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Abstract: The mechanical properties of wood, respectively the elastic, plastic, and strength properties,
depend on a large number of factors, due both to its structural and physical characteristics, as well
as to the size, direction, nature, and speed of application of forces. Wood, generally considered
to be a viscous-elastic material, has creep deformations over time under the effect of a constant
load. In this study the behavior of pine wood samples was investigated due to its large utilization
in different finished products, such as roof construction, furniture, outdoor applications, garden
furniture, and toys. The paper aims to analyze the viscoelastic behavior of pine wood subjected
to cyclically loading to traction-compression with different loads (1 kN; 1.5 kN; 2 kN), applied at
different speeds (1 mm/min; 10 mm/min). It was observed that, at low speeds (1 mm/min) and low
intensities of the applied force, it was possible to distinguish the three creep regions specific to wood:
the primary area (primary flow), the secondary area, and finally the tertiary creep. As the force
increases, the law of variation of the wood flow changes. The degradation of longitudinal elasticity
modulus occurs with the increase of the number of cycles, so after 20 alternating symmetrical cycles
of traction-compression of the pine wood samples, there is a decrease of its values by 35%.

Keywords: pine wood; symmetric axial cyclic loading; viscous-elastic behavior; degradation of
mechanical properties; creep

1. Introduction

Wood, due to its polymeric and layered structure, is considered a natural composite material.
Thus, the late wood and early wood can be considered composite layers [1,2]. Their widths, proportion
and density vary, depending on the specific environment and soil conditions from year to year [3].
Wood consists of a very complex system of fibers, cells, cementing substances, etc., whose physical and
chemical cohesion poses particular problems in the calculations of strength and rigidity, compared
to homogeneous and isotropic materials such as, for example, metals [4-6]. Nowadays, wood and
wood-based materials have re-entered the attention of architects and builders, being a material
with numerous physical, mechanical, acoustic, and workability qualities. Numerous studies on
the mechanical properties of softwood used in construction have been conducted to highlight the
correlations between wood structure, quality class, type of mechanical stress, and failure modes [2,7,8].

Taking into account the structural changes produced by cyclic stresses as well as the modification
of the tensile breaking section of wooden samples, Christoforo et al. [4] present a mathematical model
for determining the shape coefficient that expresses the relationship between the actual breaking area
and the theoretical area. The tension is distributed at the request of parallel traction with fiber of the
different wood species from Brazil.
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However, the cyclic stresses of wooden structures lead to a constant reduction of wood strength
by accumulating deformation energy and producing plastic deformations at the cell walls. Studies
have shown that, to predict the behavior of wood over time, the design and construction of structural
elements must take into account not only the values of allowable stresses, but also the ability to load
wood under cyclic load, respectively the creep and relaxation function of wood [9-11]. Gong et al. [1]
analyzed the failure mechanism of softwood subject to compression cyclic stresses parallel to the
fibres, noting that the process of mechanical degradation is accompanied by a structural degradation
characterized by three stages: kink initiation, kink growth, and finally macroscopic failure. Similar to
the composite materials and kinking fibres of them studied by Pinho et al. [12], the wood fibres kinking
failure occurs because of local microstructural defects, such as fibres misalignments and longitudinal
cracking. the wood fibres misalignments lead to shearing stresses between the fibres and longitudinal
cracks or parenchyma rays’ disposals act as stress concentrators.

