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Abstract: Wood is an anisotropic material, the mechanical properties of which are strongly influenced
by its microstructure. In wood, grain compression strength and modulus are the weakest perpendicu-
lar to the grain compared to other grain directions. FE (finite element) models have been developed
to investigate the mechanical properties of wood under transverse compression. However, almost all
existing models were deterministic. Thus, the variations of geometry of the cellular structure were
not considered, and the statistical characteristic of the mechanical property was not involved. This
study aimed to develop an approach to investigate the compression property of wood in a statistical
sense by considering the irregular geometry of wood cells. First, the mechanical properties of wood
under radial perpendicular to grain compression was experimentally investigated, then the statistical
characteristic of cell geometry was extracted from test data. Finally, the mechanical property of wood
was investigated using the finite element method in combination with the Monte Carlo Simulation
(MCS) techniques using randomly generated FE models. By parameter sensitivity analysis, it was
found that the occurrence of the yield points was caused by the bending or buckling of the earlywood
axial tracheid cell wall in the tangential direction. The MCS-based stochastic FE analysis was revealed
as an interesting approach for assessing the micro-mechanical performance of wood and in assisting
in understanding the mechanical behavior of wood based on its hierarchical structure.

Keywords: wood; compression perpendicular to grain; Monte Carlo Simulation; finite element
method; stochastic FE

1. Introduction

Wood exhibits a hierarchical architecture and at all structural levels, it is an anisotropic
porous material [1]. On the mesoscale, wood is a cellular solid, as illustrated in Figure 1.
As early as 1928, Price [2] investigated the relationship between the anisotropic mechanical
properties of wood and its microstructure. The physical and mechanical properties of wood
are thought to strongly depend on the material and shape of the cells [3].

Wood is widely used as a structural material. The perpendicular to grain direction,
also called the transverse direction, is the structural weakest direction of wood [4]. While
designing timber structures, compression perpendicular to the grain is not preferred but
cannot be fully avoided. Compression perpendicular to the grain extensively exists in
situations such as dowel-type connections, beam supports, longhouse, etc. In some cases,
the large deformation ability under compression perpendicular to the grain is exploited
by using wood as cushion materials, bottle stoppers, etc. Under perpendicular to grain
compression, wood presents a three-stage load-displacement curve [5-7], and the cor-
responding modulus of elasticity and yield strength are rather small. For example, the
compression strength perpendicular to the grain of black spruce (Picea mariana Mill.) with
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a moisture content of 12% is only approximately 3.8 MPa, while the corresponding com-
pression strength in the longitudinal direction is 41.1 MPa [8]. The modulus of elasticity of
wood perpendicular to the grain is only about 1/30th of what it is parallel to grain [9].
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Figure 1. Example of cellular cross section structure of softwood [Masson pine (Pinus massoniana
Lamb.), shot via Hitachi S-4800@10 kV, WD = 8 mm].

Some theoretical models have been developed to explain the mechanical property
of wood under compression perpendicular to the grain in the mesoscale. Kanaya and
Yamada [10] took a T-shaped tipple element, part of the cellular structure of wood, and
worked out the tangential elastic modulus of wood based on the geometry and material
properties of the cell wall. Subsequently, Gillis [11] adopted a similar model and calculated
the six moduli and Poisson’s ratio as a function of the geometry and the isotropic properties
of the cell wall. Following this, the Gillis model [11] was extended by Koponen et al. [12]
to estimate the elastic and shrinkage properties of wood by considering the orthotropic
properties of the cell wall. Besides the triple element model, wood was often viewed
as a honeycomb structure [5]. Gibson et al. [13] investigated the structure of cork and
explained the moduli difference in different directions by considering the cork as closed
hexagonal prisms with linear elastic isotropic cell walls. Easterling et al. [14] investigated
the compression behavior of balsa wood by scanning microscopy. Via the honeycomb
model, it was found that the moduli, strength, and anisotropy of balsa and other wood are
determined by the properties of the cell wall material and the dimensions and shape of the
cells. Ando and Onda [15,16] investigated the deformation mechanism of coniferous wood
under scanning microscopy and analyzed the first breaking stress by viewing the wood as
a hexagonal-prim structure. They concluded that the first break of the radial cell wall was
due to the buckling of the radial cell wall. Watanabe et al. [17-19] extended the honeycomb
theory by introducing more parameters such as the variation of cell wall thickness, the
inclined angle of the cell to the loading direction, etc. The cell walls of wood are made up
of four basic building blocks: cellulose, hemicellulose, lignin and pectin. The mechanical
models based on the microstructure of wood were reviewed by Gibson [20] and Maaf3
et al. [21]. In recent years, advanced imaging techniques were more frequently used to
study the geometric properties of wood in relation to its mechanical properties [22], which
helps bridge the information of wood in different scales together.

