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Abstract: This article investigates the mechanical proper-
ties of linden green wood, setting out the results of three
approaches to assessing tree stability and strength aimed at
improving the safety evaluation of living trees. Due to the
high moisture content (MC) of green wood and its significant
impact on its mechanical properties, data from dried speci-
mens cannot be used to model green wood behaviour. The
research was carried out on wood samples with both 40 %
and 60 % MC. A non-destructive test (NDT) assessed speci-
mens and measured their vibro-acoustic material proper-
ties. Subsequently, destructive static tests were conducted
along the three main orthotropic axes of the wood samples.
The resulting data led to the development of a bilinear
orthotropic model and a comprehensive dataset covering
both elastic and plastic material properties. Next, the
material properties were optimised to compute and vali-
date a numerical model using the finite element method
(FEM). By refining the material properties, the FEM pre-
dictions closely matched the experimental results, with a
maximum error of 5%. This information on the wood’s
experimental, FEM and NDT-derived properties offers an
excellent basis for evaluating linden green wood for many
applications.
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1 Introduction

Most of the mechanical properties of wood are influenced by
its moisture content (MC). Green wood, with MC values over
the fibre saturation point (FSP) of 30-200 %, has very
different mechanical properties from dried lumber (Glass
and Zelinka 2021). Extensive knowledge of the mechanical
properties of dry wood exist due to its commercial value
(Niklas and Spatz 2010), but the properties of green wood
are less well known. This knowledge gap is a disadvantage
for tree biomechanics when assessing the stability of living
trees (Dahle et al. 2017).

Tests were conducted on linden green wood to deter-
mine its static and dynamic mechanical properties and used
these as inputs in finite element method (FEM) modelling.
These property values then optimised to enhance FEM
modelling accuracy, validated by comparing FEM results
with two sets of experimental data. The offered information
is suitable for FEM modeling of dynamically loaded struc-
tures such as tree branches and stems, enabling strength
assessments under various conditions, such as high winds.
However, the presence of knots and other defects, which can
significantly influence a tree’s mechanical behavior, pre-
sents a considerable challenge to accurate modeling and
needs further attention.

Tilia is a common tree genus found in the temperate
latitudes of the northern hemisphere. There are approxi-
mately 40 species in the genus, many of which have been
little studied (Korkut 2011). As its wood is soft and prone to
rotting, linden has little value as a source of timber, though
the trees are ornamental and are commonly planted in city
streets and parks. They are successful as urban decoration
also because of their resistance to air pollution - including
from traffic — and severe pruning (Kunneman and Albers
1991). With so many lindens planted in cities, knowing more
about the mechanical properties of their green wood could
help prevent incidents of trees falling on roads. Many factors
can affect the stability of a tree, such as its age (Stokes 1999),
the weather (Lundstrom et al. 2008) and other regional
conditions (Spatz and Pfisterer 2013). Understanding how
these affect trees could help city officials predict trunk
failure and avoid uprooting (Detter et al. 2019) in high winds
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(Peltola 2006). The effects of such weather conditions can be
simulated in tests that require knowledge of the mechanical
properties of green wood, such as classic static pulling tests
(Brudi and van Wassenaer 2002) and destructive pulling
tests (Kane and Clouston 2008). Impact tests on green wood
samples can provide valuable information for assessing tree
stability under impact loadings (Hassan Vand and Tippner
2024).

Non-destructive testing (NDT) is a powerful tool for
determining mechanical properties, assessing and evalu-
ating the quality of products and detecting defects and
damage in materials (Guyott et al. 1986). Its widespread
adoption shows its potential for assessing wood (Vdssing
and Niederleithinger 2018), particularly in situations with
considerable limitations such as heritage structures (Hum-
Hartley 1978). Various non-destructive methods are available
for assessing wood and wood-based materials, including the
drilling resistance technique, electromagnetic radiation
method, colour gloss spectroscopy, moisture measurements,
thermography, electrical resistance tests, acoustic tomogra-
phy and eigenfrequency measurements (Niemz and Mannes
2012). Resonant frequencies can be determined from impact-
induced vibrations by striking a specimen with a small
hammer (Hassan et al. 2013). NDT methods developed for
small wood beams allow the material properties of the outer
wood of standing trees to be determined and are useful in
the detailed, localised evaluation of elastic wood properties
(Ilic 2003). Silinskas et al. (2021) used an acoustic velocity
measuring system to determine the dynamic modulus of
elasticity (MOED) of small-leaved linden tree wood to assess
its quality. With improving NDT methods, databases of
material properties have been developed for various ap-
plications (Bortivka et al. 2020). In the longitudinal direc-
tion, shear modulus based on transversal waves can be
determined by considering the speed of sound and the
density of the material (Ilic 2001).

