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Abstract: The mechanical behavior of test pieces extracted from two specimens of Pinus halepensis
Mill., from the same geographical area and close to each other, was examined in this study. Using a
methodology based on Digital Image Correlation (DIC) and implemented during compression
strength testing, the modulus of elasticity in compression parallel to the grain (MOE.) was obtained.
In addition, the value of compressive strength (MOR.) was obtained for this type of wood. The research
was complemented with a reliability study, determined using the Weibull modulus, from the MOR.
values. A microstructural and behavioral study of the most representative pieces after failure was
also conducted to correlate breakage with the behavior of the pieces during the tests monitored by
DIC, to link both studies. DIC was shown to be an ideal and low-cost technique for the determination
of the studied properties, and obtained average values of MOE. of 50.72 MPa and MOR. of 9693 MPa.
These values represent fundamental data for design and calculations of wooden structures. A reliability
value of between 11 and 12 was obtained using the Weibull modulus for this type of wood.

Keywords: Pinus halepensis Mill.; mechanical behaviour; digital image correlation; reliability

1. Introduction

1.1. Wood as Constructive Material

The construction industry accounts for 40% of the total flow of raw materials in the global
economy each year [1], consuming significant quantities of materials such as steel, concrete, aluminum,
and polymers. This fact, and the primary need to promote sustainable development, allows woods to
be considered as a material for sustainable construction. Wood is one of the main materials that aligns
with the characteristics of sustainable development and provides excellent energy efficiency [2,3].
Thus, wood can be considered a structural product of origin that does not require industrial
transformation with high energy and environmental costs.

Pinus halepensis Mill. is a species that is highly adapted to the different climatic and ecological
variations of the Mediterranean environment, which range from semi-arid to sub-Mediterranean
mid-mountain areas. This species is characterized by its adaptation to drought and growth in a wide
range of substrates. Due to this capacity for adaptation, Pinus halepensis Mill. is a pioneer species,
with the ability to inhabit bare, recently exposed or burned lands, or abandoned agricultural areas [4].
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The clear wood of Pinus halepensis Mill. has better resistance than other Spanish coniferous trees
used in timber structures, and has the following physical and mechanical property values: average
density 590 + 15 kg/m3 [5]; compressive strength parallel to grain (MOR,) of 47 MPa; bending strength
(MOR¢) of 110 MPa; and modulus of elasticity in static bending (MOEg) of 11,450 MPa [6].

1.2. Mechanical Properties

Itis necessary to highlight the differentiating characteristics of wood with respect to other structural
materials [7], which demonstrates the existence of a multitude of wood species with varied intrinsic
properties [8]. Thus, wood is a material with wide versatility and various possibilities for the same
use. One of the most common structural applications of wood is that of a simple compression stress
support element, functioning as a pillar in different types of structures (Figure 1).
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Figure 1. (a) Porch column of a church (Madrid) (green rectangle) and (b) pillar supports of a facade of
a rural house (Madrid) (red lines).

In structural calculations applied to wood, the ultimate and serviceability limit states must be
verified, similar to other types of materials. Eurocode 5 is used as the reference for the calculation of
timber structures (particularly in Europe) [9]. The ultimate limit state verification indicates whether
the material is able to withstand the stress to which it is subjected, and the serviceability limit state
verification indicates that deformations do not exceed the limits allowed by the building codes.
However, to conduct a structural calculation for wooden elements subject to simple compression,
the mechanical properties of the material must be known, and they must be as close as possible to their
actual values. These starting data are the compressive strength parallel to the grain (MOR.) and the
modulus of elasticity in compression parallel to the grain (MOE_).

Due to the multitude of existing species and the heterogeneity presented by wood, even within
the same species, establishing its mechanical properties to make subsequent structural calculations
represents an additional challenge.

To address this issue, the standard UNE 56535: 1977 [10] (updated in 2017) establishes the bases
for the necessary testing to determine MOR. from a simple compression test. In addition, the standard
UNE-EN 408: 2011 + Al: 2012 [11] establishes the bases for the determination of the modulus of
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elasticity in static bending (MOEf) using conventional techniques for the measurement of deformations
(i.e., strain gauges or electrical resistance strain sensors) during a static bending test [12-15]. However,
these are invasive and destructive methods because, for test data collection, the sensors must penetrate
into the material and be fixed by an adhesive element. These processes involve direct contact with
the material, which can lead to alterations in the results. Alternatively, the static bending test can
obtain the modulus of elasticity in compression and traction parallel to the grain (MOE, and MOE;,
respectively), but the tests yield different results [16-18].

