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Annotation. In today's world, construction requires environmentally friendly materials that
cause minimal damage to the environment. At the same time, they must have great strength and be
resistant to various types of external influences. Timber structures, which are made of renewable
natural materials and have a relatively high strength, can rightfully be considered as such material.
Despite the fact that timber itself has certain negative properties, namely the tendency to shrink
and swell, rot, anisotropy of properties, which requires special attention in construction, in
laminated timber structures (LTS) these disadvantages are already more manageable. Beams are
one of the main laminated timber structures. Laminated timber beams reinforcement allows to
significantly increasing their stiffness and strength.

The article proposes a methodology for calculating laminated timber elements of rectangular
section reinforced with composite tapes. Refined formulas for determining the efficient geometric
and mechanical characteristics are provided. The proposed method was compared with another
analytical method of calculation and with the numerical method of modeling in the LIRA-CAD
software complex using the finite element method. It was proved that this method of reinforcing
laminated timber structures is promising and relevant.

Keywords: reinforcement, analytical method of calculation, laminated, finite element method,
laminated timber structures, efficient geometric cross-section characteristics, efficient elasticity modulus.

Introduction. In today's world, construction requires environmentally
friendly materials that cause minimal damage to the environment. At the same
time, they must have great strength and be resistant to various types of external
influences. Timber structures, which are made of renewable natural materials
and have a relatively high strength, can rightfully be considered as such
material.Despite the fact that timber itself has certain negative properties,
namely the tendency to shrink and swell, rot, anisotropy of properties, which
requires special attention in construction, in laminated timber structures (LTS)
these disadvantages are already more manageable. Beams are one of the main
laminated timber structures. Laminated timber beams reinforcement allows to
significantly increase their stiffness and strength.

For a detailed analysis of the stress-strain state (STS) of laminated timber
elements of rectangular section reinforced with composite tapes, taking into
account the peculiarities of their work and structure, a calculation method by
analogy with [1] is proposed, which consists in applying the efficient geometric
characteristics of a rectangular section to the usual calculation formulas [2]. For the
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second group of limit states calculation of laminated timber elements of
rectangular section, it is proposed to use the efficient elasticity modulus for the
boards of the outer layer, in which the maximum stresses will be observed.

For the analysis of this method, a number of numerical studies were carried
out on laminated timber beams reinforced with composite tape and ordinary
laminated timber beams of the same strength class using analytical methods of
calculation according to DBN [2], similar beams using the V.Shchuko's
engineering method of calculating reinforced timber structures [3], laminated
timber beams according to the analytical method of calculation according to
SNiP [4] and using the finite element method (FEM) in the LIRA-CAD
program complex (PC) using volumetric and flat finite elements (FE).

Laminated timber beams of the same strength class at different spans and
different evenly distributed loads calculations using the specified methods
were compared with calculations of similar beams reinforced with composite
tapes according to the specified methods, and showed that reinforcing the LTS
of the rectangular section significantly increases the load-bearing capacity and
stiffness of the elements according to all comparative methods.

It has been confirmed that the proposed method of laminated timber beams
reinforced with composite tapes analytical calculation is appropriate for use in the
calculation of both individual elements and complex systems made of them.
According to this method, it is possible to take into account the thickness and
mechanical characteristics of the boards’ timber from which the cross-section of
the element is made and reinforcement, which significantly increases the range of
use of laminated timber cross-sections reinforced with composite tapes, even in the
case of a boards of different cross-sectional strength classes combination.

Literature review. There is very little domestic experience in designing the
LTS of a rectangular section reinforced with composite tapes. The studies, the
results of which are given in the article [5] by the authors Gomon S. and
Polishchuk M., in which they experimentally consider the technology of
manufacturing laminated timber beams reinforced with rod reinforcement and
composite tapes, are one of the few. Also, certain results of experimental
researches are described in the article [6] by the authors Bashynskyi O.,
Bondarchuk T., Peleshko M.V., which presents three methods of reinforcing
timber beams with tape reinforcement, which made it possible to almost
double their bearing capacity.

Let us note that in the latest editions of the regulatory documents of the
European Union (Eurocode-5 or EN 1995-1-1:2008 [7]), Ukraine (DBN V.2.6-
161:2017 [2]) there are no methodological recommendations for designing and
calculating LTS reinforced with composite tapes.

The conducted analysis of the presented research confirms the urgent need for
the development of an engineering method for calculating laminated timber
structures of rectangular cross-section reinforced with composite tapes and the
use of PC LIRA-CAD for their calculation according to an engineering method
of calculating laminated timber elements reinforced with composite
reinforcement [1].
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The purpose and tasks of research. The purpose of this work is to present
the engineering methodology for calculating laminated timber structures
reinforced with composite tapes.

Laminated timber beams with a total cross-section /&, xb, =24x10cm

from 8 boards layers of strength class C35 and similar beams reinforced in the
stretched zone with composite tapes of carbon fibers Sika CarboDur S 1012
with a cross-section #,xb, =0.12x10cm were chosen as the object of

research. The researched beams rest on two hinged supports, loaded with a
uniformly distributed load of intensity: 2 kN/m, 4 kN/m, 8 kN/m and have
spans: 4 m, 6 m and 8 m.

To research these structures, their calculation was carried out using several

methods:

1. Numerical studies of the studied objects modeling in PC LIRA-CAD.

2. Analytical laminated timber beams calculation according to the
calculation method given in SNiP II-25-80 and similar beams reinforced
with composite tapes [4].

3. Analytical calculation of laminated timber beams according to the
calculation method given in DBN B.2.6-161:2017 and similar beams
reinforced with composite tapes according to the proposed method.

