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ABSTRACT - In this study, different methods were used to compare the mechanical properties of spruce wood.
The aim was to evaluate the potential of predicting the properties and behavior of wooden structural elements con-
taining holes and voids. The modulus of elasticity (MOE) was determined using three methods: the static 4-point
bending method according to the standard EN 408:2010+A1:2012, the original dynamic transverse resonance vi-
bration method, and the ANSYS design program. The research was carried out in two phases. In the first phase, the
dynamic modulus of elasticity (MOEd) of the samples was determined without causing them any damage. In the
second phase, the bending resistance and static modulus of elasticity (MOE) of the same samples were determined.
Using the ANSYS program and considering the dynamic modulus of elasticity, density, and other parameters, the
bending resistance and static modulus of elasticity (MOEa) were predicted. During the first stage of the study, the
modulus of elasticity (MOE) was measured for different groups of samples using different methods. The results
showed that the average values of MOE differed by up to 4.6 % between the different groups. In the second stage,
additional samples were divided into 5 groups, and holes or voids were formed in them according to 5 different
schemes. The MOE, bending resistance, MOEa, and bending resistance were determined for each group, and it
was found that the average MOE values differed by up to 17 % between the different groups. The presence of holes
and voids in the wood increased the anisotropy of the material, which had the most significant impact on the re-
sults. Regardless of the number of holes and voids, the damping factor increased by up to 2.1 times.
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SAZETAK « U ovom su istrazivanju primijenjene razlicite metode za usporedbu mehanickih svojstava smreko-
vine. Cilj je bio procijeniti mogucnost predvidanja svojstava i ponasanja drvenih konstrukcijskih elemenata koji
imaju rupe i Supljine. Modul elasticnosti (MOE) odreden je trima metodama: statickom metodom savijanja u
Cetiri tocke prema normi EN 408:2010+A41:2012, metodom izvorne dinamicke transverzalne rezonantne vibracije
te programom za projektiranje ANSYS. Istrazivanje je provedeno u dvije faze. U prvoj je fazi odreden dinamicki
modul elasticnosti (MOEd) uzoraka bez nanosenja ikakvih ostecenja. U drugoj je fazi odreden otpor na savija-
nje i staticki modul elasticnosti (MOE) istih uzoraka. Otpor na savijanje i staticki modul elasticnosti (MOEa)
predviden je uz pomo¢ programa ANSYS, pri cemu su uzeti u obzir dinamicki modul elasticnosti, gusto¢a drva i
drugi parametri. Tijekom prve faze istrazivanja izmjeren je modul elasticnosti (MOE) za razlicite skupine uzoraka
razlicitim metodama. Rezultati su pokazali da su se prosjecne vrijednosti modula elasticnosti razlicitih skupina
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uzoraka medusobno razlikovale do 4,6 %. U drugoj fazi dodatni su uzorci podijeljeni u pet skupina, na kojima su
napravljene rupe ili Supljine prema pet razlicitih shema. Za svaku skupinu odredeni su MOE, MOEa i otpornost
na savijanje, a utvrdeno je da se prosjecne vrijednosti modula elasticnosti medu razlicitim skupinama razlikuju

do 17 %. Postojanje rupa i Supljina u drvu povecalo je anizotropiju materijala, sto je najvise utjecalo na rezultate
istrazivanja. Bez obzira na broj rupa i Supljina, faktor prigusenja povecao se do 2,1 put.

KLJUCNE RIJECI: modul elasticnosti; koeficijent prigusenja; predvidanje mehanickih svojstava; rupa, supljina

1 INTRODUCTION
1. UVOD

Wood has been widely used as a building mate-
rial since ancient times. In addition to natural wood,
other wood materials are also extensively used in con-
struction. By gluing wood (Abed et al., 2022; Hilde-
brandt ef al.,, 2017; Ramage et al., 2017; Risse et al.,
2019; Sanscartier Pilon et al., 2019), it is possible to
manufacture elements of various dimensions and alter
some of their properties. This includes reducing the
variability of mechanical properties, minimizing the
environmental impact on dimensional and shape stabil-
ity, eliminating defects or anatomical elements nega-
tively affecting mechanical properties, and expanding
the range of applications.

