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Abstract

The analysis of Ukrainian and foreign norms in calculating whole and laminated wood for different types of loads has been carried out. It
is revealed that the calculation of wooden constructions is carried out by methods of boundary states in an elastic stage of work. The real
stages of the stress-strain state of bending elements from wood and their constructions, taking into account the plastic work of the materi-
al, are considered. Developed and brought some preconditions for calculating given full diagram of the work of the wood taking into
account the descending branch. The basis of the method of calculation of elements from solid and glued wood according to the defor-
mation model, taking into account the growth of deformations in the calculated section, is presented.
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1. Introduction

Introduction. At present, all calculations of constructions of solid
and glued wood for different types of loads, according to the oper-
ating norms of different countries [1, 2, 3], are carried out by the
method of boundary states, which are based on elastic wood work.
The solution of tasks for determining the bearing capacity of wood
elements in normal sections based on the concept of strength crite-
rion. Now, in the norms [1, 2, 3], there is only one criterion in
which, in a normal section of the stress across the entire cross-
section, or at the most remote point of the compressed or stretched
areas of wood o, = f, . In fact, this criterion is power, as the mo-

ment of destruction is estimated by the power characteristic - the
limiting value of the stres. An expression for a strength criterion
can be represented for power influences in the general form of
dependence

o, = fy =const. 1)

Significant drawbacks of criterion (1) are that external stresses for
bending, noncentrally extended and compressed elements in reali-
ty give rise to stresses of varying intensity in compressed and
stretched zones due to the heterogeneity of the growth of wood
deformations at the simultaneous joint operation of the cross sec-
tion on compression and tension [4, 5, 6]. Also, there are different
values of tensile strength of wood in compression and tension in
the section with the same initial modulus of elasticity for the same
load. The durability of wood on stretching is twice the compres-
sive strength, and an approximate definition is possible only with-
in the limits of conditional proportionality. The calculated re-
sistance of the bending wood f_ , used in formula (1) is a value

that is not from the direct experimental setting, but from the pro-
posals [7] according to the imperial expression

R, =R, —+—, (2)
—++1

where R, - the calculated resistance of the bending wood: R, -
estimated resistance of compression wood along the fibers; R, -

estimated resistance of wood tension along the fibers.

In 1955, Khukhryansky P. generalized all existing knowledge of
the strength of wood in the work [8], starting from the structure of
the cell of the wood and ending with the work of various types of
stress-strain state. By that time, the compression, tensile and bend
of the wooden element were well studied. Skin, torsion and three-
way stressed states scientists have been neglected. In all cases, the
elastic work of an element of wood was taken as the basis for
calculations, and the distribution of stresses - linear for the whole
period of operation up to destruction.

At the same time, attempts were made to construct a theory of
strength based on tensor calculus (Ashkenazy E. [9, 10, 11], Ge-
niev G. [12], Klymenko V. [13]). But this approach has not found
practical use due to the cumbersome and complexity of analytical
expressions, which requires special mathematical preparation for
the calculation. Also, for the use of tensor strength criteria, the
required parameters could only be obtained experimentally. The
criteria describe the behavior of wood unsatisfactory when work-
ing for a complex stressed state. Ashkenazi E. herself pointed to
the fact that for loads that create a trilateral tense state, its criteria
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need to be finalized [10]. Later Orlovich R. [14], Fursov V. [15,
16] performed experimental tests and refinement of these criteria.
The problem of fracture resistance of wood from the position of
the mechanics of destruction was considered by Shatts T. in his
work [17], Naychuk A. [18, 19] and Jockwer R. [20]. But in the
60 years of the previous century Drozdovsky B. and Friedman Ya.
[21] it was noted that the linear mechanics of destruction, with its
advantages in simplicity, does not sufficiently cover the process of
destruction in order to be deprived of the basic theoretical basis.
The founder of the destruction mechanics Griffiths [22] very care-
fully spoke about the use of his proposed approaches to complex
non-homogeneous materials, in which, for the stresses close to the
destructive, there is a deviation from Hooke's law.