4. Analysis of the results of laminated timber beams reinforced with
composite tapes calculation methods.

Numerical studies of modeling of the researched objects in PC LIRA-

CAD. In the LIRA-CAD software complex, laminated timber beams with a
total cross-section /, x b, =24x10cm of 8 boards layers of strength class C35

(Fig. 1 (a)) with the following mechanical properties were modeled with three-
dimensional FE No.36: elasticity modulus of timber along the fibers
E1 = Epmean= 13000 MPa, the elasticity modulus of timber across the fibers
Ey=E;=FEgmean=430 MPa, the shear modulus G = Gpean = 810MPa and
similar beams reinforced with Sika CarboDur S 1012 composite tapes

(Fig. 1 (b)), which are b B
modeled by flat FE No.44,
with mechanical 4 4
characteristics: elasticity = <
modulus along the fibers <] <3
E1 = Eymean= 170 000 MPa. 13 RS
After the calculation, we | .4 =l 4
obtain the isopolies of vertical A e é)‘s
deformations and  normal B o olS
stresses along the timber fibers - b |3
based on the numerical studies b
results of FEM for laminated T B
timber beams with and @ ®)
Wl_thout comppsne tape Fig. 1. Geometric diagram of thebeam cross-section
reinforcement with spans: 4 without reinforcement (a) and reinforced with a

m, with a uniformly composite tape (b)
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distributed load of 2 kN/m is presented in Fig. 2 — 3.

(b)
Fig. 2. Isopolies of vertical deformations of laminated timber beams without reinforcement (a) and
reinforced beams (b) with a span of 4 m under a uniformly distributed load of 2 kN/m

s — 1 L = i 5 : e

(b)

Fig. 3. Isopolies of normal stresses in laminated timber beams without reinforcement (a) and in
reinforced beams (b) with a span of 4 m under a uniformly distributed load of 2 kN/m
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Full results of FEM numerical studies for laminated timber beams with and
without composite tape reinforcement for investigated spans of 4 m, 6 m, 8§ m
and all variants of uniformly distributed load 2 kN/m, 4 kN/m, 8 kN/m
presented in tables 1.

Table 1

Values of deflections and maximum normal stresses for laminated timber

beams of the same strength class with and without reinforcement under a

uniformly distributed load

Span, m 4 6 8
Calculation EL (W), W, Oimd» W, Oimds W, Oimds
methods kNcm? (cm®) mm | kN/em®’| mm | kN/em®| mm | kN/em?
uniformly distributed load - 2.0 kN/m
FEM with without
volumetric 4,76 0,402 25,1 0,901 72,3 1,60

FE No. 36 | reinforcement

FEM with reinforced

volumetric with
FE No. 36 . 4,06 0,318 21 0,701 61,2 1,27
and flat FE composite
No. 44 tape
Percentage difference 17% 26% 20% 29% 18% 26%
uniformly distributed load - 4.0 kN/m
FEM with without
volumetric 9,51 0,804 50,1 1,8 145,0 3,2

FE No. 36 | reinforcement

FEM with reinforced
volumetric

FE No. 36 with 8,11 | 0,635 | 42,0 14 | 1220 | 2,54

and flat FE composite

No. 44 tape

Percentage difference 17% | 26% 20% 29% 18% 26%
uniformly distributed load - 8.0 kN/m

FEM with thout

volumetric withou 19 1,61 | 100,0 | 3,6 | 2890 | 64

FE No. 36 | reinforcement

FEM with reinforced

volumetric with
FE No. 36 . 16,2 1,27 84 2,8 2450 5,07
and flat FE composite
No. 44 tape
Percentage difference 17% 17% 27% 19% 29% 18%

For a more illustrative example, comparative diagrams of the maximum
deflections w (mm) and the maximum normal stresses G, (kN/cm?) of the
investigated beams under a uniform load of 2 kN/m, 4 kN/m, 8 kN/m were
created, when calculating by the method of finite elements (Fig. 4 —9.)
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Wl 4,06

FEM with volumetric FE No. 36
and flat FE No. 44

L~ 72,3
FEM with volumetric FE No. 36 QUMMM 25.1

0 10 20 30 40 50 60 70 80

Fig. 4. Diagram of the maximum deflections w (mm) of the researched beams under a uniform
load of 2 kN/m when calculated by the finite element method

Wspanof8m M spanof6m M spanof4m

R AR 2,27
(DRI ey
T 0,318

FEM with volumetric FE No. 36
and flat FE No. 44

O = 1.6
FEM with volumetric FE No. 36 NI 0.901
I 0,402

0 0.5 1 1.5 2

Fig. 5. Diagram of the maximum normal stresses 6,4 (kN/cm?) of the researched beams under a
uniform load of 2 kN/m when calculated by the finite element method

Bspanof8m Wspanof6m M spanof 4 m

00000 T T 222

FEM with \"Ollll'-“f?lric FE No. 36 | “”H |||||'| |||| il 42
and flat FE No. 44

il s.11

0TI 245
UEATARIATORIITI, - 50,1

9,51

FEM with volumetric FE No. 36

0 20 40 60 80 100 120 140 160

Fig. 6. Diagram of the maximum deflections w (mm) of the researched beams under a uniform
load of 4 kN/m when calculated by the finite element method
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Bspanof8m MWspanof6m M spanofd m
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and flat FE No, 44
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Fig. 7. Diagram of the maximum normal stresses 6,4 (kN/cm?) of the researched beams under a
uniform load of 4 kN/m when calculated by the finite element method
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FEM with volumetric FE No. 36
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TN ORI 289
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19
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Fig. 8. Diagram of the maximum deflections w (mm) of the researched beams under a uniform
load of 8 kN/m when calculated by the finite element method
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Fig. 9. Diagram of the maximum normal stresses 6,4 (kN/cm?) of the researched beams under a
uniform load of 8 kN/m when calculated by the finite element method
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From the conducted numerical studies, the results of which are given in the
table 1 and fig. 4 — 9 it is clear that according to the calculation by the finite
element method in PC LIRA-CAD for laminated timber beams of the same
strength class with reinforcement with composite tapes under a uniformly
distributed load of 2.0 kN/m, the bearing capacity increases by more than 25%
than for similar beams without reinforcement with composite tapes. And the
movement of such beams when reinforced with tapes is reduced by more than
15%. For reinforced beams with a uniformly distributed load of 4.0 kN/m, the
load-bearing capacity increases by more than 25% compared to similar beams
without composite tape reinforcement. And the movement of such beams when
reinforced with tapes is reduced by almost 20%. For reinforced beams with a
uniformly distributed load of 8.0 kN/m, the load-bearing capacity also
increases from 26 to 29%, compared to similar beams without composite tape
reinforcement. And the movement of such beams when reinforced with tapes
decreases by 17-19%.