The mechanical behaviour of wood depends on the
species and the moisture content (Schneeweifs and Felber
2013). Other parameters can have an effect, such as the size
of the piece of wood, since larger pieces are more likely to
have knots and defects than smaller ones (Biiytiksar: et al.
2017; Schlotzhauer et al. 2017). A combination of mechanical
tests is sometimes used to determine material properties
(Kandler et al. 2015), although, standards, methods, and
assumptions may produce slight differences (Kovryga et al.
2020). Saliklis et al. (2003) presented a nonlinear constitutive
material model for orthotropic materials as a bilinear stress-
strain curve. Milch et al. (2016) established an elastoplastic
material model based on the Hill’s yield criterion, including
nonlinearity and isotropic hardening. Babiak et al. (2018)
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examined the difference in modulus of elasticity (MOE)
readings resulting from three-point and four-point bending
tests. Huang et al. (2020a,b) studied the nonlinearity of the
deformation of cellular wood structure under compression
load in the radial direction. Lundstrom et al. (2007) explored
the bending, density and growth characteristics of green
wood such as the MOE and modulus of rupture (MOR).
Niklas and Spatz (2010) explored the relationships between
the density and other mechanical properties of green wood.
Using mechanical tests, FEM and optimisation methods,
Z1admal et al. (2024) derived the mechanical properties of
beech green wood, which can be used to determine the
properties of other species with similar wood structures.

Digital image correlation (DIC) method is a non-contact
optical measurement technique widely used to analyse
surface deformation and strain. It offers full-field measure-
ments of shape, deformation and motion with high precision
and efficiency (Sutton et al. 2009). The versatility of DIC
makes it suitable for applications ranging from small wood
specimens (Zink et al. 1995) to living trees subjected to
bending forces (Sebera et al. 2014) and across material
behaviours from elastic deformation to failure (Hild and
Roux 2006). The technique is valued for its quick, accurately
and cost-effective results. A notable application of DIC in
wood-related studies is the determination of multiple ma-
terial properties of solid wood from only a single test (Brabec
et al. 2015, 2017; Pan et al. 2009). However, reaching the
method’s excellent accuracy requires extra attention how to
implement the method (Pan 2011).

FEM can be used to reduce the time required to analyse
and predict the mechanical behaviour of materials (Smith
et al. 2007). From precise data, engineers can develop detailed
models and reliably forecast the mechanical behaviour of
products (Cechdkova et al. 2012). FEM offers significant
advantages over other methods of assessing trees mechani-
cally, including reduced time and cost. For accurate FEM
modelling of wood, precise knowledge of its mechanical
properties is necessary (Mackerle 2005). Some researchers
have proposed using an isotropic hyperelastic model to
evaluate the transverse compression and densification of
cellular materials through computer modelling software
(Aimene and Nairn 2015). However, an appropriate model
for wood should account for its orthotropic nature, accom-
modate plasticity when stresses exceed the yield limit and
reliably predict failure (Zldmal et al. 2024). The derived
material properties have the same quantity, and the output
of these tests can be used indefinitely for further FE analysis
(Fajdiga et al. 2019; Hu et al. 2021; Milch et al. 2016). Although
the modeling of wood by FEM needs some extra further
attention about wood’s nature from considering wood as a
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defectless material to a material with defects such as
presence of knots and the grain deviation (Briggert et al.
2016; De Borst et al. 2013; Guindos and Guaita 2013; Guindos
2014; Hackspiel et al. 2014). The influence of moisture con-
tent is considerable during modelling wood in FEM
(Autengruber et al. 2020), and this effect can change over
time (Fortino et al. 2009).