In the near future, wood will play an even more
significant role in construction. This is due to the Euro-
pean Climate Law signed on June 24, 2021, obliging
participants in the construction market to reduce green-
house gas (GHG) emissions by at least 55 % by 2030
and achieve climate neutrality by 2050. The European
Commission introduced the Green Deal to transform
the EU into a modern, resource-efficient, and competi-
tive economy, aiming for the EU to become the world’s
first climate-neutral continent by 2050, with no emis-
sions of greenhouse gases and economic growth de-
coupled from resource use (The European Green Deal).

To predict the behavior of an element in a con-
struction, precise knowledge of its mechanical proper-
ties is essential. Wood exhibits a wide range of proper-
ties, including mechanical variability. For example, the
modulus of elasticity along the grain of elements cut
from the same wood species can vary up to 2 times
(Wood Handbook, 2010; Wagenfiihr, 2000). The prop-
erties of elements cut from the same tree trunk can also
differ (Vobolis and Albrektas, 2007). Various defects,
sometimes invisible to the naked eye (e. g. internal
cracks, splits, resin cavities, fiber wrap, biological
damage), and anatomical elements, which are often
unavoidable, further influence mechanical properties.
Thus, the mechanical properties of individual speci-
mens, even those from the same sample, can vary by 30
% or more. The dispersion of values can be further in-
creased by defects (Albrektas and Styraite, 2022).

It is advised to employ non-destructive methods
for determining mechanical properties. By doing so,

170 ) DRVNA INDUSTRIJA 76 (2) 169-176 (2025)

the test object remains unscathed and can be utilized
subsequently. As a result, when constructing crucial
structures, all the elements used can be examined, rath-
er than just a small subset.

It is a well-established fact that values obtained
for a particular property of a sample may differ based
on the method employed to determine it. For instance,
the dynamic modulus of elasticity, ascertained by non-
destructive methods, can be higher than the static mod-
ulus of elasticity of the same element (Shan-qing and
Feng, 2007; Divos and Tanaka, 2005; Nzokou ef al.,
2006). This difference must be considered while de-
signing structures or predicting the behavior of indi-
vidual elements within them.

Holes or voids are often needed for various com-
munication purposes in static structures. By cutting or
drilling voids, there is a potential crack formation and
propagation risk. The spread of these cracks changes
the way structures collapse, and fractures may occur
even under significantly lower loads (Ardalany ef al.,
2013). Various methods are applied to prevent the for-
mation and spread of such cracks, including the use of
screws, steel plates, plywood, fiber-reinforced poly-
mers (FRP), etc. An effective means of reinforcing ele-
ments made from fine wood panels is through rein-
forcement (Yerlikaya and Karaman, 2020). Karaman
(2021) determined that the effects of joints reinforced
BFRP and GFRP.

Depending on the size and location of voids, they
can affect the elements strength, elasticity, and plastic-
ity in various ways (Ardalany ef al., 2013; Zhang et al.,
2018; Gauronskaité et al., 2022). It is important to un-
derstand the impact of voids and holes on the behavior
of structural elements. Static destructive methods are
not suitable for evaluating the individual mechanical
properties of each element, as the tested object will not
be suitable for use after the study. Dynamic non-de-
structive methods, while not damaging the test object,
often indicate average material properties. A typical
example is measuring the dynamic modulus of elastic-
ity by evaluating the sound propagation speed
(Baltrusaitis and MiSeikyte, 2011). In this case, the av-
erage density of the sample, the average sound propa-
gation speed, and the average dynamic modulus of
elasticity are determined without isolating the “weak-
est” point (which could be a hole, in the case of a
wooden element, a large branch, etc.). Yet, this “weak-
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est” point can significantly influence the behavior of
the element in a structure or the behavior of the entire
structure.

Computer-aided design programs can be used in
scenarios where it is imperative to assess the conduct
of a structure or an element following the creation of a
cavity or void. By acquiring knowledge of the perti-
nent physical and mechanical properties of an element,
it is possible to model the alterations that may occur
based on the location, size, and quantity of voids.

Objective of the study: To evaluate the possibility
of predicting the behavior and properties of an element
using computer-aided design software.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

The research employed spruce wood specimens
that were free from visible defects, large branches, or
other anatomical features that could have influenced
the mechanical properties of the wood. The wood was
purchased from a company selling wood products in
Lithuania. Before testing, the cut samples were kept for
two weeks in laboratory conditions with the tempera-
ture of 20-22 °C and the relative humidity of 55 — 60 %.
A total of 70 specimens were examined, with dimen-
sions measuring approximately 600 mm x 40 mm x 30
mm, and a moisture content ranging between 10.4 %
and 11.6 %. The density of the specimens ranged from
403 to 451 kg/m’. The length of the specimens was
measured with a ruler with a precision of 1 mm, while
the width and thickness were measured with a caliper
having a precision of 0.05 mm. The mass of the speci-
mens was measured with scales having a precision of
0.01 g, and the moisture content was measured using
an electronic moisture meter in line with standard EN
13183-2:2003, EN 13183-2:2003/AC:2004, with a
precision of 0.1 %.

