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Abstract The paper presents the results of an experimental study, as well as numer-
ical modeling of deformation and fracture of pine beams under dynamic loading.
Experiments are carried out on an installation implementing a dynamic three-point
bending scheme. To create a load and register the forces acting on the beams during
loading, the technique of measuring bars is used. Deflections are calculated according
to the Kolsky formulas based on data from measuring bars, as well as by direct
measurement using the digital image correlation method based on high-speed video
recording. A procedure for determining the ultimate strain of pine in perpendicular
to the fiber direction is proposed according to experiments on three-point bending of
beams. Modeling of dynamic three-point bending of beams in LS-DYNA is carried
out. To describe the behavior of pine, the MAT_WOOD material model is used.
The use in the model of the value of ultimate strain determined during the experi-
mental study allowed us to obtain a good coincidence of the crack formation time in
full-scale and numerical experiments.
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7.1 Introduction

In recent years, the number of shipments of nuclear energy waste, components of
nuclear weapons, a wide range of toxic substances, etc. has increased. The require-
ments for their safety during transportation have increased. Calculations of the stress—
strain state and strength of containers in which the above materials are transported
are of great importance. The problems of analyzing possible emergency situations
have particular relevance. Situations, accompanied by intense dynamic impacts,
are possible during transportation, falling containers, terrorist acts, man-made and
natural disasters. Due to the increasing requirements for environmental safety, the
problem of creating reliable aviation containers for the air transportation of radioac-
tive materials becomes very relevant and attracts the attention of researchers [1-5]. Its
complexity is due to the high levels of impacts characteristic of an aviation accident.

Wood of different tree species, having a relatively low density with sufficient
strength, is used as one of the damping materials. It is able to mitigate the results of
high-speed impacts on containers and their contents.

To date, wood is considered to be a material whose properties have orthogonal
anisotropy. When calculating wooden structures, an approximation of a transversally
isotropic material is usually used. The properties differ along and across the fibers for
the wood. For reliable calculation of the behavior of containers under impact, data on
the dynamic properties of wood are needed as well as reliable verified mathematical
models describing the behavior of wood under impact loads.

Wood in its structure is a complex natural composite cellular material similar to
cellular structures, metal ring systems, polymer foams, etc. Such materials, due to
their structure, have a good ability to absorb the energy of an impact or explosion [6].
In [7] has given a detailed historical overview of the use of wood in the 80 s of the
last century. Since the mechanical properties of wood strongly depend on the place
of growth, its age, and the place of sample cutting, the results obtained by different
authors may differ quite a lot from each other. In this connection, many scientists
around the world continue to study the dynamic properties of various types of wood.

The physical reaction of wood to dynamic loading is no different from other
materials, such as metals or rigid foams. However, for many years, the application
of the principles of impact mechanics to wood testing has been very limited, and
empirical approaches have often been preferred. Systematic studies of the dynamic
properties of five types of wood (balsa, pine, mahogany, American oak, and yucca) at
impact speeds up to 300 m/s are given in the works of Reid and co-authors [8—10]. In
these studies, the direct impact method was used, in which a Hopkinson measuring bar
was used to measure the forces. The tests were carried out both under uniaxial strain
and under uniaxial stress conditions. The samples were loaded both along and across
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the fibers. As a result, the values of ultimate stresses were obtained and the fracture
energy was determined. It turned out that the ultimate dynamic stresses are several
times higher than the static values, and their magnitude increases with increasing
impact velocity. The authors explained the growth of ultimate stress under dynamic
loading, based on the results of Ashby [11], by the influence of inertial effects on
mechanical properties at the micro level. The authors noted a significant difference
in the mechanical properties of wood samples tested along and across the fibers:
the strength along the fibers was an order of magnitude higher than across. A large
amount of dynamic tests of sequoia, birch, pine, and aspen was performed by S. A.
Novikov and his collaborators [12]. Cylindrical samples of sequoia and birch with a
diameter and height of 25 mm were cut at angles of 0°, 5°, 10°, 15°, 30°, 45°, and
90° relative to the direction of the fibers and tested for uniaxial compression by the
Kolsky method at temperatures of —30 °C, 4-20 °C, and +65 °C at a fixed humidity of
6—7%. Y. Byukhar and his collaborators [6, 13, 14] conducted studies of the behavior
of coniferous and deciduous wood species (spruce, pine, oak, beech, birch) under
intense dynamic impacts during explosive loading of wooden beams and slabs. In
their research, the authors used both experimental methods and numerical modeling
methods using the LS-DYNA software package. Static strength was determined by
tension, compression, and bending. At average strain rates, a three-point bending of
the beam under shock loading was used (the Sharpie test). For a strainrate of ~103s~!,
the Kolsky method was used. In addition, experiments were carried out on loading
plates with a thickness of 50 mm using a cumulative explosive device. The results of
the conducted experiments on explosive loading and their numerical modeling using
experimentally obtained mechanical properties of wood in mathematical models
showed a good qualitative and satisfactory quantitative correspondence.