2 Materials and methods
2.1 Preparation of test samples

The linden (Tilia cordata Mill.) timber was collected from an
urban reconstruction site in Brno, Czech Republic. Four
trees were selected and cut into lumber for further pro-
cessing. From fresh wood in each tree, a 2m long log was
taken from the lower part of the stem (above the root flares).
From each log, samples were prepared for mechanical
testing and visually inspected to avoid knots and defects.
Samples were divided into two groups and treated to provide
each with a different moisture content. Samples for the
higher moisture content (HMC) group were submerged in
water for seven days. They were then acclimatized for
another seven days airtight sealed chambers with half
water and the samples were above the water level. This
process aimed to achieve a MC in laboratory temperature in
the range of 50-70 %. For the lower moisture content (LMC)
group, samples were acclimatized above water level for
seven days immediately after cutting. This resulted in labo-
ratory temperature to an MC range of 30-50 %. Figure 1
shows the shape and dimensions of the test samples, and
Table 1 lists the number of samples for each test from the
HMC and LMC groups.
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2.2 Non-destructive testing

All bending specimens were tested using the frequency
resonance technique (FRT) before destructive testing. This
test consists of striking a rubber mallet at the midpoint of a
beam fixed by foam supports at the nodal points of the first
bending mode shape; calculations are made of the MOED at
longitudinal-tangential (LT) and longitudinal-radial (LR)
directions and the damping coefficient (tané) of bending
vibrations. Oscillations were sensed using a Doppler’s laser
vibrometer PDV-100 (Polytec GmbH, Germany), and were
recorded using the dynamic signal acquisition module DEWE-
41-T-DSA of DEWESoft (DEWETRON, Inc., USA). The natural
frequencies were determined using the Fast Fourier Trans-
form (FFT) algorithm, processed using MATLAB® v2021 (The
MathWorks, Inc., USA) (Hassan and Tippner 2019). MOED was
calculated from the first natural frequencies which corre-
sponded to the first bending mode by the following equation:

2 \'mL?
2.251) I,»

MOED,, = ( @
where fis the frequency of the mode used (first bending
mode in t/r direction), mis the mass of the specimen, L is the
length of the specimen, and I is the moment of inertia of the
cross-section. tané was determined from the signal using
the logarithmic decrement of damping (LDD) as the
amplitude decrease base in Equation (2),

tan 6§ = @ )
b4

where LDD indicates the decrease in damped oscillations
amplitude in the range of the maximum amplitude and the
amplitude closest to 5% of the maximum. LDD is calculated
from the results of the logarithm of the ratio of successive

Figure 1: The shapes and dimensions of the test
samples (in mm) adapted from Tippner et al.
(2022).
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Table 1: The number of high moisture content (HMC) and low moisture content (LMC) samples for each test.

HMC LMC Total HMC LMC Total

Shear LR 20 20 40 Compression LT 20 18 38
Shear LT 20 20 40 Compression RL 14 8 22
Shear RT 20 20 40 Compression TL 15 10 25
Tension L 32 20 52 Compression TR 13 19 32
Tension RL 19 20 39 Compression RT 9 20 29
Tension TL 19 18 37 Bending 19 18 37
Comp LR 19 20 39

amplitudes shown in Equation (3), where a, and a,, are the
amplitudes of successive vibration cycles. To increase the
robustness of the results, LDD was taken as the average of
the results of 10 hits.

an

LDD = In 3)

Qn+1

The dimensions and mass of the bending and compres-
sion samples were measured immediately before the NDT,
after the destructive tests and following kiln drying until
stable conditions were achieved. Their MC and densities (both
green and basic) were determined from their dimensions
after conditioning state and the masses of both dried and wet
states. The results of the NDT were tested statistically to
determine if the effect of MC was significant.

2.3 Static mechanical testing

A universal testing machine (ZWICK Z050, Zwick, Germany)
was used in an experimental set up based on Czech stan-
dards CSN 490115 (1979) and CSN 490116 (1986). The stress
was determined by the loading force of the samples as
recorded by the control software (TXpert version 11.02,
Zwick, Germany) of the universal testing machine. The DIC
method was used to calculate the deformation and conse-
quently the strain in each test from the relative movement of
different points of the samples. DIC was not used for the
tension test parallel to the grain or the RT shear test due to
the narrow dimension of the specimens (10 x 4 mm); instead,
a set of extensometers connected to the testing machine was
used. Two charged-coupled device (CCD) cameras with a
resolution of 2,452 x 2,056 pixels (AVT Stingray Copper F-504,
TKH Group N.V., Germany) equipped with Pentax C2514-M
lenses (Ricoh Company, Ltd., Japan) recorded the experi-
ments. The surface of all samples was painted in a black
speckled pattern, intended to improve the accuracy of the
DIC method in determining the deformation and strain
pattern of the samples. The captured images were processed