Analytical calculation of laminated timber beams according to the
calculation method given in SNiP II-25-80 and similar beams reinforced
with composite tapes. Calculation of laminated timber elements of a
rectangular cross-section strength according to the maximum normal stresses
was carried out as for elements working in bending according to the formulas
of SNiP 11-25-80 [4]:

M

<R, (1)
posp.
resistance; R, is the calculated bending resistance.
The calculation of laminated timber elements of rectangular cross-section
according to the second group of limit states is performed according to the
formulas of SNiP I1-25-80 [4]:

W= %[l +C(niy’ | )

deformations; /s — cross-section height; / — beam span; k — coefficient that takes
into account the effect of a change in the height of the section, £ = 1 for beams
with a constant height of the section; C is a coefficient that takes into account
shear deformations due to transverse force.

According to Shchuko's engineering calculation method [3], the calculation
of reinforced laminated timber elements of a rectangular cross-section should
be performed with the reduction of the geometric characteristics of the cross-
section, taking into account the reinforcement. According to this method, the
moment of inertia of reinforced structures operating in bending is determined
according to the dependence:

1, =(b-")/12+n-F,-(h/2), 3)
where /,, — efficient moment of inertia; b — cross-section width; 4 — cross-
section height; n — the ratio of the elasticity modulus of reinforcement and
timber; F, — the cross-sectional area of the armature; /4, — the distance from the
armature gravity center to the beam gravity center.
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Then the moment of resistance is determined:
VVnp = [np /hO . (4)

Full calculation results for laminated timber beams with and without
reinforcement with composite tapes for spans of 4 m, 6 m, 8 m that were
researched and all variants of uniformly distributed load of 2 kN/m, 4 kN/m,
8 kN/m are presented in the table 2.

Table 2

Values of deflections and maximum normal stresses for laminated timber
beams of the same strength class with and without reinforcement under a
uniformly distributed load

Span, m 4
Calculation EI(W,), , w, G.ds w, Ginds w, Gy
methods kNem” (cm”) mm | kN/em?| mm | kN/em?| mm | kN/cm?
uniformly distributed load - 2.0 kN/m
Classical 11520x10°
calculation (960,0)
method without 6,2 0,42 30,2 0,94 94,2 1,67
s%\cjicgrﬁg%_%)o reinforcement
Shchuko's 1 %18{)22 15())3
engineering . o 532 | 0,35 26,93 0,79 | 85,13 1,39
thod reinforced with
metho composite tape
Percentage difference 14% | 17% 11% 16% 10% 17%
uniformly distributed load - 4.0 kN/m
Classical 3
. 11520x10
calculation
mehod ©60.0) 124 | 083 | 604 | 1,875 | 1884 | 333
according to .
SNiP 11-25-80 reinforcement
Shehukos | TS
engineering | oo od with | 10,0 0,69 53,9 1,57 170,3 2,79
method composite tape
Percentage difference 15% | 17% 11% 16% 10% 16%
uniformly distributed load - 8.0 kN/m
Classical 11520x10°
calculation (960,0)
method 1 24,7 1,67 120,8 3,75 | 376,8 | 6,67
according to without
SNiP H—2%-80 reinforcement
Shchuko's 1(3181022%())
engineering | Lo T with | 2153 1,39 107,8 3,15 | 340,5 | 5,59
method composite tape
Percentage difference 14% | 17% 11% 16% 10% 16%

For a more illustrative example, comparative diagrams of the maximum

deflections w (mm) and the maximum normal stresses G, (kN/cm?) of the
investigated beams under a uniform load of 2 kN/m, 4 kN/m, 8 kN/m were
created, when calculating by classical method of calculation according to SNiP
11-25-80 and Shchuko's engineering method (Fig. 10 — 15).
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mspanof8m mspanof6m  m spanof4m
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Shehuko's engineering method MM 26.93
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OO IO~ 94,2

Classical calculation method (UMW 30.2
according to SNiP 11-25-80. 6.2

0 20 10 60 80 100

Fig. 10. Diagram of the maximum deflections w (mm) of the researchedbeams under a uniform
load of 2 kN/m when calculating using the classic calculation method according to SNiP 11-25-80
and Shchuko's engineering method

wspanof8m m spanol6m m spanof 4 m
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Shehuko's engineering method

OO T 2,67
Classical caleulation method (A AAI - 0,94

according to SNiP 11-25-80.

0 0.5 1 1.5 2

Fig. 11. Diagram of the maximum normal stresses 6,4 (kN/cm?) of the researched beams under a
uniform load of 2 kN/m when calculating using the classic calculation method according to SNiP
11-25-80 and Shchuko's engineering method
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Classical calculation method mﬂllﬂllmlﬂﬂlll]mlﬂl 60.4
according to SNiP 11-25-80. m 12.4
T

0 50 100 150 200
Fig. 12. Diagram of the maximum deflections w (mm) of the researched beams under a uniform
load of 4 kN/m when calculating using the classic calculation method according to SNiP 11-25-80
and Shchuko's engineering method
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Fig. 13. Diagram of the maximum normal stresses 6,4 (kN/cm?) of the researched beams under a
uniform load of 4 kN/m when calculating using the classic calculation method according to SNiP
11-25-80 and Shchuko's engineering method
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Fig. 14. Diagram of the maximum deflections w (mm) of the researched beams under a uniform
load of 8 kN/m when calculating using the classic calculation method according to SNiP 11-25-80
and Shchuko's engineering method
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according to SNiP 11-25-80.
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Fig. 15. Diagram of the maximum normal stresses 6, 4, (kN/cm?) of the researched beams under a
uniform load of 8 kN/m when calculating using the classic calculation method according to SNiP
11-25-80 and Shchuko's engineering method
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From the conducted numerical studies, the results of which are given in the
table 2 and fig. 10 — 15 it is clear that according to the Shchuko's engineering
calculation method for laminated timber beams of the same strength class
reinforced with composite tapes under a uniformly distributed load of 2.0 kN/m,
the bearing capacity increases by more than 15% compared to similar beams
without composite reinforcement tapes calculated according to the classic
method of calculation according to SNiP II-25-80. And the movement of such
beams when reinforced with tapes is reduced by more than 10%. For reinforced
beams with a uniformly distributed load of 4.0 kN/m, the bearing capacity
increases by more than 16% compared to similar beams without composite tape
reinforcement. And the movement of such beams when reinforced with tapes is
reduced by almost 15%. For reinforced beams with a uniformly distributed load
of 8.0 kN/m, the bearing capacity also increases by 16% compared to similar
beams without reinforcement with composite tapes. And the movement of such
beams when reinforced with tapes is reduced to 13%.

