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ABSTRACT

Subject of the investigation is the prognostication of the resistance of structural three- and
multilayer particleboards (SPB) to continuous static bending load under the conditions of rela-
tively dry environment. The theoretical prerequisites of the development are the rheological
model of SPB and the schematic diagram of their deformation during continuous load, the algo-
rithm and the nomogram to determine the stiffness of SPB on the basis of their simulation model
of a “double T-beam” and the regression dependences of the moduli of elasticity of SPB with
various thicknesses on their volumetric density.

An algorithm and a nomogram to determine the continuous load factor of SPB to prognosti-
cate their resistance as structural elements in furniture and building structures have been pro-
posed. The creep coefficient of composite particleboards under operating conditions has been
determined.
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INTRODUCTION Of big interest to the practice is the prog-
nostication of strain-strength properties of
SPB during continuous static bending load. It
should be noted, however, that, for the time
being, it is difficult to offer a universal, and
with the necessary accuracy, solution of the
above problem because of the presence of
many conventionalities related to the differ-
ences in the specific structure of these heter-
ogeneous composite materials and their tech-
nologically formed properties. That is why,
in this case it is more appropriate to apply dif-
ferential approach for the prognostication of
strain-strength characteristics of SPB accord-
ing to their type (morphological characteris-
tic) and climatic-operating conditions.

In view of the above, subject of the pre-
sent study is the prognostication of strain-
strength characteristics of three- and multi-
layer SPB during continuous static bending

Structural particleboards (SPB) a widely
used composite materials in furniture and
building structures. Under operating condi-
tions, the horizontal structural elements of
SPB are most often subjected to continuous
static bending load. In the course of time, the
strain-strength indices of the structural ele-
ments and, above all, their stiffness (EI) are
continuously reduced as a result of which
they sag. The deflection is a result of the de-
velopment of the process of “creeping” in the
material, which depends on the type, micro-
structural and strain-strength characteristics
of the composite board, the value and the du-
ration of the load and the climatic-operating
conditions. Under given operating conditions
and sufficiently big loads and duration, a pro-
cess of destruction of the composite material
begins.
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by uniformly distributed load under the con-
ditions of operating class SC1 according to
ENV 1156:1998 (20 °C air temperature and
65 % relative air humidity). At the same time,
the indices: stiffness and moduli of elasticity
during continuous load E+; the factors of con-
tinuous load Kq and creeping Kc are adopted
as evaluation criteria for the strain character-
istics during continuous static bending load.

1. THEORETICAL PART

Investigations of a number of authors
(Bryan 1960, Terentyev 1964, Artyuhovskiy
1965, Kollmann et al. 1975, Kyuchukov and
Nikolaeva 1980, Potashev and Lapshin 1982,
Dinwoodie et al. 1990, Panayotov et al. 2000,
etc.) prove that the continuously acting load
leads to irrevocable deflection and destruc-
tion of the composite boards. This is a result

i

Deformation £

of the loss of strength and, above all, of the
reduction of the modulus of elasticity, i.e.
E=1 (7).

The strain-strength characteristics of
SPB as structural elements in furniture and
building structures are directly dependent on
the conditions of their operating load. The
physical essence of the deformations emerg-
ing during their loading ensues from the rhe-
ological model of the composites made of
wood particles (Yosifov and Delin 2012).

On the basis of the rheological model
and the investigations by Artyuhovskiy, a
schematic diagram of the deformation behav-
iour of a structural element of SPB during
continuous static bending load is presented in
Fig. 1.

0 Duration T

Figure 1: Schematic diagram of the deformation of SPB during continuous static bending load:
1%t zone AB — highly elastic deformation; 2" zone BC — elastic-viscous deformation;
39 zone CD - plastic deformation; D — destruction

From the graph in Fig. 1 is seen that the
total deformation ¢ = f (z) of the structural el-
ements made of SPB during continuously
acting static bending load consists of the fol-
lowing deformations by time zones: OA —lin-
ear part characterising the immediate elastic

deformation at the moment of loading; AB —
a curve describing the deformation during
short-time load (1 zone), which is a conse-
quence of the highly elastic and elastic prop-
erties of the composite and is quickly recov-
erable; BC — a curve with an approximation
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to a straight line, characterised by delayed
elastic deformation with viscous flow during
the applied continuous stress (2" zone);
CD —a curve that characterises the plastic de-
formation (3" zone) and the destruction at a
given moment (point D) as an end of a rela-
tively slow process. At the same time, unlike
solid wood, the destruction of SPB is due, be-
sides the destructive physicochemical pro-
cesses in the lignocellulose composite during
continuous load, mostly also to the accumu-
lation and increase of the microcracks in its
conglomeration structure.