by Video extensometer Mercury RT® software (Sobriety,
Czech Republic) which allows multiple virtual displacement
probes to be applied and advanced image features to be
tracked. The relative displacement of the software probes
indicated the strain in each direction alongside and
perpendicular to the loading direction. The parallel probes
in the two main directions of the surface derived the
deformation of the test samples in both axes and calculated
the displacement within the initial and deformed images.
Stress-strain curves were obtained by synchronising the
output of the testing machine and the DIC software. A
bilinear pattern of stress-strain curve for all samples from
each tree and each MC group was derived using nonlinear
curve-fitting (data-fitting) using the non-linear least-squares
solver of MATLAB software. By combining all four groups,
the final data from each test were determined for each type
of testing. The output of this step was illustrated as bilinear
charts for each direction of tests. By evaluating the stress at
the breakage point, the strength of linden wood in each di-
rection for both MC groups was determined. By calculating
the material properties of both HMC and LMC groups, a set of
ANOVA tests was conducted to evaluate the effect of MC on
the mechanical properties of the material. The MOE and
MOR of both groups were calculated by Equations (4) and (5)
from the bending test,

Fy — Fy)L?
MOE = M (4)
4bh’ (g4 — &19)
3 FmaXLO
MOR = ———— 5
2 bh* ©

where Fjp and Fy are the forces at 10 % and 40 % of the
maximum force (Fnay), and &9 and &4 are the deflections at
these force levels. Additionally, b and h refer to the width
and height of the cross-section, respectively, while L, de-
notes the span between the supports. Any correlation be-
tween MOED from NDT and MOE and MOR from static tests
was analysed from the regression of their respective charts
to determine the relationship between them.
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2.4 Correction of material properties as an
input for FEM

The FEM model was created based on Hill’s theory. However,
there was a notable difference between the elastic moduli
for tension and compression of green wood which had to be
addressed to align the material properties with the Hill’s
conditions (Hill 1998; Zlamal et al. 2024), according to which
the MOE in tension and compression must be equal, and the
tangent modulus (E) in directions L, R, and T (E., E.r E.7)
must be lower than the MOE.

To achieve compatibility, a trilinear model was devel-
oped for each of the three principal directions by
combining two bilinear models - one for tension and one
for compression. By combining the tension and compres-
sion data for each longitudinal (L), radial (R) and tangential
(T) direction, a dataset of three lines was derived. The first
and last lines of these datasets had a slope of 0.4 MPa, cor-
responding to the low tangent modulus, thereby improving
the convergence of the fitting procedure (Zlamal et al. 2024).
The computational model remained unchanged. The middle
line, which represents the elastic region, had a slope defining
an equal MOE for both compression and tension of the ma-
terial. Typically, FEM models use a single MOE value for both
tension and compression; however, in reality, the MOE of
wood for tension and compression may differ. Dataset
optimisation was based on the sum of residues from
diagrams created using MATLAB software. This step resulted
in three compression-tension charts for the three main
directions of normal forces and three shear stress-strain
charts for the three main shear directions of shear forces.
These values were used as input material properties in FEM
software and for subsequent analysis.

2.5 FEM modelling

Two models were prepared, one static bending test and one
free vibration test. Both models were created using ANSYS
Workbench software (Ansys Inc., USA) to compare the re-
sults of the FEM analysis of both tests with experimental
results. The output from MATLAB was used as input for the
FEM. Note that these FEM inputs were not the actual mate-
rial properties but a compromise between the true proper-
ties and the constraints imposed by Hill’s theory, as they did
not fully satisfy the FEM convergence conditions.

The free vibration model was created using the modal
analysis tool in Workbench, with mechanical physics set-
tings. It included 69,641 eight-node hexahedral elements,
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each with a maximum size of 2 mm. The solver was config-
ured for Mechanical APDL to identify 16 vibration modes.

The model of the bending test was created using the
static structural tool of Workbench. It had mechanical
physics preferences with 6,977 eight-node hexahedron ele-
ments with a maximum size of 3 mm. A 30 sub-step analysis
with program-controlled non-linear settings was chosen.
The surface-to-surface contacts between the sample and the
supports were modelled as sliding contacts with a friction
coefficient of 0.13 based on the study of Tippner et al. (2022).
Fixed supports were constrained in all directions and rota-
tions, while the hammer was fixed except in the Z direction.
The nodes at the centre of the beam were constrained along
the perpendicular axis of their surface. The force-versus-
time curve was derived from the FEM analysis. Figure 2
presents the meshing and the boundary conditions and the
displacement nodes responsible for applying the bending
force in the FEM model. The symmetrical boundary condi-
tions were applied to reduce computation costs.