The values of MOE, and MOE; are established from the relationship of the differences in stress and
strain between the initial and final points of the straight section of a diagram defined by the bending
loads corresponding to 10% and 40% of the maximum bending load [19]:

oc = Ecec (1)
0cd0 — O

Ec _ c,40 c,10 (2)
€c,40 — €¢,10

Ot = EtEt (3)
01,40 — 01,10

Et= ——— 4
€40 — €110

where E; and E; are MOE. and MOE;, respectively; o, 40—0.,10 is the increase in compressive stress
corresponding to the increase in loads F4-F1g (N/mm?); 0t40—0¢10 is the increase in tensile stress
corresponding to the increase in loads F4p-Fy (N/mm?); and €c40—€c10 and € 40—¢€¢ 10 are the increase
in strain in compression and tension, respectively, corresponding to the increase in loads F49-Fq¢. In this
paper, E. is referred to as MOEL.

Several codes and methodologies exist for determining these properties, which can yield
considerable differences [20].

1.3. DIC Technique

Methodologies have been presented that allow the direct implementation of a non-invasive or
destructive strain measurement technique for the compression test, such as Digital Image Correlation
(DIC) [21]. This test avoids the distortion of results caused by the measurement of strains using the
conventional technique. Furthermore, the value of MOE. is specified because it is directly obtained
from the compression test, rather than being estimated from the bending test.

DIC is a technique based on photogrammetry and computer vision algorithms that allow analysis
of images taken with a digital camera. It is neither invasive nor destructive, and is low cost, and allows
the measurement of displacement and strain at a distance from the object. Because it does not require
direct contact with the material, it avoids the distortion of results caused by contact, friction, and/or
lack of adherence of conventional measuring devices with the study material [21].

The DIC technique allows the full field of displacement and strain to be obtained from the acquired
images. The Region Of Interest (ROI) of each image is split into subsets so that it can be tracked through
correlation indices, such as the zero mean normalized cross-correlation (ZNCC) [22]. In addition
to correlation indices, different strategies, such as b-spline interpolation or the inverse composition
Gauss—Newton method, can be used to obtain sub-pixel accuracy in the calculation of displacement
and strain.

In the analysis of material behavior, studies using the DIC technique have been conducted on
construction materials such as brick [23], stone [24], and composites [25], in the process of concrete
fracturing [26], and in the analysis of deformation of steel subjected to tensile stress [27-29]. DIC has
also been used for plastic materials, such as polycarbonates [30] or polymeric matrix laminates [31],
and has been proposed as a system for evaluating the deformation of railway lines [32].
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However, fewer investigations of wood using DIC exist. This is possibly due to wood’s orthotropic
character; the complexity and uncertainty of the determination of its mechanical properties compared
to other materials, such as concrete; and the wide variety of different species that exist.

The DIC technique has increasingly been used to replace conventional extensometry because it is
less invasive. The first study [33] dates back to the previous century, in which the Poisson coefficients
of the tulip (Liriodendron tulipifera) were measured by compression tests using a basic DIC method
based on a limited number of points distributed on the surface of the test specimens. The results
obtained were similar to those of the literature, thus validating the use of DIC in this field.

The improvement in the technique and the control software currently available has increased the
quality and precision of the results. As a result, DIC can be used for the characterization of different
types of wood, particularly for tensile [34-36] and bending tests [37,38].

Studies also exist on the characterization of fracturing in laminated wood [39] and its comparison
with sawn timber [40]. The technique has also made it possible to conduct tests using samples with a
small thickness [41].

1.4. Reliability

As previously mentioned, wood is an extensively used material with a structural function. It is
characterized by intrinsic variability because, as a natural product, the possibility of failure means its
behavior can be adjusted to a Weibull distribution [42]. Two graphic methods are available to estimate
the probability of failure (and the reliability): the “mean rank” approximation and the “median rank”
approximation. In both cases, the estimators of probability (Fj) used are adjusted to the following
relationship (Equation (5)):

i—-A
n+ B ©)

where i is the rank of the data in ascending order, n represents the sample size, A and B are numbers

Fj =

with values between 0 and 1. This graphical method is straightforward when the number of test
values (n) is less than 100. Using these estimators, it is possible to determine the graphical slope
of the representation, that is, the Weibull modulus, which represents the reliability of the material.
Previous studies show the growing interest in using this tool to determine the reliability of different
types of wood [43,44]. The origin and type of defects found can vary by specimen, thus, designing
components for structural applications using wood is more complicated than for other materials,
such as metals, whose Weibull modulus is high [45]. Tools such as the Weibull distribution are therefore
highly important in the determination of the sensitivity of a material to defects and the measurement
of its reliability, particularly ceramic materials [46].

In this work, in addition to evaluating its mechanical behavior using DIC (MOR. and MOE,),
the reliability of Pinus halepensis Mill. was determined from mechanical data (MOR) to examine the
difference in samples of the same type (or material) and geographic environment.