FE (finite element) models were also developed to investigate the mechanical behavior
of wood under transverse compression. The hierarchical modelling of micro-structural
effects on the mechanical properties of wood was reviewed by Hofstetter and Gamstedt [23]
and Mishnaevsky and Qing [3]. Here we concentrate on modeling of wood in mesoscale.
De Magistris and Salmen [24] modeled the mechanical properties of wood under transverse
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compression. The cellular structure was modeled with anisotropic one-layer cell walls
and orthotropic multi-layer cell walls. Interestingly, it was found that the deformation
behavior seemed independent of the material properties of the cell wall but depended
more on the geometry of cells. Fortino et al. [25] developed an FE model that included
the geometrical and material nonlinearity where five layers of the cell wall were modeled
by designating different material properties and local martial coordinates. One problem
in modeling wood is the large variation in the geometry of cells. To solve this problem,
Persson [26] introduced the irregularity of cell geometry to the FE model by modifying
the position of the connection point between adjacent cells. He also tried to model wood
based on the real cell microstructures obtained from the experiment. To develop a model
based on real dimensions, the material point method (MPM) was introduced by Nairn [27]
to model the behavior of wood where the details of wood anatomy have been used.

Most FE models were based on the ‘repeating unit cell” (RUC) method. It provides a
very good framework for the analysis of the mechanical behavior of wood at the mesoscale.
However, nearly all the models were deterministic models, where the variations of geom-
etry of cells were not considered. Even in some models, the irregularity of cell geometry
was included, the sample size was too small to evaluate the statistical characteristics of
the mechanical property of wood. Considering the large variation in the geometry of
cells, a stochastic model would be better for this case. Thus, the aim of this study was to
develop an approach to investigate the compression property of wood in a statistical sense
by considering the irregular geometry of wood cells.

In this study, the behavior of wood under radial perpendicular to grain compression
was experimentally investigated, and the deformation of cells was observed by a scanning
electron microscope (SEM). The statistical characteristics of cell geometry were extracted
from the test data and used to generate FE models. The uncertainty of the behavior of
wood was investigated via the finite element method in combination with the Monte Carlo
Simulations (MCS) techniques. The MCS-based stochastic FE analysis was revealed as an
interesting approach for assessing the micro-mechanical performance of wood and assisting
in understanding the behavior of wood based on the hierarchical structure.

2. Materials and Methods
2.1. Materials

The wood material used in this study was cut from 5 Masson pine (Pinus massoniana
Lamb.). This species was chosen because it is a typical coniferous commercial species, and
it is also a main commercial plantation species used in south China. The Masson pine was
grown in Chongzuo City, Guangxi Province (21°59'50" N, 107°2'2" E). The diameter at the
breast height of the trees was approximately 24 cm. The material used for the quantitative
wood anatomy research was from disks with a thickness of 7-10 cm collected at the breast
height of 1.3 m. The material of the compression test was log segments from stems at a
height of 1.5-2.5 m, and the mature part of the wood was chosen. All specimens were
conditioned at 20 °C under 65% relative humidity for 2 weeks, and the moisture content
was adjusted to approximately 12.8%. The density was 0.58 4- 0.04 g/cm?.

