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Abstract: Introducing openings or holes into wooden structures is a common practice for providing
utility services. However, this practice leads to stress concentration, resulting in a reduction in stiff-
ness and load-carrying capacity. Therefore, understanding the effects of holes on beam properties
is important for design considerations. This study investigates the mechanical behavior of a wooden
beam made from juvenile Pinus elliottii containing open cylindrical holes with three different diam-
eters: 4, 8, and 12 mm. The mechanical properties were evaluated for compression parallel to the
fibers, quasi-static bending, and tension perpendicular to the fibers. Numerical simulations were
conducted using a finite element (FE) model, considering the orthotropic elastic properties deter-
mined from experimental tests and elastic ratios reported in the literature. The experimental results
indicated that the influence of hole diameter was not significant on the compressive properties;
however, longitudinal crack failures began to form for holes with diameters of 8-12 mm. Regardless
of hole size, the compressive and bending characteristics revealed that hole location did not affect
the stiffness, strength, or damage mechanisms.

Keywords: finite element method; wood strength; wood stiffness; open hole; stress concentration

1. Introduction

Wood is a sustainable structural material that offers numerous advantages, such as
low cost, excellent thermal insulation properties, and a high strength-to-weight ratio
when compared to other building materials [1]. In fact, wood is known as a highly versa-
tile material that provides flexibility in design and processes. Solid woods have histori-
cally been widely used for numerous industrial applications, including building construc-
tion and furniture. With advancements in design criteria and techniques, wood has
emerged as an interesting material with improved performance, aesthetic features, and
durability [2].

Notches, openings, and holes are common in wooden structural elements, such as
beams and columns, to provide building services. This leads to stress concentration
around the openings, which elevates the maximum stress levels compared to bodies with-
out holes. Therefore, a hole in the geometry of a structural material reduces the overall
mechanical strength, making it necessary to study its behavior under these circumstances
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[3]. Accordingly, the effect of holes in wooden structures has been reported in the litera-
ture. Both hole diameter and location have a significant effect on mechanical characteris-
tics [4].

Yoshihara and Maruta [4] determined the tensile and shear modulus of spruce using
a non-destructive method and reported that the nominal elastic moduli often decrease as
the size of the open hole increases. In this study, the hole was located close to the mid-
length of the specimen. Reiner et al. [5] investigated thin quasi-isotropic beech veneer lam-
inates subjected to various mechanical tests derived from fiber-reinforced counterparts.
Their findings revealed consistent strength and damage resistance values compared to
fiber-reinforced laminates, albeit at lower magnitudes. Mousavi and Gandomi et al. [6]
addressed the challenge of damage detection in wood materials using machine learning
algorithms. They focused on classifying hole defects in common wood types, such as hard
(merbau) and soft (pine) wood, through contact ultrasonic tests, achieving high classifica-
tion accuracy. This approach contributes to improved non-destructive testing in wood
materials. Chen et al. [7] explored the impact of web openings in oriented strand board
(OSB) webbed laminated bamboo lumber (LBL) box-shaped joists. They observed that
smaller circular holes had negligible effects on strength and stiffness, while larger holes
resulted in strength reductions, especially for unreinforced joists. Reinforcing methods,
including collar-shaped oriented strand board patches (C-OSBs) and collar-shaped steel
patches (C-SPs), effectively improved the mechanical performance of joists with web
openings. These findings contribute to the understanding of structural integrity in engi-
neered wood products.

In summary, the combination of these studies presents a comprehensive overview of
recent advancements in the mechanical characterization, damage detection, and structural
reinforcement of wood materials, contributing to the state-of-the-art knowledge in the
field. Although the study of open holes in solid wood has advanced in recent years, the
current analyses of open holes in wood are quite conservative and are not sufficient com-
pared to those available for composite laminates. Therefore, an in-depth parametric study
can provide more information on the behavior of beams with stress concentration. Con-
sequently, numerical simulation can be an effective tool to examine the mechanical behav-
ior of structural elements with stress concentration locations [8].