2. Materials and Methods

2.1. Materials

The material used in the tests corresponds to wooden specimens of the Pinus halepensis Mill.
species. In Spain, this species is the third most common forest tree and occupies the largest surface area
among pine species. It has the greatest thermal amplitude on the Iberian peninsula, ranges from the
semi-arid environment of the southeastern basal areas to the sub-Mediterranean environment, and is
characteristic of the mid-mountain range of the Iberic Sistem Pirinee.

In macroscopic characterization, the sapwood has a white color and the heartwood is reddish and
resinous; thus, the sapwood is clearly differentiated. The growth rings are marked; spring wood is of a
lighter color and summer wood by contrast is dark. Due to this difference in color, the rings appear in
longitudinal cuts, forming parallel lines or bands.
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This study was carried out in the region of Maestrazgo-Los Serranos, in the province of Valencia.
This region was selected due to its importance to forestry, particularly in terms of reproduction
and ecological differentiation. The region is located at latitude 39°44’02’" N, longitude: 1°13’54"" W,
and has an average altitude of 900 m. It is also characterized by its relatively large distance from
the sea. Precipitation oscillates between 500 and 600 mm annually, with a shorter summer drought
period ranging from 1.5 to 3 months. The distance from the sea also has an effect on the temperature;
the annual mean drops is 13.4-14.4 °C, and the annual variation is 18 °C.

In previous research [47], sampling was undertaken of five trees that represent the species in the
study region. For the present research, to examine samples that were not selected in the previous study,
two trees were chosen from the area of the Sinarcas council (Valencia). The initial data for the selected
trees A and B can be seen in Table 1 (showing the basal diameter with bark and the normal diameter
with bark at a height of 1.30 m from the ground).

Table 1. Basic characteristics of the chosen trees and samples of series.

Tree (Serial) Basal Diameter (m)  Normal Diameter (m)  Height (m) No. log

A 0.47 0.45 15.80 4
B 0.52 0.50 14.70 4

Forty undamaged wood specimens were prepared for testing: 20 specimens of tree A, log no. 2 and
strip no. 2, and 20 specimens of tree B log no. 2 and strip no. 2. All specimens were prepared according
to the specifications provided by the UNE standard: 56535: 1977 (updated 2017) [10]. Specimen
dimensions were 20 x 20 X 60 mm, with the largest dimension corresponding to the longitudinal
direction of orthotropy:.

2.2. Equipment and Methodology

The specimens were pre-treated to allow deformation analysis using the DIC software. First,
a matt white spray paint base was applied (to avoid glare and reflections, which reduce the quality of
the images), and then a second layer of matt black spray paint was applied. The speckled distribution
must not be uniform; thus, speckling is generated based on black points in contrast to the white
background, allowing different shades of gray to be recognized on the study surface for the subsequent
image analysis (IA). Figure 2 shows the pattern arranged on the samples to be tested.
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Figure 2. (a) Application of black speckled on a white base and (b) example of speckled pattern.
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To validate the quality of the applied speckling pattern, the mean intensity gradient (MIG) [48]
was calculated using Equation (6). This parameter enables quantitative evaluation of the speckle;
higher values correspond to a better distribution of the gray scale, thus implying lower errors in the
results of the digital correlation of images.

Vf(x,-j)’
W-H

M=

MIG = 6)

1

H
=1

Il
_

where W and H (in pixels) are the width and height of the ROI, respectively, and f is the modulus of
the local intensity gradient vector.

In the case of the patterns applied to each of the specimens, a range of MIG between 30 and 35 was
obtained. These results were assumed to be acceptable values according to the values presented by [48],
in which the most favorable result for the cases studied was 34.6 and the remainder were below 30.

According to [49], the specimens were conditioned in a humidity chamber with a normalized
atmosphere at a temperature of 20 + 2 °C and a relative humidity of 65% + 5% for a period of 15 days,
until a recommended humidity value of approximately 12% was achieved. Specimens were considered
to be conditioned when they had constant mass, that is, when the difference in successive weighing
over an interval of 6 h was no more than 0.1% of the specimen test mass. The measures of density were
obtained using a KERN Model KB-1600B balance (+0.01 g, Balingen, Germany) and a Mitutoyo Model
CD-6"C caliber (+0.01 g, Kawasaki, Japan), according to [22].

To carry out the compression test, an electromechanical Microtest EM1/50/FR multi-test machine
(Madrid, Spain) with a capacity of 50 kN and load resolution of 0.001 kN (Figure 3) was used.

Figure 3. Complete test equipment.

In the procedure of the compression tests [10], the specimen was initially placed on the lower plate
of the press, so that the longitudinal direction of the grain was perpendicular to the plate. A uniform
load of between 19 and 29 MPa per minute was then applied. The test ended when the specimen
was broken.
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Additionally, two lighting units were used during the tests to guarantee the quality of the light.
These units were placed on both sides of the camera to avoid the appearance of shadows or glare
that could later degrade the quality of the images, and consequently lead to distorted or erroneous
deformation values. The arrangement of the test equipment is shown in Figure 3.