In [15], dynamic tests of the European beech were carried out using the Kolsky
method in all the main directions of loading. In [16], the behavior under compression
of the seaside pine in the transverse (radial-tangential) plane under quasi-static and
high-speed deformation modes is considered. For tests at high strain rates, the Kolsky
method was used in combination with the digital image correlation method for recon-
struction of deformation fields. Quasi-static compression tests were also carried out
in order to compare the results. In [17], the behavior of fir under compression in two
orthotropic directions (longitudinal and transverse) was studied in a wide range of
strain rates from 2.2-1073 s=! to 1-1073 s~!. In [18], the SHPB (Split Hopkinson
Pressure Bar) system was used to study the dynamic fracture of dry maple wood.
To study the influence of the geometric dimensions of the samples on the behavior
during fracture with a high strain rate, samples of two different thicknesses were
made. In [19], a comprehensive experimental program was carried out studying the
mechanical behavior of maple and ash wood for a range of densities used for the
manufacture of basic baseball bats. The experimental program included a four-point
bending test to determine the elastic modulus and breaking force and a Sharpie test
to determine the deformation to failure depending on the strain rate and density of
wood. Then the material parameters were calibrated by modeling using the finite
element method of the Sharpie experiment in the LS-DYNA software package using
the MAT_WOOD material model.
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The paper [20] presents an overview of the mechanical properties and material
models for wood.

The literature describes many applications in which constitutive models of wood
were required, considering the strain rate. These may include wooden aircraft [21],
impacts during an atomic explosion [22], rams, warships, hammered wooden piles
for coastal structures, ballistic strikes [7], road fence posts and wooden road fences
[23-29], protective structures of bus stops from the impact of various objects in a
strong hurricane wind [30], enclosing structures of stables [31], wooden buildings
[32,33], wooden pallets for transporting goods, baseball bats and handles for working
tools are all examples in which medium and high—speed deformations can occur.

This paper presents the results of experimental and computational studies of the
behavior of wood beam samples under dynamic three-point bending.

7.2 Test Method and Proceeding Procedure

For dynamic loading generation and measuring of the dynamic deformation processes
of beams, the measuring bar technique was used. Initially, Hopkinson developed his
shock rod technique for measuring the pressure created by explosives [34]. This
technique was further developed by Davis [35] and Kolsky [36], therefore the Split
Hopkinson Pressure Bar (SHPB) is also known as the Kolsky setup. More detailed
information about the SHPB technique can be found in the review by [37] and in the
article by [38]. To determine the strength of the material during bending in static, a
scheme for three-point or four-point bending of the beam is used. A similar technique
has been tested for the case of dynamic loading of wooden beams. A general view
of the sample-loading scheme is shown in Fig. 7.1.

In the experiments, measuring bars with a diameter of 20 mm were used. The
ends of bars were cut into a wedge. Loading of the samples was carried out by a
striker with a diameter of 20 mm and a length of 400 mm through a steel measuring
bar. To increase the level of the strain gauge signal, duralumin measuring bars were
used as supports.

Fig. 7.1 The sample-loading scheme
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R=10 mm

R=4 mm

Fig. 7.2 Geometric parameters of the setup and the beam

The geometric parameters of the setup (the radii of the rounded bars and the
distance between the output bars) are shown in the left part of Fig. 7.2. The geometric
parameters of the sample beam are shown on the right side of Fig. 7.2.

For interpretation of the experimental data from the dynamic three-point bending
experiments the following formulas were used:

Bending velocity was calculated by formula:

Vp(t) =cy - (81 + 8R) —05- CT(SIT + 8;)

Beam deflection was calculated by formula:
t
Up(t) = { Vp(t)dt

Force acting on beam from input bar was calculated by formula:
F)=E;- 8- (' — &%)
Forces acting on beam from output bars were calculated by formula:

Fi(t)y=Er-Sr-¢f

Fy(t)=Er - Sr-e]
here &, e®R—the incident and reflected strain pulses in the input measuring bar,
81T, 82T —the transmitted strain pulses, measured in the output bars, c;—the sound
speed in the input bar material, c;—the sound speed in the output bar material,
E;, S;—the Young modulus and the cross section area of the input bar, E7, Sy—the
Young modulus and the cross section area of the output bar.

In addition to the standard to the measuring bar techniques strain gauge measure-
ments, the high-speed video registration was used to qualify the process of dynamic
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deformation of the beams (Fig. 7.3). The digital image correlation (DIC) technique
was used to determine the displacement and strain fields in the samples during
experiment.