The quantitative anatomy-related method and the results were delineated in
Meng et al. [28].

2.2. Compression Test

The compression test was performed on the universal testing machine (Instron 5582).
Five cuboid specimens with dimensions of 20 mm (R) x 20 mm (T) x 30 mm (L) were
manufactured by a skilled technician via an electric saw and planer. They were tested under
radial loading because the performance of wood under radial and tangential compression
is quite different for coniferous species due to the alternate structure of earlywood and
latewood. The tangential compression involves phenomena such as the buckling of annual
rings and cracks between earlywood and latewood, while wood under radial compression
presents uniform deformation. Thus, radial compression was studied firstly, and the
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tangential compression will be studied later. The specimens were loaded at a rate of
0.5 mm/min. The force-displacement curves of specimens were recorded. Stress—strain
curves were also derived. Young’s Modulus (MOE) was determined using the linear
regression method on the initial linear part of the stress—strain curve.

To observe the deformation of cells at the yield point, matched specimens were tested.
Loading was stopped at the yield point, then the wood blocks with a section of roughly
8 mm x 8 mm were cut from these specimens for SEM observation. The surfaces of these
wood blocks were prepared in a sliding microtome (Leica SM2010R) using a diamond
knife. The surface was then sputter-coated with gold, and the vacuum was applied before
testing. It was observed by SEM (Hitachi S5-4800) under a high vacuum (Accelerating
voltage = 10.0 kV, Working distance = 8 mm). Both the upper and lower detectors were
used. The upper detector detects secondary electrons (SE), low angle backscattered electrons
(BSE-L) and high angle backscattered electrons (BSE-H), while the lower detector detects
secondary electrons and very low angle backscattered electrons.

2.3. Numerical Study

The mesoscale cell network of wood was modeled in the finite element software
ABAQUS (Dassault Systemes Simulia Corp., Providence, RI, USA). The input file for
analysis, which is a text file containing the complete description of the numerical model such
as the geometry, the material property, interaction, meshing, loading condition, etc., was
generated via the ABAQUS Scripting Interface Scripts, which were Python scripts. R scripts
were also used in this study to generate the random data based on the statistical parameters.

To simulate the compression property of wood, a six-by-six cell network was modeled,
with three layers of earlywood and three layers of latewood, respectively. All the cells,
with the primary and secondary cell walls modelled integrally, were connected to a frame
modeling the middle lamella that separated every cell. Based on Wang’s measurement [29],
the cell of earlywood was assumed to be a round-cornered square with an outer side
of about 45 um, and the dimension of latewood was 45 um x 38 um. The inner side,
depending on the wall thickness, varied between each cell. The thickness of the middle
lamella between latewood was 0.93 um, while the thickness of the middle lamella between
earlywood was 0.22 pm. The fillets of the cells were 3 um or 1/6 of the inner side for
earlywood and latewood, respectively. In each model, 4 nodes and 3 nodes of 2D plane
stress elements CPS4R and CPS3 were used to model the geometry. The geometry was
meshed based on a global seed of approximately 1 um; around 35,000 elements were
generated in one model.

In the model, the y axis corresponded to the radial direction, while the x-axis corre-
sponded to the tangential direction. The linear isotropic material was used for the middle
lamella (M), while the orthotropic model was used for the cell walls, including the pri-
mary wall (P) and the secondary wall (S). The material properties of different layers in the
cell wall were reported [24]. Accordingly, the material properties of the middle lamella
were E = 1144 MPa and v = 0.35 [24]. The modulus of elasticity of the cell wall was cal-
culated based on an approximate volume fraction of each secondary wall as 1:8:1, the
finally calculated properties were Eg = ET = 3300 MPa, v = 0.7, GLr = Gr1 = 850 MPa, and
Grr = 938 MPa.

The bottom edge of the model was restricted, and controlled vertical displacement
was applied to the top edge. The reaction force, stress, stain, etc., were outputted to the
result database. To avoid instability, geometric nonlinearity was considered, and an explicit
solver was used.