To record the tests and obtain the images for subsequent treatment and analysis using Digital
Image Correlation, a Canon model 5D Mark II digital camera was used, which allows video recording
in Full HD resolution (1920 x 1080 pixels) at 25 FPS (frames per second). The camera’s technical
characteristics are shown in Table 2. The software used for the image processing phase was GOM
Correlate [50], in its free 2D version.

Table 2. Camera features.

CANON EOS 5D MARK II
Sensor type CMOS Video size 1920 x 1080 px
Sensor size 24 x 36 mm? Video frames 25 fps
Image size 5616 x 3744 px Video type MOV
Total pixels 22 Mpx Lens magnification 1.0 x (life size)
Image type RAW Dimensions 152 x 113.5 X 75 mm

CMOS: Complementary metal-oxide-semiconductor; RAW: Raw image format; MOV: Mov file extension.

2.3. Displacement Analysis

When all samples were tested and recorded, all frames were entered into the GOM Correlate
software and the reference image was defined. The next step was the analysis using DIC. Although
DIC is an internal process carried out by the software, it is necessary to previously enter a series of
initial parameters, which are detailed below.

First, the study surface (referred to as the “surface component” in the software) is defined for
which the DIC is to be conducted. The quality of the pattern is quantified using a color map (in this
case green). To avoid possible distortions in the contours, it is necessary to define an analysis surface
that does not exceed the limits of the pattern and is inside the surface of the specimen.

The next step is to set the coordinate axis to adjust the orientation of the specimen to the direction
in which the displacements will be measured. However, for the recording of the tests, a tripod with a
level was used and the focus cross was stabilized to establish the horizontal axis of the specimen, thus,
in most cases the adjustment of the coordinate axis was not required. It was sufficient to place the

Y7

vertical axis, “y”, which was positive in the up direction, on the edge of the specimen to guarantee
verticality. Perpendicular to this was the “x” axis, which was positive to the right.

Following the definition of the initial parameters, the displacement calculation was carried out.
A color map was obtained with a scale on the side that indicates the length (mm) of the displacements
of each of the points (Figure 4). Thus, the surface was defined allowing the displacement to be obtained

at any point.

2.4. Strain’s Calculation

After obtaining the displacement in each of the frames, it was necessary to calculate the strain
experienced by the specimen. The UNE standard: 56535: 1977 (updated 2017) [10] establishes that
the measurement of strain must be carried out at the center of the test piece because the contours will
suffer greater strain (due to crushing by direct contact with the load of the plates). For this reason,
a virtual extensometer was placed, using two centered and separated points from these contours to
avoid these distortions.

First, two points were defined in the initial reference image of the test whose coordinates were
Py (x1, y1) and P, (xp, y2) (Figure 5a), and their initial separation was 40 mm.
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Figure 4. Study surface and color map of displacements.
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Figure 5. (a) Definition of points for the calculation of the strain and (b) displacement of the deformed points.

When the load is first applied, the specimen deforms and consequently these points will change
position. The displacement of the lower points will be greater than that of the upper points because
the load is applied by lifting the lower plate. Therefore, the position of these points will vary in the
manner shown in Figure 5b, allowing the unit deformation in each of the frames corresponding to the
different moments of the test to be obtained with Equation (7).

b—a
T @)

Figure 6 shows the displacement/time diagram of test piece Al as a result of the software, in which
the evolution of the displacements over time in the load section is shown for points 1 and 2. These values
were exported to a spreadsheet.

Finally, the load and strain data were synchronized, and a recording frequency allowed the
association of a frame with strain and stress values every 0.2 s.

2.5. Obtaining the MOE, and MOR,

Following the relation of the corresponding strains to the load data, the necessary means are
already available to obtain the MOE., which is equivalent to the slope of the line that constitutes the
elastic zone in the stress/strain graph.
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Figure 6. (a) Displacement/time diagram of points 1 and 2 and (b) displacement color map of test
piece Al.

The behavior of wood usually passes through three different phases [51]: (a) the elastic zone;
(b) the so-called elasto-plastic zone; and (c) the plastic or creep zone. Figure 7 shows stress/strain
curves corresponding to the samples of Series A.

60

Stress (MPa)

0 0.005 0.01 0.015 0.02
Strain (mm/mm)

Figure 7. Comparison of the stress/strain curves of the Series A tests.

However, the specimen may also present imperfections, both geometric (due to the cutting process)
and specific to the material (pores, internal cracks, knots, etc.). In these cases, the load distribution in
the first moments may not be uniform, causing distortions in the initial outline of the curve until the
load distribution is regularized. These loads generally represent 10% to 15% of the load that defines the
elastic limit. Therefore, in practice, the initial point of the line that determines the modulus of elasticity
(MOE,) begins to be measured from the value that corresponds to 20% of the elastic limit stress [52].