Analytical calculation of laminated timber beams according to the
calculation method given in DBN V.2.6-161:2017 and similar beams
reinforced with composite tapes according to the proposed method.
Calculation of the strength of laminated timber elements of a rectangular cross-
section according to the maximum normal, working for bending in the plane of
one axis of the section, according to the normal stresses from bending should
be performed according to the formulas of DBN B.2.6-161:2017 [2]:

c
sl )

m,y,d
where o, , ; — calculated bending stress, determined by formula (6); f,, , ; —

calculated value of bending strength.
The calculated bending stress is determined by the formula:
M

v.d
Gm,y,d = W ’ (6)
».d
where M vd is the calculated bending moment; W, a 1is the calculated

resistance moment of the cross-section.

The calculation of laminated timber elements of rectangular cross-section
according to the second group of limit states is performed according to the
formulas of DBN B.2.6-161:2017 [2]:

5-q- lgf EO mean 2
=——— 140,96 —" (L0 ) | (7)
32 : E()’megn : b : h GO,mean
where w is beam deflection; g — evenly distributed load along the length of the
hinged beam; / — cross-section height; b — cross-section width; /,,— calculated
beam span; Ej ..., — the average elasticity modulus for the material along the
fibers; G nean— the average shear modulus.
Taking into account the structure and features of laminated timber elements
reinforced with composite reinforcement of a rectangular cross-section work,

w
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for a detailed analysis of the stress-strain state, it is necessary to obtain the
efficient characteristics only along the fibers (x-axis).
The efficient cross-sectional area for timber:

4 =g xa ) ]
x,ef X,d Ex,b ( )
where 4, , is the cross-sectional area of the reinforcement; £, is the elasticity
modulus of the boards relative to the x axis, along the fibers; E,, is the
elasticity modulus of the reinforcement along the fibers.
The efficient moment of inertia of the section to the timber:

[x,ef =Ly 1, EX,a > 9)
x,b
where I, — the moment of inertia of the beam cross-section made of laminated
timber relative to the neutral axis; /., — the moment of inertia of the
reinforcement cross-section relative to the neutral axis; E,, — elasticity
modulus of the boards relative to the x axis, along the fibers; E,, — the
elasticity modulus of the reinforcement along the fibers.
The cross-section efficient moment of resistance to the timber:

I .
of
Weor = ;le ; (10)

z

in which I, — the efficient moment of inertia of the cross-section
perpendicular to the x axis, which should be determined by formula (2); A, —
the distance from the center of cross section gravity to the extreme fiber in
which the stress is determined.

For the calculation of laminated timber elements reinforced with composite
reinforcement of a rectangular cross-section according to the second limit state
(serviceability), it is necessary to determine the efficient elasticity modulus of
the cross-section to the timber.

The efficient elasticity modulus of the studied element is determined from
the condition:

Ix,ef'Ex,b :Ix,b'Ex,ef’ (11)
where /. — the efficient moment of inertia of the cross-section perpendicular
to the x axis, which should be determined by formula (9); E,, — elasticity
modulus of timber along the fibers; I, ,— the moment of inertia of the cross-
section of the beam made of laminated timber relative to neutral; £y, — the
efficient elasticity modulus of an element made of laminated timber reinforced
with a composite tape along the stretched fibers.

From formula (11) we obtain the formula for determining the efficient
elasticity modulus of an element made of laminated timber reinforced with a
composite tape along the stretched fibers:

1 xef Ex,b .

Ex,ef 21—, (12)
x,b
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The full calculation results for laminated timber beams with and without
reinforcement with composite tapes for spans of 4 m, 6 m, 8 m, which were
researched and all variants of uniformly distributed load of 2 kN/m, 4 kN/m,
8 kN/m are presented in the table 3.

Table 3

Values of deflections and maximum normal stresses for laminated timber

beams of the same strength class with and without reinforcement under a

uniformly distributed load

Span, m 4 6 8
Calculation EI(W,), w, G ds w, G ds w, Gy ds
methods kNem?” (em®)| mm | kN/em?| mm | kN/cm?| mm | kN/cm?
uniformly distributed load - 2.0 kN/m
Classical 14976x10°
calculation (960,0)
method according| [ "4 445 | 0,42 22,5 094 | 71,2 | 1,67
to DBN B.2.6- i
161:2017 remforcement
21429x10°
The proposed (1142,7)
method reinforced with| 3+11 035 15,75 0,78 149,78 1.4
composite tape
Percentage difference 30% | 17% 30% 17% | 30% 17%
uniformly distributed load - 4.0 kN/m
Classical 3
calculation 14(99766(;( (1)3)
method according| [ 4 890 | 0,84 45,1 1,88 | 142,5| 3,34
to DBN B.2.6- i
161:2017 remforcement
21429x10°
The proposed (1142,7)
method reinforced with| -2 0,7 315 1,58 99,6 2.8
composite tape
Percentage difference 30% | 17% 30% 15% | 30% 16%
uniformly distributed load - 8.0 kN/m
Classical 14976x10°
calculation (960,0)
method according without 17,8 1,67 90,1 3,75 2849 | 6,67
to DBN B.2.6- i
161:2017 remforcement
21429x10°
The proposed (1142,7)
method reinforced with| 124 1,40 63,0 3,15 | 1991 5,60
composite tape
Percentage difference 30% | 16% 30% 16% | 30% 16%

