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Compression tests on spruce wood in axial, radial and tangential directions have been
performed using an INSTRON hydraulic machine. Spruce elastic mechanical properties and
plastic deformation behaviour are presented. Experimental results allow to demonstrate dif-
ferent spruce failure modes: fibers buckling and collapsing are noticed under axial compres-
sion whereas, fibers slippage and delamination are the main failure modes under compression
loading in radial and tangential directions. Spruce energy absorption efficiency and ideality
energy absorption efficiency in the three loading directions are also analyzed. Representative
volume element (RVE) model is adopted assuming transverse isotropic behavior to simulate
wood microstructure in all directions. It was shown that micro-cell arrangement leads to wood
macromechanical property spatial anisotropy. Porosity and hole shape effects on simulation
results are estimated by RVE models with hexagon, circle, pentagon and square holes.
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1. INTRODUCTION

Wood cell tissue parallel to growth orientation shows different mechanical
responses depending on axial, radial and tangential loading directions. Com-
pressive stress plateau may extend up to a 60% deformation. So wood is often
used as an impact limiter in containers for nuclear wastes transportation and in
blast loading protection systems [1]. Wood goes through elastic, yield plateau
and compaction phases during compression loading. Linear elasticity is usually
assumed to describe the initial small deformation. A wide stress plateau appears
next in the compressive stress-strain curve which is caused by a gradual fibers
buckling and breakage in wood cells. In compaction phase, the stress increases
noticeably when the wood cells are fully compacted.

The mechanical behavior of wood is highly influenced by the response of
its internal microstructure. Recently many advanced microscope apparatuses
are adopted to observe wood cell microstructure. TRTIK et al. [2] applied syn-
chrotron radiation phase-contrast X-ray tomographic microscopy to observe the
features of spruce anatomy at the cellular length scale. The experiments clearly
revealed spruce heartwood characteristics. GINDL et al. [3] performed nanoin-
dentation experiments and analyzed spruce microfibril angle and lignin content.
The relationship between wood deformation and the nanostructure was investi-
gated using small-angle X-ray scattering by REITERER [4]. Based on the modern
experimental technique, elastic modulus and bending behavior of wood were also
investigated in the literatures [5-7].

As a natural species, the mechanical properties of wood are highly affected
by moisture content, strain rate and temperature. Many experimental studies
focused on examining the effect of these factors on macro-mechanical proper-
ties of wood. For example, VURAL and WIDEHAMMAR [8, 9] investigated strain
rate relativity of wood behavior using a revised split Hopkinson pressure bar.
GINDL [10] indicated that lignin moisture has an obvious influence on wood axial
compression property, where a reduction of lignin content in standing trees leads
to a decrease of compressive strength and a diminished modulus of elasticity.
GONG [11] investigated failure mechanisms of air-dried black spruce under axial
compression condition by polarised-light microscopy. YILDIZ [12] examined the
heat treatment effects on spruce compression strength. The experimental results
showed that wood properties are affected greatly by humidity, loading velocity
and temperature environment.

Numerical simulation is an economic and convenient approach in material
and structure mechanics research. It is an effective supplement for theoretical
and experimental investigation of material behavior. In recent years, finite ele-
ment analysis has been used to simulate wood’s mechanical response by some
researchers. SAAVEDRA FLORES [13] proposed a fully coupled multi-scale finite
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element model for constitutive description of wood cell wall. VAsIC [14] intro-
duced some numerical models for wood fracture failure and explored avenues
toward achieving wood fracture models. Taking the complexity of wood’s mi-
crostructure into account, some simplified finite element models and material
constitutive relations have also been adopted in numerical simulation [15, 16].