2.6 Optimisation of FEM material properties

The material properties used in the FEM analysis required
further refinement to make them match the experimental
curves better. This optimisation was done using the target-
looking method in ANSYS Workbench (Ansys Inc., USA). The
first part of the optimisation was to recognise the level of
influence of each material property on the results; the next
step was considering the more important parameters to be
altered for optimisation. The optimization focused on
aligning the FEM bending curve with the experimental data.
The effectiveness of the optimisation was judged by how well
the two curves matched. The experimental data were divided
into 10 % intervals, which served as targets for improving the
FEM model. The final optimised material properties for the
linden wood were determined by refining the model using
ANSYS Workbench’s optimisation tool.

2.7 Statistical analysis

To evaluate the influence of MC and the orientation of
growth rings on the test outcomes, the median results under
the influence of different parameters were compared.
Additionally, the magnitude of this influence was studied
using analysis of variance (ANOVA) performed in Excel. This
efficient and straightforward analysis indicated whether the
results were significantly affected by the MC and orientation
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Figure 2: The schematic of the meshing and the
boundary conditions of finite element model
of a bending test.

of the growth rings. A P-value of 0.05 was used to accept or
reject the null hypothesis.

3 Results and discussion
3.1 Vibro-acoustic testing

The dynamic properties of the linden wood were assessed
using NDT on the samples before the destructive tests. Ta-
ble 2 presents the median and coefficient of variation (CV) of
the parameters obtained from these NDT assessments, such
as frequency (FR), MOED and tangent delta (tand).

Table 2: Dynamic properties of high moisture content (HMC) and low
moisture content (LMC) linden wood (where FR is frequency, MOED is the
dynamic modulus of elasticity, tané is tangent delta).

HMC samples LMC samples

Median CV (%) Median CV (%)
FR.t (Hz) 605 9 749 11
FRir (H2) 595 10 755 10
Density (kg/m®) 970 10.6 580 13.3
MOED,t (MPa) 6,050 18.9 6,560 14.1
MOEDr (MPa) 6,260 20.0 6,610 14.4
tané.r 0.016 1284 0.015 68.1
tand g 0.016 85.7 0.013 71.8

The differences between median MOED; z and MOED; ¢
(approximately 3 % greater for the HMC group and 1% for
the LMC group) were shown by the Anova test to be negli-
gible. Likewise, the higher median MOED - about 8 % for the
MOED;r and 6 % for the MOED; - in the LMC group of
samples also proved to be negligible with a p-value higher
than 0.05. The values for MOED were very different (more
than 100 %) from those reported by Silinskas et al. (2021) for
an NDT of green wood, which is understandable as the test
methods were very different.

The median of tand; ; for both the LMC and HMC groups
was lower than the median of their tané.; however, the
ANOVA test showed that tané; z and tané; were not statis-
tically different for either the HMC or LMC group. Also,
comparing the median of the tané for HMC and LMC in-
dicates that the increase in MC affects the tand; however, yet
again, the ANOVA test showed that the difference between
these parameters was negligible.

FR was lower in samples with higher MC by 23 % for
FRyr and 26 % for FRyy. Figure 3 is a boxplot of MOED and
tané for both the LR and LT directions in the HMC and LMC
groups. The LMC group exhibits a lower coefficient of vari-
ation. The differences between the NDT test values for LMC
and HMC samples were expected, given the fact HMC sam-
ples had a greater range of densities than the LMC samples
due to the higher water content in the HMC samples.
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Figure 3: Dynamic modulus of elasticity (MOED) and tangent delta (tané) for high moisture content (HMC) and low moisture content (LMC) linden wood.

3.2 Static mechanical testing

Figures 4 and 5 display the stress-strain curves for each test
on LMC and HMC samples, respectively, as well as the
combined results. Each line corresponds to the test samples
obtained from each tree. By aggregating the results from all
test samples, a comprehensive stress-strain curve is derived.
The bilinear chart, which represents the aggregated data
from all samples, provides the material properties.

