close to the experiment in both the
beam and the solid scan-based FEM. Therefore, the FEMs were considered valid for the
loading simulations.

There was no significant difference in the range of RE for precisely reconstructed
scan-based geometry (REscan −34.8% to 34.2%) and derived beam geometry (REbeam −40%
to 20.7%), although the results of the beam FEM were closer to the experimental values in
six out of eight cases. The maximum difference between beam and scan-based geometry
was up to 25.1% in the case of branch no. 1. Similar to previous studies’ findings [27,30,32],
there was no significantly better correspondence to the experiment for either type of FEM.
In the solid (scan-based) models, the possibilities associated with the wood material model
definition [28,30] were not fully taken advantage of, as the data for concrete material prop-
erties (from species to specimen) are difficult to experimentally obtain, and the description
of influence of factors (e.g., structure changes, moisture content) with property distribution,
the full anisotropy, the non-linear nature, and similar factors are complex and were beyond
the scope of this study.

3.2. Branch Deflection for Different Loading Scenarios

Following the validation of the FEMs, seven loading scenarios were simulated. As
reference one, the scenario in which the force was distributed according to the area of
pruned parts (EP area) was chosen. To observe the different characteristics of branch
deflections, the example of the single-point scenario and the EP area scenario are presented
in Figure 9. The beam (a) and the scan-based solid (b) FEMs show similar characteristics of
deflection in both loading scenarios. In the EP area scenario, the beam and the solid FEM
are more deflected (curved) at the upper part. The exception is branch no. 1, where the
deflection is almost identical for both loading scenarios.

To observe the differences in deflection more clearly for all loading scenarios, the
course of RE along branches is shown in Figures 10 and 11. In both FEMs (beam and solid),
the behavior was similar in all loading scenarios except scenario 5. In comparison to other
scenarios, scenario 5 used more different procedures for force distribution in the beam
and scan-based solid FEMs. Force in the solid model was distributed according to the
extracted diameters of side branches (EP diametersc); hence, the character of the deflection
was closely related to that in scenario 3 (EP diameter, where the diameter was derived from
experimental values). The missing values of the diameters that belonged to completely
pruned side branches (not detected by the geometry scan) and the higher values of several
extracted diameters (Figure 6) caused different distributions of force in scenario 5; therefore,
there was a small difference in response (RE up to 5%) in scenarios 3 and 5 for branch nos.
3 and 4. In the case of branch no. 1, all exported side diameters consistently showed higher
values than the measured value, but the response was, paradoxically, comparable, as the
distribution of total force by weighting was comparable in both cases.
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beam and scan-based solid FEMs. Force in the solid model was distributed according to 
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flection was closely related to that in scenario 3 (EP diameter, where the diameter was de-
rived from experimental values). The missing values of the diameters that belonged to 

Figure 9. Deflection of FEMs (sum of nodal displacement, Usum) in the case of single-point loading
and loading to the endpoints of side branches by force distributed according to leaf area. (a) is the
scan-based solid model; and (b) is the beam model.

Forests 2023, 14, x FOR PEER REVIEW 14 of 20 
 

 

completely pruned side branches (not detected by the geometry scan) and the higher 
values of several extracted diameters (Figure 6) caused different distributions of force in 
scenario 5; therefore, there was a small difference in response (RE up to 5%) in scenarios 3 
and 5 for branch nos. 3 and 4. In the case of branch no. 1, all exported side diameters 
consistently showed higher values than the measured value, but the response was, par-
adoxically, comparable, as the distribution of total force by weighting was comparable in 
both cases. 

 
Figure 10. REs of displacements along the branches for different loading scenarios of the 
scan-based solid models. Red arrows mark the position of the center of gravity. EP area means force 
is applied on the endpoints of side branches and distributed by areas of the pruned parts (reference 
scenario), Single-point means force is applied in the center of gravity, EP diameter means force is 
distributed according to side branches’ diameters, EP mass means distribution according to side 
branches’ mass, EP diametersc means distribution according to diameters extracted automatically 
from the scan, ACEL means whole body loaded by acceleration distributed by mass of elements, 
and ACEL and EP diametersc indicates a combination of the previous two scenarios. 

In the beam FEM of scenario 5, the force was distributed to all KPs according to the 
stem and leaves frontal area (KP area). Hence, the response of this FEM in scenario 5 was 
closely related to its response in scenario 1 (EP area). 

 

Figure 10. REs of displacements along the branches for different loading scenarios of the scan-
based solid models. Red arrows mark the position of the center of gravity. EP area means force is
applied on the endpoints of side branches and distributed by areas of the pruned parts (reference
scenario), Single-point means force is applied in the center of gravity, EP diameter means force is
distributed according to side branches’ diameters, EP mass means distribution according to side
branches’ mass, EP diametersc means distribution according to diameters extracted automatically from
the scan, ACEL means whole body loaded by acceleration distributed by mass of elements, and ACEL
and EP diametersc indicates a combination of the previous two scenarios.