In principle, at constant level of stress
oo, the functional dependence of the defor-
mation ¢ versus time 7 (at  — o) is expressed
with the rheological equation:

g(r)=@{1+TR(r—ro)dr}, (1)

Eb
where Ep is the modulus of elasticity in
bending;

/ /
A=deV=LjMY2dV=LIMY2dV,
J 2El, ¢ 25t

where Ely = St — material stiffness;

¢ —span;

My — bending moment.

Therefore, the stiffness is a determining
index for the strain-strength resistance of
composite particleboards. In principle, the
value of this index is functionally dependent
on the modulus of elasticity in bending (Eb)
and the geometric parameters of the cross-
section of the structural element, i.e. on the
inertia moment Ix.

R(r—17,) — relaxation kernel or defor-

mation rate.

According to the Wolter theorem, the
continuous modulus of elasticity is deter-
mined by the rheological equation:

E(r)=E,/(1+k), )
where Eo is the initial modulus of elas-
ticity;

k — experimental constant that depends
on the elastic deflection during short-time (fo)
and continuous (f).

According to the energetic theory
(Toshev 1967), the deformation potential Q
for normal one-dimensional stress ox of an el-
ement of SPB may be determined by the for-
mula:

Q=0,/2E 3)

The work of deformation 4 during sim-
ple bending is expressed with the equation:

(4)

Experimentally proven are (Yosifov
1981 and 1997) functional dependencies of
Eb on the main structural parameter of SPB —
the density po.

The common form of the regression
equation is:

Ep=a+ap + a1p? (5)

The values of the regression coefficients
for five of the most often manufactured thick-
nesses of SPB are given in Table 1.

Table 1: Values of regression coefficients of the equations for Es = f (p)

Board thickness Regression coefficients Statistical relative
[mm] a a au error 4y [%]
12 —-5.11x10° 10.04 1.80x1073 1.52
16 —4.80x10° 9.48 1.41x1073 1.44
18 —4.30x10° 8.60 1.25x1073 1.56
22 —4.16x10° 8.28 1.12x1073 1.65
25 —4.02x10° 7.97 1.04x1073 1.33
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Established also are (Yosifov 1981)
functional dependencies of the modulus of
elasticity in bending on the bending strength
ob of SPB with different thicknesses h, and
densities, which are expressed with the sum-
marised equation:

Eb = Kp x 61, at Ay == 110 (6)

where Kk, is a coefficient taking into ac-

count the density of a board with a given
thickness he.

The approximate values of k, are respec-
tively: 80 for 550 kg/m3; 120 for 650 kg/m?;
160 for 750 kg/m? and 200 for 850 kg/m?.

According to the theory of hazardous
and allowable stresses, the energetic theory
and the investigations of the strength-strain
characteristics of composite particleboards
(Bryan 1960, Toshev 1967, Kiine 1980, Pot-
ashev 1982, Nikolaeva 1982, Yosifov et al.
1981, 1997, 2012, etc.), it has been proved
that the deformation resistance of SPB is di-
rectly dependent on their main structural pa-
rameter — density, but also on the geometry
of their cross-section, i.e. on the inertia mo-
ment |.

thick, on account of which they may be ig-
nored in the strength calculations. Therefore,
the optimisation of the three-layer macro-
structure of SPB is related to the determina-
tion of the optimum thickness of the layers.
For the purpose, Kolev and Yosifov (1968)
propose a solution of one conditional extre-
mum problem related to the determination of
the maximum inertia moment max ly with re-
spect to the Y-Y axis of an element of the
cross-section of a three-layer SPB (Fig. 2). In
Fig. 2, a, the real section is presented as a
three-layer rectangle with a base hp and a
height ho = 2hr + hc, and in Fig. 2, b — the
fictitiously transformed rectangle into an
equal-area double T-profile.

