
Chapter 26
Deformation and Destruction at Deformation
Rate of Order 103 s−1 in Wood of Hardwood
Trees

Anatoliy Bragov, Mikhail Gonov, Aleksander Konstantinov, Andrey Lomunov,
and Tatiana Yuzhina

Abstract Tests on birch and aspen with different directions of cutting samples
relative to the location of the fibers were performed. The tests were carried out on
the installation with a Split Hopkinson Pressure Bar (SHPB) that implements the
Kolsky method. The angles between the direction of application of the load and the
direction of the location of the fibers were 0◦, 30◦, 45◦, 60◦ and 90◦. The experiments
were carried out at temperatures of −40◦C, +20◦C and +60◦C. The strain rate was
of the order of 103 s−1. Dynamic stress-strain diagrams were obtained. The greatest
steepness of the load branches and the greatest destructive stresses were observed
for samples with a cutting angle of 0◦. The smallest values of these parameters are
noted at 90◦ cutting angle. It is noted that as the temperature of the test decreases,
the magnitude of the stresses at which the specimens are destroyed increases for
all the cutting angles of the specimens. There is a tendency to a decrease in the
diagrams at a temperature of +60◦C compared with the results at room temperature
for almost all tested wood batches. At the same time, both the modules of the loading
and unloading branches and the limiting (destructive) stresses decrease.

Keywords: Wood · Dynamic testing · Split-Hopkinson Pressure Bar · Cyclic com-
pression · Shock loading

26.1 Introduction

In recent years, the number of shipments of nuclear waste, components of nuclear
weapons, a wide range of toxic substances, etc. has increased, as well as grew up with
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safety requirements during transportation. Calculations of the stress-strain state and
strength of containers in which the above materials are transported are of particular
importance. The problems of analyzing possible emergency situations are becom-
ing more urgent. They are possible during transportation, may be accompanied by
intense dynamic effects in the fall of containers, terrorist acts, man-made disasters,
etc. Wood of different species can be used as one of the materials damping shock or
explosive loading (Buchar et al, 2000; Adalian and Morlier, 1998; Eisenacher et al,
2013). It can mitigate the effects of such effects on containers and their contents. To
reliably calculate the behavior of containers with similar damping materials under
shock effects, data on the properties of wood are necessary. In particular, the dynamic
stress-strain diagrams. Wood is a natural polymer composite material that has been
used throughout history in wide technical applications (Johnson, 1986; Neumann,
2009). Timber has many advantages, including low weight, environmental friendli-
ness and renewability. Knowledge of mechanical properties is the basis of theoretical
models and engineering analysis. In wood, grain structure, density, moisture, annual
rings and other natural factors are variable, but they must be taken into account when
developing models of wood behavior, including dynamic effects. A composite model
of wood has been studied over the years and has made significant progress. New mod-
els can consider the influence of temperature and strain rate, and in most cases can
satisfy the requirements for wooden structures under impact loadings. However, the
complexity of wood means that no model can be used for all purposes, and different
models must be used to solve various specific problems. Simple theoretical models
have been developed and continue to be developed to describe the consequences of
phenomena that are caused by inertial effects active on the scale of the cellular struc-
ture of wood, i.e. microinertial effects. From the point of view of materials science,
these models are based on the assumption that the tree is insensitive to speed, and
the increase in destructive stresses is explained by the influence of inertial effects,
and not the effects of viscoelasticity or viscoplasticity. In Reid et al (1993); Reid
and Peng (1997); Harrigan et al (2005), a wood model was proposed that takes into
account precisely the inertial effects. Misra suggested treating wood as a viscoelastic
material that undergoes damage using the granular micromechanics approach (Misra
and Singh, 2013; Misra and Poorsolhjouy, 2015, 2016; Giorgio et al, 2019). This
approach assumes that the material has a granular mesostructure and is considered as
a discrete or a particulate system. A micro-mechanical model devoted to study large
deformations of cohesive granular media subjected to quasi-static external actions
is presented and discussed (Turco, 2018). In recent years, scientists have focused on
studying the effect on the mechanical properties of wood of its density, moisture,
structure, cutting angle and type of stress-strain state (Widehammar, 2004; Allazadeh
and Wosu, 2012; Zhao et al, 2016; Wouts et al, 2016). In these works, for a number
of wood species, the most important characteristics were obtained, such as dynamic
strain diagrams, ultimate strength and deformation characteristics, fracture energy,
and the dependences of these characteristics on the strain rate were constructed.
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26.2 Experimental Methods and Investigated Samples

Fig. 26.1 Scheme of the set-up for compressive tests implements the Kolsky technique

The installation, which implements the Kolsky technique with a split Hopkinson
pressure bar (figure 26.1) was used to study the dynamic properties of wood under
compression (Bragov and Lomunov, 1995).