Konstantinov et al. [9] analyzed the influence of the texture orientation of the wood on the
strength and deformation properties of wood and also the degradation of mechanical and dynamical
properties of wood subjected to cyclic loads in the conditions of lateral confinement, being studied
three species: pine, birch and sequoia. They noticed that 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. Yildirim et al. [13] examined the fatigue and static strength of
Scots pine and beech wood subjected to bending test. They noticed that the fatigue failures began to
occur as the stress level was or above 40% of Scots pine specimen’s average of modulus of rupture
(MOR) and for beech specimens, fatigue failures began to occur when the stress level was above 50% of
beech specimen’s average MOR. Some studies analyze the fatigue behavior of chemically or thermally
modified wood compared to control samples, finding that both the modulus of bending elasticity
(MOE) increased by about 21% in the case of pine wood modified by impregnation with phenol
formaldehyde resin [10]. Regarding the behaviour of Scots pine (Pinus sylvestris) as control samples
and thermally modified subjected to cyclic bending, Sharapov et al. [11] performed studies applying
asymmetric sinusoidal cyclic oscillations at 20 Hz frequency and load ratio p = 0.3. Three types of
variables they analyzed in experiments: the thermal treatment temperature (160, 190, and 220 °C),
the number of bending oscillations (103, 505 x 103 and 106), and the equilibrium moisture content at
target climates of 20 °C and 35%, 65%, and 95% relative humidity (RH). Sharapov et al. [11] considered
that the main influence on the residual MOR consist of the initial moisture content of the specimens
before fatigue testing and the maximum thermal modification temperature. Based on experimental
observations and mathematical models, Hassani et al. [14] and Andrianopoulos et al. [15] developed
a three-dimensional orthotropic mechanical and mathematical model of wood, taking into account
both the components of total deformation and rheological expressions, principles of moisture-stress
analysis. In previous studies, Stanciu et al. [16,17] investigated the rheological characteristics of the
black locust wood samples chemical treated with ammonia [16] and natural fibers composites [17]
in terms of complex modulus, with its two components (the conservation modulus E” and the loss
modulus E”) and the damping factor were determined dynamic mechanical analysis (DMA).

While numerous studies have presented failure analyses of wood subjected to axial stresses (or
tensile or compression) or flexural stresses, little information is available about the structural and
mechanical degradation of wood (softwood) subjected to symmetric axial cyclic tension, obtaining the
Bauschinger effect. Wooden constructions, new or heritage, are subject to variable loading, such as
precipitation (snow), wind, or dynamic loads from earthquakes, which requires a knowledge of the
mechanical properties of wooden components, behavior over time, along with a description detailed
defects or their degradation (resistance reduction factors). Pine wood, along with spruce wood, and fir
wood, is very widely used in making construction/building elements that are subjected to loads in
different directions and with different intensities and duration. So, the objective of the current study is
to analyze the degradation of mechanical properties and structural failure produces by symmetric
axial cyclic loading of Scots pine samples (Pinus sylvestris). The novelty of the paper consists of better
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understanding of the mechanical behavior of softwood and determination of the hysteresis loops to
tensile and compression. Also, the structural modifications of wood cells are presented by means of
optical microscope.

2. Materials and Methods

2.1. Preliminary Tests

The wood species analyzed in this research was Scots pine samples (Pinus sylvestris) with 12%
moisture contents (provided by the norm EN 384: 2004) [18]. In the first stage, a set of samples with
different loading speeds were tested for tensile to rupture, in order to establish the maximum value of
the load to alternating symmetrical cyclic stresses (Figure 1a). In Figure 1b, the characteristic curves of
pine wood samples to different speed loading are presented. It can be noticed that the yield point for
loading speed of 1 mm/min is around of 1kN force and for loading speed of 10 mm/min, yield point
corresponds to a load of 2 kN. From the preliminary results, the cyclic loading will range between 1 kN
and 2 kN, with loading speeds of 1 mm/min and 10 mm/min.

— 1 mm/min <o 5 mm/min ----10 mm/min = =15 mm/min — =20 mm/min
10000
8000
Z 6000
[T
©
©
9 4000
| S
2000 i A Yield point for loading speed of 10 to 20 mm/min (F=2kN)
Yield point for loading speed of 1 mm/min (F=1kN)
0
0 0.05 0.1 0.15 0.2
Extension (mm)
(a) (b)

Figure 1. The preliminary test: (a) tensile test; (b) characteristic curves of pine wood subjected to tensile
with different loading speeds.

