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Wood is widely used as a shock absorbing material in various special layered
protective structures, for example in containers for the transportation of hazardous
materials and substances including: nuclear waste, defense components, a wide
range of toxic substances, etc. For the design of such structures and for modelling
their behaviour under dynamic load conditions, models equipped with authentic
parameters are required. Since wood is a highly anisotropic material, this effect
should be taken into account in numerical simulation using the mathematical
relationships of an orthotropic solid. Under conditions of a uniaxial stress state, the
behaviour of the three structural wood species is studied: pine, birch and sequoia.
To achieve a greater degree of deformation the mode of multicyclic loading of the
specimen was used. The stress-strain curves of pine and birch were obtained when
the specimens were loaded along and across the fibers. Strength and deformation
behavior (including the maximum flow stress) characteristics of the tested wood
species were determined. It is shown that the yield strength of the three species of
wood along the fibers is almost ten times higher than the strength across the fibers.
The ultimate strength across the fibers is significantly higher than along the fibers.
The energy absorption of pine and birch was determined to facilitate a comparative
evaluation of their damping abilities. It is noted that birch exhibits greater energy
absorption than pine both along and across the fiber directions.
Analysis of the effect of the stress state on the strength and deformation properties was also carried out for sequoia. Specimens sectioned as a function of direction and their subsequent loading response were carried out at angles of 0°, 30° and
90° relative to the fiber direction. Under uniaxial loading conditions, the non-uniformity of the radial expansion of the specimens with different directions relative to the
wood grain orientation was evaluated. It was found that lateral confinement strongly
affects the stress-strain behavior of the sequoia wood species suppressing cracking
along the fibers and thereby suppressing damage evolution and final fracture.
Keywords: wood, anisotropy, effects of confinement, multicyclic loading.
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Introduction

Every year a huge number of containers with dangerous, including radioactive,
substances of various types, spent nuclear fuel, defense components, etc. are transported
all over the world. It is of great importance to ensure safety in the transportation of such
substances and materials by air, land, sea, and rail transport. This is to avoid potential risk
of damage of the wooden containers in the course of transportation that could lead to risks
to human life, as well as harm to the environment as well property. The container design
and their construction materials must therefore withstand significant dynamic loads without
damaging their contents. Damage may occur when a container falls from an aircraft for
example, or other type of accident. Wood of different species can be used as the materials
damping dynamic loading. It can mitigate the influence of such intense dynamic effects
on containers and their contents. In order to reliably calculate the behavior of containers
with similar damping materials, data on their properties subjected to impact loading are
needed, in particular, dynamic stress-strain curves [1−3]. While for quasi-static impacts
there exist some data on the mechanical properties of individual wood species, however
quantitative dynamic properties data for wood species remain insufficient [4−15].
It is known that wood is an anisotropic material. Today wood is considered to be a
material whose properties exhibit orthogonal anisotropy. Usually when calculating wooden
structures the design scheme of a transversely isotropic material is used. The property of
the transversely isotropic material varies along and across the wood fibers.
The purpose of this study is to determine the influence of the texture orientation of
the wood specimen on the strength and deformation properties of wood. In addition, the
degradation of wood properties subjected to cyclic loads and in the conditions of lateral
confinement is investigated as an example of the dynamic mechanical behavior of sequoia.
To assess the degree of anisotropy, detailed studies of pine and birch (the most common
representatives of coniferous and hardwood trees), as well as sequoia that can be used as
damping materials in layered protective structures were conducted.
Experimental methods and specimens