In the beam FEM of scenario 5, the force was distributed to all KPs according to the
stem and leaves frontal area (KP area). Hence, the response of this FEM in scenario 5 was
closely related to its response in scenario 1 (EP area).

In general, the response of the beam and scan-based solid FEMs were consistent in all
loading scenarios. Regarding the next goal of this study, that is, determining the differences
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among loading scenarios, the greatest deviation from reference 1 (EP area) was presented
by scenario 6 (ACEL), where both types of FEM showed the lowest levels of deflection (RE
−44% to −25%). This was followed by scenario 7, where the RE ranged from −25% to −6%.
The assumption was that the volume distribution of force would be close to the real wind
load and enable a simple (automatic) way for force distribution. Unfortunately, the results
show that it was not comparable with the commonly used frontal area option [22,28,52].
Beam models of branches had lower deflection in scenario 7 (ACEL and EP diameter) than
in scenario 5 (KP area), even though they were considered to be similar. The sum of the
frontal surface area of structural branches was relatively low compared to the volume of
the branch. Thus, the distribution of force between the pruned parts (mainly leaves) and
the structural part led to 29%–45% more force being added to the leafy part in scenario 5
(KP area) than in scenario 7 (ACEL and EP diameter).
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Single-point loading (scenario 2), generally used to test the stability of trees [6,13,53,54],
showed a different deflection curve (also visible in Figure 5). There was less curvature in
the upper part of the branches (above the position of the load point), which can be observed
by the high course of deviation in the deflection curves in Figures 10 and 11. The overall
RE (up to −27%) was average because of the combination of a well-fitting lower part of the
curve and much deviation in the upper part. In the case of branch no. 1, it was possible to
observe relatively more displacement at the lower part of the curve and less displacement
at almost the top of the branch, indicating that branch no. 1 tended to have greater overall
incline but less curvature than in scenario 1 (EP area). Branch no. 1 had proportionally the
most mass/leaf area concentrated at the center of gravity (loading point), which, naturally,
caused similar branch deflections in scenarios 1 (EP area) and 2 (single-point).

The remaining loading scenarios (1, 3, 4, and 5) were closely related to each other, which
corresponds to the functional relationships between diameter, mass, and leaf area [40,43]
The force distribution scenario according to diameter (scenario 3, EP diameter) showed a
relatively greater branch deflection (up to 8%) compared with scenario 1 (EP area). Only
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in the case of branch no. 4 was the deflection lower (up to −6%) where the course of the
displacement slightly changed (at the “S” shape of the curve). This was caused by the lower
level of force distribution according to diameter in comparison with the other two options
(mass and area). This was a factor for two side branches in the upper half of the branch (see
values 0.12 vs. 0.32 and 0.24; 0.08 vs. 0.23 and 0.17 in Figure 4). Compared with scenario 3
(EP diameter), scenario 4 (EP mass) was even closer to the reference scenario (EP area), where
the deflection was up to 5%, except in the case of branch no. 3 (with RE up to −8%). There
was greater difference in the ratios of mass and area (0.21 vs. 0.16) at the side branch near
the center of gravity. Therefore, the character of the deflection curve in the bottom part was
similar to that with single-point loading (scenario 2). The distribution of force according to
all ratios determined the shape of the deflection curve. This was clear in the behavior of
branch no. 2, where the equal distribution of force in scenario 3 (EP diameter) caused the
relatively greater incline of the whole branch, with less curvature, but the RE was higher
because the overall incline was higher. The nature of deflection curves combining both
incline and curvature, as well as the sensitivity of curve shape to local changes of FEM
properties were discussed in previous studies on stem response [13]. In future research,
the use of the non-linear relationship between the diameter and the leaf area—or rather,
cross-section area instead of diameter [43,55,56]—may be considered to obtain ratios that
are closely related to frontal surface areas.

3.3. Bending Moments for Different Loading Scenarios

Bending moments in all three directions (x, y, and z) at the branches’ attachment
points are presented in Figure 12. The behavior of bending moments was consistent with
branch deflection. The bending moment reactions were similar for the beam model and
the scan-based solid model. In all loading scenarios, there was no difference in bending
moment around the Y axis (MY), which was induced by the constant loading by leaves’
mass in the x direction. Contrary to other branches, the MY was of equal magnitude to the
other two directions (MX, MZ) for branch no. 1, as the load of branch no. 1 caused by mass
was two times greater than the pulling applied in the horizontal direction.

In general, bending moments around the Z axis (MZ) showed the highest values, as
MZ represented the main direction of loading. The third axis (MX) represented loading by
mass, added by pulling proportionally according to branch position and tilt.