The maximum inertia moment of the
simulation double T-profile of the cross-sec-
tion of SPB (Fig. 2, ¢) is determined by the
equation:

l, = I3+hbz(222—3hbz+h§) @)

The extremum of ly as a function of the
parameter z that is part of the height hy/2
(0 <z <hy/2) is obtained at:

The optimum macrostructural character- z=1/2h, {1_£j =0.211 (8)
istic of the SPB cross-section is a five-layer 3
composite (Yosifov and Delin 2012). At the Then
same time, the outer layers (surface ones) of max |, = |3 +0.0962h, . 9)
the composite board are less than 0.2 mm
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Figure 2: Diagram of construction of a fictitious T-profile of the cross-section of a three-layer SPB: a)
three-layer rectangle; b) double T-profile; c) schematic diagram of the dependence of Iy on z
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To determine the optimum thickness of
the face and middle layers of the composite
boards, the established (Yosifov et al. 1997)
cover ratio Ar = 2hr / hy = 0.422 is used. Then,
hr = 0.211 hy is obtained for the thickness of
the face layers hr, and hc = 0.578 hy for the
thickness of the middle layer, respectively.
The resultant modulus of elasticity in bend-
ing of the three-layer SPB may be determined
by the Calvert equation (Yosifov et al. 1997):

E, =Ec +(L- 4 )V(Er —Ec),  (10)

Ec and Er are respectively the moduli of
elasticity of the middle and face layers.

Under operating conditions, the strain-
strength indices of the composite boards vary
in the course of time (z). To assess the defor-
mation resistance of the structural elements
made of SPB, the criteria pursuant to EN
1156:1998, viz. continuous load coefficient
Ka and creep coefficient K¢, were adopted.
The coefficient Kq takes into account the loss
of strength during continuously acting load,
and the coefficient Kc takes into account the
creep of the material and is used to calculate
the bending deflection during continuously
acting loads with respect to the initial elastic
deflection fo. The determination of the coef-
ficient values is performed graphically.

MAIN CONCLUSIONS FROM THE
THEORETICAL PART

e On the basis of the rheological model
of SPB, a schematic diagram of the
deformations during continuous load
was proposed.

e It has been proved that during load in
ordinary bending, the stiffness Ely is
a determining index for the strain-
strength characteristics of the compo-
site particleboards.

e Functional dependencies of the mod-
ulus of elasticity in bending EL on the
density, thickness and layered struc-
ture of SPB were presented.

e Dependence of the maximum inertia
moment max ly of an equal-area dou-
ble T-profile of the cross-section and
of the optimum thickness of the face
layers hr of SPB was derived.

e Pursuant to EN 1156:1998, the re-
sistance of SPB against the loss of
strength and deflection during contin-
uous load is characterised by the co-
efficients Kq and Kc, but, simultane-
ously, there are difficulties during the
practical determination of the values
of those coefficients.

e Reliable methods for calculation of
the stiffness of structural elements
made of SPB are missing.

2. AIM AND TASKS OF THE IN-
VESTIGATIONS

The aim and tasks of the investigations
have been formulated on the basis of the the-
oretical treatment in this field and the re-
quirements of the practice.

The aim of this paper is to determine the
prognostic strain-strength resistance of SPB
during continuous load in a dry environment
by means of improved methods.

Subject of the investigations are the fol-
lowing main tasks:

e Development of an adequate and eas-
ily accessible algorithm for determi-
nation stiffness of SPB.

e Determination of the coefficient Kqd
for resistance of SPB (minimum loss
of strength) during continuously act-
ing bending load.

o Establishment of the creep coefficient
K, i.e. of the ratio between the prog-
nostic deflection of SPB during con-
tinuously acting bending load and the
initial elastic deflection.
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3. RESULTS OF THE INVES-
TIGATIONS

3.1. DETERMINATION OF THE
STIFFNESS OF SPB

The stiffness is the most important char-
acteristic of SPB, reflecting their suitability
as structural materials for application under
various operating conditions. It should be
noted, however, that there are a number of
difficulties for adequate assessment of that
index, related both to the macrostructural and
morphological characteristic of the compo-
site as a technologically formed heterogene-
ous material and to the lack of easily accessi-
ble methods for its determination. Even in the
standardisation documents (EN
19986:2004 — Wood-based panels for use in
construction), it is allowed that the stiffness
is interpreted as a modulus of elasticity in
bending.

It is the usual practice that the stiffness
during simple bending St is expressed as a
product of the indices modulus of elasticity
in bending E» and inertia moment ly with re-
spect to the co-ordinate axis Y-Y, i.e. St =
Eb x ly. Therefore, the resistance of a struc-
tural element made of SPB against defor-
mation stresses during continuously acting
load depends both on the nature of the mate-
rial (Eb) and the geometry of its cross-section
(ly).