The dynamic properties of wood under compression were investigated using the setup
[16] that implements the Kolsky technique with a split-Hopkinson pressure bar. The
installation consists of a pneumatic loading device (gas gun) with a control system, a set of
measuring and registering equipment and measuring bars with diameters of 20 mm made
of D16T alloy steel. These bars are equipped with low-base strain gauges. The amplitude
of the incident pulse (proportional to the striker velocity) was changed from 30 MPa to
235 MPa. Accordingly, the strain rate could be varied from 300 s −1 to 3000 s −1.
Due to the large difference in the acoustic impedances ρC of the measuring bars and
the wood specimen, the amplitude of the reflected pulse can reach 90% of the amplitude
of the incident wave. In this case, the specimen is exposed to several loading cycles. To
reliably record repeated loads during a single experiment, it is necessary to exclude the
influence on the loading process in the second and subsequent loading cycles of the pulse
transmitted through the specimen and then reflected from the back end of the supporting
bar in the form of a tensile wave. For this to be achieved, the length of the supporting bar
must be increased compared to the length of the loading bar by as many times as the
quantity of loading cycles need to be registered [17]. In this series of experiments, the
loading bar had the length of 1.5 m, a supporting bar had 4.5 m, which made it possible to
record the main and two additional loading cycles (Fig. 1). Markers on the beams mark
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the beginning and the ends of the pulses (incident, reflected and transmitted) registered
under the three-cycle loading of the specimen.
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Fig.1. Typical waveform for wood testing

Due to the substantial anisotropy of the wood properties, a uniform (axisymmetric)
expansion of the specimen under compression is only possible when loading specimens
along the wood fiber direction. When loading the specimen at different angles to the
fibers direction, the expansion of the specimen is not uniform or axisymmetric. This effect
is particularly evident when loading samples at an angle of 90° to the fiber direction. In
this case, the circular section of the specimen transforms into an ellipsoid shape with the
long axis parallel to the fiber direction.
In addition to testing under a uniaxial stress state, some experiments were also
performed under a uniaxial strain stress state. This was done to study the influence of the
type of stress-strain state on the behavior of the sequoia wood species. Specimens were
placed into a rigid jacket to limit their radial expansion. Additional strain gauges were
glued to the side surface of the jacket allowed measurement of the radial stress component
in the specimen. In combination with traditional measurements by the Kolsky method of
longitudinal stress component, it was therefore possible to determine the full stress tensor
in the specimen [18−20].
In experiments tested under uniaxial deformation, the degree of anisotropy of the
sequoia was estimated by separately measuring the two orthogonal components of the
radial stress in the specimen. For this purpose, two independent strain gauges were glued
to the side surfaces of the jacket. This allowed the two orthogonal radial components of
the stress to be quantified and therefore an estimate of the degree of anisotropy of wood to
be determined (Fig. 2).
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Fig. 2. Separate registration of circumferential deformation of the jacket
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To study the properties of the pine and birch wood species, specimens were fabricated
in the form of tablets with a diameter of ~20 mm and a height of ~10 mm at different
cutting directions relative to the axis of the tree trunk. The angles between the direction of
application of the load and the direction of the location of the fibers were 0° and 90°. The
moisture content of the specimens was measured to be ~10%. In addition, specimens of
sequoias with a diameter of ~20 mm and a height of ~10 mm with cutting angles of 0°,
30° and 90° were tested. The humidity of these specimens was 7%.
Results of experiments

As a result of a series of experiments to investigate pine and birch under loading
along and across the fibers, stress-strain diagrams and curves as a function of strain rate
were obtained. To assess the degradation of the strength properties, additional loading
cycles were recorded in the experiments. When loaded along the fibers, the specimens
were observed to display significantly higher strength than when loaded across the fibers
and so the magnitude of the reflected wave and, accordingly, the amplitude of the repeated
loading wave in the first case (along the fibers) was found to be less than in the second one
(across the fibers). This causes a varying degree of strain of the specimens during loading
along and across the fibers. In addition, some specimens with a slight degree of damage
were reloaded. This made it possible to estimate the damage evolution mechanisms
operative up to large values of strain.
The following figures present the stress-strain curves for the pine and birch under
loading along and across the fibers. Figures 3 and 4 show graphs for the two regimes in
stress amplitude of the loading wave and the corresponding strain rate.
Pine, loading along the fibers
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Fig. 3. Typical deformation diagrams of pine under loading along (a) and across (b) fibers:
1 − visible preservation of specimen integrity, 2 − specimen destruction, 3 − severe specimen damage
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Birch, loading along the fibers
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Birch, loading across the fibers
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Fig. 4. Typical deformation diagrams of birch under loading along (a) and across (b) fibers:
1 − specimen reloading, 2 − specimen destruction