The Kolsky method (Kolsky, 1949) is based on the one-dimensional theory of
the propagation of elastic waves in long thin bars. Traditionally, a system for testing
under uniaxial compression consists of two long bars (loading and supporting) with
sufficiently high yield strength as well as a thin sample in the form of a tablet located
between their ends. Using a compact gas gun, an elastic compression pulse with
amplitude proportional to the velocity of the impactor is excited in the loading bar.
The measurement of elastic strain impulses in measuring bars is performed using
low-base strain gauges glued on the lateral surface of measuring bars. During the
test, the loading strain pulse εi(t) is recorded, the shape, amplitude and duration of
which are determined by the choice of the length, material and speed of the striker
accelerated in the barrel of the gas gun. The monitoring of this impulse allows one to
evaluate the identity of the loading conditions of the test sample (in order to reveal the
dispersion of properties), or to reveal the influence of any loading parameter on the
dynamic behavior of the material under study. In addition, the reflected εr(t) from
the sample and the transmitted εt(t) through it strain pulses are recorded, which are
the “responses” of the material to the applied load and make it possible to construct a
dynamic σ(ε) diagram of the test specimen under uniaxial stress condition (Kolsky,
1949).

The split-Hopkinson pressure bar had a diameter of 20 mm, made of aluminum
alloy D16T. When testing wood, foam and loose soils there is a big difference in the
acoustic impedances ρC (ρ and C are the material density and the sound velocity
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in it, respectively) of the measuring bars and the specimen. The amplitude of the
reflected pulse can reach 90% of the amplitude of the loading wave. In this case,
the specimen is exposed to several loading cycles. To reliably record repeated loads
during one experiment, it is necessary to exclude the effect on the loading process
in the second and subsequent cycles of the pulse transmitted through the sample 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
with the length of the loading bar (Bragov et al, 2001). The length of the supporting
bar is increased by as many times as the loading cycles need to be registered. In this
series of experiments, the loading bar had a length of 1.5 m, a supporting bar was
4.5 m, which made it possible to record one main and two additional loading cycles
(figure 26.2).

Fig. 26.2 Picture of wave
propagation in the SHPB
system during the registration
of three sample loading cycles.

The mechanical properties of wood depend on the density, moisture, and even for
one species are not the same, this is a consequence of different growing conditions
of trees. In addition, the mechanical characteristics, such as elastic moduli, tensile
strength and compression, can be significantly affected by the variability of properties
in different parts of the trunk, different moisture, porosity, width of annual rings, etc.
Some static characteristics of aspen and birch at a moisture of ∼ 15% are presented
in the table 26.1.

Specimens of air-dry birch and aspen (figure 26.3) for testing 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 moisture content of the
specimens was ∼ 10%. The moisture content of the samples was determined by the
difference in mass of the sample in the initial state and after drying in an oven at
a temperature of 100◦C for 6 hours. To assess the degree of anisotropy, the angles
between the direction of application of the load and the direction of the location of
the fibers were 0◦, 30◦, 45◦, 60◦, and 90◦ for each material. The tests were carried
out under uniaxial stress conditions. Since containers can be transported in different
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Table 26.1 Static properties of the test woods

Wood
species

Density,
g/cm3

Moisture,
%

Compressive modulus Strength along

along the
fibers, MPa

across the
fibers, MPa

at stretch-
ing, MPa

under com-
pression,
MPa

Birch 0.62 15 16660 1124 120 45
Aspen 0.50 15 - - 111 37

Fig. 26.3 a) Aspen specimen, b) Birch specimen

climatic conditions, the tests were carried out at room temperature, as well as at
temperatures of +60◦C and −40◦C.