Tuturyn S. in work [23] continued to develop a synthetic theory of
material strength, adjusting it to a natural anisotropic material -
wood. The author, analyzing the finding of elastic potential, made
it easier to find elastic permanent wood from 36 to 9. To find the
relations between stresses and deformations, as well as determina-
tion of the elastic potential for the case of tripartite symmetry of
properties, to 5 elastic constants.

2. The main part

The most common for the elements of wood is its work on a bend-
ing. A large number of works are devoted to solving the problem
of bending a wooden element, because from the point of view of a
practicing engineer this work is most interesting. So there are two
types of layers (fibers) for the work of the beam with a zone of
pure bending: some of them work under stresses of compression
of different intensity, while others are for stretching stresses.
These layers are separated by a neutral plane (line) (Fig. 1 and Fig.
2).
u g,

c c
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Fig.1: To calculate normal cross sections for pure straight bend:
h = element height; b = the width of the element; u_ = relative defor-

mations.

So far, current estimates bending elements of wood are based on
such theses-dogmas:

- wood works as an absolutely elastic material;

- modulus of elasticity equal in stretched and compressed zones;

- the rectilinear dependence of stress distribution on the height of
the bending element is taken;

- the position of the neutral plane is unchanged;

- introduced the concept of strength of wood on the bend.

These offers do not correspond to real work of wood. Often in
structures a load of bearing capacity is more than doubled. The
goals of the cost-effectiveness of the adopted section not only do
not set up the current norms, and even do not mention it.
According to studies [23, 24, 25, 26] in the compressed belt, the
growth of strain loads increases, both at the expense of the elastic,
and due to plastic components. In addition, the tensile strength

exceeds by more than twice the tensile strength under compression.

For the equality of deformations in compressed and stretched fi-
bers, the beam of stress in these layers is different. The neutral
plane between compressed and stretched zones at the initial stages
of loading begins to gradually move toward the stretched zone
[25], and behind the oblique bend - even with a turn to one of the
sides. And the main factor in calculating the elements of wood on
a net bend are diagrams of "strain-strain", which are used from the
data obtained from experimental tests of samples of pure wood.

Fig. 2: To calculate normal sections on a clear oblique bend: F = external
load; y-y, z-z = main axes of the cross-section of the element; Fy and F,

= components of the reference reaction F; ; a = angle of the element to
the main axis y-y; —o = compressive stresses; +o = tensile stress.

The small-sized sample of pure wood does not give us complete
information about the behavior of both the microstructure of wood
and macrostructure. In such samples there is an excessive amount
of trace elements (cellulose molecules) and a small amount of
macroelements of wood (fibers, annual rings, late and early wood).
To some extent, the transfer of such data to real constructs is false.
Because the work of such structures, because of their size, as well
as the influence of vices and scale factor significantly differs from
the work of pure wood [20, 23, 24]. However, all modern theory is
based on such data, which leads to a distorted understanding of the
basics of perception of material load. In addition, the construction
of diagrams of "stress-strain”, as a rule, ended with a point of per-
ception of maximum effort. How it behaves wood outside this
point has not yet been investigated, although it is known that the
residual strength is an essential part. Such studies are needed to
predict the residual lifetime of timber structures and to prevent the
progressive destruction of structures for the effects of different
types of loads [27]. Therefore, it is more appropriate to use for
calculations the diagrams obtained on large samples of whole and
glued wood. Only by changing the method of loading, for example,
new results were obtained that could reveal the essence of the
work of wood under the influence of loads. In addition, there are
now diagrams of “strain-displacement (press plates)" (Fig. 3),
which are obtained in modern presses with a strict mode of appli-
cation of loading [23, 28]. And these diagrams also have a certain
disadvantage, because here, when the press plates are moved at the
initial stage to the deformation diagram, the local stiffening of the
ends of the sample is affected by inaccuracies in the manufactur-
ing, defects in the treatment of the face surfaces and damage in
these parts of the micro and macrostructure of the wood (edge
effects).

Therefore, in order to eliminate this disadvantage, it is necessary
to determine the relative deformations of wood [29] (Fig. 4), ra-
ther than moving the traverses of the press [23, 28] for the hard
loading mode.

In all the calculation methods considered, the plastic work of the
material and the presence of a downward branch for the defor-
mation of wood to compression are not taken into account, which
is a certain important reserve in the design work. Of course, it is
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not expedient to use the work of the wood throughout the length
of the downward branch and for significant deformations, but a
limited part of the reserve should be used.