At a low strain rate, the damage to the specimen was seen to be insignificant, while at
a high strain rate the integrity of the specimen was exceeded leading to sample failure.
Solid lines in the figures show the stress-strain curves. The dotted lines in the lower parts
of the figures are the corresponding curves for the change in the strain rate.
The well-known tendency of a reduction in the strength properties of wood as a function
of increasing sectioning angle to the wood grain is well demonstrated in the data presented.
The largest values of the module of the loading branches and the failure stress are inherent
in the specimens for both wood species with a cutting angle of 0° to the fiber orientation.
The smallest values observed were for specimens with a cutting-out angle of 90°. For
small cutting angles, after reaching the limit stress, significant stress relaxation is seen, i.e.
a decrease in the bearing ability of the wood is seen for an increase in the degree of
deformation. This observation is thought to be potentially caused by microdestruction of
the bonds between the wood fibers and the loss of their relative stability. The decrease in
the flow stress seen in the stress-strain curves and the non-linear nature of the unloading
are both evidence of the damage within the specimens. This is confirmed by their inspection
after the tests. For the cutting angle of 90°, the bearing ability of the wood specimens for
a significant degree of deformation is not reduced, but on the contrary, the material shows
some modest hardening.
For a comparative assessment of the damping capacity, the energy absorption (area
under the σ~ε curve) of pine and birch was determined (Fig. 5). It is seen that birch has a
greater energy absorption than pine, both along and across the fibers.
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Fig. 5. Energy absorption of pine and birch

The obtained strength properties and energy absorption characteristics for the two
woods are given in Table 1. The average modulus for the loading branch for the birch with
an angle of 0° is seen to have the largest value. The breaking stress is also the maximum
for this wood.
Table 1
Strength and damping characteristics of pine and birch
Cutting angle, degrees Breaking stress, MPa

Branch load module, MPa

Energy
absorption, MJ/m3

Pine
0
90

84
5.9

3500
116

8.59
1.05

8312
447

9.99
3.36

Birch tree
0
90

160.7
16.1

In addition to pine and birch, specimens of sequoia were investigated jointly with
Los-Alamos National Laboratory (LANL) for specimens sectioned at 0°, 30° and 90°
relative to the fiber direction. In the Research Institute of Mechanics at University of
Nizhny Novgorod (RIM UNN) specimens were investigated under conditions of both
uniaxial stress state and uniaxial strain (specimen in a rigid confining jacket).
The results of static tests for sequoia loaded under uniaxial stress state are shown in
Fig. 6. It is clearly seen that the specimens cut at 0° have the greatest strength and the
greatest loading modulus, and the least for specimens cut at 90°.
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Fig. 6. Static properties of sequoia
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A set of dynamic stress-strain curves was also obtained for samples subjected to multicycle loading. They were obtained for different stress-strain states for sequoia specimens
cut at different angles between the loading direction and the wood fiber orientation
(Fig. 7). Under uniaxial stress loading, the strength properties of sequoia were found to be
higher whereas the deformation behavior is lower under uniaxial strain conditions. The
results also show strong anisotropy is displayed by sequoia. These results can be utilized
to parametrically identify that wood is an anisotropic material.
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Fig. 7. Behavior of sequoia under uniaxial strain (solid lines)
and under uniaxial stress state (dashed lines):
1 − loading along fibers, 2 − loading across fibers