2.2. Materials

Based on ASTM 04.10 Wood D143-09 [19] and EN 408 (2010) + A1 (2012) [20], the procedures and
samples for axial cyclic tests were developed. The 18th cases as combination between loading intensity,
number of cycles and speed of loading were analyzed on samples of solid wood of Scots pine cut
radially, having the nominal dimensions of length L = 150 mm, width b = 15 mm, thickness & = 5 mm
(Figure 2a). The Scots pine wood samples used in this study come from the Carpathian Mountains but
they are provided by the trade market where ordinary customers buy it. The annual ring width of
specimens ranges between 1.5 mm to 3 mm, so the Scots pine wood samples shows larger spreading of
its annual values as Silvestru Grigore et al. [3] noticed.
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(a) (b) (c)

Figure 2. Experimental set-up: (a) the geometry of tested samples; (b) details of the sample in clamping
jaws of the testing machine during the symmetric cyclic loading to tensile-compression; (c) Failure
mode of sample tested to cyclic loading.

The first category of tests denoted Al was the one in which the samples were subjected to loading
with a speed of 1 mm/min with the force intensity of +1000 N, being formed by three sets of samples.
The first set of samples P1, P2, P3 was subjected to the tensile-compression stresses parallel to wood
grain in turn at 1 cycle (sample P1); at 10 cycles (sample P2) and at 20 cycles (sample P3). The next
set of samples (B1) was subjected to symmetrical cyclic stresses with a speed of 1 mm/min with the
force intensity of £1500 N in the same manner as previous samples: at 1 cycle (sample P4); at 10 cycles
(sample P5) and at 20 cycles (sample P6). The C1 group of samples was subjected to cyclic stress at
a load intensity of £2000 N, the loading speed of 1 mm/min, at 1 cycle (sample P7), at 10 cycles (sample
P8), and at 20 cycles, (sample P9). The second category of pine specimens denoted with A10; B10; C10
was subjected at a speed of 10 mm/min, having similarly to the first category, three sets of samples
tested at different intensities of the applied load. The input data of tested samples are presented in
Table 1.

Table 1. Input data for experimental tests.

Gauge Length Speed Limit of Tensile/

Set of Tests ~ Sample No of Cycles . Width (mm) Thickness (mm)  Area (mm?) Compression
(mm) (mm/min) :
Loading (kN)

P1 1 60 1 15 5 75 +1
Al P2 10 60 1 15 5 75 +1
P3 20 60 1 15 5 75 +1

P4 1 60 1 5 5 75 +1.5

B1 P5 10 60 1 15 5 75 +1.5

P6 20 60 1 15 5 75 +1.5
P7 1 60 1 15 5 75 +2
C1 P8 10 60 1 15 5 75 +2
P9 20 60 1 15 5 75 +2
P10 1 60 10 15 5 75 +1
A10 P11 10 60 10 15 5 75 +1
P12 20 60 10 15 5 75 +1

P13 1 60 10 15 5 75 +1.5

B10 P14 10 60 10 15 5 75 +1.5

P15 20 60 10 15 5 75 +1.5
P16 1 60 10 15 5 75 +2
C10 P17 10 60 10 15 5 75 +2
P18 20 60 10 15 5 75 +2

2.3. Methods

The samples were subjected to symmetric cyclic loading tensile-compression test using the
universal testing machine type LS100 Lloyd’s Instrument belonging to the Mechanical Engineering
Department of Transilvania University of Brasov, in order to study the degradation of mechanical
properties of a Scots pine wood. The specimens were loading with a constant speed of 1 mm/min
and then 10 mm/min, being subjected successive to 1 cycle, 10 cycles and 20 cycles. The tensile
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and compression displacements were measured simultaneously with applied loading (Figure 2b,c).
For data acquisition, the Nexygen Plus software was used. After the tests, the characteristic curve,
the specific deformation, the longitudinal elastic modulus, the rupture tension of each samples were
determined, and on the basis of the load curves, the average deformation energy for each type of
sample was calculated. The fracture of samples was analyzed with optical devices. Figure 2 shows the
experimental equipment and some details from tests.

3. Results and Discussion

During the experimental investigations, numerous primary data were obtained that required
processing so that the viscous-elastic behavior of pine wood can be characterized. Thus, in Figure 3 are
presented the variations of the tensile-compression loading.

