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One of the problems of sustainable development is the technologies improvement for the rational use of wood and
other raw materials of plant origin. The literature reflects a large amount of applied research that was conducted to
justify new technologies for the production of particle boards (PB). The main attention in the known works is paid
to the influence of the particle size distribution on the strength of PB. The influence of particle shape on the PB
strength has been studied to a lesser extent. In this regard, this article considers the influence of the shape and size
of particles on the tensile strength perpendicular to the plane of the PB. A geometric analysis of the particle shape is
performed. It was taken into account that the PB strength depends on the shape and size of the particles, as well as
on the number of adhesive contacts between particles. To obtain quantitative estimates, formulas were substantiated
confirming that an increase in the length of the particles and a decrease in their transverse dimensions lead to an
increase in the PB strength. Experimental research methods were used, and mathematical modeling of the sample
failure area was performed.

Key words: engineering, modeling, composite material, particle board, tensile strength
INTRODUCTION The goals of new technologies are not only to reduce
formaldehyde emission, but also to ensure sufficient

Particle boards (PB) are used in construction, furniture  gtrength of PBs under various mechanical influences. As

production, as well as for the manufacture of contain-
ers and packaging. The PBs production increases over
time. New types of PB appear [1, 2]. Contemporary PB
technologies [3, 4, 5] allow the rational use of large vol-
umes of low-quality wood (Fig. 1), as well as waste from
the processing of reed [6], bamboo [7] and other types
of raw materials of plant origin [8], which contributes to
the increase environmental safety and sustainability of
socio-economic development [1, 6].

The disadvantages of PBs include the potential for form-
aldehyde emission. However, modern technologies can
significantly reduce the influence of this factor [9, 10, 11].

Figure 1: Wood as a raw material for the
manufacture of PB

*kolesnikovgn@ya.ru

a result, there is a problem of comparative assessment
of the strength of PBs obtained by conventional and new
technologies. This article examines the tensile strength
perpendicular to the PB plan. Such tests are stipulated
by the EN 319 standard [12].

The purpose of this work: the development of a method-
ology for the comparative strength of PB under tension
perpendicular to the plan of the board.

MATERIALS AND METHODS

To achieve the stated goal, the methods of experimental
and theoretical research were used.

Experimental studies were carried out in the laborato-
ry for quality control of at the "Karelia DSP" enterprise.
The samples were taken from the board having 16 mmin
thickness. The samples, in the form of square test piec-
es, were produced in the format of 50 x 50 mm. Figure 2
shows an sequence of samples preparation for testing.
Figure 3 shows a sequence of tensile testing of sam-
ple perpendicular to the plan. The sample is glued to the
upper and lower auxiliary plates (using polyvinyl acetate
glue). Sufficient strength of the adhesive joint is guaran-
teed by pressing and holding for 6-12 hours (Fig. 2).
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Figure 2: A photograph of the samples (test pieces),
each bonded to upper and lower test blocks, according
tfo the EN 319

The load from the testing machine is transferred to the
lower loading block and causes tension of the sample
located in the middle of the three-plate stack (bottom ac-
cessory plate; sample; upper accessory plate) (Fig. 3).
This method of sample preparation was used to reduce
the cost of sample preparation and simplified of the de-
vice for testing on tensile perpendicular to the plane of
the PB.

Taking into account the importance of environmental as-
pects [10, 11], we note that the emission of formaldehyde
contained in the PBs under study is not more than 7 mg
per 100 g. board, which corresponds to the environmen-
tal safety class E1 (i.e. emission tolerance is not more
than 10 mg per 100 g. board) (from https://www.kareliad-
sp.com/, accessed on 2020-10-10 ).

As for the mechanical side of the problem, we note that
the particles have an oblong form (Fig. 4 and 5). A di-
mensionless criterion of shape, for instance, ratio be-
tween length and thickness of the particle can be. The
longer the particle is, the more it has adhesive contacts
with other particles, i.e. the higher the strength of internal
bonds in sample (Fig. 4). Therefore, the choice of the
particle length as a criterion for the particle size corre-
sponds to the logic of this study. Geometrically, an ellip-
soid was chosen to model each particle. A more detailed
discussion of the classification of particles can be found,
for example, in articles [13, 14].