The calculated values for the stiffness St
= Ep x max ly of SPB with standard thick-
nesses of 12, 16, 18, 22 and 25 mm at test
piece width of 50 and 280 mm are given in
Table 2. The values of the moduli of elastic-
ity in bending have been determined on the
basis of the regression equation (5) and the
data from Table 1. The maximum inertia mo-
ments have been calculated by formula (9)
for a simulation T-profile of the cross-section
of the boards.

Table 2: Values of inertia moments (max ly) and stiffness (St) of structural elements made of SPB

max ly [mm?] Stiffness St [MN.mm?]
Thickness Test piece width b [mm] At modulus of elasticity in bending Eb [N/mm?]
ho [mm] for b =50 mm b =280 mm

50 280 2000 3000 4000 6000

12 9152 45112 18.3 275 36.6 243

16 23106 108 442 46.2 69.3 92.4 576

18 34 397 155 898 68.8 103.2 137.6 820

22 65 957 287 800 131.2 197.8 263.8 1497

25 101 109 426 640 202.2 303.3 404.4 2196

The data from the table show that the ge-
ometric parameters of the cross-section of
SPB and, before all their thickness, exercise
very strong influence on max ly and St. Thus
for example, the medium-density boards (p =
750 kg/m® and E» = 3000 N/mm?) with a
thickness of 25 mm have more than 10 times
higher stiffness in comparison with the
boards 12 mm thick.

3.2. DETERMINATION OF THE
COEFFICIENT OF RESIS-TANCE OF
SPB DURING CONTINUOUS STATIC
LOAD

Pursuant to the requirements of ENV
1156:1998, the resistance of SPB to continu-
ous load at a given moment z is determined
through the coefficient Kq expressing the ra-
tio between the level of the breaking stress at
that moment ov: and the stiffness in short-
time bending ov, i.e. the relative loss of
strength during continuously acting load:
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Ky =[(op —04. )/ 0, ]-100%, (1)
whereby the following conditions are
valid:

e Kqgis 50 to 80 % on a scale with a
graduation mark of 5 % and refers to
adry environment, i.e. operating class
SC1 (20°C temperature and 65% rel-
ative air humidity);

e opb is an experimentally determinable
quantity or with a value correspond-
ing to the standard requirements for
SPB with a given type and thickness;

e 0w IS @ quantity with prognostic value
that is functionally dependent on the
size of the breaking stress at given du-
ration of loading of a structural ele-
ment made of the composite, with the
respective stiffness.

The total duration of the acting breaking
load 7, according to the graph in Fig. 1 for the
deformation behaviour of the structural ele-
ments made of SPB, includes the times of the
highly elastic deformation during the short-
time starting load 71 < 60 min and that of the
delayed elastic deformation with viscous
flow in the 2" zone 72. For technical calcula-
tions with approximate accuracy, it may be
assumed that the deformation in this zone is
of linear nature. Is has been adopted (EN
1156) that the time of the continuous static
load, expressed in minutes, is determined in
a logarithmic scale Ig «.

According to the investigations by
Bryan 1960, Terentyev 1964, Artyuhovskiy
1965, Khrulev 1977, etc., the process of re-
duction of v during continuously acting
load has two characteristic stages. Initial one
— at starting the loading, in which the process
takes place with at a very high rate and has a

duration of up to 60 min, with v being re-
duced to about 80%. The process of reduction
of ov: during the second stage is relatively
slow, with the prognosticated duration being
able to exceed 27 years. The stiffness of the
composite exercises essential influence on
the duration of the breaking load. It has been
proved that the prognostic level of stress of
composites also depends on their density.
Thus, for composite boards with a density of
750 kg/md, prognostic level of 50 % is
achieved in 10 years, and for boards with a
density of 650 kg/m?® — in about 6 years. For
SPB with a density of 850 kg/m® — in about
15 years.

To determine the relative loss of
strength, i.e. the coefficient of continuously
acting load Ka, the regression linear depend-
ence is used:

Ki=ao—ailgr, (12)

where ao u a1 are regression coefficients

that, depending on the stiffness of the com-

posites, have values respectively of ao =

78 =+ 80 and a1 = 2.7 + 3.0 (Khrulev and
Martynov 1977).

It is necessary to note that the deter-
mined values of Kq refer to loads both along
and across the board length at a degree of ori-
entation of particles of up to 15 %.