1
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Figure 3. Variation of symmetric cyclic loading to tensile-compression: (a) £1000 N; (b) £1500 N;
(c) £2000 N.
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Figure 4 shows the hysteresis loop for the first stress cycle, being highlighted the values of
lengthening and shortening the sample. The total strain range A¢ (the strains from A to C points) is
calculated as total of tensile strain and compression strain containing both elastic and plastic strains.
The true elastic strain range Ae, (the strains from A to D points) represents the recovery strain after
a complete cycle and total true plastic strain range A¢y, (the strains from D to 0 points) is the permanent
strain after a complete loading cycle. The tensile recovered elastic strain from point B to point 0 can
be observed in Figure 4a—f. In Table 2 are summarized the strains values for the first request cycle.
Analyzing the six cases presented, it is observed that the lengthenings (traction strain) are greater
than the shortenings (compression strain), pine wood being an anisotropic material, with a different
behavior when subjected to traction, respectively compression. The difference between extensions and
shortenings depends on the intensity of the force applied and the loading speed. As the applied load
intensity increases, the percentage difference between traction and compression displacement increases,
and as the load speed increases, they increase. Based on the Boltzmann superposition principle,
which describes the response of a material to different loading histories and fitting the deformations
peaks for each cycle [21,22], in Figure 5a—f are graphically represented the master curves covering
the accumulated peak deformations in tensile (Figure 5a,c,e) and compression tests (Figure 5b,d,f).
The behavior of the tested specimens differs in the two types of axial stresses. For the force of 1 kN and
the stress rate of 1 mm/min, they can be distinguished in the graph in Figure 5a, the three wood-specific
flow zones: the primary zone (primary flow) in which the displacements / deformations have a high
growth rate from one cycle to another (the first four cycles), the secondary area in which there is
a stagnation of displacements / deformations (the next 4-5 cycles), and finally, the tertiary creep in
which there is again an increase in the speed of movement / deformation of the wood. This behavior is
noticeable at low load speeds and low force intensities. As the force increases, the law of variation of
the wood creep changes (Figure 5c,e). In the case of the variation of the compression strains, a rapid
increase of them is observed with the increase of the stress cycles, regardless of the intensity of the
force, as can be seen in Figure 5b,d,f. The main three zone in case of compression can be difficult
distinguished, but the viscous-elastic behavior of wood is more pronounced in these cases (Figure 5c—f).
These curves express the speed of accumulation of plastic deformations, which ultimately lead to
damage of the structure.
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Figure 4. Hysteresis loops: (a) case of load speed of 1 mm/min and F = + 1kN; (b) case of load speed of
10 mm/min and F = + 1kN;; (c) case of load speed of 1 mm/min and F = + 1.5 kN; (d) case of load speed
of 10 mm/min and F = + 1.5 kN (e) case of load speed of 1 mm/min and F = + 2kN;; (f) case of load
speed of 10 mm/min and F = + 2kN.

Table 2. The strains values collected for first cycle, where Ae is the total strain range; Aee—the true total
elastic strain range; Aep—the true total plastic strain range; et—elongation strain; ec—compression strain.

Set of Tests Ae =g +ec (%) Acee (%) Aep (%) et (%) ec (%)
Al 0.407 0.2042 0.0458 0.250 0.157
Bl 0.611 0.3422 0.1008 0.443 0.168
C1 0.969 0.5368 0.0832 0.620 0.349
A10 0.402 0.1982 0.0458 0.244 0.158
B10 0.639 0.3212 0.0788 0.400 0.239
C10 1.036 0.5566 0.1354 0.692 0.344
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Figure 5. Master curves: (a) tensile strains of sample P3 subjected to 1 mm/min and F = +1kN;
(b) compression strains of sample P3 subjected to 1 mm/min and F = + 1kN; (c) tensile strains of
sample P6 subjected to 1 mm/min and F = + 1.5 kN; (d) compression strains of sample P6 subjected to 1
mm/min and F = + 1.5 kN; (e) tensile strains of sample P9 subjected to 1 mm/min and F = + 2kN; (f)
compression strains of sample P9 subjected to 1 mm/min and F = + 2kN.