Avoiding the disadvantages that made it impossible to solve such
problems can be by adopting a curvilinear diagram of stresses in
the wood of the compressed zone, which corresponds to a greater
extent to the actual work of cross-sections. It should also be noted
that the triangular stresses in compressed and stretched zones ac-
cepted in the norms allow us to consider the stress-deformed state
of the cross-section only in the limiting state and does not make it
possible to follow its changes at different stages of the load of the
element.

60
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0 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09
Displacement, mm/mm

Fig. 3: Diagram of "displacement of a plate - load" when testing wood on
compressiﬁr; along fibers on a mechanical press.
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Fig. 4: Diagram "stress-deformation" for compression of wood along
fibers.

Avoiding the disadvantages that made it impossible to solve such
problems can be by adopting a curvilinear diagram of stresses in
the wood of the compressed zone, which corresponds to a greater
extent to the actual work of cross-sections. It should also be noted
that the triangular stresses in compressed and stretched zones ac-
cepted in the norms allow us to consider the stress-deformed state
of the cross-section only in the limiting state and does not make it
possible to follow its changes at different stages of the load of the
element.

Reliability of the experimental data on the deformation diagrams
of the wood under the action of the deformation gradient and the
analytical apparatus, the establishment of the coefficients of the
second degree polynomials, as well as the transformation of the
physical state of the material into the physical state of the element,
make it possible to develop a calculation method for determining
the stress-deformed state of the elements of wood when working
on the bend.

Considering the change in the stress-strain state of the normal
sections of the beam from the wood in the zone of clean bend, it is
evident that for each of the stages are characterized by their char-
acteristics.

Stage I. A small load on the element causes small stresses in
compressed and stretched zones, the dependence between stresses
and deformations can be taken directly linearly, deformations in
the wood of compressed and extended zones can be considered

elastic, the diagrams of stresses are in the form close to the trian-
gle.

Stage Il. Further increase of the load leads to the development of
plastic deformations in the wood of the compressed zone, the dia-
gram of stresses in this zone is distorted, and the boundary stress
reaches the temporary resistance of the strength of the wood to
compression. Deformations of the wood of the stretched zone are
mostly elastic, the stresses in the wood grow, but the stress dia-
gram retains the shape close to the triangular.

Stage I11. For further increase of loads there is a crumbling of
fibers and the folds of crumbling in the wood of the compressed
zone are formed, some of the layers of wood are transferred to the
subcritical zone of wood work, the stresses are redistributed along
the height of the beam, the compressive forces are perceived by
the area of the wood under the fold and the area of the wood on
which the fold formed, there is a sharp increase in the deformation
of the compressed zone. The stresses in the stretched wood zone
are greatly increased, plastic deformation develops, and the stress
diagram becomes curvilinear. Neutral line shifts, increasing the
compressed wood area.

Stage 1V. A further increase in the load leads to intensive devel-
opment of the fold of the tongue, increases the deflection of the
beam, increases the height of the compressed zone and even more
distorted the circuit of stresses of the compressed zone, as a result
of which the boundary tension in the wood of the stretched zone
reaches a temporary resistance to tension. The destruction is due
to the rupture of the most intense outer layers of wood and has a
fragile character.

The basis of the calculation method is the following:

a) calculated is a section normal to the longitudinal axis of the
element, in which a fold is formed in the compressed zone;

b) in the height of the calculated cross section for the mean defor-
mations a hypothesis about the linear distribution of deformations
is true;

c) the relationship between stresses and deformations of stretched
wood is taken as a linear dependence;

d) the relationship between stresses and deformations of com-
pressed wood is taken as a transformed diagram, depicted in Fig. 3
and is described by a polynomial of the second degree [29];

e) wood elements are considered in which force factors must be
applied in such a way as to avoid torsion;

f) as the estimated values of wood resistance in a wooden element
are taken.

According to the criterion of loss of bearing capacity, the cross
section is taken:

a) the destruction of stretched wood for reaching the most
stretched layer of limiting deformation values;

b) the extreme criterion is the loss of balance between internal and
external efforts.

The calculation is performed according to the deformation model
taking into account the growth of deformations in the calculated
section.