The FE model is illustrated in Figure 2, and some generated FE models with random
cell wall thicknesses are shown in Figure 3 to display the variation of the cell geometry.
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Figure 2. Schematic of the finite element model (S means the secondary wall; P means the primary
wall; M means the middle lamella; R(y) means the y axis is the radial direction; T(x) means the x axis
is the tangential direction).

(a)

(b) (©)

Figure 3. Generated FE models with random cell wall thicknesses: (a) Model 1; (b) Model 2;
(c) Model 3.

3. Results and Discussions
3.1. The Statistical Information of the Cell Geometry

The geometry data of axial tracheid of Masson pine were obtained by Meng et al. [28].
In this study, the radial and tangential cell wall thickness information of mature wood were
analyzed. The Kolmogorov-Smirnov (KS) goodness-of-fit test was carried out for three
possible distribution types of Normal, Lognormal, and two parameters Weibull distribution.
The fitted parameters and the KS test statistic D and corresponding p-values are listed in
Table 1. The probability density distribution curves of the test data and fitted distributions
are shown in Figure 4. It was found that the Lognormal distribution fit the test data best
among the three possible distribution types. As stated in Section 2.3, the random thickness
data was generated by the fitted parameters as per Lognormal distribution.
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Table 1. Fitted parameters and KS test statistics (Unit: um).

Normal Lognormal Weibull
Location Directions
Mean SD D 4 Mean;, SD D 4 Shape  Scale D 4
Earlvwood R 2566 0.835 0.0758 0.185 0.889 0.333 0.0587 0.475 3.266 2.861  0.0653 0.340
y T 2433 0.527 0.0676 0.055 0.865 0221 0.0545 0.677 4.831 2.645 0.0828 0.182
L q R 7239 1.183 0.0640 0.437 1.966 0.168 0.0762 0.235 6.931 7.742  0.0585 0.556
atewoo T 7372 1485 00690 0206 1977 0205 0.0434 0759 5316 7984 0.0796 0.097

Ris radial and T is tangential, respectively.
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Figure 4. Distribution of cell wall thickness of earlywood and latewood in radial and tangential
directions: (a) Distribution of thickness of radial earlywood cell wall; (b) Distribution of thick-
ness of tangential earlywood cell wall; (c) Distribution of thickness of radial latewood cell wall;
(d) Distribution of thickness of tangential latewood cell wall.

3.2. Convergence of the MCS FE Analysis

With the increase of simulation number, the mean and variance of the simulated yield
force of the finished model were calculated. Convergence of the mean and variance was
used as a metric to evaluate whether the sample size was large enough. The mean and
variance of yield force versus the number of simulations are shown in Figure 5. It was
found that both the mean and variance of yield force converged when the simulation
number exceeded 120; thus, a sample size of 200 was sufficient to evaluate the statistical
information of the specimens.
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Figure 5. The mean and variance of yield force versus the number of simulations: (a) Mean of yield
force; (b) Variance of yield force.

3.3. Simulation and Experimental Results

The force-displacement curves of each model were extracted from the output database
and shown in Figure 6. Significant variation was observed in the force-displacement curves.

2000

1500

1000

Force (uN)

500

T T T
0 10 20 30 40 50
Displacement (um)

Figure 6. The force-displacement curves of each model.

The yield force and stiffness of each model are shown in Figure 7. Both the yield force

and stiffness fluctuated with the simulation number, indicating that the geometry of cells
influences the mechanical property of wood.

1600 690 -
— Yield Force — Stiffness

14004 660
z 5
21200 Z 630
Q 3
E =
£ g
% 1000 £ 600
= 7]

800+ 5704

600 T T T 540 T T T

0 50 100 150 200 0 50 100 150 200
Simulation number Simulation number
(a) (b)

Figure 7. The yield force and stiffness for each simulation: (a) Yield force. (b) Stiffness.
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The statistical characteristic of the simulation-derived yield force and stiffness were
analyzed. The probability density distribution curves of the fitted distributions of the yield
force and stiffness are shown in Figure 8. A KS test was also carried out to inspect which
distribution fitted the data best. It was found that the yield force and stiffness also complied
with the Lognormal distribution best, where the KS statistic D were 0.035 and 0.042 for
yield force and stiffness, respectively.