These material properties are derived solely from
experimental data. They can be used directly in applications
that do not require specific adjustments. Table 3 provides the

material properties of linden wood and reveals that the MOE
in the longitudinal axis was more than four times higher
than in the radial direction and 10 times higher than in the
tangential direction. In the longitudinal axis, the compres-
sive MOE exceeds the tensile MOE, whereas, in the radial and
tangential directions, the compressive MOE is lower than the
tensile MOE. Despite the MOE in the radial and tangential
directions being much lower than in the longitudinal
direction, the MOE in the radial direction was significantly
higher than in the tangential direction, approximately 40 %
higher for compression and around 200% higher for
tension.
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o 30 ®: ~ »
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0 0.005 001 0 02 04 06 0 0005 001 0015 Figure 4: Stress-strain curves from tests on the
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low moisture content samples.
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Tension in R.

o

0 0.005 0.01 v 0
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20 Compression in L.

0.005 0.01 0
strain (—)
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stress (MPa)
stress (MPa)
w

0.005 0.01
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Shear in LR.

0.01 0 02 04 06 0
strain (—)

0 0.005
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Table 3: Material properties of high moisture content (HMC) and low
moisture content (LMC) linden wood (£ is the normal elastic modulus, g is
yield stress, E; is the tangent modulus, G is shear modulus, G, is tangent
shear modulus, y Poisson’s ratio, p density, MOE the bending modulus of
elasticity, and MOR is the modulus of rupture in bending. The L, R, and T
are representing longitudinal, radial and tangential directions).

HMC samples LMC samples

Tension Compression Tension Compression

E; (MPa) 5,800 + 1,300 6,270 + 2,490 5,660 + 1,410 7,640 + 4,920
Er (MPa) 1,070 + 538 202 + 27 768 + 253 184 + 45
Er (MPa) 435 + 219 144 + 19 381+ 132 136 £ 16
0, (MPa) 331+ 11 142+2 324+126 13+4.1
og (MPa) 21+0.7 29+0.0 21+0.6 26+04
or (MPa) 1.5+0.2 22+0.2 1.4+03 23+03
E;; (MPa) 3,470 + 1,130 14+12 3,430 + 980 16 + 17
Ecr (MPa) 420 +70 3+0 450 + 120 4+2
E.r (MPa) 150 + 20 3+1 150 + 20 3+1
Gz (MPa) 660 + 80 740 + 130

Ggr (MPa) 30+4 20+2

G;r (MPa) 580 + 80 680 + 140

0.r (MPa) 41+0.2 39+0.2

Ogr (MPa) 1.6 +0.2 1.6 +0.2

0,7 (MPa) 44+04 44+04

Gy (MPa) 43 +16 41+12

Gy rr (MPa) 12+2 11+1

Gy,7 (MPa) 55+ 19 55+ 16

Hir 0.50 + 0.14 0.52 +0.25

ir 0.42 +0.23 0.47 £0.14

Hrr 0.49 + 0.03 0.43 + 0.06

HRT 0.72+0.10 0.74 + 0.08

Urt 0.03 +0.01 0.02 +0.01

U 0.03 +0.01 0.03 +0.02

p (kg/m?) 810 + 35 660 + 68

MOE (MPa) 4,670 + 790 4,580 + 470

(fit)

MOR (MPa) 31.3+4.7 31.4+27

0005 001
strain (—)

0015 002

Figure 5: Stress-strain curves from tests on the
high moisture content samples.

The shear modulus in the radial-tangential (Ggy) direc-
tion was notably smaller (by about 5%) than in the other
directions. The yield stress in the longitudinal direction was
more than 16 times greater than in the other axes. Addi-
tionally, the yield stress in compression was almost identical
for the radial and tangential directions, but differed signif-
icantly in the longitudinal direction. The ANOVA test results
showed the p-values for all E measurements in the HMC and
LMC groups were greater than 0.05, indicating no statisti-
cally significant effect of MC on these properties. Also, the
ANOVA test comparing the MOE and MOR for both HMC and
LMC also yielded p-values higher than 0.05, indicating no
significant difference between the MOE and MOR of the HMC
and LMC groups.

Table 4 presents the values for strength in different di-
rections for the HMC and LMC groups. These values can be
used as a final criterion for modelling the material, in
conjunction with the maximum strains. The fibre direction
significantly influences the strength of wood under both
tensile and compressive loads. However, the shear strength
of both groups appears to be much less affected by the fibre
orientation. ANOVA tests showed negligible differences in
strength values between HMC and LMC, indicating that an
MC higher than FSP does not affect wood strength.