The distribution of stresses and deformations in the normal section
of the beam is shown in Fig. 4 and Fig. 5.

The stresses in the normal section of the beam were calculated
using functions

(W) =00 =k Uy +ho Uy =B x k(Y @)
P P
1
fz(u) =04 = E Uy = Et;X ) 4)

where E - the elasticity of the wood during tension; v, , - relative
deformations for tension of wood; u,_, - relative deformations for

compression of wood; k;,k, - coefficients of the polynomial;
f(u) - stress-stretched zone; f,(u) - stresses of the compressed
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zone; x —the distance from the neutral line to an arbitrary point in
the compression and stretched zones; E,, £, —elastic modulus of

1

wood for compression and tension, respectively; P

- Cutting the

bending element.
power plane

_deformafion plane

tension plane
Fig. 5: Stress-deformed state of a wood element in the zone of oblique
clear bend: b = width of the element; h = element height; u. ; = relative
deformations of compression; u, ; = relative deformations of wood com-
pression; o 4 = compressive stresses; o, = tensile stress; y-y, z-z =

main axes of the cross-section of the element; & = angle of the element to
the main axis y-y.
Consider cross-section of wood bending element Fig. 6 and Fig. 7.

Fig. 6: Distribution of the greatest stresses and deformations in the normal
section of the beam for work on a clean oblique bend: u_ ,, = relative

deformations of compression in the extreme fiber of wood; u, ,, = rela-
tive deformations of compression in the extreme fiber of wood; o, =

compressive stresses in the extreme fiber of wood; o, ,, = stress tension

in the extreme fiber of wood; y-y, z-z = main axes of the cross-section of
the element; « = the angle of inclination of the external load F on the

element relative to the main axis z-z; z, z, = height of the stretched
cross-sectional area; z, = height of the compressed zone of the cross-

section; M, = bending moment from the action of external load.

The equilibrium equation for the section shown in Fig. 3 has the
form

DM, =0M =M, +M; (5)

> N=0;N, =N, (6)

where M,M_,M, - bending moments from external loading,
efforts in a compressed and stretched zone, respectively; N,,N_

equivalent to internal efforts in the stretched and compressed areas,
respectively.

1 2,

feo.a

[Fc.d

Ua

Oyt

Fig. 7: To calculate the normal cross-section along the oblique bend: 1, 2;
- compressed zones; @ U, 4 = relative deformations of compression in the
extreme fiber of wood; u, ; = relative deformations of compression in the
extreme fiber of wood; o, = compressive stresses in the extreme fiber
of wood; o, 4 = stress tension in the extreme fiber of wood; M = bend-
ing moment from the action of external load; N, = equilibrium compres-
sion force in an element undergoing a transverse bend; N, = the surplus
tensile force in the element undergoing a transverse bend; f.,, = com-
pressible boundary calculating stresses of wood.

On the basis of deformations in accordance with Fig. 7, the stress
in the normal cross section is described by two functions 3 and 4
in three different sections: the first section is the stretch area from
the bottom of the element to the neutral line; the second section -
from the neutral line to the maximum stress in the compressed
zone; the third section - from the maximum stress in the com-
pressed zone to the top of the element. The coefficients k,k, are

calculated by the formulas

2-f
k1 — c,0,d 1 (7)
uc,fin,d
f
k - c,0,d , 8
’ ucz‘fin,d ( )

where f_ 4 - the estimated value of compression along the fibers;
U, fng - COMplete for compression strain along the wood fibers.

The tensile force in the normal section of the bending element is
determined as the sum of the forces occurring in the stretched
zone of the cross section, which consists of two sections: the first
in the form of a parallelogram; the second in the form of a triangle

N, =Ny + Ny, 9)

where N,, - the tensile force in the element that perceives the first
section of the cross section that is determined

% o1 1%’
Ny = [ f,(u)dA = [ E, = xbdx=E =b=-. (10)
0 o P p 2
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Stretching force in an element that perceives the second triangular
Cross section

