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Abstract. The article examines the peculiarities of the work of timber beams made of massive, glued laminated and cross-
laminated timber under the action of concentrated loading. The purpose of the study is to determine the influence of the type of
timber on the deformation characteristics of beam elements and to assess the accuracy of theoretical calculation models. The results
of experimental studies are presented and the criterion for comparing theoretical and practical results is chosen by comparing the
values of the maximum deflections. Theoretical calculations were performed in the Dlubal RFEM 5 software. To increase the
reliability of the results, three modeling options were implemented: 1D “Member” finite elements, 3D “Solid” finite elements and
3D “Solid” finite elements but with consideration of the direction of the lamella fibers. A comparative analysis of the results showed
the correspondence between the theoretically calculated and experimentally determined deflection values, which confirms the
adequacy of the applied calculation models. In addition, it was established that the input data of characteristics of the material models
in the software correctly reflect the physical and mechanical properties of the studied wood types. In the case of cross-laminated
timber, some deviations between theoretical and experimental data were found, which is associated with the complex anisotropic
structure of this composite material. In this regard, it is recommended to conduct additional research in order to clarify the elasticity
parameters for CLT, which will reduce the error in modeling and provide more accurate prediction of the behavior of structures in
real operating conditions.

Keywords: massive timber, glued laminated timber (glulam), cross-laminated timber (CLT), composite material,
deformation modulus, shear modulus, deflection, building materials, mechanical resistance, finite element (FE), Poisson's ratio,
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Introduction. In recent years, timber construction technologies have undergone significant
changes and gained new momentum for development. It is due to both the increased interest in
sustainable construction, as well as the emergence of new high-tech materials capable of providing the
required level of strength, reliability and durability. Timber, as a traditional building material,
combined with innovative methods of its manufacturing and composite technologies, is increasingly
being considered as a real alternative to concrete and steel in modern construction.

Among the promising areas of development of wooden structures, special attention is drawn to
glued laminated timber (glulam) and cross-laminated timber (CLT), which are already widely used in
the construction of residential, public, industrial and even high-rise buildings [13, 15, 17]. Glulam
consists of lamellas glued in the fiber longitudinal direction, which allows achieving high strength,
resistance to loading and increased operational reliability. Cross-laminated timber, in turn, due to the
alternation of the fiber directions of the layers, has improved rigidity in the transverse direction and
better stability of the geometric shape [19, 20]. The operation of elements made of cross-glued wood
under the action of seismic and dynamic loading is studied [16, 18, 21]. Due to the relatively low
volumetric weight and high load-bearing capacity of wooden beams, they can be effectively used as
load-bearing elements of coverings for rather large spans and can be considered as an alternative to
steel trusses [23, 25]. The manufacturing technology of glued timber elements allows to produce
curved shape elements and to successfully use wooden arches in construction [24].

However, despite numerous advantages, the behavior of such composite timber materials under
complex types of loading has not yet been sufficiently studied, especially considering the anisotropy
and complex internal structure of wood. In particular, this concerns the accuracy of theoretical
prediction of deformations and stresses in beam elements under loading [9]. Standard calculation
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methods, based on simplified isotropic models, do not always allow to adequately reflect the real
behavior of the material, which creates potential risks for the safety of structures [12].

The relevance of this research is determined by the need to improve the methods of analysis of
wooden structures taking into account the specifics of their structure, which includes both the physical
and mechanical properties of individual layers, as well as the interaction between them. This issue is of
particular importance in the development of design standards for glulam timber and CLT, where not
only experimental verification is required, but also high-precision numerical modeling, which provides
the ability to take into account the influence of the orientation of the layers, adhesive joints and other
constructive features [15, 20, 21].

One of the promising areas in the study of glued-laminated timber is its reinforcement with
composite materials, in particular carbon or fiberglass tapes, which allows significantly increasing its
bearing capacity and durability [6-8, 10, 11]. This makes it possible to effectively reduce the
susceptibility to deformations, increase resistance to fatigue failure and ensure the stability of
structures in difficult operating conditions.