Figure 3: The testing sequence of sample

384

The ratio of the semi-axes of the ellipsoids was chosen
as a dimensionless criterion for particle size. This issue
is discussed in more detail in a separate section of cur-
rent article.

The adequacy of particle modeling by ellipsoids is con-
firmed by the analysis of the rupture surface (Figure 4)
and the results of sieve analysis (Figure 5). Taking into
account this circumstance, a model of the PB failure re-
gion was proposed in the form of a mechanical system
of contacting ellipsoids (Fig. 6). Mechanical interaction of
ellipsoids is provided by adhesive joints made in accor-
dance with known technologies [1, 3, 11].

Figure 6: Post-test sample (top) and failure area model
(bottom)
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Analysis of the rupture surface of the samples after test-
ing (Fig. 4 and 6) showed that when tensile perpendicu-
lar to the plan of the PB, the adhesive joint resists mainly
the separation of one wood particle from another. This
is a kind of delamination for which adhesive joints are
most vulnerable [15]. An additional vulnerability of inter-
nal bonds arises due to the fact that wood particles in
the sample are oriented in such a way that they tension
perpendicular or almost perpendicular to grain (Figures 4
and 6), i.e., in the direction of the least strength of wood
as anisotropic material [16].

Note that when PB bends, the adhesive joints in the
tension zone resist the displacement of some particles
relative to others. In other words, wood particles resist
tension mainly along the fibers. This is an important con-
sideration, but this article only deals with the tension per-
pendicular to the PB plane.

THEORY AND MODELING

Ignoring irregularities on the rupture surface of the sam-
ple (Fig. 4 and 6), we consider this surface as a plane.
Let us denote A - the area of the horizontal projection of
the sample (Fig. 4).

As noted above, an ellipsoid with semi-axes a, b and ¢
was chosen as a model of a wood particle (Fig. 7). The
longest axis is 2a axis, as presented in the figure 7; this
chosen as the characteristic size of particle.

Figure 7: Geometric particle model

From Figure 4 it follows that the smallest axis (2¢ axis)
of the ellipsoid should be perpendicular (or nearly per-
pendicular) to the PB plan. Accordingly, the axes of the
ellipsoid of length 2a and 2b are parallel to the PB plan.
Internal tensile forces (stresses) act at the points of pro-
jection of the particle onto the horizontal plane (Figure
7). The area of this projection for an individual particle is
equal to A=mab. Therefore, the factor @=b/a, 0<@<1 can
be chosen as a criterion for the shape of wood particles.
Then b=ga, A=m@aZ

Analysis of the area of rupture (Figures 4 and 6) clearly
shows that each particle is contacting with other parti-
cles. Let's designate n_, .~ the number of contacts of
one particle. Obviously, with an increase of the charac-
teristic one particle size, the number of contacts increas-
es. Letn_ _=Ba, where ais the largest semi-axis of the
ellipsoid; B - coefficient of proportionality, constant. The
B coefficient is equal to the number of contacts per unit
length of the particle.

Let's proceed to the analysis of the total number of con-
tacts in the rupture plane (Figure 4).

An ellipse with semi-axes a and b (Fig. 7) can be in-
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scribed in a rectangle whose area is 4ab. Suppose that
such rectangles without intersection occupy the entire
area of the above-mentioned horizontal projection of
sample A (Figure 4). Then the number of particles on
the horizontal projection of the sample is approximately
equal to Np

article”