For a more illustrative example, comparative diagrams of the maximum
deflections w (mm) and the maximum normal stresses G, (kN/cm?) of the
investigated beams under a uniform load of 2 kN/m, 4 kN/m, 8 kN/m were
created, when calculating the classical calculation method according to DBN
B.2.6-161:2017 and the proposed engineering method, which consists in
adding the efficient geometric and mechanical characteristics to the classical
calculation formulas (Fig. 16 —21).
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Bspanof8m ®spanof6m M spanof 4 m
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I'he proposed method U 15,75

M 3.

o - 722

Classical calculation method TN R 22,5
according to DBN B.2.6-161:2017 ]]m 4.45
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Fig. 16. Diagram of the maximum deflections w (mm) of the researched beams under a uniform
load of 2 kN/m when calculating using the classic calculation method according to DBN B.2.6-
161:2017 and the proposed engineering method

mspanof 8 m mspanof6ém mspanof4m

| ORI 1.«
K propascd incthiod N 0.7

(IO 0,35

2.7
Classical calculation method S R R e

according to DBN B.2.6-161:2017 ]lIlll]]Hﬂ]ﬂll“]ﬂ 0.42

0 0.5 1 1.5 2

Fig. 17. Diagram of the maximum normal stresses 6,4 (kN/cm?) of the researched beams under a
uniform load of 2 kN/m when calculating using the classical method of calculation according to
DBN B.2.6-161:2017 and the proposed engineering method

mspanof8m mspanof6m m spanofdm

. MR ORI - 9.6
I'he proposed method T 31,5

fl sz

IO 12,5

Classical calculation method AR 45,2
according to DBN B.2.6-161:2017 Il 5.9

0 20 40 60 B30 100 120 140 160

Fig. 18. Diagram of the maximum deflections w (mm) of the researched beams under a uniform
load of 4 kN/m when calculating using the classic calculation method according to DBN B.2.6-
161:2017 and the proposed engineering method
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Classical calculation method EIW]IIIMI\IWIIW[[MIIM 1.88
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Fig. 19. Diagram of the maximum normal stresses 6,4 (kN/cm?) of the researched beams under a
uniform load of 4 kN/m when calculating using the classical method of calculation according to
DBN B.2.6-161:2017 and the proposed engineering method

mspanof 8 m mspanof6m ™ spanofdm

‘ 1 T
T'he proposed method W o3

12,4

o my 2849
Classical calculation method SRR 910,

according to DBN B.2.6-161:2017 P 17.8

0 50 100 150 200 250 300

Fig. 20. Diagram of the maximum deflections w (mm) of the researched beams under a uniform
load of 8 kN/m when calculating using the classic calculation method according to DBN B.2.6-
161:2017 and the proposed engineering method

wspanof 8 m  m spanof6m  m span of 4 m

AR ORI 5.6
TR 3.5
[ 1.4

T'he proposed method

0O T - .67

ML 3.7
MW 1.67

0 1 2 3 4 5 6 7 8

Classical calculation method
according to DBN B.2.6-161:2017

Fig. 21. Diagram of the maximum normal stresses 6,4 (kN/cm?) of the researched beams under a
uniform load of 8 kN/m when calculating using the classical method of calculation according to
DBN B.2.6-161:2017 and the proposed engineering method
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From the conducted numerical studies, the results of which are given in the
table 3 and fig. 16 — 21, it is clear that according to the proposed engineering
method of calculation, which consists in the combination of classical calculation
formulas with the efficient geometric and mechanical characteristics for laminated
timber beams of the same strength class reinforced with composite tapes under a
uniformly distributed load of 2.0 kN/m, the bearing capacity increases by more
than 16% compared to similar beams without reinforcement with composite tapes
according to the classic method of calculation according to DBN B.2.6-161:2017.
And the movement of such beams when reinforced with tapes is reduced by more
than 30%. For reinforced beams with a uniformly distributed load of 4.0 kN/m, the
load-bearing capacity increases by more than 15% compared to similar beams
without composite tape reinforcement. And the movement of such beams when
reinforced with tapes is reduced by almost 30%. For reinforced beams with a
uniformly distributed load of 8.0 kN/m, the bearing capacity also increases by 16%
compared to similar beams without reinforcement with composite tapes. And the
movement of such beams when reinforced with tapes is reduced to 30%.

Analysis of the results of methods of calculation of laminated timber beams
reinforced with composite tapes.From the above calculations comparing
laminated timber beams of the same strength class of different spans at different
values of uniformly distributed load and similar beams reinforced with composite
reinforcement, it can be concluded that reinforcement with composite tapes is
relevant and appropriate for its use in construction.

Let us analyze the results of calculation methods for laminated timber beams
reinforced with composite tapes. Table 4 show the summarized results of the
considered methods for calculating the elements of LTS with a rectangular section
reinforced with composite tapes.

Table 4

Values of deflections and maximum normal stresses for laminated timber

beams of the same strength class with and without reinforcement under a

uniformly distributed load

_Span, m 4 6 8
Calcglatlo EI W\')a w, Om,d> w, Om,d> w, Om,d>
kNem? (em®) | mm | kN/cm® mm kN/cm? | mm | kN/cm?
methods
uniformly distributed load - 2.0 kN/m
FEM with
volumetric | . .
FE No. 36 reinforced with 12
e ﬂgt 22 | composite tape 4,06 | 0,318 21 0,701 61,2 27
No. 44
Shehukoss | [T
enr%llélt%eé(ling reinforced with| 332 0,35 26,93 0,79 85,13 1,39
composite tape
21429x10°
The proposed|  (1142,7)
method without 3,11 0,35 15,75 0,78 49,78 1.4
reinforcement
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Continuaton of table 4

uniformly distributed load - 4.0 kN/m

FEM with
VF%uI\r}Etglg reinforced with| ¢ 11| ¢35 42,0 1.4 | 1220 2,54
and flat FE composite tape | “’ > > > ’ ’
No. 44
Shehukoss |1 S)
enr%léltie;(ling reinforced with 10,6 0,69 53,9 1,57 170,3 2,79
composite tape
21429x10°
prg(ied 2D 6o | 07 31,5 1,58 | 996 | 2.8
method reinforcement
uniformly distributed load - 8.0 kN/m
FEM with
volumetric | __. .
FE No. 36 |reinforeed with 6, 1y 57| g 28 | 2450 5,07
and flat FE | ©™P© P
No. 44
Shehukoss |1 S)
enr%élt?le;(ling reinforced with| 213 1,39 107,8 3,15 340,5 | 5,59
composite tape
21429x10°
The (1142,7)
propﬁs%d without 12,4 1,40 63,0 3,15 199,1 5,60
metho reinforcement