The main advantages of glulam and cross-laminated timber over traditional materials (concrete and
steel) include:

- High strength-to-weight ratio, which reduces the load on the foundations and increases

installation speed of structures;

- Environmental friendliness, since wood is a renewable natural resource and contributes to the

reduction of carbon dioxide emissions during the entire life cycle of the building;

- Thermal insulation properties that significantly exceed the corresponding indicators of steel and

concrete;

- Resistance to deformations: warping, cracking - due to the unified structure and pre-treatment

of wood;

- The possibility of prefabrication, i.e. the manufacture of large-sized elements with high

precision at the factory, which reduces time and costs at the construction site.

Despite the high potential, the issue of accuracy of calculations remains critical, in particular for CLT
structures, where due to the complex geometry of the layers and the lack of homogeneity, there is a need
for the use of refined deformation models. It is important to consider the direction of the fibers, the
modulus of elasticity in different directions, and other physical and mechanical characteristics of timber
while creating calculating models in finite element method software complexes. Without taking these
parameters into account, significant errors may occur in estimations of the bearing capacity of structures.

Thus, a comprehensive study of the relationship between the timber type, the orientation of the
fibers of layers-lamellas, the influence of reinforcement, and the accuracy of numerical modeling is
extremely relevant for ensuring the reliability and efficiency of timber buildings. This research aims
not only to compare experimental and theoretical results, but also to analyze the accuracy of different
modeling approaches and to recommend their practical application.

The purpose. Verification and confirmation of experimentally obtained physical and mechanical
characteristics of beams made of massive, glued-laminated and cross-laminated timber, by comparing
experimentally obtained and theoretically evaluated deflections calculated with the finite element
analysis (FEA) software Dlubal RFEM 5.

The main content. Previously, experimental studies were conducted for the massive, glulam and
CLT beams, made of pine wood of local origin. According to the results of the experiments, the mean
values of the modified deformation moduli E,,  (deformation moduli taking into account the shear

moduli and presented in Table 1) were obtained [22].

In order to verify and confirm the experimentally obtained research results, it was decided to
perform verification by comparing theoretical and practical deflections of beams determined in the
middle of the span.

Comparative calculations were carried out in three stages:

1. modeling of beams with 1D “Member”;

2. modeling of beams with spatial 3D “Solid” elements (3D);

3. modeling of a beam made of cross-laminated timber with material characteristics obtained for

the massive timber, but with observance of the directions of the fibers of the corresponding
lamellas (Fig. 1).
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Fig. 1. CLT beam models 3D “Solid” elements, stage 3 (Dlubal RFEM 5)

The above-mentioned stages are adopted for the possibility of comparing the results depending on
the modeling features: types of finite elements (FE), material models, modeling with consideration of
the lamellae fiber directions.

An isotropic linear elastic model of the material was used to model the wood material for 1D finite
elements [14]. For the simulation of wood materials, the mean values of the deformation modulus

(E,eqn ) and the mean values of the shear modulus (G,,,,,, ) were calculated.

According to DBN V.2.6.-161:2017 [1]:
- increasing coefficient at shear k; for deflection from bending in the middle of the span with a

concentrated load in the middle of the span for a simply supported beam:
2
kg =1+1.23[i] , (1)
o\l
where /,, — design span (mm); / - cross-section height (mm); E|, - modulus of deformation along the
fibers (kN/mm?); G, — shear modulus (kN/mm?).

- at the previous research, a modified deformation modulus E* was adopted, which takes into
account the shear effects [22]:

E'= ﬂ. 2
ke
- the relationship between the mean deformation modulus and the shear modulus for timber
elements:
E
G = mean . 3
mean 16 ( )

The calculated values of the mean modulus of deformation and the mean shear modulus are given
in Table 1.

Table 1
Mean values of modified deformation modulus, deformation modulus and shear modulus
Timber type E,...» GPa E, o » GPa G pean » GPa
Massive 6.930 7.658 0.479
Glulam 6.599 7.292 0.456
CLT 5.527 6.108 0.382
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Based on the results of beam modeling with 1D “Member” finite elements, comparisons were made
between the calculated theoretical deflections and those determined experimentally. The determined
theoretical deflections for beams specified by rod elements are performed in Figure 2.