N A A ]
particle 4ab 4(062 ( )
Using (1), we can determine the total number of contacts
of all particles in the fracture plane:
A A
4¢a’ =p 4pa (2)
From the above, questions arise: what is the practical
significance of relation (2)? Is it possible to use formu-
la (2) in calculations to justify new PB technologies? To
substantiate the answers, let us consider a comparative
assessment of the strength of two PBs obtained using
the old and new technologies. By analogy with (2), we
write:
No/d A . \Jnew A — (3)

contact = P 4 (oold g0/ 7 contact =p 49" a
Substitute expressions (3) into the relation N et/ N rontact
and define Nt ©

old jold

_ ol @A
=N new (4)

contact newa
The strength of the PB at tension perpendicular to the plan
depends on a number of factors, which include: size and
shape of particles, particle size distribution, type of ad-
hesive, material of particles, temperature and duration of
pressing, degree of compaction [1, 2, 5]. In current work,
we focus only on the influence of two factors, namely
the size and shape of the particles. Accordingly, all other
factors are assumed to be the same when comparing PB
options. Taking this circumstance into account, we come
to the conclusion that the strength of the PB sample with
the number of contacts N"%,..., obtained using the new
technology, will be higher than the strength of the sample
obtained using the old technology, if N™meet > N sentact.
This inequality, taking into account relation (4), is equiv-
alent to inequality (5):

old ,old
p°‘a
e |
(pnewanew (5)
If we take into account that the particle shape factor of
the equality @=b/a is used above, then relations (4) and

(5) can be rewritten in the form (6) and (7), respectively:

Ncontact = ncontactharﬁcle = ﬂa

Nold

contact

” bold
Ng::tlact = Ncoontact W (6)
bold
B T (7)

In relations (6) and (7), the effect of the particle shape
is not taken into account explicitly. Nevertheless, rela-
tions (6) and (7) are equivalent to relations (4) and (5),
respectively, since b=¢@a. However, for practice, relations
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(4) and (5) are preferable, since they allow one to obtain
relative quantitative estimates of the strength of PB, tak-
ing into account the influence of not one, but two factors:
the characteristic size and shape of particles.

In the manufacture of PB, a mixture of particles of various
shapes and sizes is used (Figure 5). Particle fractions
differ, as noted above, in form factor ¢ and characteris-
tic size a. Accordingly, the strength of the board should
be determined taking into account all contacts between
particles of differegt fractions. Let n be the number of
particle fracEionNS, C — the share of particles of fraction i
(by mass); C+C,+---+C =1. Then, using relations (3), we
can write:

o LA 0a C
Ncgrjnact :TZ it (Dpld g0d”

1 ~I (8)
new _ﬂ_A Nnew Cinew
Ncontact - 4 Z’.:1 winewainew
Taking into account relations (8), by analogy with (4), we

obtain:

~ ~ -1
new old
N™ew NO,d Mnew C,- Nold C,- (9)
contact contact i—1 new o new i=1 old jold
i ai

@4 b
RESULTS AND DISCUSSION

Consider a model example. Let n__ =n_ =2 and @ "=
=@ “=@. Then from (9) it follows:

Anew o new Anew ,new old old
(C, a,”" +C;"a, )a, a;
new onew [ Aold ,old ~Aold ,old
a/*"a; (C, a;” +C) a; )

Using relation (10), one can estimate the effect
of ay*¥ and C;* on the relative number of parti-
cle contacts N™" [N° Let aod=afld=grev=1,

contact contact”
a/"=ka?? k=0.1,...,5.0; C2=1; Co=1-C";
C nev=1-C,v Crev=0,...,1. Results of calculations using
formula (10) are shown in plots (Figures 8 and 9).

— Nold

contact

Nnew

contact

(10)

10 +

. \ !
'
. = ipEv=10 |
“| - C”élew = 0.4
6 H
N?E:fmcr '1 ®
o ‘ -—  (hew — 1
N?ontctct 4 " ‘, :
\‘\‘ _ C‘étew = 0.0
Y
A |
. _....__._..___.__.._.._.__..i _________
0 1 2 : * ’

Figure 8: Influence of particle size a]*" on the relative
number of adhesive contacts

In Fig. 8 it can be seen that with a decrease in the par-
ticle size (i.e., a,*"), the number of the above adhesion
contacts of the particles increases nonlinearly. Growth
occurs if ajo*<a/d. If a,*<ag”, then the number of ad-
hesion contacts of the particles decreases. The influ-
ence of the size and shape of reinforcing particles on
the strength of composites is known [17]. In this case, an
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Figure 9: Particle mass fraction effect size Cz"ew on the
relative number of adhesive contacts
attempt was made to obtain quantitative estimates of this
effect. Analysis of the reinforcing properties of micro-par-
ticles is beyond the scope of this work, since it belongs
to another area of research [17].