Ny = [ f()da = jf(u) f (b)dlx =

1
J'(E'—aixt +E, —a,x)dx = (11)
p P
3 2
_E 31X2‘+E la h_Etiaih_Etiazi
Yol

2 p 3 p 2

Substituting the formulas 10 and 11 for 9 we get

3

3 2
Nt:Ele1+Et£a1i+Et£a2h_ 1%&_
p p 3 p 2 p'3 12)
E azxn

The compressive force in the normal section of the bending ele-
ment is determined as the sum of the forces occurring in the com-
pressed zone of the cross section, which consists of two sections:
the first in the form of a parallelogram; the second in the form of a
triangle

N,=Ng+N,,, (13)

where N, - the compression forces in the element that undergoes

a transverse bend and perceives the first section of the cross-
section

ff f(u)dA = bI(E 1x+k( V2 x?)dx =
P (14)

0
1x; 2X1,
—b(E, = e 4 k(T2 e
(cp2+2(p) 3),

where dA=b-dx.
The force of compression N, in an element that perceives the
second triangular section of the cross-section

N, - | o)A J<E1x+k<>

X X

)-(aixc +a,)dx =

P L (15)
(i

where dA=f(b)-dx ; f(b)=ax.+a, ; a-= ;

b ; b— section width of beam.
le - XZC
Substituting formulas 14 and 15 in 13 we get

3 2
N, =b(E, 1% 3l )ZX“)+E loke,gly X,
3 0 p 3 P 22
" (f) X2(++k (3) A 1aﬁ— Lot (16)
4 p 2

(= )aﬁ k() %

The bending moment from the neutral line for a stretched zone in
the normal section is

M, =M, +M,, (17)

where M, M,,
zone of the element

- moments that perceive areas of the stretched

M, = [ f,()dA = [ f,(ubxdr =
0 0

% (18)
q 3
:JE[lebdx= ELpX
o P p 3
X, X X 1
Mtzz.[fz(u)xtdA:j (U)X, - f(b)dx = I xt “(ayx, + ay)dx =
X X %
[ P
= [(E=ax’+E =ax)dr= (19)
v P P
4 3
_elafa,ply X 1qﬁ—E Za, L
p 4 p 3 p 3

Substituting the formulas 18 and 19 at 16, we will establish the
value of the bending moment that will accept the stretched zone

4 3
M_E—bxi—‘JrE Ay +E3a’(3
P (20)
4
_Etiaiﬁ_Etiazxﬁ
p 4 p 3

The bending moment from the neutral line for the compressed zone
in the normal section is equal to

M, =M +M,,, (21)

where M, M_, - moments of the compressed zone of the element
at different sections of the section, which are equal

jf(u)x dA= jf(u)xbdx e~ 1X1f Lk (= )2 Xic) 22)

jf(u)x dA = jf(u)x f(b)dx-_[(E alx +

Rl RS RS

+Eix, a, +k (7) ax‘+k (—)za x,3)dx:E—a1&+
P

23
% i @
E —a, ‘+k( )a1 < -E, a1
Pl s
—Eﬁazﬁ—kz( )a1 k(= )alef.
p 3
Substituting formula 21 and 22 at 20 we get
3 4 4 3
M, =b(E, 1%y, Ly Xy o g Lg X g g Ko
p 3 p 4 p 4 p 3
1, X 1, % : 1 X
Ho(Bia e Gy g oo 2o e (24)
p 5 P p 4 p -3

loa X L xl
—k.(Z2)a Ze _k (2)2g, e
z(p) & z(p) %

To determine the bending moment by the formula 5, which can
accept a beam of solid or laminated wood, the value of relative
deformations in which the equilibrium equilibrium condition is
performed is to be substituted in formulas 12 and 20.
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For the work of the element of wood on a straight transverse bend,
conditions 9, 13, 17 and 21 will form

N, =Ny (25)
N, =N,; (26)
M, =M, ; @7)
M, =M, (28)

3. Conclusions

1. The current rules for calculating wooden beams which are in the
conditions of a straight or skew transverse bend do not take into
account the actual work of such elements, in particular the for-
mation of the fold in a compressed zone of clean bend, and give a
significant margin of safety.

2. A method for calculating wooden beams from solid and glued
wood using a strain model that takes into account the distribution
of stresses in height in compressed and stretched zones of the cal-
culated section and provides the formation of the fold in the com-
pressed zone of the element in the zone of pure bending.
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