Wood, as an orthotropic material, exhibits distinct mechanical properties in different
directions relative to the fibers, with greater strength in the direction parallel to the fibers
due to the alignment of cellulose chains. The theory of elasticity applied to wood assumes
three mutually perpendicular planes with elastic symmetry, reflecting its internal struc-
ture [9]. Finite element analysis has been used to assess the mechanical behavior of wood,
with different approaches for modeling, including cellular models, homogenization-
based models, and laminated models [10]. Three-dimensional (3D) modeling is preferable
to better reflect the mechanical properties of wood, as it can more accurately capture stress
distributions [11]. However, some studies still use 2D modeling, which can result in the
overestimation or underestimation of stresses in different planes [12]. The choice of the
appropriate model depends on the objective and complexity of the analysis [13].

In this study, experimental and numerical analyses were conducted to ascertain the
influence of different hole diameters on the compressive, bending, and tensile properties
of pine wood. The compressive test was used to analyze the effects of hole diameter and
calibrate the numerical model. Then, three-point bending and tensile tests were conducted
to investigate the stress concentration around the hole region. Instead of delving into the
entirety of wood’s mechanical behavior or failure mechanisms, this study provides valu-
able insights into the specific aspect of stress concentration induced by anisotropic effects
in wood due to the presence of holes.
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2. Materials and Methods
2.1. Material Selection and Sampling

Air-dried Pinus elliottii lumbers from juvenile trees (10-20 years old) located in south-
ern Brazil were sourced from a sawmill. To achieve dimensional stability, the dried lum-
bers were conditioned in a climatic chamber for three months at a temperature of 20 °C
and a relative humidity of 65%, as specified by ASTM D143 [14].

The apparent density of five prismatic samples was measured using an analytical
scale (0.001 g resolution) and a digital caliper (0.01 mm resolution). Samples were catego-
rized into four groups: the control group without any holes (WT group) and three groups
with holes of diameters 4, 8, and 12 mm. Efforts were made to maintain similar densities
for each group. The mean apparent densities of the four groups were 0.363, 0.373, 0.377,
and 0.363 g/cm?, respectively, confirming their high similarity in terms of density. The
standard deviations ranged from 0.041 to 0.043 g/cm?. This density-based homogenization
approach was adopted for all the experimental tests. These values are relatively lower
than some reported results (around 0.50 g/cm?) for pine woods planted in southern Brazil
[15]. Wood density can vary due to factors such as forest location, local climate [16], har-
vesting [17], and storage [18]. Holes were drilled in the tangential plane of the samples
using steel drills suitable for woodworking at 1000 rpm, coupled to a Ferrari FG-12 bench
drill with a nominal power of 350 W.

2.2. Mechanical Tests

For the compression test parallel to the fibers, where wood exhibits higher strength
and stiffness, 11 samples from each group with dimensions of 50 x 50 x 200 mm (longest
dimension in the longitudinal direction) were prepared according to ASTM D143 [14] (Fig-
ure 1). The tests were conducted using an EMIC DL3000 universal testing machine at a
displacement rate of 0.8 mm/min, adapted from the standard rate of 0.6 mm/min. A central
100 mm extensometer was used to measure longitudinal deformation. The holes in these
specimens were positioned at the center of their tangential planes.
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Figure 1. Sample for compression test parallel to the fibers.
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Quasi-static bending tests were performed on samples measuring 50 x 50 x 760 mm
(longest dimension in the longitudinal direction), following ASTM D143 [14]. The holes
were drilled between the indenter and one of the side supports, as this region experiences
maximum transverse shear stress (Figure 2). Nine samples were tested for each group at
a constant speed of 2.5 mm/min using the aforementioned testing machine.

Upper support (B)

177.5 177.5

v I

50

Q- Holes 94/98/912 mm

Fiber direction I —
A_ Lower support (A) Lower support (C A
[25] 710 125]
| 760 |
V(kN) A (+) B c

(=)

Figure 2. Sample for the bending tests and its shear diagram.

The tension perpendicular to the grain samples were cut with external dimensions of
50 mm x 50 mm x 63 mm (longest dimension in the tangential direction), according to
ASTM D143 [14] (Figure 3). Two semicircular notches (diameter 26 mm) were machined
at the gripping region of the samples to apply load at a speed of 2.5 mm/min. The holes
were drilled at the geometric center of the tangential planes. Ten specimens were tested
for each group.