For a more illustrative example, comparative diagrams of maximum deflections
w (mm) and maximum normal stresses o, (kN/cm®) of the investigated beams
reinforced with composite reinforcement under a uniform load of 2 kN/m, 4 kN/m,
8 kN/m were created, when calculating by the finite element method in PC
LIRA SAPR, Shchuko's engineering method, and the proposed engineering
method, which consists in adding the efficient geometric and mechanical
characteristics to the classical calculation formulas (Fig. 22 —27).

spanof 8 m W spanof 6 m W span of 4 m

) o TR 61.2
FEM with volumetric FE No. 36 S 21
and flat FE No. 44 I 4.06
LT CRRRTARORTTATRRETL AR Il 49,78
I'he proposed method N 15,75
I 31
) . T 85.13
Shehuko's engineering method -y 26,93
m 532
0 20 40 60 80 100

Fig. 22. Diagram of the maximum deflections w (mm) of the investigated beams reinforced with
composite tapes under a uniform load of 2 kN/m with different calculation methods
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mspanof 8 m W spanof6m M spanof4m

OO T R 1,27
MO RORCTCARRFDTPERRRREERINLLE 0,701
i 0,318

FEM with volumetric FE No. 36
and flat FE No. 44

Il]lIIIIIIlIIIIII\IIIlIIlIIIIIII]I[IMH[[IM[IEINHIIIIIIIIIIIIIIWIIIIIIIIII 1.4
The proposed method I i

Shehuko's engineering method

0 02 04 06 08 1 12 14 1.6

Fig. 23. Diagram of the maximum normal stresses 6,4 (kN/cm?) of the examined beams reinforced
with composite tapes under a uniform load of 2 kN/m with different calculation methods

Bspanof8m M spanof6m M spanof4m

R RO ACRTC AR AR 322
IFEM with volumetric FE No. 36 gummim

and flat FE No. 44

The proposed method

Shehuko's engineering method

100 150 200

Fig. 24. Diagram of the maximum deflections w (mm) of the investigated beams reinforced with
composite tapes under a uniform load of 4 kN/m with different calculation methods

Bspanof 8m MWspanof6m M span of 4 m

IHllllI]JIIIllHIIlIIlIlIlII]I[U|lIlIl[[[IIIII[I[IIIII!IIlIIIlIIIIlIIIIIIIIHml 2,54
FEM with volumetric FE No. 36 gmummmmmm

and flat FE No. 44

The proposed method

Shchuko's engineering method 1.57

0 0.5 1 1.5 2 2.5 3

Puc. 25. Diagram of the maximum normal stresses 6,4 (kN/cm?) of the investigated beams
reinforced with composite tapes from a uniform load of 4 kN/m with different calculation methods
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mspanof 8 m M spanof 6 m M span of 4 m
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FEM with volumetric FE No. 36 i 84
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I'he proposed method Jmmm 3
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Fig. 26. Diagram of the maximum deflections w (mm) of the investigated beams reinforced with
composite tapes under a uniform load of 8 kN/m with different calculation methods

Bspanof8m M spanofém M span of 4 m
o o OO LM N .07
FEM with volumetric FE No. 36 s 2.8
and flat FE No. 44 T 1,27

0 OO AR ECRIREECRELE PR SRR SRR TIN5, 6
I'he proposed method TR TERCC AT ARSI 3,15
A, 1,4

‘ o O A TN S, 59
Shehuko's engineering method g 3.15

I 1,39
0 1 2 3 4 5 6

Fig. 27. Diagram of the maximum normal stresses 6,4 (kN/cm?) of the investigated beams
reinforced with composite tapes under a uniform load of 8 kN/m with different calculation
methods

Conclusions. From the obtained results, it can be seen that the analytical
calculation of laminated timber beams according to the calculation method
given in SNiP I1-25-80 [4] gives more than 25% of the margin of deflections in
comparison with the similar analytical calculation given in DBN B.2.6-
161:2017 [2], and the calculation of beams reinforced with composite tapes
according to Shchuko's calculation method [3] gives deflections on average
41% larger than the calculation according to the proposed method, with almost
identical maximum normal stresses.

As can be seen from the obtained results, calculations of laminated timber
beams reinforced with composite reinforcement using the finite element
method in PC LIRA-CAD gives a sufficiently high coincidence of the
maximum normal stresses (within 5-10%) with the proposed analytical method
of calculation, however, deflections in reinforced laminated timber beams
according to the finite element method is almost 30% larger than according to
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the proposed analytical method of calculation. This indicates that the method
of modeling composite tapes with flat FE No. 44 in PC LIRA-CAD requires
more detailed research.