LC1 : Test max load Isometric
Global Deformations u-Z [mm]

Factor of deformations: 30.00
Max u-Z: 9.2, Min u-Z: 0.0 mm

Fig. 2. Deflections of beams modeled with 1D “Member” elements (Dlubal RFEM 5)

Comparing the real and evaluated with the Dlubal RFEM 5 deflections of beams modeled with 1D
finite elements, it can be noted that the results for the models of beams made of massive and glued
laminated timber correspond to the practically obtained ones, the results for the model of cross-
laminated timber material are underestimated, the error compared to the experimental results is in a
range of 4%.

The comparison results of the theoretical deflections for the rod elements with the experimentally
determined ones are given in Table 2.

Table 2
Theoretical (1D) and experimentally determined beam deflections
Deflection, mm
Timber type Load, kN
Dlubal RFEM 5/ 1D FE Experiment
Massive 8.81 8.7 8.74
Glulam 8.81 9.2 9.23
CLT 7.11 8.8 9.14

An orthotropic linear-elastic 3D model was used to specify the wood material for “Solid” elements
[14].

The properties of wood depend on the direction of load application. For timber material, twelve
elasticity parameters are required to solve three-dimensional problems [2]. This is true if we assume
that the wood has three principal mutually perpendicular axes about which symmetry exists. Therefore,
three main axes are defined for wood (Fig. 3) [4]. The x, y, z indices correspond to the directions of the
main axes:

- longitudinal (x): axis parallel to the direction of the fibers;

- tangential (y): axis perpendicular to the direction of the fibers and tangent to the growth rings;

- radial (z): axis normal to the growth rings (perpendicular to the fibers in the radial direction).
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Accordingly, the notation used in the l

orthotropic linear-elastic 3D model for the twelve . .
Radial
i~

elastic parameters of wood is:
E . — deformation modulus in the longitudinal
direction x;

E, — deformation modulus in the tangential

direction y; = S ;
> . . . SV Tangential

E. — deformation modulus in the radial T

direction - Longitudinal
B
G _.G._.G. — shear modulus in the vz. xz Fig. 3. The principal axes of wood according to the
yz2 Tz iy Y% A% XY direction of the fibers and growth rings

plane;

VizsVazs Vaps VaysVaxs Vi — Poisson’s ratio in the yz, xz, xy, zy, zx, yx plane.

The deformation modulus in the longitudinal direction assumed equal to the average deformation

modulus £, ,, defined in Table 1. Table 3 presents the predicted values of the deformation modulus

and shear modulus depending on the deformation modulus in the longitudinal direction E, for
softwood species [5].

Table 3
Predicted deformation modulus and shear modulus depending on E,, GPa
Ex Ez Ey ze ny G)’Z
6.0 0.6990 0.3667 0.6564 0.6185 0.0518
7.0 0.7710 0.4069 0.6763 0.6366 0.0566
8.0 0.7856 0.4453 0.6962 0.6546 0.0612

The interpolation method was used to determine intermediate values for the studied types of timber

xy

(Table 4).
Table 4
Predicted deformation modulus and shear modulus for the studied types of timber, GPa
Timber type E X E z Ey ze ny G)’Z
Massive 7.658 0.781 0.432 0.689 0.648 0.060
Glulam 7.292 0.775 0.418 0.682 0.642 0.058
CLT 6.108 0.707 0.371 0.659 0.620 0.052
For the material models, the mean basic Poisson’s
. ) . . Table 5
ratios for softwood species determined and proposed in Mean Poi 'S ratios f frwood .
[3] were applied (Table 5). ean Poisson's ratios for softwood species
The secondary Poisson's ratios v,,,v,.,v, were v, 0.35
calculated automatically by the RFEM Dlubal 5 based v 0.37
. . . . Xz ‘
on the theory of elasticity, taking into account the
symmetry of the strain energy, not all twelve elasticity v 0.42

parameters are independent. If the correct nine
parameters are known, the other three can be calculated. These correlations are defined as:

va — V)’Z Vox — Vyz Vyx — VXJ’

E, E, E E,_ E E

z y z

Based on the simulation results, comparisons were made between the theoretically estimated
deflections calculated with the RFEM Dlubal 5 software with those determined experimentally. Figure
5 shows the deflections of beams modeled by 3D elements.

“4)
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Figure 4 shows the deflections of beams modeled by “Solid”.
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Fig. 4. Deflections of beams modeled with 3D “Solid” elements (Dlubal RFEM 5)

Also, the results of modeling of the cross-laminated beam with the separate lamellas with the
observance of the orientation of the principal axes and the application of a material model with
characteristics for massive timber were separately compared with a homogeneous section but with a
material model with characteristics for cross-laminated timber.