. 63.00 . 50.00

L1547

1
w.oo& 26.00 Fﬁ)wz.oo

|6.00

50.00
23.07
50.00

13.47 ,

Front view Side view

Figure 3. Sample for tension perpendicular to the grain tests.

2.3. Finite Element (FE) Model

To investigate the effect of the holes on the stress concentrations in the wood samples,
a numerical study based on the finite element method (FEM) was conducted for compres-
sion parallel to the grain and static bending tests. The longitudinal elastic modulus (E;)
was experimentally determined through the aforementioned compression parallel to the
grain tests, yielding an average value of 6848 MPa for the control group. These data were
used to calculate the properties shown in Table 1 using elastic ratios provided by the For-
est Products Laboratory [19].
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Table 1. Mechanical properties of the pine wood used in the present study.

E* E, E;

Vi V1 Vi3 V31 V33 V3 Gy Gq3 Gy

6848
MPa

308
MPa

507
MPa

0.444 0.020 0.392 0.029 0.387 0.636

363 377 68
MPa MPa MPa

*1,2,and 3 directions refer to longitudinal, transverse, and radial directions of the fibers, respectively;
E is elastic modulus; v is Poisson’s ratio; G is shear modulus.

To account for the orthotropic nature of wood, the stiffness matrix D shown in Table
2 was incorporated into the FE model using AbaqusTM/Standard v. 6.14 software. The
geometry of the samples and test devices was designed in the software to simulate the
tests, wherein a three-dimensional model was implemented for each group based on the
different hole diameters.

Table 2. Parameters of the stiffness matrix used to represent the orthotropy nature of wood (values
represented in MPa).

D1111 DZZZZ

D3333 D1122 D1133 D2233 D1212 D1313 D2323

7041.35 415.62

685.19 291.53 389.79 272.96 363.00 377.00 68.00

Considering that the L, T, and R directions are, respectively, the 1, 2, and 3 directions,
the stress—strain relationships of a orthotropic elastic material can be expressed as [20]:

011 Di111 D12z Diass 0 0 0 €11 €11
092 Di122 Diz22 Daass 0 0 0 €22 €22

033( _|D1133 Dap3z Dszzz O 0 0 €3 | _ [De!] £33 W
012 0 0 0 D1212 0 0 Y12 Y12
013J 0 0 0 0 Di313 0 V13 Y13
023 0 0 0 0 0 Dy3p3] VY23 V23

where the engineering constants for matrix D are defined as:

Di111 = E1 (1 — v5303,)Y (2)

Dy20 = Ex(1 — v13v31)Y 3)

D3333 = E3(1 — v150,1)Y (4)

D112z = E1(0p1 + v31023)Y = E3 (V15 + v3,013)Y (5)

D133 = E1 (V31 + v21032)Y = E3(v13 + v15023)Y (6)

Dy233 = Ex (V3 + v12031)Y = E3(vp3 + v31013)Y (7)

D315 = Gyy (8)

Di313 = G13 9)

Dy333 = G33 (10)

1
Y = 1)

1 = v4Vp1 — Vp3V3p — Vi3V3q1 — 2V31 V35053

The FE model depicted in Figure 4 was developed to analyze the wood samples un-
der compression parallel to the grain (Figure 4a), bending (Figure 4b), and tensile perpen-
dicular to the grain (Figure 4c) conditions. To simulate the wood’s orthotropy related to
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the arrangement of its growth rings, a local cylindrical coordinate system was established.
Directions 1, 2, and 3 represented the longitudinal, tangential, and radial directions, re-
spectively. For the compressive loading, direction 1 was aligned with the force directions
(y direction), while for the bending and tensile conditions, direction 1 was perpendicular
to the force direction. To simplify the numerical model, frictionless contact conditions be-
tween the wood and test devices were assumed.
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Figure 4. FE model with local coordinate system of the wood to represent the (a) compressive
(frontal and upper views), (b) bending (frontal and side views), and (c) tensile (frontal and side
views) condition.