As shown in Fig. 9, the relative number of the above-men-
tioned adhesive contacts depends linearly on the con-
centration Cz”ew. Changes in the number of these con-
tacts are most sensitive to changes in the concentration
of small particles, which is also shown in Fig. 8. There-
fore, from a practical point of view, it is most effective to
control the number of adhesive contacts (and hence the
PB strength), first of all by changing the number of fine
particles.

Since the strength of the PB is proportional to the num-
ber of adhesion contacts between particles on the rup-
ture surface, formula (9) can be proposed to adjust the
particle size distribution of particles in accordance with
the tensile strength criterion perpendicular to the PB
pJan. ]’he numbers n . and n_, as well as the values
Crew, Co¢, a™v, a’”, " and @ are determined by pro-
cessing the results of sieve analysis (Fig. 5).

Thus, on the basis of relation (2), the calculation formu-
las (4), (5) and (9) were obtained, which can be used to
substantiate new solutions aimed at improving the tech-
nologies for the production of PB.

Relationships (4), (5), (8) and (9) predict that the number
of adhesion contacts of particles is N . and hence
the strength of the PB is the greater, the smaller the
shape factor g=b/a. If b is a constant then the coefficient
¢ increases with decreasing size a. However it follows
from the same formulas that an increase in the size a de-
creases the number of particle contacts. But this is only
an apparent contradiction, since the efficiency of parti-
cles of a certain shape depends on the characteristics
of the stress-strain state of the material. In some cases,
particles with a coefficient ¢=1 are effective; in other cas-
es particles with a coefficient ¢=0.05 may be more ef-
fective. The influence of particles of a certain shape and
size depends on their mass fraction and is determined by
the coefficients Cr** and C°@ in formula (9).

It is pertinent to note as a side note that the relationship
between the length and thickness of a particular member,
called the “slenderness ratio”, is one of the key charac-
teristics used in engineering calculations (e.g. [18, 19]).
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It is known from the literature that an increase in the
length of particles and a decrease in their transverse
dimensions lead to an increase in the strength of PB.
Such particles can be, for example, nanocellulose fibers
[20, 21]. In [20], it was experimentally proved that the
mechanical characteristics of PB can be significantly im-
proved when using glue with the addition of nanocellu-
lose in the amount of 1% of the adhesive mass. The in-
crease in strength due to the use of particles in the form
of fibers is predicted by formulas (4) and (9), which indi-
rectly confirms their adequacy. However, the influence
analysis of nano- and micro-particles requires a separate
approach [17, 21, 22].

From relations (4) and (5) it follows that the character-
istic size a should also be considered as a factor that
significantly affects the strength of PB. With a decrease
in the characteristic size a, the number of particles that
can fill the surface of possible destruction of the sample
increases. Small particles fill the gaps between the larger
particles. As a result, the number of adhesive contacts
of the particles increases and the strength of the PB
increases. This conclusion is confirmed by the experi-
ments (Figures 2-6). Figure 6 shows a sample in which
the middle layer is made up of relatively coarse particles
compared to top and bottom layers. Naturally, when ten-
sion perpendicular to the PB plan, the sample breaks in
an area in which the number of small particles is minor.
This kind of destruction is predicted by formulas (4), (5)
and (9). Nevertheless, the following more detailed analy-
sis of the experimental data is required.