It is interesting to compare the obtained dynamic properties of sequoias with the
results of similar tests performed in other laboratory. Figure 8 shows stress-strain curves
for samples sectioned at angles of 0°, 30°, and 90° obtained at LANL. Unfortunately in
these studies, a higher degree of specimen deformation was not achieved because only
single loading of the specimen was performed. Specifically, when loading was conducted
along the fibers, the amplitude of the loading wave was insufficient to fail the specimen,
therefore, it is impossible to estimate the ultimate strength of the sequoia wood.
0°

Stress, MPa

60
40

30°

20
0

90°

0

0.025

0.050
Strain

0.075

0.100

Fig. 8. Sequoia properties at different angles of specimen cutting obtained at LANL

Figure 9 shows quasi-static stress-strain curves for the three cutting-out angles, as
well as dynamic curves obtained independently at RIM UNN and LANL. Good coincidence
of results between the two testing labs is seen. The undoubted advantage of the results
obtained in RIM UNN is a greater degree of deformation achieved due to the use of the
multi-cycle loading system.
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Fig. 9. Static and dynamic properties of sequoia

Two independent strain gauges glued on the side surfaces of the confining jacket
(Fig. 2) made it possible to estimate the non-uniformity of the specimen's radial expansion:
in one plane the confining sleeve is extended, and in the other plane it is reduced. Accordingly, the components of the radial stress σ2 and σ3 in the specimen can have different
polarity (Fig. 10). These data should be used in the construction of a complex anisotropic
wood model, taking into account the different material behavior, while not only in
compression and tension but also in relation to the loading direction to the fibers orientation.
It was found that the lateral confinement strongly affects the stress-strain behavior of
sequoia suppressing cracking along the fibers and thereby slowing down the damage
evolution leading to failure. Quantitative assessment of the dynamic properties of wood
will be used to equip models of wood taking into account its anisotropic properties. Such
models are necessary for accurate physically-based predictive engineering numerical
modeling and optimization of protective structures using wood as a damping material.
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Fig. 10. Anisotropy of sequoia properties under uniaxial deformation