For testing specimens at elevated temperatures (+60◦C) a miniature oven was
used. It has a tubular structure. The tube oven is put on the ends of the measuring
bars and the specimen located between them. For testing specimens at a temperature
of −40◦C, a detachable foam container was made. It contained a metal cuvette
with liquid nitrogen. The test temperature was regulated by decreasing or increasing
the gap between the lower and upper container halves. Samples before experiments
were kept at the required temperature for several hours due to the very low thermal
conductivity of the wood.

As an example, figure 26.4 shows diagrams σ∼ ε of birch specimens with differ-
ent directions relative to the wood grain orientation at different temperatures. Each
group is represented by two diagrams: one is characteristic of “elastic” deformation
of samples at a low strain rate (600 ... 800 s−1) and preserving their integrity. The
other characterizes the behavior of materials in the event of their destruction (at
strain rates of 1500 ... 3000 s−1). For each diagram, the dotted lines show the strain
rates histories, the corresponding axis is on the right. The diagrams are located on
the deformation axis conditionally with separation along the deformation axis. This
allows you to more clearly assess the effect of strain rate. It is better to consider the
initial sections of the diagrams, since they do not overlap each other.
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Fig. 26.4 Test results of birch specimens

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 (Bol’shakov et al, 2001; Bragov and Lomunov, 1997; Bragov et al,
2006). The largest values of the modules of the loading branches and failure stress
are inherent in the specimens for all wood species with a cutting angle of 0◦ to the
fiber orientation. The smallest values were for specimens with a cutting angle of
90◦. Significant stress relaxation is seen for small cutting angles. A decrease in the
bearing ability of the wood is seen for an increase in the degree of deformation. For
the cutting angle 90◦, the bearing capacity not only does not decrease, but, on the
contrary, the material exhibits a certain hardening property.

A similar set of diagrams was obtained when testing aspen (figure 26.5).
It is interesting to compare the properties of different wood species under the

same conditions. This is necessary to select the optimal breed for use in a protective
structure. You need to choose the material that has the greatest strength and damping
properties. As an example, Figure 26.6 shows a comparison of the properties of
two wood species at room temperature. The energy absorption of the material was
calculated as the area under the stress-strain curve. Sets of curves at different angles
of cutting are also located on the strain axis conditionally for convenience of consid-
eration. It is seen that birch has a higher strength properties and energy absorption,
both along and across the fibers. The strength of both tested wood species along the
fibers is an order of magnitude higher than across the fibers.

Quantitative assessment of the dynamic properties of wood will be used to equip
the developed forecast models with parameters. Such models are necessary for
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Fig. 26.5 Test results for aspen specimens

Fig. 26.6 Comparison of the strength properties and energy intensity of two wood specimens at
room temperature

numerical modeling and optimization of structures using different species of wood
as a damping material.

26.3 Conclusion

Dynamic testing of birch and aspen in a wide temperature range has been performed.
The long duration of the specimen unloading process is noted. It exceeds the duration
of the loading pulse several times. The entire unloading process of the specimen
cannot be recorded due to insufficient length of the measuring bars.
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There is a strong anisotropy of the properties of materials. Specimen with the
direction of the fibers along the direction of the load had the greatest strength. The
smallest across the direction of the load. The module of the load branch of the
diagrams is nonlinear and, as a rule, smaller than the module of the discharge branch
(while maintaining the integrity of the sample). The average value of the birch load
branch with an angle of 0◦ has the largest value in the temperature range studied. The
magnitude of the modules of the load branches of almost all batches of specimens at
low temperature is higher than at normal temperature. The nature of the deformation
and destruction of specimens strongly depends on the angle of cutting materials.

In this series of experiments with an angle of 30◦, after exhaustion of the material
the bearing ability, a section of relaxation was noted for both types of wood. This
area smoothly passes into the area of ideal “plasticity” (or even a small “hardening”)
until the end of the load. On the one hand, the reason for this behavior can be the
destroying of relatively weak bonds between obliquely spaced annual cylindrical
layers and the mutual displacement of these layers. On the other hand, the presence
of friction on the ends of the sample and a sufficiently small angle of “reinforcement”,
which limits this process and causes the fibers themselves to be included in the work.

With a decrease in the temperature of the test, the magnitude of the stresses at
which the destruction of the specimens occurs increases for all the tested rocks for
all the cutting angles of the specimen.

The obtained dynamic properties of wood will be used in the future to carry out
numerical calculations of the behavior of protective containers under conditions of
high-speed loading and the choice of their optimal design.
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