The most important mechanical degradations occur in the first stress cycles as seen on the creep
curve, specifically the first area (Figure 5). Thus, at a load of 1 kN, the longitudinal modulus of elasticity
degrades by 12% of the initial value, compared to 20 cycles when the degradation is 15% of the initial
value. (Figure 6). Increasing the loading intensity leads to increasing the degradation rate of 19% after
20 cycles in case of 1.5 kN and 28% in case of load of 2 kN. Increases the speed loading of 10 mm/min
lead to a slight decreases of degradation rate (12%; 18% and 21% for each value of loading intensity).
The obtained values are comparable with Ferreira et al. [23] which studied the pine wood samples
subjected to tensile stresses. The mean value of elasticity modulus in the longitudinal direction parallel
to the grain obtained by Ferreira et al. [23] is 4141 MPa, the sizes of samples being similar to those in
the present study.
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Figure 6. Degradation rate of Young’s Modulus with cyclic loading.

The stress values are independent of the number of stress cycles and the stress rate. These have
the same values both in traction and compression. The difference between the categories of values
is given by the intensity of the applied loading. Thus, for the force of +1 kN, the average value of
the maximum stress ranges between 13 and 14 MPa, for the force of +1.5 kN, the average value of
the maximum stress is between 19 and 20 MPa, and for the force of +2 k, the average value of the
maximum stress is between 26 and 27 MPa, as can be seen in Figure 7.
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Figure 7. Variation of stresses at maximum load.

The values obtained give us an image of the quality class of the Scots pine samples studied,
namely that they are part of quality class C45 according to wood standard. As the study was performed
on small samples, it can be improved by additional studies on larger length samples to correlate the
obtained results with the inhomogeneity and anisotropy of the material.

In Figure 8, the percentage variations of tensile and compression strains are presented for each
studied case. The compression strains represent approximately 40% of the total deformation of the
samples, the tensile strains being 60%. Due to the alternating symmetrical cycles, it is found that the
total true plastic deformation represents approximately 20% of the total value of the deformations.
This phenomenon occurs due to the fact that the wood fibers stretch beyond their flow limit, which
leads to the appearance of viscous plastic deformations. During the compression stress, a part of the
deformations produced at traction is recovered, adding to these the shortening of the wood, after which
the resumption cycle. Thus, the structural degradation of pine wood occurs by the loss of wood
resilience to tensile-compression stresses, changes that can be observed qualitatively in Figures 9 and 10,
and quantitatively by changing mechanical properties. In practical applications, these phenomena
can occur in the structural elements of the frames, at elements in the structure of stairs, furniture or
buildings [24].
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Figure 9. The microscopic view of Scots pine wood: (a) Cross section, magnification x500;
(b) longitudinal—tangential section, magnification x100; (c) longitudinal—radial section, magnification
x100.
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Figure 10. The structure of pine samples in different degradation stages: (a) initial macros-structure of
wood samples, before test; (b) optical view of wood fracture after test; (c) microscopic view of tracheid
cells failure, magnification x100; (d) failure trend line, magnification x100; (e) schematic representation
of traction deformation; (f) schematic representation of wood failure due to anisotropy.

The microscopic structure of pine wood before loading can be seen in Figure 9, in the three main
sections of wood. The annual rings are very distinctive and the differences between late wood and early
wood are very visible (Figure 9a). Moreover, the resin canal can be observed in the transversal section.
In the tangential-longitudinal section, the parenchyma rays with nuclei are very visible (Figure 9b).
In the radial section, can be noticed the axially aligned tracheid cells with different sizes in late wood
and early wood (Figure 9c).