Conclusion

Studies have shown a significant dependence of the strength and deformation properties
of several wood species depending on the sample orientation relative to the wood grain.
This orientation dependency must be taken into account when numerically modeling the
behavior of wood under dynamic loading. Under conditions of uniaxial deformation, the
nonuniformity of the radial expansion of specimens of sequoia as a function of loading
directions relative to the wood fibers was estimated. It was found that the lateral confinement
strongly affects the stress-strain behavior of sequoia wood suppressing cracking along the
fibers and thereby slowing damage evolution leading to fracture. These data should be
used in the derivation of complex wood models, taking into account the different material
behavior as a function of the inherent anisotropy in wood, while not only in compression
and tension, but also in relation to the loading direction to the fiber orientation.
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Äðåâåñèíà øèðîêî èñïîëüçóåòñÿ â êà÷åñòâå ìàòåðèàëà, àìîðòèçèðóþùåãî óäàðíîå âîçäåéñòâèå â ðàçëè÷íûõ ñïåöèàëüíûõ ñëîèñòûõ çàùèòíûõ êîíñòðóêöèÿõ, íàïðèìåð â êîíòåéíåðàõ äëÿ òðàíñïîðòèðîâàíèÿ îïàñíûõ âåùåñòâ: îòõîäîâ ÿäåðíîé ýíåðãåòèêè, êîìïîíåíòîâ
ÿäåðíûõ âîîðóæåíèé, øèðîêîãî êðóãà òîêñè÷íûõ âåùåñòâ è ò.ä. Äëÿ ïðîåêòèðîâàíèÿ òàêèõ
êîíñòðóêöèé è ìîäåëèðîâàíèÿ èõ ïîâåäåíèÿ â óñëîâèÿõ äèíàìè÷åñêîé íàãðóçêè íåîáõîäèìû ìîäåëè, îñíàùåííûå àóòåíòè÷íûìè ïàðàìåòðàìè. Ïîñêîëüêó äðåâåñèíà ÿâëÿåòñÿ ñèëüíî àíèçîòðîïíûì ìàòåðèàëîì, ýòîò ýôôåêò ñëåäóåò ó÷èòûâàòü ïðè ÷èñëåííîì ìîäåëèðîâàíèè ñ èñïîëüçîâàíèåì ìàòåìàòè÷åñêèõ ñîîòíîøåíèé îðòîòðîïíîãî òâåðäîãî òåëà. Â óñëîâèÿõ îäíîîñíîãî íàïðÿæåííîãî ñîñòîÿíèÿ èññëåäîâàíî ïîâåäåíèå òðåõ êîíñòðóêöèîííûõ ïîðîä äðåâåñèíû: ñîñíû, áåðåçû è ñåêâîéè − ïðè âûñîêèõ ñêîðîñòÿõ äåôîðìàöèè. Äëÿ äîñòèæåíèÿ áîëüøåé ñòåïåíè äåôîðìàöèè èñïîëüçîâàëñÿ ðåæèì ìíîãîöèêëîâîãî íàãðóæåíèÿ îáðàçöà. Ïîëó÷åíû äèàãðàììû äåôîðìèðîâàíèÿ ñîñíû è áåðåçû ïðè íàãðóæåíèè âäîëü è ïîïåðåê âîëîêîí. Îïðåäåëåíû ïðî÷íîñòíûå è äåôîðìàöèîííûå (â òîì ÷èñëå ïðåäåëüíûå) õàðàêòåðèñòèêè èñïûòàííûõ ïîðîä äðåâåñèíû. Ïîêàçàíî, ÷òî ïðî÷íîñòü äðåâåñèíû âäîëü âîëîêîí ïðèìåðíî â 10 ðàç âûøå, ÷åì ïðî÷íîñòü ïîïåðåê âîëîêîí. Ïðåäåëüíûå äåôîðìàöèè
ïîïåðåê âîëîêîí ñóùåñòâåííî âûøå, ÷åì âäîëü âîëîêîí. Äëÿ ñðàâíèòåëüíîé îöåíêè äåìïôèðóþùåé ñïîñîáíîñòè áûëà îïðåäåëåíà ýíåðãîåìêîñòü ñîñíû è áåðåçû. Îòìå÷åíî, ÷òî áåðåçà îáëàäàåò áî′ ëüøèì ýíåðãîïîãëîùåíèåì, ÷åì ñîñíà, ïðè÷åì êàê âäîëü, òàê è ïîïåðåê
âîëîêîí.
Äëÿ ñåêâîéè ïðîâåäåí àíàëèç âëèÿíèÿ âèäà íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ
íà ïðî÷íîñòíûå è äåôîðìàöèîííûå ñâîéñòâà. Âûðåçêà îáðàçöîâ è ïîñëåäóþùåå íàãðóæåíèå áûëè ïðîâåäåíû ïîä óãëàìè 0, 30 è 90° ê íàïðàâëåíèþ âîëîêîí. Â óñëîâèÿõ îäíîîñíîé
äåôîðìàöèè îöåíåíà íåðàâíîìåðíîñòü ðàäèàëüíîãî ðàñøèðåíèÿ îáðàçöîâ ñ ðàçëè÷íûì íàïðàâëåíèåì âûðåçêè îòíîñèòåëüíî âîëîêîí. Îáíàðóæåíî, ÷òî áîêîâîå îãðàíè÷åíèå ñèëüíî
âëèÿåò íà íàïðÿæåííî-äåôîðìèðîâàííîå ïîâåäåíèå ñåêâîéè, ïîäàâëÿÿ òðåùèíû âäîëü âîëîêîí è òåì ñàìûì çàìåäëÿÿ ðàçðóøåíèå.
Êëþ÷åâûå ñëîâà: äðåâåñèíà, àíèçîòðîïèÿ, èñïûòàíèå â îáîéìå, ìíîãîöèêëîâîå íàãðóæåíèå.
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