The use of composite tape reinforcement of laminated timber elements
should increase the reliability of these structures and expand the range of their
application.
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Muxaiinoscvkuii 1.B., Komap O.A., Komap M.A.
IH)KEHEPHA METOJUKA PO3PAXYHKY EJEMEHTIB 3 KJIEEHOI JEPEBUHU
APMOBAHHUX KOMIIO3UTHUMHU CTPIYKAMMU

AKTyanbHicTh. B cydacHOMy CBiTi OyQiBHHITBO HOTPeOy€e EKOJIOTiYHO YHCTHX MaTepialis,
1[0 HAHOCSTh MiHIMAJBHOI IIKOIY HABKOIHMIIHBOMY CEpeJOBHILY. BoxHOUac BOHM MOBHHHI MaTH
BEJIMKY MIL[HICTh Ta OyTH CTIMKMMH 0 Pi3HOTO THIY 30BHILIHIX BIMBIB. TakuMm Matepianom, o
[paBy, MO)XKHAa BB@)XATH KOHCTPYKLII 3 [ICPEBHHH, SIKi BUTOTOBIISIOTHCS 3 BiTHOBIIOBAIBHUX
IPUPOAHIX MaTepiajiB i MalOTh MOPIBHAHO BUCOKY MilHICTh. Ilompy Te, 10 cama AepeBHHA Mae
IICBHI HETaTHBHI BJACTUBOCTI, @ caMe — CXHJIBHICTH MO YCYIIKH Ta pPO30yXaHHs, THHUTTA,
aHI30TPOIII0 BJIACTHBOCTEH, 110 HOTpedye 0coOiMBOi yBarn Ha OyXiBHHUUTBI, B KOHCTPYKLISAX 3
kieenoi aepesrnn (KKJI) manHi Hemosiku Bke Oinbin KepoBaHi. bajku € O[HI€EH0 3 OCHOBHHX
KOHCTPYKILIi 3 KiIeeHO! AepeBHHH. ApMyBaHHs 0aloK 3 KJICEHOI JEPEBHHH I03BOJSE 3HAYHO
HIBUIUTH [XHIO KOPCTKICTh 1 MirHicTh. MeTa po0oTH. Y CTaTTi 3ampONOHOBAHO METORUKY
PO3paxyHKY €JIEeMEHTIB NPSIMOKYTHOTO Iepepi3y 3 KICEHOI IepeBHHH apMOBAaHUX KOMITO3UTHHMH
crpiukamu. HaBeneHo yrouneHi (opMyiu A BH3HAYCHHS MNPHBEJCHUX TI'GOMETPHYHHX 1
MEXaHIYHHX XapaKTepUCTHK. IIOpIBHSIHO 3ampONOHOBAaHY METOAMKY 3 IHINOK aHATITHYHOIO
METOHMKOIO PO3PAXyHKY Ta 3 YHCEIbHOI METOJHKOI0 MOICTIOBAHHS B MPOrPAMHOMY KOMILICKCI
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JIIPA-CATIP MeTo0M CKiHUeHHHX ejieMeHTiB. Pe3yabraTu. ITiqTBepIKeHo, 1110 3arponoHoBaHa
METOJMKa aHATITHYHOTO PO3PAaXyHKy OAaloOK 3 KJIEEHOI ICPEeBHHH, MiACHJICHHX KOMIIO3UTHUMHU
CTpiYKaMH, € JOLIIBHOIO [UIsi 3aCTOCYBAaHHS HPH PO3PAaXyHKY SK OKPEMHX CJIEMEHTIB, TaK i
CKJIAJHUX CHCTEM 3 HUX. 32 JaHOI METOJHKOI0 MOX/MBE BpaxXyBaHHS TOBIIMHH Ta MEXaHIYHUX
XapaKTepUCTHK MEPEBHHM JOIIOK, 3 SIKMX CKJIAICHHH IONEpeYHHH Iepepi3 eIeMEHTy Ta
apMyBaHHs, L0 3HAYHO 30UIbLIye Iiana3oH BUKOPHCTAHHS IEpepi3iB 3 KICEHOI IEpeBUHH,
apMOBaHMX KOMIIO3UTHHMH CTpiYKaMH, HaBiTh 3a yMOBHM KOMOIHAIi MOIIOK pIi3HMX KiaciB
MILHOCTI Y Tiepepisi.

KurrouoBi ciioBa: apMyBaHHs, aHAIITUYHA METOAMKA PO3PaxyHKY, KJICG€HA AEPEBHHA, METOL
CKIHYEHHHX CJICMCHTIB, KOHCTPYKLIi 3 KJIEEHOI [epeBHHH, INPUBCACHI I'COMETPHUHI
XapaKTepUCTHKHU Tepepidy, NPUBEACHUI MOAYIIb IPY)KHOCTI.

Mykhailovskyi D.V., Komar O.A., Komar M.A.
ENGINEERING METHOD OF CALCULATING LAMINATED TIMBER ELEMENTS
REINFORCED WITH COMPOSITE TAPE

Annotation. In today's world, construction requires environmentally friendly materials that
cause minimal damage to the environment. At the same time, they must have great strength and be
resistant to various types of external influences. Timber structures, which are made of renewable
natural materials and have a relatively high strength, can rightfully be considered as such material.
Despite the fact that timber itself has certain negative properties, namely the tendency to shrink
and swell, rot, anisotropy of properties, which requires special attention in construction, in
laminated timber structures (LTS) these disadvantages are already more manageable. Beams are
one of the main laminated timber structures. Laminated timber beams reinforcement allows to
significantly increasing their stiffness and strength.

The article proposes a methodology for calculating laminated timber elements of rectangular
section reinforced with composite tapes. Refined formulas for determining the efficient geometric
and mechanical characteristics are provided. The proposed method was compared with another
analytical method of calculation and with the numerical method of modeling in the LIRA-CAD
software complex using the finite element method. It was proved that this method of reinforcing
laminated timber structures is promising and relevant.

Keywords: reinforcement, analytical method of calculation, laminated, finite element method,
laminated timber structures, efficient geometric cross-section characteristics, efficient elasticity modulus.