To assess stiffness and stress using the FE model, rigid body constraints from a ref-
erence point (RP) were applied to simulate the test devices. For compressive loading,
boundary conditions were established allowing a 0.45 mm displacement on the upper de-
vice relative to an RP positioned at the same location, based on experimental test values.
Additionally, neither displacement nor rotation were permitted on the RP of the lower
device (Ux =Uy = Uz =Urx=Ury=Urz=0).

The bending test was simulated considering symmetry along the x-axis, simulating
only half of the sample. For this, two RPs were created: the first served as the indenter,
applying a 10 mm displacement on the upper device, while the second served as the sup-
port, allowing neither displacement nor rotation (Ux = Uy = Uz = Urx = Ury = Urz =0). To
ensure symmetry, displacements along the x-axis and rotation in the y- and z-axes (Ux =
Ury = Urz =0) were set to zero.

Regarding the tension perpendicular to the grain condition, neither displacement nor
rotation were allowed on the RP of the lower device (Ux = Uy = Uz = Urx = Ury = Urz =0),
and a 1.5 mm displacement was applied to the upper device in the y direction, based on
experimental tests.

A three-dimensional (3D) mesh consisting of 8-node linear brick elements with re-
duced integration (C3D8R type) was employed. The results of the maximum reaction force
in bending for a 10 mm displacement, along with various mesh sizes (ranging from 5.0
mm to 2.0 mm), were analyzed to refine the mesh until achieving a difference below 5%
in reaction force compared to the previous mesh. The largest difference, 2.1%, was ob-
served between the 4 mm and 3 mm meshes. Based on the convergence plot (Figure 5), a
2 mm mesh was selected.



Forests 2024, 15, 722

7 of 15

40 39.21 39.39

39 38.46 38.40 0.46%
2.13%

38 0.18%
37

Force (kN)

36

35
7979 (5mm) 16434 (4mm) 37,082 (3mm) 119129 (2mm)

Mesh elements

Figure 5. Convergence plot of the bending element.

2.4. Statistical Analysis of Experimental Data

To use the experimentally obtained data as inputs for the numerical models, outliers,
identified using the interquartile range (IQR) method, were excluded. The resulting da-
taset was tested for normality (Shapiro-Wilk test) and homogeneity of variances (Levene’s
test) before applying one-way analysis of variance (ANOVA). When the null hypothesis
was rejected, means were compared using Tukey’s honestly significant difference (HSD)
test at a 1% significance level. All the analyses were conducted using Statgraphics Centu-
rion® v18 software.

3. Results and Discussion
3.1. Compression Parallel to Grain

Compression tests were employed to calibrate the numerical models under study.
Figure 6a presents the compressive behaviors delineated by the stress versus deformation
curves obtained from both the experimental and numerical analyses. While the experi-
mental curves represent the median values, the numerical curves were derived from finite
element method (FEM) AbaqusTM/Standard v. 6.14 software. Substantial agreement be-
tween the experimental and numerical curves, especially in the elastic phase, was ob-
served across all the cases.

(a) 251
(b) OWH B4 mm B8 mm ®12 mm
10,000 F=0.69; p>0.05
20 Z 8000
£ = 6000
'-Z' = 4,000
a 154 =]
2 —=— Exp. WH = 2000
= Num. WH 0
2 10 —=—Exp. 4 mm
% Num. 4 mm (¢) OWH B4 mm B8 mm ®12 mm
= —=—Exp. 8 mm 50 F=2.63; p>0.05
2 5 Num. 8§ mm = T
O
—=—Exp. 12 mm % 20
— Num. 12 mm vt
0 . : . . . . o 10
0.000 0.002 0.004 0.006 =

Compressive strain (mm/mm)

Figure 6. Compressive stress vs. strain curves (a), modulus of elasticity (b), and modulus of rupture
(c) of the wood samples with and without holes.

It is important to recognize the study’s limitation in employing a linear model to de-
pict wood behavior. Although this approach enabled a focus on the anisotropic effects
around the holes, it falls short of capturing wood’s nonlinear behavior, particularly under
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extreme loading conditions. Subsequent research could delve into advanced material
models to enhance our comprehension of wood behavior.