The deflection of the beam was determined using the displacements of some points
in the sample (Fig. 7.4). The point PO was chosen near the incident bar and the points
P1 and P2—near the output bars as shown in Fig. 7.4. The time history of the beam
deflection was calculated by formula:

UP'“y=U0@) - 05- (U™ + U (1)

where UF(t), UP!(t) u UP?(t)—vertical displacements of point PO, P1, and P2.

The time histories of the vertical displacements of the points PO, P1, and P2
(solid lines) and the deflection (dotted line) of the beam during the dynamic loading
determined using the DIC method are shown in Fig. 7.5.

Fig. 7.3 Video registration tools

Fig. 7.4 Positions of the points to identify the deflection of the beam
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Fig. 7.5 The displacements and deflection determined using the DIC

Figure 7.6 shows a comparison of the deflections of the beam calculated according
to the above Kolsky formulas (blue solid line) and determined using the DIC method
based on high-speed video registration (orange dotted line). It can be seen that the
deflection obtained by the DIC method is noticeably smaller. This is due to the
fact that indirect displacement measurements using measuring bars do not actually
register displacements of beam points, but only displacements of the bars themselves.
Since wood is a soft material, there are local deformations of beams in places where
metal bars affect them. Due to imperfections, gaps are also sampled. This leads to a
difference in the values of deflections measured in different ways. It should be noted
that the maximum deflection difference is about 0.2 mm.
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Fig. 7.6 Comparison of beam deflections calculated according to the Kolsky formulas and
measured using DIC
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To assess the ultimate strength characteristics of the wood, according to high-
speed video recording data, deformation fields (normal components of the strain
tensor in the direction of the beam axis) were determined at each moment of time.
An example of deformation field, in the frame preceding the initiation of the crack,
is shown in Fig. 7.7. It can be seen that compression strains take place on the loaded
surface, and tension strains take place on the opposite surface. For further analysis
and evaluation of the fracture strain, the distribution of strains along the line shown
in Fig. 7.7 was determined.

Figure 7.8 shows the process of crack generation and growth during dynamic
beam bending.

o.omz
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00022
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Fig. 7.8 Kinogram of the beam deformation process
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Experimental studies have shown that the distributions of strains along the thick-
ness of the sample are linear up to the moment preceding the fracture initiation, and
the neutral axis of the beam coincides with its geometric center.

The specificity of the digital image correlation method is that the displacement
and deformation fields are not determined for the entire surface of the sample. These
values are not calculated on the part of the surface near the boundary (as can be seen
in Fig. 7.7).

This is because deformations in the DIC method are calculated at the central
points of elementary patterns (yellow rectangles in Fig. 7.9), which are used to track
movements. The patterns cannot be too small, since the pattern must be unique and
recognizable for the algorithm. As a result, a zone is formed at the border of the
sample, the width of which is equal to half the size of the elementary pattern. The
deformation parameters in this zone are unknown. Since the fracture originates on
the surface of the sample, extrapolation is necessary for a correct assessment of the
fracture strain value.

Figure 7.10 shows the result of extrapolation of strains from the area processed
by the DIC method to the sample boundary.

Fig. 7.9 Partitioning of the sample surface into zones when using the DIC method

Fig. 7.10 Extrapolations of strains to the sample boundary
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It can be noted that the maximum tensile strain in the processed region is 2.9%,
and the extrapolated value is 3.3%. By repeating a similar procedure for each frame,
it is possible to calculate the time dependence of the extrapolated strain value for
each moment of time. To assess the loading conditions, the value of the strain rate
was determined by differentiating the time history of strain.

7.3 The Results of Experiments

Experiments according to the scheme described above were carried out on pine beam
samples. The samples were cut in such a way that the fiber was oriented along the
width (b) of the sample (Fig. 7.11). The loading scheme, the designations of the
sample sizes and the orientation of the fibers are shown in Fig. 7.11. The velocity of
the striker was about 8 m/s.

Figure 7.12 shows the time dependences of the deflection of beams obtained under
close loading conditions. Solid lines show the data calculated according to the Kolsky
formulas, and dotted lines correspond to the dependencies determined by the DIC
method. As noted earlier, deflections calculated from signals from measuring bars
turn out to be larger than deflections determined from digital images.

Fig. 7.11 Beam testing
scheme

Fig. 7.12 Time dependences 1.4
of deflection of beams 124 .
€ 10 Jr—_—
£ o
g 0.8 1
8 06 bb338-01
(]
0.4 4 - bb338-02
k) bb338-03
S 021 bb338-04
bb338-05
0.0
0 100 200 300 400

time, mks
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Figure 7.13 illustrates the time dependences of the forces acting on the beam
during the test. The forces were determined by strain gauge signals from output
measuring bars. It is possible to note the good repeatability of the test results carried
out under similar conditions. The maximum value of the force was 5 kN.