Comparison of deflections of CLT beams modeled by the options described above are shown in

Figure 5.

LC1 : Test max load
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Fig. 5. Deflections of CLT beams modeled with 3D “Solid” elements (Dlubal RFEM 5)

Based on the results of comparing the deflections determined during the experiments and the
deflections of beams modeled by 3D finite elements calculated in Dlubal RFEM 5, the following can

be noted:

- the results of the models of beams made of massive and glulam timber correspond to the
experimentally obtained;
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- the results of the comparison of the models of beams made of massive and glued laminated
timber correspond to the calculated results for the 1D elements;

- the results of the comparison of the model of the cross-laminated timber beam modeled with a
solid section and the material determined for the CLT showed the correspondence of the results
with the calculation of the cross-laminated beam modeled with 1D elements, compared to the
experimental data, the result is underestimated, the error is in a range of 4%;

- the results of the comparison of the cross-laminated beam modeled with the 3D finite elements
and consideration of the direction of the lamella fibers and the massive beam material applied
showed the consistency of the results with the calculation of the cross-laminated beam modeled
with 1D finite elements, compared to experimental data, the obtained result is on the safe side
and overestimation is in a range of 19%.

The results of a comparison of theoretical deflections for “Solid” elements with experimentally

determined are performed in Table 6.

Table 6
Theoretical (3D) and experimentally determined beam deflections
) Deflection, mm
Timber type Load, kN -
Dlubal RFEM 5 /3D FE Experiment
Massive 8.81 8.9 8.74
Glulam 8.81 9.3 9.23
CLT 7.11 8.8/10.9* 9.14

* Deflection of the CLT beam modeled with consideration of the directions of the lamella fibers and the characteristics of
the material as for massive wood

Conclusion. According to the results of the study of experimentally determined and theoretically
calculated in the Dlubal RFEM 5 software package deflections of beams made of three types of timber
(massive, glued laminated and cross-laminated), the correspondence and confirmation of the results are
clearly traced.

For massive and glulam timber, the results of theoretical calculations for models using 1D
“Member” and 3D “Solid” finite elements showed full correspondence between the results for
theoretical models and the determined experimental values. The reason for the error within the range of
2% for three-dimensional models may be the use of generalized mean values of the elasticity
parameters for softwoods for material models.

For cross-laminated timber, the results of theoretical calculations for 1D finite element models and
3D finite elements and cross-laminated material characteristics showed an underestimation of the
results of theoretical models compared to those obtained experimentally. In order to reduce the error
(within a range of 4%), more detailed research and determination of the relationship between the
deformation modulus and the shear modulus for the material of CLT material is proposed.

For a beam made of cross-laminated timber modeled with the appropriate number and orientation
of lamellas (3D FE) with the material characteristics of the lamellas as for massive wood, a capacity
reserve was shown in relation to the results of the theoretical model in comparison with those obtained
experimentally. The reason for the discrepancies between the theoretical deflection and the
experimental result may be the use of generalized mean values of the elasticity parameters for
softwood species for the timber material models.

Thus, the results of the study confirm the effectiveness and potential of using both simplified and
more complex calculation models for the analysis of deflections of timber structures. At the same time,
to achieve higher accuracy of calculations in the future, it is advisable to further improve the material
models, in particular, taking into account the anisotropy of timber material, the orientation and number
of layers in CLT, as well as conducting additional studies of the physical and mechanical properties of
wood under complex stress-strain state.
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NOPIBHSAAHHSA EKCIIEPUMEHTAJIBHO OTPUMAHHUX ®I3UKO-MEXAHIYHUX XAPAKTEPUCTUK BAJIOK
3 MACHUBHOI, KJIEEHOI TA IEPEXPECHO-KJEEHOI IEPEBUHUA TA TEOPETUYHO PO3PAXOBAHUX ¥
NPOTPAMHOMY KOMIIJIEKCI DLUBAL RFEM 5