The MC samples tested in previous research varied
significantly, with values of 80 % and 50 % reported by Green
et al. (1999) and Niklas and Spatz (2010), respectively. A
comparison of research results with those in the literature
reveals notable differences. E; differs by approximately
16 %, 19.5% and 50 % from studies by Green et al. (1999);
Niklas and Spatz (2010) and Wessolly and Erb (2017),
respectively. Maximum compression parallel to the grain
shows variations ranging from 4.6 % compared to Green
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Table 4: The ultimate stress of the high moisture content (HMC) and low
moisture content (LMC) groups in different directions (ur, uc, and ug, are
the ultimate stress in tension, compression and shear respectively in L, R,
and T directions).

HMC samples LMC samples

Med (MPa) CV (%) Med (MPa) CV (%)
Ury 55.7 24.2 50 27.4
Urg 43 1.6 4.0 75
Urr 29 10.3 29 6.9
Ucr 14.6 137 15.4 22.7
Ucrt 3.0 6.7 29 103
Uctr 2.3 8.7 2.5 8.0
Ug,LR 43 4.7 4.1 4.9
Usut 4.7 6.4 4.6 19.5
Uggr 4.9 8.2 4.9 6.1

et al. (1999) to 26.7% and 44 % differences compared to
Niklas and Spatz (2010) and Wessolly and Erb (2017),
respectively. The maximum shear values align closely with
Green et al. (1999), differing by only 4.8 %. However, the
maximum compression perpendicular to the grain differs by
more than 121 % from the values reported by Green et al.
(1999). It should be noted that previous researchers often
considered wood as a transversely isotropic material, without
distinguishing between radial and tangential directions,
which may account for some of the discrepancies.

A regression analysis between MOR/MOE and MOED
was conducted by fitting the charts for both LMC and HMC
groups. The results revealed a strong linear relationship in
the LMC group, as indicated by high coefficient of deter-
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correlation, with low R® values. Figure 6 presents the
MOED;1-MOE and MOED;-MOR charts of both groups,
along with the corresponding regression analyses.

For the HMC relationships the R* values shows very low
significance compared to LMC. The difference in R values
between the LMC and HMC groups may be attributed to the
variation in their standard deviations, which were small for
the LMC group (10 % for MOE and 9 % for MOR) and larger
for the HMC group (17 % for MOE and 15 % for MOR). Similar
studies have reported high regression values for MOED
versus MOE, (with R? values of 0.8 and 0.81), and for MOED
versus MOR, (with R values of 0.7 and 0.43), in oak and beech
samples with MC levels between 50 % and 101 % (Nop et al.
2024). These results indicate that, the R? values for MOED-
MOR were lower than those for MOED-MOE.

3.3 FEM modelling - static bending test

According to the results presented in Table 2, there is a
notable difference between the material properties of wood
under different types of loading of tension and compression.
However, as was mentioned in the methodology, the material
properties of wood such as elastic modulus must be the same
for both tension and compression to fit Hill’s theory. Figures 7
and 8 provide a graphical comparison of the material prop-
erties before and after optimisation. The values shown in
these updated charts were used for modelling in the FEM.
Although the material properties were optimised for use
in the FEM, further refinement of the optimisation is still
necessary. To validate the numerical model, the three-point

mination (R% values, while the HMC group showed a weak bending simulation - using the optimised material
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Figure 7: Modified stress-strain curves of low moisture content group.
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Figure 8: Modified stress-strain curves of high moisture content group.

constants — was compared with experimental data obtained
from static bending tests. The optimisation tool in Work-
bench demonstrated the impact of certain material proper-
ties on the force-time diagram, indicating that the elastic
response primarily depends on the E;. However, as the
material transitions into the plastic region, the dependency
on E decreases, and other factors, such as the tensile and
compressive o; and or, become more significant. To improve

strain (-)

accuracy, the material properties should be further opti-
mised by focusing on the most influential parameters. After
finalising the optimisation, the model’s density must be
defined to ensure it accurately represents natural fre-
quencies and resonance detection for the structures. Using
the Modal Analysis tool in Workbench, with frequency
optimisation as the goal, the density was adjusted so that the
improved material properties could be effectively applied in
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Table 5: Optimised material properties of high moisture content (HMC)
and low moisture content (LMC) linden wood samples (£ is the normal
elastic modulus, g is yield stress, E; is the tangent modulus, G is shear
modulus, G, is tangent shear modulus, y Poisson’s ratio, p density. L, R,
and T are representing longitudinal, radial and tangential directions).