The elastic limit is the theoretical point at which the elastic zone ends. However, it is difficult to
determine this limit exactly because the change in slope between the elastic and elasto-plastic zone
is very subtle. Furthermore, measurements can be distorted depending on the mode of failure and
where it occurs. In these cases, the end point of the line that determines the MOE_ is taken as the value
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corresponding to 80% of the elastic limit. This can be seen in Figure 7, which shows that some samples
do not follow the general trend.

Figures 8 and 9 show the process for obtaining the MOE. in the plotting of the curve for sample A1.

45
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]
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25
20

15
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Stress (MPa)

10

5

0

0 0.005 0.01 0.015 0.02 0.025
Strain (mm/mm)

Figure 8. Area in which the modulus of elasticity in compression parallel to the grain (MOE,) is
determined for specimen Al.
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Figure 9. Determination of MOE. in the 20%-80% interval (specimen Al).

The maximum strength to compression parallel to the fibers (MOR.) is obtained by means of the
relationship between the maximum load that the specimen is capable of supporting before its breakage,
and its surface. This value can be obtained directly from the testing machine.

2.6. Assessment of Reliability Using the Weibull Modulus Based on Compression Strength Data

The Weibull distribution is an important tool for studying the reliability of materials, because they
can exhibit significant variability in their characteristics and present premature failures. The Weibull
distribution is flexible and adaptable to a wide range of data [53,54] Furthermore, the two-parameter
Weibull distribution has a simple equation (type y = a x + b) and the coefficients can be easily estimated
from experimental data and with the help of failure estimators (Fj). The slope of the line is defined as
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the Weibull modulus and represents the reliability of the material with respect to a key property. In the
present work, four most common estimators in the literature were used [46,55,56]:

= ®
Fp — j—0.3 9
(n+04)
. j-05
Fj3 = — (10)
-3

To interpret the results obtained by the line, the value of the slope (Weibull’s modulus) and the
correlation coefficient R2 were used, whose value varies between 0 and 1, and indicates the degree of
correlation between the studied data.

A higher Weibull modulus (greater slope of the line) indicates a more reliable material, that is,
it has a lower dispersion and the population has a narrower distribution. Conversely, if the Weibull
modulus is low, it means that there is little reproducibility of values and a wide range of variation,
as in ceramic materials [57].

2.7. Macroscopic and Microscopic Study

As a complement to the strength and reliability data, a brief micro and macrostructural study was
carried out on some of the samples selected for traceability. For this examination, a ZEISS Axiovert
100 A microscope (Jena, Germany) was used to observe the samples’ surface condition. The microscope
has a 3 MP Optika (Ponteranica, Italy) digital camera controlled by Optika Vision Lite software.
A Handheld Digital Pro 5 MP microscope-magnifying glass from Celestron (Torrance, CA, USA)
equipped with a white LED-type light was also used to take macrographs of the test tubes. In addition,
the average ring width was measured by the free software ImageJ® [58] using a Handheld Digital Pro
5 MP microscope.

3. Results and Discussion

Table 3 shows the mean values and their respective deviations for the specimens from both trees
and the total of the tests and samples carried out. The variables to be analyzed in all of them are the
maximum strength (MPa) and the modulus of elasticity (MPa).

Table 3. Average value of compressive strength (MOR.) and MOE,, density, and ring width.

Parallel Compression of Fibers

Standard Deviation = Standard Deviation

Samples MOR, (MPa) MOE, (MPa) MOR, (MPa) MOE, (MPa)
Average A 19 47.39 9072 3.53 2304
Average B 18 54.23 10,348 3.80 1940
Total Average 37 50.72 9693 5.00 2202
Samples Density (kg/m3) Stzrelﬁ:irg’ ](leg‘;i;gi;) n Ring width (mm) Stralﬁga::: d]t)lf ‘(,Iit?::;n
Average A 19 561 33 3.04 0.61
Average B 18 597 34 2.93 1.30

Total Average 37 579 38 2.99 1.00
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As shown, the average values of MOR. and MOE. for both series show an appreciable difference,
although the standard deviation is sufficient to see that both series overlap for both of the properties
evaluated. Series B shows higher compressive strength and modulus of elasticity than Series A.
By plotting the frequency histogram (Figure 10), the location of samples from both series can be
approximately detected. Each series separately has a normal behavior and together they also generate
a normal curve with overlap. The distributions corresponding to MOE_, density, and ring width also
fit normal distributions, although the separation of the two series is not clear.

9

8 -

> al ™ N
| I | I
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35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65
Class

Figure 10. Histogram for MOR, values of the total samples.

The average density of Series A shows a lower value than that of Series B, and the two series
present the same standard deviation. The average ring width is similar for both series, although the
standard deviation for Series B shows a greater deviation. This is because the samples are mostly from
the sapwood and the heartwood, with fewer specimens from the middle zone. However, Series A
shows representatives from all zones. The selection of specimens was random, so it was not necessary to
equally represent all areas of the trunk. Nonetheless, the average values of the ring width were similar.