EXPERIMENTAL DATA ANALYSIS

Let us consider an example of estimating the strength
of a sample three-layer PB using the formula (9). In Fig.
6 shows one of the samples studied, in which the mid-
dle (inner) layer consists of relatively large particles in
comparison with the outer (upper and lower) layers. Raw
for the PB was none debarking wood aspen (60%), and

Table 1: Granulometric composition of wood particles

_ Sieve residue
. Size pa(;s“;c)hrough (%, by weight)
I (2b2r and 2bimer)* Outerﬁlayer, Inner~ !ayer,
(Ciouter) (Cilnner )

1 5.00 0.0 249

2 3.15 0.0 17.3

3 2.00 0.2 29.8

4 1.00 12.5 21.9

5 0.5 44.5 4.1

6 0.2 32.6 1.2
7 0.12*** 10.2 0.8
*biouter:q)afouterand biinner:(paiinner
** Pallet.
*** Average patrticle size in the pallet (2b by Fig 7)
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a mixture of conifers (pine, spruce) (40%). The particle
size distribution was determined before making the PB
using sieve analysis (Fig. 5, and Table 1). Bulk density of
wood particles: 309 kg/m?3, moisture content: 4%. Parti-
cle thickness (size 2c in Fig. 7): 0.60 ... 0.73 mm.

Let's designate N sonaee and N soriacr, respectively, the
number of contacts in the break conditional plane of the
outer or inner layer. Then, using relation (9), can be write:
~ -1

(D(n?eira{nner J (1 1 )

1

Nggr:?a:ct Nouter C,O uter Nouter

Nier Zm W Zm

Here n_,=n, =7 (Table 1). It is assumed that

Neoniast _ 367 _

(11) leads to the estimate N™ — 69 ", that s,
sible plane of break of one from outer layers is 5.3 times
greater than the number of adhesive contacts per unit
cally assume that the strength is proportional to the num-
ber of adhesive contacts in the plane (or in the surface)
outer layer is approximately 5.3 times greater than the
strength of the inner layer. Consequently, relation (11)
(Fig. 6).
Thus, the results of this work make a certain contribution
shape, size and mass fraction of wood particles of vari-
ous fractions on the tensile strength perpendicular to the
the effect of particle size and their geometric shape on
the PB strength [20, 23, 24].
cle size is known from practice and experimental labora-
tory studies (e.g. [23, 24]). Despite this, in order to accel-
preliminary quantify the predicted relative strength of the
PB when tensile perpendicular to the board plan. Such
At the same time, it should be noted that estimate (equal
to 5.3) obtained by formula (11) is determined approx-
@/ are not taken into account. Besides, a possible
change in the strength of the adhesive contacts was ig-
possibly other factors, it is advisable to continue re-
search.

contact g
QU= mer=p; acuer=bue/p, a"*r=b"’/p. Then relation
the number of adhesive conger unit area in a pos-
area in a possible plane of break of the inner layer. Logi-
of break of the specimen, then the strength of the one
predicts material fracture of the inner layer of the sample
to improving the understanding of the influence of the
plan of the PB, do not contradict the literature data about
An increase in the strength of PB with a decrease in parti-
erate the development of innovations, it is advisable to
estimates can be determined by formulas (9) and (11).
imately, since possible differences between ¢ and
nored. To take into account the influence of these and
CONCLUSIONS

An analysis of the literature showed that, due to the com-
plexity of the problem, experimental methods were main-
ly used to quantify the strength of PB. At the same time,
in the studies known in the literature, questions of the
influence of particle size on the strength of PB prevail.
The influence of the shape and mass fraction of particles
of various fractions has been studied to a lesser extent
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and are still of great scientific and practical interest. In
the presented work, the calculation formulas are sub-
stantiated for determining the quantitative assessment
of the effect of sizes, as well as the shape and mass
fraction of particles of various fractions on the strength of
PB. However, these formulas are only valid when tension
perpendicular to the PB plan.

ACKNOWLEDGEMENTS

The authors are grateful to the "Karelia DSP" enterprise
for consultations on the experimental part of the work.
We thank the anonymous reviewers of the Journal of Ap-
plied Engineering Science for their careful reading of the
manuscript, helpful comments, and relevant criticism of
the previous version of the article.