Muxaiinoscvkuii 1.B., Komap O.A., Komap M.A.
HUHXEHEPHASI METOJUKA PACYETA DJJEMEHTOB M3 KJIEEHHOM
JPEBECUHBL,APMHUPOBAHHBIX KOMIIO3UTHBIMHU JIEHTAMHU

AKTYaJIbHOCTb. B COBpEeMEHHOM MHpPE CTPOMTENBCTBO HYKAAETCS B SKOJOTMYECKH YMCTBIX
Marepuanax, HaHOCSLMX MUHMMAalbHBIH ymepd okpyxkawooleh cpene. B To xke Bpems, oHH
JOJDKHBI HWMETh 60J'll>LLIle IIPOYHOCTh H 6blTb yCTO]}‘l'-{HBbIMM K PpasHbIM THUIIaM BHCIIHUX
Bo3JeiicTBuil. TakuM MartepuaioM, MO IpaBy, MOXHO CYHTAaThb KOHCTPYKLHUHM W3 IPEBECHHBI,
KOTOPBIC IPOU3BOAATCSA U3 BOCCTAHOBUTEJIBHBIX IIPUPOAHBIX MAaTEPHUATIOB U UMECHOT CPABHUTCIIBHO
BBICOKYIO IIpOYHOCTb. HecmoTps Ha TO, 4TO cama JApeBecHMHa o00lafaer ONpeneIeHHbIMU
HEraTHBHBIMH CBOMCTBAMH, @ HMEHHO: CKJIOHHOCTBIO K YCYIIKE M pa30yXaHHIO, THHUCHHIO,
AHU30TPOIMU CBOKMCTB, 4TO TpeOyeT 0coOOro BHUMAaHHS B CTPOUTEIILCTBE, B KOHCTPYKLHUSX U3
kieeHor napesecunbl (KKJ[) maHHble HemocTaTKM MONpPAaBUMBL. bBallku SBISIOTCS OQHOH H3
OCHOBHBIX KOHCTPYKLHMH M3 KIEEHOH JpeBecHHbl. ApMupoBaHHe OaloK M3 KIEEHOro JepeBa
HO3BOJIAET 3HAYUTENIBHO IOBBICUTH MX JKECTKOCTh M mpodHoCcTh. Llean pabdorwhl. B cratse
HpEUIoKEHa METOJMKA pacyeTa 3JIEMEHTOB HPSMOYTOJbHOI'O CEUEHMs M3 KIIEEHOH IpEeBECHHBI,
ApMHPOBAaHHBIX KOMITO3WU THBIMHU JICHTaMH. HpeﬂCTaBﬂeHbl YTOYHCHHBIC CbOpMyJ'lbl A1
OnpeaciC€HUusl MNPUBCACHHBIX T'C€COMETPUUYCCKUX H MEXAaHHUYCCKHUX XapaKTCPUCTHK. HpOBeﬂeHbl
CpaBHEHHs MPEIJIOKEHHOW METOAMKHM C JPYroil aHaJIMTHYECKOW METOAMKOW pacuera u ¢
YUCIICHHOH METOIUKOH MojenupoBaHust B nporpaMmmHoMm komriuiekce JIMPA-CAIIP meromom
KOHEYHBIX  3yeMeHTOB. Pe3yabrarbl. IloaTBEepXkIeHO, UTO MNpPEIIOKEHHAs  METOIUKA
AHAJIMTHYECKOr0 pacueTa 0ajloK M3 KIECHOH APEBECHHBI, YCHJICHHBIX KOMIIO3UTHBIMH JICHTAMH,
1enecooOpa3Ha Ul NMPUMEHEHUs] IPH pacuyeTe, Kak OTACIAbHBIX JJIEMEHTOB, TaK M CIIOXKHBIX
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CHCTEM, COCTOSAIIMX M3 HUX. [0 aHHOM METOAMKE BO3MOXKEH y4eT TOJIMHBI U MEXaHUYECKUX
XapaKkTEPUCTUK JPEBECHHBI JOCOK, M3 KOTOPBIX COCTABJEHO IOINEPEYHOE CEYEHHE DJIEMEHTA U
apMHUPOBAaHUS, YTO 3HAUYUTEIBHO YBEIMYMBAET JAMANA30H MCIIOJIb30BAHUS CEUEHUI M3 KIIeeHOH
JIPEBECUHBI, aPMUPOBAHHBIX KOMIIO3UTHBIMH JICHTAMHU, JaXKe PU KOMOMHALIMU JOCOK Pa3JIMuHbIX
KJIACCOB IIPOYHOCTH B CEYEHHUHU.

KuroueBbie ciioBa: ApMHPOBAHUEC, aHAJIUTUYCCKas METOAUKA pacdye€Ta, KJICCHas APEBECHHA,
METOJI KOHEUHBIX 3JIEMEHTOB, KOHCTPYKLMU U3 KJIECHOH JAPEBECUHbI, IPUBEICHbI T€OMETPUYECKUE
XapaKTEPUCTUKHU CEYEHUS], IPUBEAEH MOJYJb YIIPYTOCTH.

VIIK 624.011

Muxaiinoscvkuii [.B., Komap O.A4., Komap M.A. IH:keHepHAa MeTOAMKA PO3PAXYHKY eJ1eMEHTIB
3 KJIEEHOI JepeBHHH, APMOBAaHUX KOMIO3HTHHMM cTpiukamu / Omip MarepianiB i Teopis
crniopy: Hayk.-tex. 30ipH. — K.: KHYBA, 2022. — Bum. 109. — C. 239-262. — Auri.
3anpononosarno memoouxy po3paxyHky eiemenmie npamMoKymHo20 nepepizy 3 KiecHoi 0epesunu,
APMOBAHUX KOMNOZUMHUMU CMPIUKAMU, YMOUHeHi POpMynu ONsA  SUSHAYEHHA NPUEEOEHUX
2e0MempPUYHUX | MeXAHIYHUX XADAKMEPUCIMUK, NOPIGHAHO 3aNpPONOHOBAHY MEMOOUKY i3 IHUL0I0
AHATIMUYHOIO  MemOOUKOIO PO3DAXYHKY MA 3 HUCENbHOIO MemOOUKOI0 MOOEN08AHHs 6
npozpammomy komnaexci JIIPA-CAIIP memooom cKinueHHux eremenmie.
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Mykhailovskyi D.V., Komar O.A., Komar M.A. Engineering method of calculating laminated
timber elements reinforced with composite tapes / Strength of Materials and Theory of
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A method of calculating elements of rectangular section made of glued wood reinforced with
composite tapes is proposed, formulas for determining the given geometric and mechanical
characteristics are specified, the proposed method is compared with another analytical method of
calculation and with a numerical method of modeling in the LIRA-CAD software complex using
the finite element method.
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