The dynamic modulus of elasticity (MOEd) and
coefficient of damping of the specimens were deter-
mined using an original methodology based on the
transverse resonance vibration method (Vobolis and

Albrektas, 2007; Gauronskaité ef al., 2022). The bend-
ing resistance and static modulus of elasticity of the
specimens were also determined using the methodolo-
gy of standard LST EN 408:2010+A1:2012. Addition-
ally, the behavior of the specimens was simulated us-
ing the ANSYS design program.

The four-point bending scheme and the specimen
in the testing machine are presented in Figure 1.

ANSYS is one of the most popular engineering
analysis programs due to its versatility, used for mod-
eling, analysis and optimization in various engineering
fields. This program allows you to perform element
analysis (mechanical load, deformations, stresses). It is
used in the development, optimization of product de-
sign, analysis of structural strength, stability, etc.

The study was conducted in two stages. In the first
stage, 20 specimens were randomly selected, and their
dynamic modulus of elasticity and coefficient of damp-
ing were determined. Subsequently, bending resistance
and static modulus of elasticity were measured. The AN-
SYS design program used the available data (specimen
density, dynamic modulus of elasticity) to determine the
bending resistance and static modulus of elasticity. Fi-
nally, all the obtained values were statistically analyzed,
and the results are presented in Table 1.

In the second stage, the remaining specimens were
randomly divided into 5 groups of 10 specimens each
(Groups II-VI), and holes and voids were drilled in ac-
cordance with the provided diagrams (see Figure 2).

The holes and voids are shaped in such a way as to
have the greatest influence on the mechanical properties
of the specimens during bending according to a scheme
developed by the authors of this work. Subsequently, the
dynamic modulus of elasticity and coefficient of damp-
ing of these specimens were determined. Bending resist-
ance and static modulus of elasticity were also measured
using the “four-point” bending method. Using the avail-
able data (specimen density, dynamic modulus of elas-
ticity), the ANSYS design program determined the
bending resistance and static modulus of elasticity. All
values obtained were statistically processed (standard
deviation (SD) was calculated).
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Figure 1 Four-point bending scheme (a) and specimen in testing machine (b); here / — specimen thickness; / — distance

between supports

Slika 1. Shema savijanja u Cetiri toc¢ke (a) i uzorak u ispitnom uredaju (b); 2 — debljina uzorka, / — udaljenost izmedu nosaca
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Figure 2 Schematics of drilling holes and voids in specimens: here II-VI are numbers of groups; * denotes a non-through
hole in specimen, and holes have a depth of 15 mm (we called it ,,the void*)
Slika 2. Sheme busenja rupa i Supljina u uzorcima: II. — VI. su brojevi skupina; * ozna¢ava neprolaznu rupu na uzorku, a rupe

su dubine 15 mm (nazvali smo ih Supljinama)

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

In the first stage of the study, the average values
and standard deviations of the mechanical properties
were determined for the tested specimens within each
group, as presented in Table 1.

As expected, it was discovered that the (MOEd)
is higher than the (MOE). The difference between the
two is around 360 MPa, which is equivalent to 4.6 %.
Other studies conducted by different researchers also
showed similar differences between the static and dy-
namic modulus of elasticity (Divos and Tanaka, 2005;
Nzokou et al., 2006; Shan-qing and Feng, 2007). The
ANSYS design program yielded an average static
modulus of elasticity of 285 MPa, which is 3.7 % high-
er than the actual bending case. The differences are
most likely due to the fact that the design program does
not consider material heterogeneity. Additionally, frac-
tures tend to occur at the weakest point of the speci-
men, which could be a result of a minor crack, a defect

in the fiber structure, or other factors. The design pro-
gram may not take into account these “weakest points,”
which could also explain the lower average bending
resistance obtained in real-life situations compared to
the design program. The standard deviation could also
be related to these differences. Typical examples of
specimen failure are presented in Figure 3, illustrating
the behavior of wood during bending.