REFERENCES

1. Koc, Y. (2019). Parametric Optimisation of an ORC
in a Wood Chipboard Production Facility to Recover
Waste Heat Produced from the Drying and Steam
Production Process. Energies, vol. 12, no. 19, 3656,
https://doi.org/10.3390/en12193656

2. Nitu, I. P, Islam, M. N., Ashaduzzaman, M., Amin, M.
K., Shams, M. I. (2020). Optimization of processing
parameters for the manufacturing of jute stick bind-
erless particleboard. Journal of Wood Science, vol.
66, no. 1, 1-9, https://doi.org/10.1186/s10086-020-
01913-z

3. Rudawska, A., Stanéekova, D., Miller, M., Vitenko,
T., lasnii, V. (2020). The Strength of the Adhesive
Joints of the Medium-Density Fireboards and Parti-
cle Boards with the PVC Film. Advances in Science
and Technology. Research Journal, vol. 14, no. 1, 58-
68, DOI: https://doi.org/10.12913/22998624/113612

4. Ohijeagbon, I. O., Adeleke, A. A., Mustapha, V. T,
Olorunmaiye, J. A., Okokpuijie, I. P., lkubanni, P.
P. (2020). Development and Characterization of
Wood-Polypropylene Plastic-Cement Composite
Board. Case Studies in Construction Materials, vol.
13, e00365, https://doi.org/10.1016/j.cscm.2020.
e00365

5. André, N, & Young, T. M. (2013). Real-time process
modeling of particleboard manufacture using vari-
able selection and regression methods ensemble.
European Journal of Wood and Wood Products, vol.
71, no. 3, 361-370, DOI 10.1007/s00107-013-0689-
0

6. Ferrandez-Villena, M., Ferrandez-Garcia, C. E., Gar-
cia-Ortuino, T., Ferrandez-Garcia, A., Ferrandez-Gar-
cia, M. T. (2020). The Influence of Processing and
Particle Size on Binderless Particleboards Made
from Arundo donax L. Rhizome. Polymers, vol. 12,
no. 3, 696, https://doi.org/10.3390/polym12030696

388

10.

1.

12.

13.

14.

15.

16.

Srichan, S., Raongjant, W. (2020). Character-
istics of particleboard manufactured from bam-
boo shoot sheaths. E3S Web of Conferences,
vol. 187, no. 03011, https://doi.org/10.1051/e3s-
conf/202018703011

Khaled T. S. Hassan, lbrahim E. A. Kherallah,
Ahmed A. A. Settway, Heba M. Abdallah. (2020).
Physical and Mechanical Properties of Particleboard
Produced from Some Timber Trees Irrigated with
Treated Wastewater. Alexandria Science Exchange
Journal, vol. 41, 77-83. DOI: 10.21608/asejaiqj-
sae.2020.77058

Leonovich, A. A., Kovrizhnykh, L. P., Korneey,
V. |, Bodoyavlenskaya, G. A., & Medvedeva, I.
N. (2002). Silicon dioxide sol as a component of
urea-formaldehyde adhesive. Russian journal of
applied chemistry, 75(8), 1336-1338. https://doi.
org/10.1023/A:1020981532085

Akinyemi, B. A., Olamide, O., Oluwasogo, D. (2019).
Formaldehyde free particleboards from wood chip
wastes using glutaraldehyde modified cassava
starch as binder. Case Studies in Construction Ma-
terials, vol. 11, e00236. https://doi.org/10.1016/].
cscm.2019.e00236

Alao, P., Tobias, M., Kallakas, H., Poltimae, T., Kers,
J., Goljandin, D. (2020). Development of hemp
hurd particleboards from formaldehyde-free res-
ins. Agronomy Research, vol. 18, no. S1, 679-688,
https://doi.org/10.15159/AR.20.127

EN 319. Particleboards and fibreboards — Determi-
nation of tensile strength perpendicular to the plane
of the board.