Wood, as an orthotropic material, shows different cushion properties in axial
and transverse loading directions. Although wood and wood-like material me-
chanical properties and failure mechanism in axial direction were investigated
by many researchers [17-22], wood transverse compression deformation prop-
erties are little mentioned. In the present work, quasi-static compression tests
are performed in axial, radial and tangential directions of spruce wood using a
hydraulic machine. The corresponding stress strain relationships are presented
and energy absorption efficiency in different loading directions is analyzed. Fi-
nite element (FE) analysis is also conducted by modeling representative volume
elements from the spruce microstructure to simulate anisotropic behavior under
axial and transverse compression conditions.

2. COMPRESSION MECHANICAL PROPERTIES OF SPRUCE WOOD

Spruce specimens were cut from a 610 mm diameter trunk with moisture
content close to 12.72% and a density equal to 413 kg/m?®. Uniaxial compression
tests were performed using an INSTRON hydraulic machine. Loadings along the
three perpendicular directions: axial, tangential and radial were considered, see
Fig. 1. The specimens were cut taking into consideration wood growing direction
and annual rings [18]. Axial is consistent with wood growth direction, radial is
orthogonal to annual ring and tangential is tangent to annual ring in long grained
section.

....... > = loading head
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F1G. 1. Schematic description of wood material directions and experimental machine.
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Cuboid specimens with 30x2x20 mm edge dimensions were used in this
experimental study. For axial compression specimen, the 30 mm side was taken
along the tree growth direction. The largest edge was orthogonal or tangent
to annual ring for radial and tangential compression specimens, respectively.
In other word, loading direction during the experiments was parallel to the
largest edge. All tests were conducted at room temperature under a constant
strain rate equal to 1072 s~1. An extensometer was attached to the specimen for
accurate strain measurement and elastic modulus calculation. For comparison
convenience, and taking into consideration the wood compressibility, engineering
stresses and strains are considered in the present descriptions of experimental
and FE results. Samples of the compressive stress-strain curves at the elastic
zones along axial, radial and tangential directions are presented in Fig. 2. The
calculated axial, radial and tangential elastic moduli were 11331 MPa, 532 MPa
and 351 MPa, respectively.
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F1G. 2. Young modulus values depending on different loading directions.

The complete stress strain curves for several samples that were tested under
different loading directions are illustrated in Fig. 3. It is obvious that spruce
specimen goes through elastic, yield plateau and compact phases during com-
pression process. Plastic deformations occurred at strains equal to 8%, 4.7%, and
4.5% for axial, radial and tangential loading directions, respectively. The corre-
sponding yield stresses were measured as 37.8 MPa, 4.42 MPa, and 4.40 MPa,
respectively. In the yield plateau phase, the compressive stress decreases with
plastic straining under axial deformation, whereas it slightly increases under
radial deformation and almost constant for the case of tangential loading. In
all cases, a significant and rapid increase in the compressive stresses is observed
at around 60% strains, a stage referred to as the compaction phase. The large
stresses recorded during the compaction phase may be attributed to the fact
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F1G. 3. Stress versus strain curves for different compression directions:
a) axial, b) radial, ¢) tangential.

that the spruce cell walls are collapsed and the porous wood specimen was fully
compressed into a rigid piece.

Figure 4 shows samples of the failures modes for different loading directions
and at different loading stages. Buckling and collapse taking place during plastic
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F1G. 4. Failure modes for specimens tested under a) axial, b) radial
and c) tangential compressions.
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deformation increasing process was the dominant failure mode for the case of
axial loading, which explains the decrease in compressive stresses in the yielding
stage. On the other hand, the failure mode for specimens under radial and
tangential compressive loadings was mainly controlled by fiber slippage and
delamination.

3. ENERGY ABSORPTION FOR EACH LOADING DIRECTIONS

Material energy absorption can be calculated based on the stress strain re-
sults as follows:

Em
(3.1) W = /ods,
0

where o and ¢ are stress and strain, respectively during loading process, and ¢,,
is strain at the maximum stress level o,,.