Figure 7.14 shows the results of measurement of the history of tensile strain
across the fibers (left) and the corresponding strain rate (right) obtained using the
DIC method. When testing the beams, a tensile strain rate of about 700 s~ was
obtained. The values of the fracture strain are ~3.5%.
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Fig. 7.13 Time dependencies of forces
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Fig. 7.14 Results of direct measurement of strain (left) and strain rate (right) by DIC method
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7.4 Material Model

To model the behavior of wood in code LS-DYNA, there is a MAT_WOOD model,
which is described in [39-41].

Within the framework of this model the following features of the behavior of
wood are laid down:

The transversally isotropic behavior of the material is assumed.

Irreversible deformation of the material is taken into account.

The deformation hardening of the material is taken into account.

The change in the properties and fracture of the material is laid within the
framework of the theory of the damaged medium.

e It is possible to take into account the influence of the strain rate on the strength
characteristics.

A distinctive feature of the MAT_WOOD model is the predefined set of parameters
embedded in it for two types of wood: yellow pine and Douglas fir.

The theoretical foundations of the MAT_WOOD model are described in [41]. It
is noted that wood is a fairly diverse material, however, a number of features can be
distinguished that differ it from other materials. The stiffness and strength charac-
teristics of wood depend on the direction and differ for the longitudinal, radial, and
tangential directions. The direction of the fiber is taken as the longitudinal direction. It
is also noted that for modeling purposes, differences in properties in radial and tangen-
tial directions are insignificant, therefore, the behavior of wood is usually described
by a transversally isotropic model, and the terms “parallel” and “perpendicular” are
used to classify directions.

The strength characteristics of wood also differ for different types of loading:
compression, tension, and shear. The behavior of the material when tensioned in the
“parallel” and “perpendicular” directions, as well as when sheared close to linear
up to fracture (brittle behavior). When compressed, the wood behaves non-linearly,
there is a visco-plastic flow.

The wood model implemented in LS-DYNA includes the following components:

Linear equation of state for elastic region;

The criterion of fracture;

The law of plastic flow;

The law of hardening;

The law of softening (degradation of properties) as damage accumulates;
An equation describing the effect of the strain rate on the fracture stresses.

7.5 Modeling of Impact Bending of a Wooden Beam

Using the MAT _WOOD_PINE model, the simulation of the process of high-
speed bending of beams was carried out on the basis of the experimental scheme
described earlier. The simulation was carried out using LS-DYNA with the use of
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Fig. 7.15 Setting up a
dynamic beam bending
simulation

input bar 1 l Upo(t)

2 Upi(t) 3 1 Up2(t)

output bar 1 output bar 2

an explicit scheme for integrating equations in time and the finite element method
in a Lagrangian formulation for space discretization. The problem was solved in a
three-dimensional formulation. The geometric formulation of the problem and the
boundary conditions are shown in Fig. 7.15. The loading (1) and supporting (2 and
3) bars were modeled by non-deformable bodies, for which time dependences of
vertical displacements were applied. Those time histories were determined by the
digital image correlation method according to the data of a full-scale test.

In the full-scale experiment, crack initiation began at the time between frames
corresponding to 309 and 324 microseconds (in the time frame in which the boundary
conditions were calculated). When using the MAT_WOOD model with default
strength parameters, no beam fracture was observed in the calculation.

As an experimental study has shown, a crack initiates with a tensile strain of about
3.5%. This corresponds to a value of ultimate stress of about 8.6 MPa. The results
of modeling the impact three-point bending of the beam after making appropriate
adjustments to the model are shown in Fig. 7.16. The red color corresponds to the
fractured material.

When the size of the final element decreases, multiple cracks appear in the fracture
zone (Fig. 7.17), but the moment of the initiation of the first fracture practically does
not change.

7.6 Conclusions

Modern tools for recording fast-flowing processes, such as the digital image correla-
tion method based on high-speed video recording, allow us to obtain comprehensive
information about the process of deformation of samples under shock loading. Based
on this method, a scheme for determining the ultimate deformation of fracture during
dynamic three-point bending of beams is proposed and implemented. The determi-
nation of the ultimate deformation is carried out by extrapolation of the strain fields
determined by the DIC method. The loading conditions (strain rate) are estimated by
differentiating the histories of deformation changes at the crack initiation point. The
value of the ultimate tensile strain in perpendicular direction of pine is determined
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Fig. 7.16 Fracture of the beam during dynamic bending

Fig. 7.17 The influence of the grid size on the simulation results
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from experiments on three-point bending. Obtained value was about 3.5%. The strain
rate at the moment of fracture was about 700 1/s. The use of the specified value of
the ultimate strain in the model made it possible to reliably predict the destruction
of the beam in a numerical experiment for dynamic three-point bending.
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