Sun, Q., Zheng, Y., Li, B., Zheng, J., Wang, Z.
(2019). Three-dimensional particle size and shape
characterisation using structural light. Géotechnique
Letters, vol. 9, no.1, 72-78. https://doi.org/10.1680/
jgele.18.00207

Liu, Y., Zhou, X., You, Z., Ma, B., Gong, F. (2019).
Determining aggregate grain size using discrete-ele-
ment models of sieve analysis. International Journal
of Geomechanics, vol. 19, no. 4, 04019014. https://
doi.org/10.1061/(ASCE)GM.1943-5622.0001376

Guin, W. E., Wang, J. (2016). Theoretical model of
adhesively bonded single lap joints with function-
ally graded adherends. Engineering Structures,
vol. 124, 316-332. https://doi.org/10.1016/j.eng-
struct.2016.06.036

Green, D. W., Winandy, J. E., Kretschmann, D. E.
(1999). Mechanical properties of wood. Wood hand-
book: wood as an engineering material. Madison,
WI: USDA Forest Service, Forest Products Labora-
tory, 1999. General technical report FPL; GTR-113:
Pages 4.1-4.45, 113. https://www.fs.usda.gov/tree-
search/pubs/7149

Istrazivanja i projektovanja za privredu ISSN 1451-4117
Journal of Applied Engineering Science Vol. 19, No. 2, 2021



perpendicular to the plane of the particleboard: experiments and modeling

[
@ [

Sergey Borisovich Vasiliev, et al. - The effect of the size and shape of wood particles on the tensile strength “ 3%%

17. Xu, W., Wu, F., Jiao, Y., Liu, M. (2017). A general
micromechanical framework of effective moduli for
the design of nonspherical nano- and micro-parti-
cle reinforced composites with interface properties.
Materials and Design, vol. 127, 162-172. https://doi.
org/10.1016/j.matdes.2017.04.075

18. Amran, Y. M., Alyousef, R., Alabduljabbar, H., Alr-
shoudi, F., Rashid, R. S. (2019). Influence of slen-
derness ratio on the structural performance of
lightweight foam concrete composite panel. Case
Studies in Construction Materials, 10, e00226.

19. Chen, S., Wei, Y., Hu, Y., Zhai, Z., Wang, L. (2020).
Behavior and strength of rectangular bamboo scrim-
ber columns with shape and slenderness effects.
Materials Today Communications, 25, 101392.
DOI:10.1016/j.mtcomm.2020.101392

20. Veigel, S., Rathke, J., Weigl, M., Gindl-Altmutter,
W. (2012). Particle board and oriented strand board
prepared with nanocellulose-reinforced adhesive.
Journal of Nanomaterials, vol. 2012, 158503. https://
doi.org/10.1155/2012/158503

Istrazivanja i projektovanja za privredu ISSN 1451-4117
Journal of Applied Engineering Science Vol. 19, No. 2, 2021

21.

22.

23.

24.

Trache, D., Tarchoun, A. F., Derradji, M., Hamidon, T.
S., Masruchin, N., Brosse, N., Hussin, M. H. (2020).
Nanocellulose: from fundamentals to advanced ap-
plications. Frontiers in Chemistry, vol. 8, no. 392, doi:
10.3389/fchem.2020.00392

Sevostianov, 1., Levin, V., Radi, E. (2016). Effec-
tive viscoelastic properties of short-fiber reinforced
composites. International Journal of Engineering
Science, 100, 61-73. https://doi.org/10.1016/j.ijengs-
¢i.2015.10.008

Cosereanu, C. N., Brenci, L. M. N., Zeleniuc, O. I.,
Fotin, A. N. (2015). Effect of particle size and geome-
try on the performance of single-layer and three-lay-
er particleboard made from sunflower seed husks.
BioResources, vol. 10, no. 1, 1127-1136.

Svoboda, R. (2020). Kinetic analysis of particle-size
based complex kinetic processes. Journal of
Non-Crystalline Solids, vol. 533, no. 119903. https://
doi.org/10.1016/j.jnoncrysol.2020.119903

Paper submitted: 27.10.2020.

Paper accepted: 29.11.2020.

This is an open access article distributed under the
CC BY 4.0 terms and conditions.

389