HMC LMC
E; (MPa) 6,020 6,230
Eg (MPa) 880 680
E; (MPa) 240 260
o,, (MPa) 44.0 68.2
0.% (MPa) 2.4 2.8
o, (MPa) 2.2 26
o_, (MPa) 15.0 13.1
0_¢ (MPa) 2.3 2.9
o_r (MPa) 2.5 3.0
£, (MPa) 0.4 0.4
Eer (MPa) 0.4 0.4
Er (MPa) 0.4 0.4
Gz (MPa) 660 730
Ggr (MPa) 20 20
G, (MPa) 580 670
0.z (MPa) 43 4.1
Orr (MPa) 2.9 2.7
0,7 (MPa) 46 46
Gz (MPa) 0.4 0.4
Gear (MPa) 0.4 0.4
G (MPa) 0.4 0.4
Hir 0.49 0.49
Uit 0.51 0.47
p (kg/m?) 820 550

FEM modal analysis. The values of these optimised material
properties are given in Table 5.

Figure 9 displays the force versus time charts for the
HMC and LMC groups, respectively. The results show a
strong correlation between the experimental and FEM
results, with a maximum difference of 5 % which is a similar
value of accuracy to the results of Zlamal et al. (2024). The
grey lines represent the bending results for individual
samples. The median values from the experimental data are
closely aligned with the FEM results. The optimised material
properties are precise and can be reliably used for modelling
to achieve high accuracy in the outputs.

3.4 FEM modelling - modal analysis

The modal analysis of the beam using FEM software revealed
a strong correspondence with experimental results, with
maximum errors of 3.9 % for the HMC and 5.4 % for the LMC
group. Table 6 presents the natural frequencies of the heam
derived from the modal analysis tool in ANSYS Workbench,
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Figure 9: The force-time curve for experimental and FEM methods for
high moisture content (HMC) and low moisture content (LMC) samples.

Table 6: The natural frequency of the beam in FEM software and opti-
mised density values (FRy is the first natural frequency in longitudinal-
radial bending and FRy is the first natural frequency in longitudinal-
tangential bending).

HMC samples LMC samples
EXP  FEM Diff (%) EXP  FEM Diff (%)
FR.7 (Hz) 605 597 13 748 748 0.1
FRig (H2) 595 599 0.6 755 749 0.8
pkg/m’) 883 820 72 583 545 6.4

based on the optimised material properties. The table also
includes the actual density used as input for FEM and the
corresponding differences.

4 Conclusions

This article presents the material properties of linden green
wood derived from experimental measurements and opti-
mised FEM models, both static and dynamic. The experi-
mental data may be used to enhance research by providing a
basis for comparing species or MC and are suitable for use in
both experimental and analytical methods. The results
highlight the significant impact of MC on some mechanical
properties, with differences in the elastic modulus between
LMC and HMC ranging from 2 to 28 %. However, the ANOVA
tests which were done for assessing the severity of the effect
of MC on the mechanical properties showed that some pa-
rameters such as MOED; g, MOED, 1, tanéy 1, tanéy g, MOE and
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MOR would have negligible influence from the variation of
the MC levels higher than the fiber saturation point. The
direction of the wood fibres greatly influences the proper-
ties; for example, the maximum strength in the longitudinal
direction was over 20 times greater than in the tangential
direction. Additionally, the type of loading significantly af-
fects the material, with differences in the elastic modulus
between tensile and compressive loadings ranging from 60
to 80 % in both tangential and radial directions. The modi-
fied material properties are suitable for FEM, as they have
been adjusted to meet FEM conditions, unlike the unmodi-
fied parameters. These optimised properties can be used as
input for FEM software to model linden green wood accu-
rately. The results indicate that the difference between
elastic moduli for tension and compression cannot be
ignored; both values should be considered to determine a
single MOE. However, since FEM typically requires a single
value for elastic modulus, strength and tangent modulus
for both tension and compression, compromises were
made to align with FEM requirements while still predicting
the wood’s behaviour accurately. The optimized FEM
models showed good agreement with experimental results,
with a maximum error of 5.4 %. The NDT results provided
in this article can serve as a valuable resource for those
requiring a database for this type of measurement. The
experimental data offer improved insights for interpreting
results from device-supported tree stability assessments.
Furthermore, the optimised models can enhance pre-
dictions of a tree’s mechanical response under loading,
contributing to more accurate evaluations of public safety
and other applications.
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