Distribution of Force Distribution of Stiffness

0.004
0.025

Fitted curve
—— Normal — Normal
<=+ Lognormal -=- Lognormal
- <o Weibull o N “ess Weibull

Fitted curve

0.003
0.020
X

Density

0.002

Density
0.010 0.015

0.001
0.005

[=] <
g : g =
8| e E
) - 620
400 600 800 1000 1200 1400 1600 O ttmesnmy &0
Force(uN)
(@) (b)

Figure 8. Distribution of the simulated yield force and stiffness: (a) Yield force; (b) Stiffness.

To compare the deformation behavior between simulation and experiment, the de-
formed cell network and the SEM picture of the specimen are displayed in Figure 9. The cell
wall bending or buckling of earlywood was clearly seen in both experiments and simulation.
The normal stress in the radial direction at the yield point and larger compression strain
(0.2) are also displayed. It was found that the maximum stress was located at the inner side
of the tracheid of earlywood. At larger compression strain, the earlywood cell wall began
to touch each other, resulting in a hardening behavior as introduced before. It was found
that the occurrence of the yield point was generally caused by the sudden change in the
cellular structure, i.e., the bending or buckling of the earlywood axial tracheid cell wall.

s, S22
(Avg: 75%)

107.718
71.672
35.626
-0.420
-36.466
-72.512
-108.558
-144.603
-180.649

1144.526
§76.195
607.864
339,533

71.202

-197.129
-465.450
=-733.792

-1002.123

>

Wy

(d)

Figure 9. The deformation mode and stress distribution of cell network and SEM picture: (al) SEM
of cell deformation; (a2) bending or buckling of the earlywood cell wall; (b) deformation mode of the
FE model at yield point; (¢) Normal stress in the radial direction at yield point; (d) Normal stress in

the radial direction at larger deformation.
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The stress—strain curves for the simulated and tested specimens are displayed in
Figure 10, where the simulation results are presented in the form of an expected region
area. The expected region area is the envelope of all the stress—strain curves of the 200 FE
models. In addition, displayed in the figure is the mean response of the FE simulations. It
was found that all the yield points of experimental curves located in the expected region,
and the linear part region, agreed well with the test results, except for one test curve. It was
found that the tested stiffness after yield point was larger than the simulation results. This
indicated that more details, such as the parenchyma cell and ray tracheid, should be taken
into consideration to simulate the post-yield behavior of wood under compression.

Stress (MPa)

Expected Region
1 — Experiment B
—— Mean

%00 0.05 0.10 015 0.20

Strain

Figure 10. The stress—strain curves extracted from the FE model and tested specimens.

Young’'s modulus was calculated using the data of the linear part of the stress—strain
curve. Figure 11 display the numerically and experimentally derived Young’s moduli
and yield stress. Error bars are used to display the bounds of the expected region. Five
experimental results are reported. It was found that almost all the tested yield stress was
located within the expected region. However, the predicted Young’s modulus was a little
bit higher than the experiment results. This might be due to the idealization of wood cells
as a rectangular shape which introduced fewer geometry imperfections into the FE model
than actual.

600 - - 6
7 Simulation [ simulation

I Experiment I Experiment

500

Modulus(MPa)
w I
S o
o o
! !

Yiled Stress (MPa)
w
!

N

[=]

o
L

100

0- 04
Simulation Test#1 Test#2 Test#3 Test#4 Test#5 Simulation Test#1l Test#2 Test#3 Test#4 Test#5

(a) (b)

Figure 11. The Young’s modulus and yield stress from simulation and test: (a) Modulus;
(b) Yield stress.