Energy absorption efficiency (E) and ideality energy absorption efficiency
(I) are used to describe absorption capacity of porous foam materials. These
two energy indices are expressed in terms of the stress strain results where
E is defined as the ratio of total energy density (toughness) to the maximum
stress as given by Eq. (3.2), whereas ideality is defined as the ratio of material
toughness to the product of maximum stress and maximum strain as given in

Eq. (3.3), [22]:
/O'dE
0

3.2 E =

(32 —
Em
/O'dE

3.3 1=2 .

(3.3) P

As spruce is a cellular material, its energy absorption evaluation per unit
volume (1x1x1 m) can be computed using the above three equations. Based
on the experimental stress strain results given in Fig. 3, spruce unit volume
energy absorptions in axial, radial and tangential directions are calculated and
presented in Fig. 5. It is clear that energy absorption capacity increases with
strain. Wood specimen tested under axial compression observed larger stresses
and, therefore, has the largest energy absorption capacity as compared to the
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F1G. 5. Energy absorption versus strain curves by unit volume (1x1x1 m).

energy absorption capacities under radial and tangential loadings. Radial energy
absorption capacity is slightly larger than that of tangential direction.

Spruce energy absorption efficiencies calculated using Eq. (3.2) in the three
directions are also compared as illustrated in Fig. 6a. At 20% strain or less,
energy absorption efficiency curves in the three orthogonal directions are almost
identical. Axial energy absorption efficiency becomes larger than the other two
at higher strains. Radial energy absorption efficiency is the smallest among the
three curves.

Figure 6b shows ideality energy absorption efficiency in the three loading di-
rections. Radial and tangential ideality energy absorption efficiencies are larger
than that of axial direction when strain is less than 0.15. When strain is over 0.25,
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F1G. 6. Energy absorption analysis: a) energy absorption efficiency,
b) ideality energy absorption efficiency.
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axial ideality energy absorption efficiency becomes the largest. As axial compres-
sion stress versus strain curve is non-monotone, it induces that ideality energy
absorption is over 1.0 by Eq. (3.3). Based on the above-mentioned results, it can
be concluded that spruce energy absorption efficiencies vary with loading direc-
tions. In a wood crash box, rational wood pattern and arrangement in structure
brings better cushion energy absorption.

4. MODELING AND NUMERICAL SIMULATION
OF SPRUCE MECHANICAL BEHAVIOR

As a porous structure material, wood micro-cellar structure arrangement
leads to macroscopic mechanical properties anisotropy. Many rectangle, oval
and polygon holes can be found in spruce microstructure by scanning electron
microscope as shown in Fig. 7 [8]. It shows that the smallest cell size is about
15 um and the biggest is about 60 um. Taking all the hole shapes into account,
a simplified hexagonal holes are adopted to representative approximately spruce
microstructure in the following simulations. According to the cell dimensions,
a representative volume element (RVE) is taken from wood structure to analyze
its mechanical behavior. Because the difference of wood yield stresses in radial
and tangential directions are small, its material definition can be assumed as
transverse isotropy in simplified theory analysis and numerical simulation.

F1G. 7. Scanning electron micrographs: a) cross section, b) tangential section [8].

4.1. RVE model building of spruce microstructure

A wood numerical model with a periodic structural arrangement is adopted
in the present numerical simulations. In order to analyze how model dimensions
affect simulation results, four cubic models with a side dimension equal 175 pm,
350 um, 700 um and 1400 pum are considered as shown in Fig. 8. It is evident
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Fi1a. 8. Scale effect on mechanical behavior under compression:
a) undeformed specimen, b) ¢ = 0.25, ¢) € = 0.50, d) ¢ = 0.75.

from the deformation processes presented in Fig. 8 that the contours of Misses
stresses are not influenced by the model dimension.