Of interest for the practice is the prog-
nostic durability of SPB in furniture and
building structures depending on the level of
stress. For the purpose, most appropriate is to
use the graphic dependencies. That is why, a
graphic method for quick determination of
the approximate prognostic durability of SPB
with different densities of SC1 class is pre-
sented in Fig. 3.
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Figure 3: Approximate prognostic durability of SPB of SC1 class at levels of stress Kq of 40 to 80% and
board density P5: 1 — 850 kg /m?; 2 — 750 kg/m?; 3 — 650 kg/m?

3.3. DETERMINATION OF THE

CREEP COEFFICIENT

One can judge of the variations of defor-
mation over the time by the increase of de-
flection (material creep), i.e. by the maxi-
mum deflection f in the middle of the span at
constant continuously acting load g. The di-
mensionless quantity — creep coefficient Kc,
serves to assess the value of the creep pursu-
ant to ENV 1156.

Kc =(fr_ fl)' (13)
(fi=fo)

where (f: — f1) is the difference between
the deflection after a definite time f: and the
deflection after one minute f1 in mm;

(fr — fo) — initial elastic deflection after
one minute since the application of the load,
in mm;

fo — deflection of the test piece without
load, in mm.

The prognostic value of the creep coef-
ficient, respectively the deflection during de-
formation in bending during continuously
acting load of SPB depends on the factors:
level of stress, load duration, type, stiffness
and thickness of the material under the con-
ditions of operation class SC1. An example
for a prognostic value of K¢ for a duration of
1 year — set span | and level of stress 25 %, is
written as Kc, 1Y, SC1, 25 %.

As a result of experimental investiga-
tions by Artyuhovskiy 1965, Khrulev and
Martynov 1977, Nikolaeva 1981, it has been
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established that the composite boards, as an
elastic body, are slowly destroyed under the
impact of continuous static load with a level
of stress below 30 % of the short-time one.
That is why, the determination of the prog-
nostic value of Kc must be for a level of stress
below 25 %, which ensures more smooth,
and of attenuating nature, increase of the de-
formation in bending, which is closer to the
real operating conditions.

It has been proved (Kyuchukov and Ni-
kolaeva 1980) that in the horizontal elements
of furniture (mostly bookshelves, etc.), sub-
jected to bending load under operating con-
ditions, a process of creep takes place, as a
result which the elements sag. The tests have
been performed for shelves with a length of
900 mm and a thickness of 18 mm at a load-
ing with a distributed load g = 400 N/m for a
duration of 120 days (172 800 min). It has
been established the maximum deflection
reaches a maximum value of up to 3 mm.

The prognostic maximum deflection fmax
for 52 weeks of SPB with a density of
750 kg/m? and a thickness of 18 mm may be
calculated by means of extrapolation from
that for 120 days. Grounds for this are the es-
tablished (Nikolaeva 1981 and Panayotov et
al. 2000) very low increase of the deflection
rate after the 86" day — below 0.002 mm/day.
That is why, with approximate accuracy, it
may be assumed that the prognostic deflec-
tion for a 1-year period of loading of a hori-
zontal element made of SPB with a density of
750 kg/m? with a uniformly distributed load
of 400 N/m can be take f <3 mm. Moreover,
for this composite, the value of the deflection
after one minute since the application of the
load f1 = 0.93 mm has been established, and
also the deflection without load fo = 0.34 mm.

Then, the example value of the creep co-
efficient K. for SPB for the conditions 1Y,
SC1 and level of stress of 25% according to
the calculation (equation 12) is K¢ = 3.51.

MAIN INFERENCES FROM THE
EXPERIMENTAL INVESTIGATIONS

e An algorithm for determination of the
stiffness of SPB has been developed;

e Analgorithm and a nomogram for de-
termination of the resistance coeffi-
cient of SPB during continuous load —
Kd for dry environment, have been de-
veloped;

e The value of the creep coefficient Kc
of SPB with a density of 750 kg/m?®
and a thickness of 18 mm for operat-
ing conditions — dry environment
SC1, level of stress of 25 % and dura-
tion of 1 year, has been determined.

CONCLUSION

The investigation presented is a contri-
bution to the theory and practice for clarifica-
tion of the strain-strength characteristics of
SPB during continuously acting bending load
under operating conditions SC1 (dry environ-
ment). The developed mathematical algo-
rithms and graphic methods for determina-
tion of the stiffness, coefficients of continu-
ously acting load and creep in static bending
may be successfully used in the calculation
of the building and furniture structures with
application of SPB, as well as for scientific
and technical justification of the structural
solutions when using these composites.

The investigations may be used with
success in the future revision of the standard
ENV 1156.
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