Figure 6b illustrates the modulus of elasticity (MOE) for both the drilled and un-
drilled samples. While no statistical significance was discerned between the groups, a de-
clining trend was evident as the hole diameter expanded, with samples featuring a 12 mm
hole registering the lowest value. Generally, the MOE values ranged between 6000 and
7000 MPa, surpassing the 5250 MPa MOE reported by Acosta et al. [21] for similar pine
woods. This discrepancy can be attributed to differing sample dimensions: Acosta et al. [21]
examined woods measuring 2.5 x 2.5 x 10 cm?3, whereas our study employed 5 x 5 x 20 cm?
samples. The larger sample dimensions in our study likely led to longer stress propaga-
tion paths and more intricate interactions between the wood fibers and structural ele-
ments. This enlarged sample size facilitates a more accurate assessment of material me-
chanical behavior under applied loads, encompassing a broader spectrum of stress distri-
bution patterns. Conversely, Acosta et al.’s [21] smaller samples may display varied stress
propagation characteristics, potentially resulting in disparate observed mechanical prop-
erties. Additionally, the observed variability in these results may stem from intrinsic wood
factors such as density, growth ring orientation, and structural defects [22].

Similar trends were observed for compressive strength (Figure 6c), with the 12 mm
hole samples exhibiting an approximately 15% decline compared to the control group.
However, no statistically significant difference was calculated across any group. The rec-
orded values fell within the 16-23 MPa range, which is 32% and 46% lower than the 50
MPa compressive strength reported by Acosta et al. [21]. This reduced value compared to
the literature might be attributed to the lower density levels observed in our study.

In the compression tests parallel to the grain, the samples from the control and 4 mm
groups showed no discernible damage. In contrast, longitudinal cracks were evident in
the 8 mm and 12 mm hole samples, as depicted in Figure 7. Moreover, the failures pre-
dominantly originated from the hole, with the 12 mm hole samples displaying longer
cracks than their 8 mm counterparts.

50 60 70 80 9 100 110 120 130 140 150 mm

rrrrrrererrrrr

(®)

Figure 7. Photographic representations of longitudinal cracks observed during compression parallel
to grain tests for 8 mm (a) and 12 mm (b) samples.

Figure 8 presents the numerical simulation results concerning the stress field when
the samples underwent compression parallel to the grain. Figure 8a,b depict the normal
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and shear stress fields around the hole, respectively. The pronounced stress concentration
around the holes becomes more evident with an increase in hole diameter, leading to
longer cracks. Additionally, the regions of concentrated shear stresses in the transverse
direction expand as the holes are enlarged.

I | HH [T
W | |

(@)

s, 511

(Avg: 75%)
+1.657x10°
-2.535%10°
-6.728%1(°
-1.092x10*
—-1.511x10*
-1.930x10*
-2.350%10"
-2.769x10"
-3.188x10¢
=-3.607x10*
—-4.027x10"
-4.446x10*
-4.485%10*

HH

M ||||||\||||H—H‘HE‘H‘H

Without hole 4 mm 8 mm 12 mm

(®)

S, 5812

(Avg: 75%)
+3.449x10°
+2.857x10°
+2.265%10°
+1.673%10°
+1.081x10°
+4.886x1071
-1.035x10%
—6.956x10"
-1.288x10°
-1.880x10°
—2.472%10°
-3.064x10°
-3.656x10°

CECTTTTrTTd
Without hole 4 mm

Figure 8. Diagrams for normal (a) and shear (b) stress field distributions developed in the compres-
sion parallel to grain tests for the wood samples with and without holes.

It is important to highlight that our study did not integrate a failure mechanism
within the finite element simulation. Our focus centered on exploring the anisotropic ef-
fects on stress concentrations around holes in wood samples rather than specific failure
mechanisms. Consequently, the absence of a failure mechanism in the current model
should be considered a limitation.