However, due to the anisotropic characteristics of wood and the different strength of late wood and
early wood layers, the fracturing mechanism does not occur in one direction [4]. Therefore, the rupture
of the pine wood samples occurred at an angle of approximately 30 degrees to the direction of the fiber,
as shown in Figure 10d. Because the failure plane is not perpendicular to the applied load direction,
the tensile strength consists of the total or effective stress, which has normal and shear stresses as
components, as claimed by Christoforo et al. [4] who studied the same phenomenon, but on tropical
wood species. Analyzing the fracture of the pine wood samples subjected to tensile - compression
uniaxial parallel to the fibers, it was found that the direction of normal stresses does not coincide with
the main elastic directions, in addition to normal strains appear shearing strains, as shown by the
generalized law of Hooke. At compression parallel to the fibers, the structural changes begin with
the increase of the stress level, and the instability of the fibers is observed by the appearance of some
macroscopic kinks [6,21,25]. The yielding of a material represents the transition from the initial state of
a volume element from an elastic material to a different and irreversible state [12,26,27]. In the case
of the specimen made of material with predominantly ductile behavior that is subjected to traction,
the rupture occurs in successive stages (Figure 10): The peripheral areas yield under the action of
tangential stresses, and the central area yields under the action of normal stresses.
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Degradation of mechanical properties of wood samples subjected to symmetrical cyclic stresses
accompanied by microstructure degradation of wood. If the structural damage in tension does
not affect the stiffness degradation or the strength of the wood when a reversed load is applied in
compression (stiffness recovery) as was shown in Figure 4, in contrary, the constitutive damage does
reduce the tensile capacity of the material when a reverse loading from compression to tension is
applied as Sirumbal-Zapata et al. [27] demonstrate in their study. In Figure 10b-d, all effects of
mechanical phenomena as tensile softening brittle failure, stiffness cyclic degradation, and recovery
after load-reversal, as well as compressive permanent plastic deformation due to ductile failure can be
observed at microscopic levels. Gong and Smith [1], Pinho et al. [12], and Gutkin at al. [26] explain the
phenomenon of kinks by the fact that tracheids in late wood have a higher rigidity than those in early
wood. Thus, the first kinks develop between the late wood tracheids, at the boundary between two
growth rings, the phenomenon spreading to the early wood tracheids. After cyclic traction-compression
stresses, the buckling of the tracheids in the early wood results.

4. Conclusions

In this study, axially symmetrical cyclic loads (traction-compression) samples of pine wood in
the direction parallel to the grain were tested. The degradation of the mechanical properties begins
by the degradation of the wood structure as a result of the different resistance of the early wood and
late wood layers, as well as the different viscous elastic responses to the traction and compression
of the wood. Thus, after 20 alternately symmetrical cycles, the longitudinal modulus of elasticity
decreases by approximately 28%, and with the increase of the loading speed, for some cases, there
was even destruction of the samples. Also, the way of breaking the wood that occurs at an angle of
approximately 30 degrees is noticed, which implies the appearance of shear stresses during the axially
symmetrical cyclic stress. This study reveals that, in the strength calculations and in the design norms,
it is necessary to introduce some coefficients that take into account the speed of wood degradation at
cyclical stresses.

Author Contributions: Conceptualization, M.D.S. and V.S.; methodology, H.D.T. and M.D.S,; software, H.D.T.;
validation, M.D.S. and V.S.; formal analysis, H.D.T. and M.D.S.; investigation, M.D.S. and H.D.T.; resources, H.D.T.
and M.D.S.; data curation, M.D.S.; writing—original draft preparation, H.D.T. and M.D.S.; writing—review and
editing, H.D.T. and V.S,; visualization, M.D.S.; supervision, V.S.; funding acquisition, M.D.S. and. S.V. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We are grateful to Timar Cristina Maria for permission to use the microscopic views (Figure 9)
from Catalog of micro-structural characteristics of materials for restoration and ecodesign (December 2009), CNCSIS
Project IDEI 856/2008: Creation and implementation of a scientific research methodology on restoration—wood
preservation and eco-design in the perspective of sustainable development. Project manager Chem. Maria
Cristina TIMAR, Transilvania University of Brasov, Faculty of Wood Engineering). We are grateful to Transilvania
University of Brasov, rector Ioan Vasile Abrudan for financial publication support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Gong, M.; Smith, I. Short-term mechanical behaviour of softwood in high-stress-level compression parallel
to grain. In Proceedings of the Fourth International Conference on the Development of Wood Science, Wood
Technology and Forestry, Missenden Abbey, UK, 14-16 July 1999; pp. 25-34.