The compressive stress strain curves predicted using the FE models showed
similar results for the four different models as illustrated in Fig. 9. Stresses at
the plateau region deviate a bit with model size. The stress plateau for 175 wm
model is the smallest among the other configurations. Stress plateau is nearly
consistent when model size is from 350 um to 1400 pum. It can be concluded
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F1G. 9. Mechanical behavior description for different size model.
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that model dimension doesn’t affect numerical simulation results if numerical
model is large enough. Representative volume element model can, therefore, be
used to simulate the mechanical behavior of a periodic structure. It is a way
to save time after numerical validation to evaluate the mechanical behavior of
wood extensively.

Next, a simplified representative volume element model is established to an-
alyze the compression behavior under axial and transverse loading conditions.
The detailed dimensions of wood microstructure used in the FE model are shown
in Fig. 10. The length of the cubic model is 425 wm and the porosity of wood
microstructure is 73.27% for regular hexagon holes arrangement case. Finite el-
ement software ABAQUS is adopted to simulate spruce compression behavior
using the representative volume element model. The numerical model includes
over 250000 nodes and 170000 hexahedral elements (C3D8R Abaqus type). For
wood cell wall structure, three major chemical constituents of cellulose, hemi-
cellulose and lignin are contained. Cellulose mass fraction varies from 40-50%
in weight of wood substance. Hemicellulose is 15-25% and lignin is 15-30% re-
spectively [23]. So the equivalent mechanical property parameters of spruce cell
wall tissue can be calculated shown in Table 1.
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F1G. 10. Dimensions of wood microstructure model using regular hexagon holes:
a) 3-D model, b) surface with holes, c) cell description.

Table 1. Mechanical properties of spruce microstructure tissue.

Material | Density [kg/m®] | Young’s modulus [GPa] | Poisson’s ratio
spruce 1490 5.84 0.4

4.2. Numerical simulation of axial compression behavior

Spruce microstructure mechanical behavior under axial compression is sim-
ulated. A constant velocity of 5 m/s is applied during the loading process. Com-
pressive stress stain curve shown in Fig. 11 clearly shows three phases in axial
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compression process. Firstly wood goes through short linear elastic deformation.
Then a shear band occurs in wood microstructure. The angle between shear
band and loading direction is about 45°. Stress decreases when strain increases
from 0.01 to 0.12. With strain increasing over 0.12, stress turns into a wide
stable phase, indicating a gradual shear sliding. Wood enters into compaction
phase when strain reaches about 0.6 at which a significant increase in stress is
observed.

Detailed deformation process of spruce microstructure is shown in Fig. 12.
Shear sliding along 45° direction is the main failure mode for wood microstruc-
ture under axial compression. Buckling occurs on side cell wall as shown in
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F1G. 12. Axial compression collapse process of wood microstructure for vo =5 m/s.
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Fig. 12d. It can be seen that the main energy dissipation modes of axial com-
pression are cell wall shear sliding and collapse. Buckling and collapse phenom-
ena occur usually in wood under axial compression. It induces that compression
stress changes greatly at initial yield position as illustrated in Fig. 11.

4.8. Numerical simulation on transverse compression behavior

In order to analyze wood mechanical property in the transverse direction,
compression response of spruce microstructure under transverse displacement
velocity of 5 m/s is considered. The corresponding stress strain curve along the
transverse direction is given in Fig. 13. Due to wood cell arrangement pattern,
the mechanical property under transverse compression loading is found to be
like most foam materials. The typical three phases of linear elastic deforma-
tion, stable stress plateau and compaction process are very obvious. Transverse
plateau stress is about 9 MPa which is much less than that of axial loading.
Several 45° shear bands and hexagonal cell wall collapses occurred gradually in
transverse compression process. When strain reaches 0.66, the wood structure
was compressed completely and stress increases quickly.
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F1c. 13. Transverse compression stress versus strain curve for vp =5 m/s.