The highest RE values in bending moments were found in scenarios 6 (RE −57.6% to
−31.7%) and 7 (RE −32.9% to −9%) in both directions (MX and MZ). This was similar to
the response of branches in deflection (Figures 10 and 11). In other scenarios, the RE was
up to 12.3%, except for branch no. 4, for which the RE in scenario 2 (single-point) ranged
from −13.1% to −18.8%. This deviation was caused by a higher proportion of distributed
force according to leaf area (68% of force is distributed above the position of single-point
loading), contrary to other branches (nos. 1, 2, 3, where the proportion of distributed force
above this position is 36%, 46%, and 35%, respectively). The single-point loading induced
smaller bending moments in comparison with scenario 1 (EP area), except in the case of
branch no. 1 and in the case of MX for branch no. 2 (1.7%). This is consistent with the
deflection results for branch no. 1. Branch no. 1 had most of the leaf area concentrated
closely to the center of gravity (see Section 3.2 and Figure 4). Together with the overall
proportions of loads induced by mass and pulling force (mass load two times higher than
pulling force) it caused similar values of MZ (up to 1.1% difference between scenario 1 and
2), but higher deviation of MX (up to 12.3%). In general, the difference in bending moment
of scenario 2 (single-point) and scenario 1 (EP area) is affected by branch structure (side
branches positions and leaf distribution).

Loading scenario 3 (EP diameter) showed a higher RE (up to 9.5%) in comparison
with the REs (up to 6%) of scenario 1 (EP area) and scenario 4 (EP mass). The exception
was branch no. 3, where the bending moment showed more deviation in the case of EP
mass. This was the only instance where the moment was lower for EP mass than for EP
area (RE −7.7% to −5.6%). In the case of loading scenario 3 (EP diameter), the bending
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moment increased for branch nos. 1 and 2 and decreased for branch nos. 3 and 4. This
behavior corresponded with that in branch deflection (see Section 3.2), and was caused
by the deviations in the force distribution ratios for mass, leaf area, and diameter. The
consistency between branches’ bending moments and deflections confirms the validity of
implementing bending moment as a global parameter for tree response description [22,25].
This also implies its possible use as a simplified loading parameter to substitute small
branches in sub-structural analyses of complex tree models. However, based on our results,
the bending moment can be sensitive to force distribution, and in particular, simplification
of single-point loading can influence the output of simplified structural analyses.
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Figure 12. Bending moments in three directions (MX, MY, MZ) for different loading scenarios of the
beam model and the scan-based solid model. EP area means force is applied on the endpoints of side
branches and distributed by leaf areas (reference scenario), Single-point means force is applied at the
center of gravity, EP diameter means force is distributed according to side branches’ diameters, EP
mass means distribution according to side branches’ mass, EP diametersc means distribution according
to diameters extracted automatically from the scan, KP area means force is applied on all KPs and
distributed by stem and leaf areas, ACEL means whole body loaded by acceleration distributed by
mass of elements, ACEL and EP diametersc indicates the combination of ACEL and EP diametersc, and
ACEL and EP area indicates the combination of ACEL and EP area.

4. Conclusions

This study aimed to explore the impact of simplification on the results of static struc-
tural analysis of wind loading on higher-order branches. The effect of geometry simplifica-
tion combined with the effect of different force distributions on branches’ deflection and
bending moment at the anchorage position was investigated.

On the geometric level, the detailed scan-based solid FEM did not provide significantly
precise output in the area of deflection within linear-elastic range of behavior. The geometry
of the solid model was influenced by the initial resolution of the scan and corresponding
adjustments for import into finite-element software. Even in the case of detailed scan-
based geometry, the FEM’s precision can be significantly influenced by definitions of the
material (involving bark thickness, orthotropicity, distribution, moisture content, etc.) and
boundary conditions (fixing and loading scenarios). Since the beam model, defined by
directly measured parameters, provided comparable results in the experimental validation
and consistency in the simulations of loading scenarios, the use of such simplified geometry
in complex crown structures was proven to be valid for further research.

The simplification of total force to single-point loading significantly influenced branch
deflection in comparison with multi-point scenarios. Even there, branch response was
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influenced by force distribution. The distribution of force by volume mass caused a signifi-
cant underestimation of branch response. The remaining scenarios provided comparable
results. The branch diameter can be used as a parameter for force distribution based on its
functional relationship with the leaf area. However, the precision of this relationship could
be evaluated in future studies.

The variability in the resulting anchorage bending moments does not allow such a
clear conclusion about single-point loading. However, the reliability of single-point force is
influenced by force distribution given by branch structure (side branches distribution), and
in general the single-point loading cannot be recommended as a relevant simplification
for modeling or substituting wind load in risk analysis. The consistency of moments
with branch deflection opens the possibility of its use as an aggregate parameter for the
transformation of loading small branches of a higher order to the lower order. Such an
option for sub-structuring can provide a tool for complex analyses of tree structures in
further work.
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