2. Ion, F; Taranu, N,; Secu, A.; Entuc, I.S.; Scutaru, M.C.; Ungureanu, D. Evaluation of the wood strength class
using the experimental approach. Bull. Polytech. Inst. lasiConstr. Archit. Sect. 2017, 63, 121-132.

3. Silvestru Grigore, C.V.; Dinulica, F.; Sparchez, G.; Haldlisan, A.F; Dincd, L.C.; Enescu, R.E.; Crisan, V.E.
Radial Growth Behavior of Pines on Romanian Degraded Lands. Forests 2018, 9, 213. [CrossRef]

4.  Christoforo, A.L.; Panzera, T.H.; Lahr, FA.R. Estimation of tensile strength parallel to grain of wood species.
Eng. Agric. 2019, 39, 533-536. [CrossRef]


http://dx.doi.org/10.3390/f9040213
http://dx.doi.org/10.1590/1809-4430-eng.agric.v39n4p533-536/2019

Polymers 2020, 12, 2176 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Dai, D.; Fan, M. Wood fibres as reinforcements in natural fibre composites: Structure, properties, processing
and applications. In Natural Fibre Reinforcements. Materials, Processes and Applications; Woodhead Publishing:
Sawston, UK, 2014; pp. 3-65. [CrossRef]

Feio, A.; Machado, J.; Lourenco, P. Parellel to the grain behavior and NDT correlations for chestnut wood
(Castanea sativa Mill). In Proceedings of the International Conference “Conservation of Historic Wooden
Structures”, Florence, Italy, 22-27 February 2005.

Fakoor, M.; Sabour, M.H.; Khansari, N.M. A new approach for investigation of damage zone properties in
orthotropic materials. Eng. Solid Mech. 2014, 2, 283-292. [CrossRef]

Gaff, M.; Gasparik, M. Effect of cyclic loading on modulus of elasticity of Aspen wood. Bioresources 2015,
10, 290-298. [CrossRef]

Konstantinov, A.Y.; Lomunov, A.K; Iuzhina, T.N.; Gray, G.T., IIL. Investigation of wood anisotropy under
dynamic loading. Strength Ductility Probl. 2018, 80, 555-565. [CrossRef]

Pecnik, ].G.; Kutnar, A.; Militz, H.; Schwarzkopf, M.; Schwager, H. Fatigue behavior of beech and pine wood
modified with low molecular weight phenol-formaldehyde resin. Holzforschung 2020. published online.
[CrossRef]

Sharapov, E.; Mahnert, K.C.; Militz, H. Residual strength of thermally modified Scots pine after fatigue
testing in flexure. Eur. ]. Wood Wood Prod. 2016, 74, 875-884. [CrossRef]

Pinho, S.T.; lannucci, L.; Robinson, P. Physically based failure models and criteria for laminated fibre-reinforced
composites with emphasis on fibre kinking. Part II: FE implementation. Compos. Part A 2006, 37, 766-777.
[CrossRef]

Yildirim, M.N.; Uysal, B.; Ozcifci, A.; Ertas, A.H. Determination of fatigue and static strength of scots pine
and beech wood. Wood Res. 2015, 60, 679-686.

Hassani, M.M.; Wittel, FK.; Hering, S.; Herrmann, H.J. Rheological Model for Wood. Comp. Method Appl. M
2014, 283, 1032-1060. [CrossRef]

Andrianopoulos, N.; Manolopoulos, V. Can Coulomb criterion be generalized in case of ductile materials?
An application to Bridgman experiments. Int. |. Mech. Sci. 2012, 54, 241-248. [CrossRef]

Stanciu, M.D.; Sova, D.; Savin, A.; Ilias, N.; Gorbacheva, G. Physical and Mechanical Properties of Ammonia-
Treated Black Locust Wood. Polymers 2020, 12, 377. [CrossRef] [PubMed]

Stanciu, M.D.; Teodorescu, D.H.; Tamas, F.; Terciu, O.M. Mechanical and Rheological Behaviour of Composites
Reinforced with Natural Fibres. Polymers 2020, 12, 1402. [CrossRef] [PubMed]

EN 384. Structural Timber. In Determination of Characteristic Values of Mechanical Properties and Density; CEN
European Committee for Standardization: Brussels, Belgium, 2004.