VY cTaTTi NMpEeACTaBICHO PE3YNbTaTH JOCIHIIKeHHS Ta Bepudikauii eKCrepuMEeHTalbHO OTPUMaHHUX (i3MKO-MEXaHIYHUX
XapaKTePUCTUK JEpeB’sHUX OaJloK, BUIOTOBJIEHMX 3 MACHBHOI, KIJICEHOI Ta MEPEXPECHO-KJIEEHOI JAepeBHMHU. MeToro
JIOCJIJUKEHHS € TOPIBHSAHHS PEAbHUX Ta TEOPETUYHHMX NMPOrMHIB OAJIOK, BU3HAYEHMX y HMPOIPAMHOMY KOMIUIEKCI KiHIIEBO-
enemeHTHOro asanizy Dlubal RFEM 5. TlomepenHbo OynM HpoBeAeHi €KCHEPUMEHTANIbHI JOCHIUKEHHS 3 BHM3HAYEHHS
Moan(piKoBaHUX MOAYJIIB AedopMallii At KOXKHOTO TUITY ICPEBHHHU i3 BpaXyBaHHSM BIUIMBY MOJYJIst AedopMalii 3CyBy.

MojienoBaHHS BUKOHYBAJIOCh Y TpPHM €TalM: i3 3aCTOCYBAaHHSAM CTPYKHEBUX 1D KIHLIEBMX €JIEMEHTIB, NPOCTOPOBUX
TpuBUMipHUX 3D kiHueBux enemeHTiB Ta 3D-moneni CLT-0anku 3 ypaxyBaHHSM OpieHTalii BOJIOKOH samerneit. [l KoxHoro
THUITY JIepEBUHU OyJIM BU3HAUCHI XapaKTEPUCTUKHU IS BITIOBIIHUX MOJIENEeH MaTepiaily: i30TpOnHOi JiHIHHO-NPyXHbOI 11t 1D
€JIEMEHTIB Ta OPTOTPOIHOI JiHiIHHO-TIPY)HBOI 3D Moneni marepiany juii 3D enemeHTiB. TeopeTHuHO PO3HAXOBaHI MPOrMHU
MOPIBHIOBAJIMCH 13 €KCIIEPUMEHTAIbHUMH 3HAUCHHSIMH, 1110 J03BOJIMJIIO OLIHUTH TOUYHICTh KOKHOI 3 MOJIeIIEH.

Pe3ysbTaTi MoKa3aiM BUCOKY TOUHICTh MOZIEIIOBAHHS JUIsl 0AJIOK 3 MACHBHOI Ta KJICEHOT IEPEBUHU 3 TOXHOKOI0 10 2%. s
Oanok 3 CLT-mepeBMHHM BiJI3HAUYEHO HENOOLIHKY TEOPETHYHHUX NPOTMHIB I MOJENeH 31 CTPHKHEBMX Ta INPOCTOPOBHX
KIHIIEBUX €JIEMEHTIB Ta 3arlac TEOPETUYHHMX IPOTHHIB JUId MOJEJEH i3 NMPOCTOPOBHX KIHLEBHUX EIEMEHTIB 3 ypaxXyBaHHSIM
opieHTAllil BOJIOKOH JIaMeJIeH.

JlocnipKeHHs MiITBEP/UKY€E JOLIIbHICTh BUKOPUCTAHHS SK CIPOIIEHUX, TaK 1 OUIbII JETaNbHUX MOJENCH NpU aHai3i
nedopmartiii jepeB’sIHUX KOHCTPYKUiH. [l MiJBHINEHHS TOYHOCTI PO3PAaXyHKIB PEKOMEHIOBAHO MOAJbILIE YTOYHEHHS
XapaKTePUCTUK JIOCHIIPKYBAaHUX MaTepiajiB, 30KpeMa 3aJeKHOCTI MK MoaysieM Jedopmaiii Ta MOLYJIEM 3CyBY, a TaKOX
BpPaxyBaHHS CKJIaJHUX YMOB HAaBAaHTA)XEHHs, THIIIB ONOpP Ta JOBrOTPUBAJIMX BIUIMBIB Y MaWOYTHIX IOCiHifuKeHHsX. Takox
JIOLIIBHUM € TIPOBEJCHHS J0JaTKOBUX €KCIIEPUMEHTIB [UIl YTOYHEHHs MapaMeTpiB MILHOCTI i JKOPCTKOCTI, XapaKTepPHUX IS
Ppi3HUX KOHQIrypallii nepexpecHo-KiIeeHHX 0aoK.