Table 4 shows the summary of the linear regression and quadratic adjustment (R?) of the two
physical variables (density and ring width) on the mechanical variables (MOR. and MOE_,). Density has
a direct influence on MOR,, whereas the ring width does not have a clear influence, although it appears
that a smaller ring width (sapwood) leads to greater compressive strength. The influence on the MOE,
is not clearly defined for either of the two physical characteristics. All R? values are poor, however, R?
between MOR, and density is acceptable.

Table 4. Summary of the linear regression and quadratic adjustment.

MOR, (MPa) MOE, (MPa)

Total (37 samples) Linear regression R? Linear regression R?
Density (kg/m?) y =0.0972x — 5.5492 0.541 y = 16.582x + 95.762 0.0812
Ring width (mm)  y=-2.1901x +57.101  0.1585 y=-879.66x +12,256  0.1319

The MOR. values are close to the theoretical values that appear in the literature: 45.4 MPa
according to [59] and 47.6 MPa according to [60], which are within the 45-62 MPa interval proposed
by [61]. Thus, it can be determined that the values obtained in the conducted tests are valid by
attributing the existing difference to the variability that can be found within the species.

The MOE; value is below all of the theoretical values that appear in the literature: 9950 MPa
according to [59], 10,873 MPa according to [60], and 10,600-14,500 MPa according to [61]. However,



Forests 2020, 11, 1232 13 of 23

it must be taken into account that these values correspond to the results of MOE¢ bending tests, so the
MOECc value must be lower than these [16]. Thus, it can be verified that the values obtained for this
property are valid because they are below the bending values but close to them. Finally, the average
value of the density remains within the interval reported by [5,6].

It should be noted that some specimens (A4, B3, and B7) were discarded (of the initial 20 of
each series) for the calculation of the final parameters because they presented a low R? value in the
linear regression used to estimate the modulus of elasticity (MOE,), in addition to erratic behavior,
and slippage of the specimens occurred during the test, leading to errors in the measurement of
compressive strength.

Figures 11 and 12 show the tests of two of the failed specimens, in which, due to the dotted texture,
the anomalous areas that led to premature failure are clearly detected, even before their breakage.
Thus, DIC is shown to be a sensitive and low-cost technique, compared to others, which directly and
visually allows detection of faults and anomalous areas in the tested specimens.

a) Load

N
ot My

065F L} ‘ 1
El Oscillations ’ Ropr
= ot displacement / ]
@ ossf 1
‘ <4

£ ol Point 2
- °f ‘,,./"N
D 025

Displacement [mm]

ook v by
2240 24 25 26 27 28 29 3 31 32 3 34 35 36 37 38 39 40 41 42 43 460

e PoiNt 2 Time [s]

Point 1

4 E 4 By
ﬂ 5 by

< mmmmHlmmmuﬁw\.u.\m.\\.Hmmwm\mum\ujmuuﬂm]mHumm[mlumu
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 33.36

Time [s]

Figure 11. (a) Displacement diagram with oscillations of Point 2 (P;) and (b) anomalies of the displacements
on the surface of specimen B3.
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Figure 12. (a) Displacement diagram with oscillations of Point 2 (P;) and (b) anomalies of the displacements
on the surface of specimen B7.
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An example is found in the case of test piece B3. In Figure 11a, point P, shows oscillations in
its displacement throughout the loading process. In the diagram, the red line (corresponding to the
evolution of the displacements of the lower point P;) undergoes large oscillations in certain sections,
such as the intervals from 24 to 27 s and from 40 to 42 s. If the displacement map of the test piece is
analyzed (Figure 11b), it is observed that the surface has certain areas in which the displacements are
lower. This indicates the existence of defects or anomalies in the lower part of the specimen (coinciding
with the final breakage of the specimen that occurs in the lower zone).

Another case is the specimen B7. In the diagram of Figure 12a, the blue line (corresponding to the
evolution of the displacements of the lower point P,) undergoes large oscillations, mainly from the
beginning to 26 s and in the interval from 28 to 29 s. However, the black line (corresponding to the
evolution of the displacements of the upper point P1) appears to be regular. If the displacement map of
specimen B7 is analyzed (Figure 12b), the surface presents certain areas in which the displacements are
lower, as in the previous case. This indicates the existence of defects or anomalies in the lower part of

the specimen.

3.1. Determination of Reliability

Wood is a widely used material that can experience random breaks and failures. Due to its natural
variability, it is feasible to apply the Weibull distribution to determine its reliability and therefore its
behavior in service. The Weibull graphs are plotted from the compression tests carried out on the
wood specimens of both series (A and B). Because there were sulfficient tests to carry out an acceptable
reliability study on each series (A and B), their Weibull modules were determined as a measure of

reliability in each tree (Figure 13).