It was noticed that the failure of one specimen
(Figure 3a) happened at the location where it was un-
der load, whereas another specimen (Figure 3b) did not
fail in the location where the highest stresses were ex-
pected, but rather in its close vicinity. The location of
the sample breakdown can be determined by any inter-
nal structural feature, including the aforementioned
invisible one. The reasons for this variation in failure
locations were the structural characteristics of each
specimen. The compared design program ANSYSS does
not “see” these material structure features. For this rea-
son, there may be a discrepancy between the mechani-
cal properties determined in the laboratory and those

Table 1 Average mechanical properties values of specimen groups without voids and holes
Tablica 1. Srednje vrijednosti mehanickih svojstava skupina uzoraka bez Supljina i rupa

Group MOEd tgo g, MOE Gy MOE,
Skupi- | Aver- | SD, | Aver- | SD, | Aver- | SD, | Averagevalue, | SD, | Aver- | SD, | Aver- | SD,
na age MPa age I. U. age MPa MPa MPa age MPa age MPa
value, value, value, value, value,
MPa r. U. MPa MPa MPa
I 7859 544 0.029 | 0.0023 | 62.2 4.7 7499 464 71.4 2.9 7784 | 360

Note: here MOEd — dynamic modulus of elasticity, #gd — coefficient of damping, o,, — bending resistance; MOE — static modulus of elasticity,
o,, — bending resistance, calculated with ANSYS; MOE, — modulus of elasticity, calculated with ANSYS

Napomena: MOEd — dinamicki modul elasticnosti, tgo — koeficijent prigusenja, o, — otpor na savijanje; MOE — staticki modul elasticnosti, o,,
— otpor na savijanje izracunan uz pomo¢ programa ANSYS; MOE, — modul elasticnosti izracunan primjenom programa ANSYS
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Figure 3 Typical examples of samples fracture
Slika 3. Tipi¢ni primjeri loma uzoraka

Table 2 The average mechanical property values and their standard deviations for specimen groups with voids and holes
Tablica 2. Srednje vrijednosti mehanickih svojstava i njihove standardne devijacije za skupine uzoraka sa Supljinama i

rupama
Group MOEd tgo g, MOE Oya MOEa
Skupina Average | SD, | Average | SD,ru. | Average | SD, | Average | SD, | Average | SD, | Average | SD,
value, | MPa | value, value, | MPa | value, |MPa | value, | MPa | value, | MPa
MPa I. U. MPa MPa MPa MPa
1T 6655 631 0.047 0.0058 46.5 4.4 5462 719 61.1 5.2 7132 664
I 6943 574 0.044 0.0030 52.6 3.9 5803 421 63.7 5.0 7355 436
v 6215 208 0.049 0.0040 41.5 2.0 5144 380 56.6 2.1 6619 75
\Y 7085 650 0.046 0.0040 43.9 3.0 6195 553 64.1 6.2 7171 702
VI 7218 55 0.043 0.0050 443 3.8 5295 492 65.4 0.5 7626 22

Note: here MOEd — dynamic modulus of elasticity, 7gd — coefficient of damping, o, — bending resistance; MOE — static modulus of elasticity,
o,, — bending resistance, calculated with ANSYS; MOE, — modulus of elasticity, calculated with ANSYS

Napomena: MOEd — dinamicki modul elasticnosti, 1go — koeficijent prigusenja, o, — otpor na savijanje; MOE — staticki modul elasticnosti,
0,,, — Otpor na savijanje izracunan uz pomoc¢ programa ANSYS; MOE, — modul elasticnosti, izracunan primjenom programa ANSYS

calculated. The obtained coefficient of damping corre-
sponds to the values of wood coefficient of damping
obtained in previous studies (Vobolis and Albrektas,
2007; Gauronskaité et al., 2022; Albrektas and Sty-
raite, 2022). The average mechanical property values
and their standard deviations for specimen groups with
voids and holes formed according to the discussed
schemes are presented in Table 2.

Apparently, the average modulus of elasticity for
specimens with voids or holes is lower than for those
without them. It can be concluded that both specimens
with voids and those with holes have statically ob-
tained modulus of elasticity values close in magnitude
(around 1000 MPa) or about 13-17 % lower than the
dynamic modulus. This difference is significantly
greater than when evaluating specimens without voids.
The reason for this is that, during assessment of dy-
namic modulus of elasticity, voids only facilitate the
bending of the specimen, whereas during static bend-
ing, they significantly weaken the bending zone, lead-
ing to specimen failure. Figure 4 presents several typi-
cal specimen fracture cases.