Overall, the numerical models exhibited a good agreement with the experiments.
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3.4. The Parameter Sensitivity Analysis

The Pearson linear correlation was used to evaluate the parameter sensitivities based
on the correlation coefficients between the input parameters and the output variables. The
Pearson linear correlation coefficient between two variables x and y is [30],

Cor = Z(Xzfy)(?/z*y) (1)
VI -2 -7

In this study, the input parameters were separated into two groups: the cell wall thick-
ness information of earlywood and latewood, respectively. In each group, the randomly
generated cell wall thickness was sorted from smallest to largest. Then the sum of the cell
wall thickness of the least thin 1 cells was calculated, respectively. The number #n ranged
from 1 to 36, n = 1 means only the cell wall data in the radial or tangential direction of the
thinnest cell was used, and 7 = 36 means all of cell wall thickness data were used.

The correlation coefficient between the thickness data of the least # cells and the yield
force were calculated and shown in Figure 12. It was found that the correlation coefficients
between the cell wall thickness of latewood and the yield force were between —0.1 and 0,
indicating that the yield stress had no or very weak correlation with the cell wall thickness
of latewood. For earlywood, the correlation coefficients increased rapidly with the increase
of the number of thin cells; however, the correlation coefficients decreased when the number
of cells exceeded 32. In General, the correlation coefficients between yield force and the
thickness data of earlywood cell wall information were larger than 0.3 for cases where
seven or more cells were used. Thus, the yield force was affected by the geometry of the
earlywood cells.

0.7 4
—— Latewood

—— Earlywood

o

T T T T T 1
Least6 Least12 Least18 Least24 Least30 Least36
Thickness Information

Figure 12. The correlation coefficient between yield force and the thickness data of the cell walls of
earlywood and latewood.

The correlation coefficient between the thickness data of the least n earlywood cells in
radial and tangential direction and the yield force were calculated further, respectively. As
shown in Figure 13, it was found that the correlation coefficients between the cell radial
wall thickness of earlywood and the yield force were between 0 and 0.2, indicating a weak
correlation. While the correlation coefficients between the cell tangential wall thickness
of earlywood and the yield force were between 0.35 and 0.75, indicating a moderate
positive correlation.

Thus, the yield force was strongly affected by the geometry of the earlywood cells.
This echoed with the founding from the SEM observation of the cellular structure and the
simulated deformation and stress distribution of cell network from the FE simulation, i.e.,
the occurrence of the yield points was caused by the bending or buckling of the earlywood
axial tracheid cell wall in the tangential direction.
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Figure 13. The correlation coefficient between yield force and the thickness data of cell walls in the
radial and tangential direction of earlywood.

4. Conclusions

A new approach was developed for studying the mechanical properties of wood under
compression perpendicular to the grain. The wood compression property was investigated
using the Monte Carlo Simulation technique in combination with FE analysis on models
generated using measured mesoscale wood statistical data. The main conclusion includes:

The FE model predicted the bending or buckling of the earlywood cell wall as observed
in compression tests. The simulated stress—strain curves and the derived yield stress and
Young’s modulus agreed well with the test results. In this way, the developed model can
precisely simulate the mechanical property of wood under compression perpendicular to
the grain.

The random nature of cell geometry has been a primary cause of the variability of wood
mechanical property. By parameter sensitivity analysis, it was found that the occurrence of
the yield points was caused by the bending or buckling of the earlywood axial tracheid cell
wall in the tangential direction.

The straightforward implementation of Monte Carlo Simulation techniques combined
with finite element modelling provided more information than the deterministic numerical
models based on idealized geometries. This provided insight into how the mechanical
property of wood correlated with the geometry information of cell structure and can be
used to evaluate the statistical characteristics of mechanical properties.

Further work is still required to understand the effect of other features on the mechan-
ical property and to evaluate the reliability of the wood, such as the variations of material
property, ray and the resin canal, etc. It should be noted that there was a lamination of this
study and only radial compression was investigated; thus, the behavior of wood under
tangential compression is to be investigated further. The current findings are based on one
species; thus, experiments on other wood species will be carried out in the future.
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