3 3
« In(In(1/1-Fj1))  In(In(1/1-Fj1))
2 1| = In(in(1/1-F}2)) 2 4| = In(In(1/1-Fj2))
Inin(1/1-E3) | | In(In(1/1-Fj3))
&
1 A ; [* 1 A In(In(1/1-Fj4
In(in(1/1-Fj4)) | 3 (In(1/1-Fj4))
£ 1/ = [
= s = :
20 § = 0 7 4
2 b [yTla06x-553 g 7 [y=14686x-59.13
£ 7 R, 5 , R2=0.9053
-1 4 ’ y =15.274x - 59.436 -1 4 o |y =15.704x - 63.214
J R2=0.9523 g R2=0.888
1/, y =16.201x - 63.03 % y =16.561x — 66.655
2 R2=0.9473 2 1 | R?=0.8696
y = 15.594x — 60.678 y =16.003x - 64.415
R2=0.9508 . R2=0.882
3 . -3 A
-4 . . . -4 T T T
3 35 4 45 5 3 35 4 45 5
(a) Ln (Compressive Strength) (b) Ln (Compressive Strength)

Figure 13. Weibull graphs for the series: (a) A series and (b) B series.

As can be seen, the Weibull modulus is similar for both series with very close values for the best
estimator Fj3 (Equation (10)), although the quadratic R fits are less than or equal to 0.90 for Series
B, whereas for Series A they are greater than 0.95. Series B shows a Weibull modulus for the third
estimator that is somewhat higher (16.561) but with a poor fit. A Weibull modulus of 16 (Fj3) for
each tree (or series) can be considered acceptable and, within the same tree, the reliability is good.
The estimator with the best regression is Fj1 (Equation (8)), which has a value of around 14 for both
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series. It can be concluded that the reliability of this type of wood is in the interval between 14 and 16.
Although few studies exist on the reliability of wood using its compressive strength as a key property,
by way of comparison this behavior is higher than that described in [62].

After it was determined that the reliability of both series remained at very close values,
the distribution was applied to all of the correct tests (37), because the same material was being
tested: there was no difference in terms of the conditions of the materials’ growth because they were
collected in the same geographical area and their size was similar.

In addition, four specimens (two of each of the series) were randomly taken with their individual
values of compressive strength (Figure 14) to determine the traceability of the samples with the
data represented in the graph (Figure 15) and perform a complementary microstructural study
(Figures 16-22). Specimens were selected in the high, medium, and low resistance ranges.

46.77 MPa 49.72 MPa 49.40 MPa 61.74 MPa
i y 15 ﬁ

Figure 14. Appearance of the specimens selected for traceability.

As can be seen when joining the data from both series, a Weibull modulus was obtained that is
lower than that obtained for each series separately, as expected. However, the value of 12.362 with an
R? value of 0.944 is not significantly lower than that previously calculated. If the higher value of R?
is taken, the Weibull modulus drops slightly, reaching 11.380. In this case, the value of the slope or
Weibull modulus is between 11 and 12 for this type of wood. This is the most appropriate value for
the global reliability of the wood because, with regard to its structural use, there is no discrimination
between different trees, which had a similar quality.

From the data provided by the Weibull lines for the different estimators, the characteristic strength
of this type of wood can be deduced for both series, that is, the set of data. The results of the regression
line, quadratic fit, characteristic strength, and Weibull modulus as a measure of reliability are shown in
Table 5.
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Figure 15. Weibull plot for all samples tested: (a) traceability of the selected specimens within the
graph and (b) approximate discrimination of the series.

Figure 17. Microscopic appearance of the samples: (a) heterogeneity with associated porosity and (b)
fiber arrangement.
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Figure 18. Micrographs of the breaking zone of specimen A3 by the speckled zone that was generated

at 45°; the consecutive jumps of the fibers are observed.

Figure 19. Appearance of the damage produced in the specimen A3. Comparison with the last frame
of the structural integrity of the sample.

Table 5. Values obtained from the Weibull distribution.

Linear Regression R? Characteristic Strength (MOR,) Weibull Modulus
y =11.380 x — 45.169 0.9578 52.94 11.380
y =11.915 x — 47.283 0.9514 52.90 11.915
y =12.362 x — 49.047 0.9440 52.85 12.362
y =12.072 x — 47.900 0.9490 52.87 12.072
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Last frame of structural integrity

Figure 20. Appearance of the damage produced in the specimen A10. Comparison with the last frame
of the structural integrity of the sample.

Last frame of structural integrity

Figure 21. Appearance of the damage produced in the specimen B6. Comparison with the last frame of
the structural integrity of the sample.

It can be verified that the result obtained for characteristic strength is slightly higher than the
previously determined average value, but is within the range indicated by the literature.