Being different from axial compression, deformation process of transverse
loading is more stable. The main failure mode was shear bands leading to a grad-
ual collapse as shown in Fig. 14. Deformation distribution of spruce microstruc-
ture was uniform until finally compressed into a flat. For transverse compression
condition, plastic fold of wood cell is the main energy dissipation mode as marked
by ellipse in Fig. 14. Lateral deformation is tiny during plastic plateau stress
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F1G. 14. Transverse compression collapse process of wood microstructure for vg = 5 m/s.

phase, so wood can be approximately taken as a compressible material when
deformation is below the locked strain value.

4.4. FFE stress strain comparisons with experiments

Comparison of stress strain curves under axial compression between numer-
ical simulation and experimental results is shown in Fig. 15. It can be seen
that the two curves have similar trends, with slight variation in stresses along
the plateau region. As spruce wood belongs to fast-growing coniferous species,
water and pits are always presented inside the cell wood. Many local defects
usually exist in wood microstructure, too. However, the effect of water and
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F1ac. 15. Experimental and numerical comparison under axial compression.
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pit were ignored in the simplified numerical model. This may explain the high
FE stress values along the plateau region as compared to their experimental
counterparts. Nevertheless, the curve growing trends predicted numerically are
consistent with experimental observations. It indicates that the present simpli-
fied numerical model is effective partly to simulate large deformation behavior
for wood.

The stress strain curve predicted numerically under transverse compression
loading is also compared with the experimental results under radial and tan-
gential compressions as shown in Fig. 16. No significant difference was observed
among the three curves. It indicates that the simplification of using transversely
isotropic FE model is valid for wood mechanical behavior description. Unlike
the case of axial compression, radial and tangential compression deformation
processes are much smoother. Stress is monotonically increasing in transverse
compression process. On the contrary, axial compression stress decrease abruptly
in the early stage of plateau stress as discussed earlier in Fig. 15. Buckling and
collapse of cell wall result in axial compressive instability. Plastic deformation
is not uniform under axial compression condition. Wood cell wall is compressed
uniformly and gradually in radial or tangential compression. Though axial com-
pression is with greater energy dissipation, stability and controllability of radial
and tangential loading are more superior to axial compression case.
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Fic. 16. Comparison of tress versus strain curves for radial, tangential
and transverse compression.

4.5. Relation of plateau stress ratio and porosity

Porosity is a main influencing factor that affects the mechanical property of
porous material. Ratio of plateau stress to non-porous material yield strength
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is taken as an important parameter to study the porosity effect in the present
numerical analysis. Taking porosity effect expression into account, relation of
plateau stress ratio and porosity can be written as

1 me(E)
(4.1) o) = = ()
where ¢ is the material porosity and the parameters m; and mo are constants.
For non-porous structure, the stress level is given as 317 MPa using Multi-
scale simulation method [13]. For a plateau stress equal to 30 MPa under axial
compression and based on the definition in Eq. (4.1), the relation of stress ratio
and porosity for axial compression is written as:

1 o \2 .
(4.2) o(p) = ———————¢ 0098968 (3%5m) — o (p) = e4391744 ¢
0.398942+/ 27

For transverse compression, plateau stress is about 10 MPa. Expression of stress
ratio versus porosity for transverse compression is written as:

1 RY )
(4.3) o(p) = ———— ¢ 10264 (o3%0m) — o (p) = e~6A3815L¢*
0.398942v/ 27

Based on equation (4.2) and (4.3), plateau stress ratio versus porosity curves
are plotted as shown in Fig. 17. A slight difference between axial and transverse
compression conditions was observed. Results indicate that plateau stress ratio
decreases sharply as porosity increases up to 80%. This indicates that porosity
affects the material plateau stress greatly when the material has a small porosity.
The decreasing rate of plateau stress ratio becomes very slow when porosity is
over 0.8.
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F1G. 17. Plateau stress ratio versus porosity curve in axial and transverse direction compression.
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5. MODEL POROSITY AND HOLE SHAPE EFFECT
ON MECHANICAL BEHAVIOR