KuiouoBi ciioBa: MacuBHA JepeBHHA, KIe€HA JIEPEBHHA, MEPEXPECHO-KIEEHa JepeBHHA, KOMIIO3UTHHI MaTepiall, MOLyJb
nedopmartii, MOayIb 3CyBY, IPOTUH, OyIiBEIbHI MaTepialii, MeXaHiuHa CTIMKiCTh, CKIHUEHHUH eneMeHT, KoediuienT I[lyaccona,
Dlubal RFEM 5.

Bilyk S.1., Bitiukov. D.O.

COMPARISON OF EXPERIMENTALLY OBTAINED AND THEORETICALLY DETERMINED IN THE DLUBAL
RFEM 5 SOFTWARE PHYSICAL AND MECHANICAL PROPERTIES OF MASSIVE, GLUED LAMINATED AND
CROSS-LAMINATED TIMBER BEAMS

The article presents the results of research and verification of experimentally obtained physical and mechanical
characteristics of beams made of massive, glued laminated (glulam) and cross-laminated timber (CLT). The purpose of the study
is to compare the real and theoretical deflections of the beams, determined with the Dlubal RFEM 5 finite element analysis
software. Previously, experimental studies were conducted to determine the modified deformation modulus (deformation
modulus with consideration of influence of shear modulus) for each type of timber beams.

The modeling was performed in three stages: using 1D member finite elements, 3D Solid finite elements and a 3D Solid
model of the CLT beam considering the orientation of the lamellae fibers in each layer. For each type of timber beam,
characteristics were determined for the corresponding material models: isotropic linear-elastic material model for 1D finite
elements and orthotropic linear-elastic 3D material model for 3D finite elements. Theoretically calculated deflections were
compared with experimentally obtained values, which made it possible to evaluate the accuracy of each model.

The results showed high accuracy of modeling for massive and glulam timber beams with an error of up to 2%. For CLT
beams, an underestimation of the theoretical deflections for models from 1D and 3D finite elements and an overestimation of
theoretical deflections for models from 3D finite elements, taking into account the orientation of the fibers of the lamellae, was
noted.

The research confirms the expediency of using both simplified and detailed models in the analysis of deformations of timber
structures. To increase the accuracy of the calculations, it is recommended to further refine the characteristics of the studied
materials, in particular, the dependence between the deformation modulus and the shear modulus, as well as considering
complex loading conditions, types of supports, and long-term effects in future studies. It is also advisable to carry out additional
experiments to clarify the parameters of strength and stiffness characteristic of various configurations of cross-glued beams.

Keywords: massive timber, glued laminated timber, cross-laminated timber, composite material, deformation modulus, shear
modulus, deflection, building materials, mechanical resistance, finite element, Poisson's ratio, Dlubal RFEM 5.
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binux C.I., Bimiwoxos [J.0O. IIOpiBHAHHS €KCNIEPUMEHTAJbHO OTPUMAHHUX (i3MKO-MeXaHIYHHUX XapaKTePUCTHK OaJIoK 3
MacHBHOI, KJIe€HOI Ta NepexpecHo-KJIecHOl JepeBUHH Ta TEOPeTHYHO PO3PAXOBAHMX y NporpaMHoMy komiuiekci Dlubal
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Y cmammi npedcmaeneno pe3ynomamu nopieHAHHs eKCHEPUMEHMANLHO OMPUMAHUX A MeoPemuitHo GU3HAYEHUX MenoooM
CKIHYeHUX enemenmie y npoepamuomy komnaexci Dlubal RFEM 5 npoeunié po3naxosanux Ha OCHO8I NONepeoHbO 6U3HAYEHUX
excnepemMeHmanvio  Pi3uKo-MexanivHux Xapakmepucmukx o0epeg sHux 0anoK, 6u20moeneHux 3 MACUGHOL, KieeHoi ma
nepexpecHo-KiecHoi oepesutu.
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The article presents the results of a comparison of experimentally obtained and theoretically determined by the finite element
method in the Dlubal RFEM 5 software deflections of beams based on previously determined experimentally physical and
mechanical characteristics of massive, glued laminated (glulam) and cross-laminated timber (CLT) beams..
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