The application of the Weibull distribution using the MOE. as a key property is different from the
values obtained for strength (MOR.), mainly due to the way this property is determined from the test
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curve, and results in a value of the Weibull modulus of around 6. Its adaptation to the regression line
is around 0.87 and 0.88.

Figure 22. Final appearance of specimen B11 (all lateral faces). Frames of the test, in which the latter
two show recovery in the elastic zone and separation from the press.

It can be concluded that the Weibull distribution is applicable to the strength values of this type of
wood (MOR,), but less so to the MOE. values. Thus, the most suitable key property for determining
material reliability is MOR..

3.2. Macroscopic and Microscopic Study

As a complement to the strength and reliability study, a microstructural study was carried out on
some samples (Figures 16-22), specifically those that were chosen to evaluate the traceability of the
Weibull regression. Figure 15 shows the macroscopic appearance of the samples. An example of the
surface finish of the specimens is shown in Figure 16a. Figure 16b, in which the fibers can be observed,
shows the upper face of the specimens.

Figures 17 and 18 show microstructural details of the wood. Figure 16a shows the presence of
heterogeneities with the associated porosity. If this type of defect is large, it can reduce the mechanical
properties. These defects can remain on the surface, be very small, and have little impact on the
strength of the specimen. In contrast, if they remain inside the specimen and are large, they can cause
premature failure, without prior notice. Figure 18 shows the type of staggered breakage (at 45°) of the
fibers of the material on the face corresponding to the speckled texture.

Figures 19-22 show the macrographic studies of the four control specimens (A3, A10, B6, and B11)
of both trees, in comparison with the last frame of structural integrity. In the specimens A3, A10,
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and B6, the typical 45° breakage of the wood is observed. Whereas in A3 (Figure 19) the break occurred
in the middle of the piece, in both A10 and B6 it was located in the upper portion. Specimen A3 shows
the least resistance, but also underwent a central break at 45°, as shown by the last frame of the piece
with structural integrity (without break). Specimens A10 (Figure 20) and B6 (Figure 21) show similar
values in terms of compressive strength parallel to the fibers. The macrographic study fully coincides
with the resistant behavior offered by the samples: the breaks were similar and both broke in the
upper area at 45° angles but with less clarity than in the first case. The last frame shows the upper
break, in addition to a mixture of the breaks of the four faces. There was no apparent breakage of the
specimen B11 (Figure 22), although it underwent crushing, because this specimen was selected from
the sapwood area of the trunk, which presents higher compressive strengths than the middle and
heartwood areas (A3, A10, and B6) [47]. Each case is compared with the last frame in which there was
integrity in the specimen, i.e., it maintained its shape without breaking. It can be seen how the use of
the DIC roughly predicts the break zone a few milliseconds before the sample breaks. In the case of the
test piece B11, the forces are distributed along the length of the test piece and, at the end, it recovers,
maintaining its parallelepiped shape.

4. Conclusions

Digital Image Correlation is presented as an appropriate technique for the study of wood strain
mainly due to its precision, low cost, and non-invasive and non-destructive nature. As such, it is
an ideal alternative to other more conventional techniques, such as strain gauges, that suffer from
these problems.

In this article, a methodology for obtaining the mechanical properties of wood was proposed,
developed, and tested, based on compression testing and Digital Image Correlation (DIC). The axial
compression tests were synchronized using DIC so that the loads applied at each moment were related
to the strain caused by the loads. As a consequence, the proposed implementation of the DIC technique,
in combination with compression testing, was achieved.

The treatment of data resulting from the tests (strain and load applied over time) made it possible
to determine the mechanical properties of the Pinus halepensis Mill. species. Average values of MOR,
of 50.6 MPa and MOE; of 9670 MPa were obtained.

Density has a direct influence on MOR., whereas the ring width does not have a clear influence.
The influence on the MOE_ is not clearly defined for either of the two physical characteristics.

A total of 37 two-tree specimens (Series A and B) were tested and statistical analysis was conducted
using the Weibull distribution. It was shown that this type of wood is adequately adapted to this type
of distribution. Reliability values of the Weibull modulus of 14 to 16 were obtained for each of the
series for the four estimators studied, whereas the mean value of the reliability of the material was in
the interval between 11 and 12 for the four estimators.

The value of the characteristic resistance calculated from the Weibull distribution was also
determined, and lay in a range between 52 and 53 MPa.

The most suitable key property for determining reliability is the MOR. for these types of materials.
However, the use of the MOE. was shown to be unsuitable.

Finally, it was shown that there was consistency between the microstructural study after failure
and the DIC results of the specimens during the test. A relationship was found between the last
frame readings with structural integrity (pre-break) and the break-after-failure analysis. This indicates
that DIC can predict the type of specimen failure milliseconds before structural failure. Therefore,
DIC was found to be an inexpensive and non-invasive technique to predict structural failure of this
type of material.
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