5.1. Relation of microstructure porosity and wood mechanical property

Additional finite element simulations are performed in the present work to
discuss the influence of wood porosity on the mechanical properties of wood.
For this purpose, six numerical models with different porosity are developed.
The RVE model sizes are the same with a cubic side equal to 495 um and six
porosities equal to 0, 0.09, 0.33, 0.51, 0.73 and 0.89. The models are uniaxially
compressed by rigid bodies in the wood axial direction. Stress versus strain
curves of different porosity models are shown in Fig. 18. It indicates that initial
yield strength decreases as the porosity increasing. Stress plateau is clear for
stress strain curves of high porosity models. For low porosity models, stress
strain curve is similar to the elastic-plastic deformation behavior for a metal.
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F1c. 18. Stress versus strain curves of different porosity structures.

In order to compare compression behavior of different porosities, three curves
at fixed strain levels equal to 0.1, 0.3 and 0.5 are presented in Fig. 19. Results
show that the stress level is linearly decreasing with porosity. As the poros-
ity exceeds 0.5, the stress levels at 0.3 and 0.5 strains become identical. This
indicates that stress plateau becomes stable for high porosity model, which con-
tains enough void space, resulting in a wide stress plateau under compression
loading. On the contrary, there is a smaller deformation space for low porosity
model. Accordingly, stress increases slightly with strain under the compression
process, which makes it difficult to find a plateau region in the stress strain
curves.
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F1G. 19. Porosity effect on stress level for three different strain values.

5.2. Hole shape effect on wood axial compression mechanical property
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In the previous simulations, wood microstructure with hexagon holes was
analyzed. In order to discuss the effect of hole shape on wood’s mechanical
properties, three additional RVE models of circle, pentagon and square holes are
simulated. Dimensions of the microstructures are shown in Fig. 20. Porosities of
circle, pentagon and square models are equal to 0.66, 0.38 and 0.64 respectively.
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F1G. 20. Dimensions of microstructures based on different shape holes.



398 W. ZHONG et al.

Figure 21 shows the stress strain curves under compression process for three
different hole shapes. Results indicate that the hole shape has a clear effect
on the plateau stress. Although the model with circular holes has the largest
porosity among the three models, its plateau stress was not the largest. The
hole shape also affects the locking strain at which the model with the largest
porosity has a higher locking strain value.
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F1G. 21. Stress versus strain curves for different hole shapes.

The effect of porosity and hole shape on the stress level is also studied taking
into consideration the porosity and hole shape results presented in Fig. 19 and
Fig. 21, respectively. FE simulation results show that the circle hole model has
the highest stress level at a certain strain as shown in Fig. 22. Because the
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Fic. 22. Hole shape and porosity effect on stress level.
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corners of hexagon, pentagon and square holes induce stress concentration in
compression process, their stress levels are smaller than that of circle-hole model.
Besides porosity effect on wood behavior, hole shape is also an important factor
in wood microstructure numerical simulation. Thus, a good RVE model for wood
should be constructed according to scanning electron microscope observation
results.

6. CONCLUSIONS

Spruce compression experiments under axial, radial and tangential loadings
are performed in the present work. The main failure modes observed during
the experiments under axial compression are fiber buckling and wrinkle. On
the other hand, fiber slippage and delamination occur when the wood specimen
is loaded under radial or tangential direction. Spruce axial compressive yield
strength is much higher than that of radial and tangential compressions. Ra-
dial and tangential compressive yield strengths are almost identical. Energy ab-
sorption efficiency and ideality energy absorption efficiency in different loading
directions are analyzed. For certain deformation condition, energy absorption
efficiency under axial loading is larger than that under radial and tangential
directions. Ideality energy absorption efficiency along radial or tangential di-
rection is larger than that of axial. The stress strain curves predicted using
the RVE models agree well with experimental results. Wood micro-cell arrange-
ment pattern results in macromechanical property anisotropy. Porosity and hole
shape have strong effect on the mechanical response of wood. Finally, dimen-
sion, porosity and hole shape should be considered in developing RVE numerical
simulation.
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