In a similar study, Tang et al. [23] observed a comparable effect on failure and stress
concentration. Their research, which examined the influence of drilling damage on wood
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embedment behavior, demonstrated that the distribution and magnitude of residual
strains in wood were correlated with the hole diameter. This finding is aligned with our
observations, reinforcing the idea that wood exhibits similar failure modes near holes. The
congruence between our study and theirs enhances the robustness and consistency of the
observed phenomenon, lending further credibility to our results.

3.2. Quasi-Static Bending Analysis

To compute the bending modulus from experimental data, ASTM D143 [14] specifies
a relationship between the moment produced by loading and the moment of inertia of the
sample’s cross-section. This relationship is standard for the elastic region of most isotropic
and homogeneous materials. However, this approach proves less reliable for modeling
wood’s mechanical behavior. Timber, renowned for its unique anisotropic and heteroge-
neous nature, exhibits a nonlinear response under bending stress, particularly as it nears
failure. The ASTM D143 approach presupposes elastic behavior within the proportional
limit, potentially failing to capture accurately the intricate stress—strain relationship of
timber. Brazilian standard ABNT NBR 7190 recommends a length/height (L/h) ratio of 21
for bending tests, surpassing the ratio proposed by ASTM D143 (L/h = 14.2). This adjust-
ment aligns with our research objectives’ need for a more precise representation of wood’s
mechanical behavior.

Zangiacomo et al. [24] argued that the sample geometry suggested by ASTM D143
leads to substantial displacements associated with shear stresses. These high displace-
ments cause internal stress redistribution, compromising precise deflection measure-
ments. Based on bending results from Pinus ellioftii samples with an L/h ratio of 15,
Zangiacomo et al. [24] proposed that this L/h ratio could be adjusted to 21 (as suggested
by ABNT NBR 7190) by increasing the original force levels by 40%. In our study, curves
adjusted according to this correction better matched the experimental results than uncor-
rected curves, validating Zangidcomo et al.’s theoretical explanation.

Figure 9 presents the median load vs. displacement curves derived from the experi-
mental tests and numerical simulations. Once again, the experimental and numerical
curves exhibited good agreement across all the cases, partly attributable to the aforemen-
tioned literature-based correction. The average bending modulus across the different
groups showed no statistical differences. Typically, the small samples subjected to bend-
ing experience yielded on the compression side, followed by compression zone expansion,
ultimately failing under tension in a brittle manner [25].

(a) 6,000 . (b)OWH B4 mm @8 mm W12 mm
] / 6000 F=1.68; £>0.05
5,000 & 5,000
] 24,000
©3.000
= 4,000 g 2,000 m ' I I
_;’ ] —a F‘pr WIH 1,000
2 3000 4 — Num. WH 0
%0 1 - Sl (c)oWHE4 mm B8 mm B 12 mm
s Num. 4 mm
§ 2,000 V4 = e B 50 Fol 28 52005
1 2 Num. 8 mm £ 40 280, 27
1,000 —s=—Exp. 12 mm £ 30
1 ¥ Num. 12 mm %20
0 : : : : : , i 5 10
0 5 10 15 20 0

Displacement (mm)

Figure 9. Load vs. displacement curves (a), modulus of elasticity (b), and modulus of rupture (c) for
bending tests on wood samples with and without holes.
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Various failure modes were observed during the bending tests, including horizontal
shear (Figure 10a), brash tension (Figure 10b), cross-grain tension (Figure 10c), simple ten-
sion (Figure 10d), and splintering tension (Figure 10e). Visual analysis indicated no fail-
ures occurring in the hole region, suggesting that the drilled holes did not influence these
failures. Thus, the influence of the holes can be discounted in this context.

Figure 10. Horizontal shear (a), brash tension (b), cross-grain tension (c), simple tension (d), and
splintering tension (e) failures observed during bending tests.

In our study, we consistently observed results regarding failure modes and the effects
of holes in wood that were aligned with the findings of Andarini and Raftery [26]. Their
research identified similar failure modes, including horizontal shear, brash tension, cross-
grain tension, simple tension, and splintering tension, indicative of wood’s complex be-
havior under bending stress, especially near holes. Our study corroborated these findings,
highlighting the importance of considering these effects when designing and analyzing
wood structures.