It has been observed that specimens typically fail
where the highest load is applied and where voids or
holes are formed. Group VI stands out from all other
groups as in this case, the difference between static and

dynamic modulus of elasticity is approximately 1900
MPa or about 27 %. Upon analyzing the results and
failure zones of specimens, it has been concluded that
the fiber in the failure zone of several specimens in this
group was weaker and further weakened by the pres-
ence of voids. After excluding these specimens, the dif-
ference is significantly smaller. Figure 4 presents vari-
ant “e” as an example of such a specimen.

The ANSY'S design program determined a modu-
lus of elasticity that was slightly higher than the MOEd
(about 400 MPa or about 6-7 %). This can be explained
by the fact that the dynamic modulus of elasticity deter-
mines the frequency of vibrations when the specimen
deflects in one mode (Vobolis and Albrektas, 2007;
Gauronskaité et al., 2022). Voids are where the speci-
men bends and they “facilitate” the bending. The design
program also evaluates voids in the bending zone. How-
ever, the real result is worse than the theoretical one,
likely due to the anisotropy in materials and uneven dis-
tribution of properties. This is also true for average
bending resistance, which is practically 17 —31 % lower
than that determined by the design program. Figure 5
shows examples of specimen failure and stress distribu-
tion simulated by the design program.

It has been observed that the highest stresses that
should make the specimens fail, are supposed to form
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Figure 4 Typical specimen fracture cases
Slika 4. Tipicni primjeri loma uzoraka

o 03 100,00 {mm)
) .00

Figure 5 Examples of stress distribution simulated by design program for specimen failure (a, b — one from group III, ¢, d
— one from group V)

Slika 5. Primjeri raspodjele naprezanja simuliranog programom za proracun loma uzorka (a, b — jedan uzorak iz skupine III.,
¢, d —jedan uzorak iz skupine V.)
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symmetrically around the voids that are created. How-
ever, in practice, due to the unique nature of wood
structure, the specimens fail asymmetrically under
load, most likely at the weakest points.

The coefficient of damping increased up to two
times regardless of the formation of a void or a hole.
Such defects compromise specimen integrity, and re-
sults are consistent with similar studies (Gauronskaité
et al., 2022; Albrektas and Styraité, 2022). These
studies also evaluated the influence of element integ-
rity on the coefficient of damping. In the first case,
holes required for fittings to secure furniture parts
were modeled, and in the second, wood drying de-
fects (cracks formed during improper drying) were
modeled.

4 CONCLUSIONS
4. ZAKLJUCAK

The values of mechanical properties for wood
specimens were determined through various methods
and simulated using a design program. The correlation
between the different methods and the program simula-
tion showed a relatively small margin of error. How-
ever, the modulus of elasticity for the same specimen
varied up to 7.1 % when determined by different meth-
ods, with an average group difference of up to 4.6 %.

When a significant defect (especially in the bend-
ing area) is present in a specimen, its resistance to stat-
ic bending or static modulus of elasticity decreases
more than when evaluated by dynamic transverse reso-
nance vibration method or simulated by the design pro-
gram. This is because the dynamic method only par-
tially eliminates the anisotropy of wood. The design
program “assumes” that wood is an isotropic and ho-
mogeneous material and evaluates only the defects that
are specified by the designer. As a result, the modulus
of elasticity determined by different methods for the
same specimen can differ by up to 24 %, with the aver-
age group difference being up to 17 %.

The standard deviation of the modulus of elastic-
ity values in all specimen groups has been calculated to
be large, up to 13 % from the average value. This sug-
gests that there is a significant variation in the mechan-
ical properties of the material, regardless of the nature
or quantity of voids formed in the specimen.

The study found that the place of presence of
voids and holes did not impact the coefficient of damp-
ing. However, when voids or holes were present in in-
dividual specimens, the coefficient of damping in-
creased by a factor of 1.5 to 2.1.

In order to improve the precision of computer-
aided design programs in predicting the characteristics
and behavior of an element, extensive testing is re-
quired. This testing should involve altering the loca-

tion, quantity, and size of voids, as well as analyzing
different wood properties and design programs. The
research conducted in this study has shown that this
method is feasible and can be partially relied upon to
obtain results. Although the results obtained by differ-
ent methods are quite different, the general trends re-
main. Also, a large dispersion of results has been ob-
tained, which is typical for most research results due to
the peculiarities of wood structures.
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