ASTM D143-14 Standard Test Method for Small Clear Specimen of Timber; American Society for Testing Material
Standard: West Conshohocken, PA, USA, 2014.

EN 408. Timber Structures-Structural Timber and Glued Laminated Timber -Determination of Some Physical and
Mechanical Properties; British Standards Institution: London, UK, 2003.

Varenik, K.A ; Varenik, A.S.; Sanzharovskij, R.C. Boltzmann principle of superposition in the theory of wood
creep for deformations in time. In IOP Conf. Series: Materials Science and Engineering; IOP Publishing: Bristol,
UK, 2018; Volume 441, p. 012057. [CrossRef]

Metri, V.; Briels, W.J. Brownian dynamics investigation of the Boltzmann superposition principle for
orthogonal superposition rheology. J. Chem. Phys. 2019, 150, 014903. [CrossRef] [PubMed]

Ferreira, D.; Fonseca, E.; Pinto, C.; Borges, P. Tensile strength of pine and ash woods—experimental and
numerical study. In Proceedings of the 6th International Conference on Mechanics and Materials in Design,
Ponta Delgada, Azores, 26-30 July 2015.

Kloiber, M.; Drdécky”, M.; Machado, J.S.; Piazza, M.; Yamaguchi, N. Prediction of mechanical properties by
means of semi-destructive methods: A review. Constr. Build. Mater. 2015, 101, 1215-1234. [CrossRef]
Strombro, J.; Gudmunson, P. Mechano-sorptive creep under compressive loading—A micromechanical model.
Int. |. Solids Struct. 2008, 45, 2420-2450. [CrossRef]


http://dx.doi.org/10.1533/9780857099228.1.3
http://dx.doi.org/10.5267/j.esm.2014.8.004
http://dx.doi.org/10.15376/biores.10.1.290-298
http://dx.doi.org/10.32326/1814-9146-2018-80-4-555-565
http://dx.doi.org/10.1515/hf-2020-0015
http://dx.doi.org/10.1007/s00107-016-1082-6
http://dx.doi.org/10.1016/j.compositesa.2005.06.008
http://dx.doi.org/10.1016/j.cma.2014.10.031
http://dx.doi.org/10.1016/j.ijmecsci.2011.11.003
http://dx.doi.org/10.3390/polym12020377
http://www.ncbi.nlm.nih.gov/pubmed/32046222
http://dx.doi.org/10.3390/polym12061402
http://www.ncbi.nlm.nih.gov/pubmed/32580517
http://dx.doi.org/10.1088/1757-899X/441/1/012057
http://dx.doi.org/10.1063/1.5080333
http://www.ncbi.nlm.nih.gov/pubmed/30621405
http://dx.doi.org/10.1016/j.conbuildmat.2015.05.134
http://dx.doi.org/10.1016/j.ijsolstr.2007.12.002

Polymers 2020, 12, 2176 15 of 15

26. Gutkin, R.; Pinho, S.T. Combining damage and friction to model compressive damage growth in
fibre-reinforced composites. J. Compos. Mater. 2014, 49, 2483-2495. [CrossRef]

27. Sirumbal-Zapata, L.; Malaga-Chuquitaype, C.; Elghazouli, A. A three-dimensional plasticity-damage
constitutive model for timber under cyclic loads. Comput. Struct. 2018, 195, 47-63. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1177/0021998314549614
http://dx.doi.org/10.1016/j.compstruc.2017.09.010
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Preliminary Tests 
	Materials 
	Methods 

	Results and Discussion 
	Conclusions 
	References