Figure 11 demonstrates that a hole’s presence, irrespective of its diameter, had no
influence on the stresses developed longitudinally, with no effective stress concentration
observed. The holes did not necessarily trigger failure in adjacent regions, aligning with
Andarini and Raftery’s [26] findings. However, visual analysis of the failure modes indi-
cated that most failures occurred in tension or compression regions, corroborating the nu-
merical study, where these regions experienced high normal stresses. Conversely, Wen et
al. [27] explored hole introduction in the compression and tension zones of solid wood
beams, asserting that the holes shifted the neutral axis, primarily affecting the inelastic
strain stage. Figure 11’s shear stress field confirms that the holes did not generate high
stress, explaining why the experimental failures occurred in the longitudinal center of the
samples.
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Figure 11. Diagrams illustrating normal (a) and shear (b) stress field distributions developed during
bending tests on wood samples with and without holes.

3.3. Tension Perpendicular to Grain

Figure 12 shows the experimental results from the tensile tests perpendicular to the
grain. As with the other experimental tests, comparisons between the groups revealed no
statistically significant differences in the stiffness or strength means. However, failures in
this test occurred between the notches made to attach the supports, where the hole was
positioned and followed the growth rings. Thus, this damage is likely to result from both
the wood’s anatomical characteristics and the inserted holes.
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Figure 12. Force vs. displacement curves (a), modulus of elasticity (b), and maximum stress (c) for
tensile tests perpendicular to grain on wood samples with and without holes.

The high standard deviations recorded in this experiment might stem from the short
radial parenchyma cells found in pine wood. These cells, vital fluid conductors, vary in
dimensions from 2 to 40 pm in length and 2 to 20 um in width [28]. Additionally, the test’s
loading configuration could induce a complex stress field, especially near the support
zone, compromising the purity of normal stresses. This behavior was also evident in the
FE model, as shown in Figure 12. It was observed that normal (Figure 13a) and shear (Fig-
ure 13b) stress around the device exceeded those around the holes, corroborating Sebek
etal.’s [29] study. NBR 7190 [30] stipulates that tensile strength perpendicular to the grain
should be used only for sample comparisons, not for wood structure applications. Thus,
we did not compare the experimental tensile results with the numerical stiffness results,
as an extensometer was not utilized in the tests to measure displacement, potentially
yielding inaccurate comparisons.

(a)

WH 4 mm 8 mm 12 mm
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+10425100
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—-2.993=10°
—4.002x10°
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# (b)

WH 4 mm 8 mm 12 mm

Figure 13. Diagrams illustrating normal (a) and shear (b) stress field distributions developed during
tensile tests on wood samples with and without holes.

4. Conclusions

The density and mechanical properties of the pine wood examined in this study were
marginally lower than those reported in the literature. However, these values fall within
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the expected range considering the inherent variability of wood properties. The introduc-
tion of holes with varying diameters did not result in statistically significant reductions in
the mechanical properties of the wood samples, as supported by both experimental and
numerical findings. The pronounced stress concentration fields proximate to the holes, as
revealed by the finite element (FE) model, elucidate the elevated occurrence of failure
modes in these areas. Specifically, longitudinal cracks were predominant in compression
parallel to the grain, while horizontal shear failures were prevalent in the bending tests.
Moreover, the numerical models corroborated the elastic regions observed in the stress
vs. deformation and load vs. displacement curves from the experimental compression par-
allel to the grain and bending tests, respectively. Adjustments to the experimental bending
curves were successfully implemented based on the literature’s recommendations, recti-
fying the inappropriate length/height (L/h) ratio suggested by ASTM D143. In contrast,
the tensile tests perpendicular to the grain exhibited elevated standard deviations. This
variability can be attributed to both the anatomical characteristics of the pine wood under
study and the inadequate test configuration prescribed by ASTM D143. In summary, this
study underscores the importance of considering the effects of hole introduction and ap-
propriate test configurations when assessing the mechanical behavior of wood. The find-
ings provide valuable insights for future research and practical applications in wood en-
gineering and design.
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