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OcHoBHMII 3MICT IucepTaliiiHOI po00TH

Hucepraiiitna poboTa MPUCBAYEHA EKCIIEPUMEHTAILHUM Ta TEOPETUYHUM
JOCITIKEHHSIM pOOOTH JEpeB’THUX 0aloK 3 CYIIJIbHOI, KICEHOT Ta MepeXpPecHO-KICEHOT
JIEPEBUHU 1] I1€10 30CEPEKEHOr0 IMITYJIbCHOTO HaBaHTaKeHHs (yaapy).

3a pesyabTaTaMu MPOBEICHUX CKCIIEPUMEHTAIBHUX Ta TCOPETUIHUX JOCIIIKCHb,
OTJISIIIB Ta YHUCJIOBUX JOCIIKEHD:

- TMPOBEACHO aHaJi3 JIITepaTypHUX HAYKOBHUX JHKEPEl Ta HOPMATUBHOI 0a3u Ha
PaxyHOK Cy4acCHUX METOIB PO3PaXyHKY OalloK 3 CYL1JIbHOI, KIEEHOI Ta
NePEXPECHO-KICEHOI JEPEBUHU Ha IMITYJIbCHI BIUIUBH, 30KpeMa Ha
30CepeKeHUM IMITYIbC (Yap);

- TMPOBEACHO CTaTUYHI1 BUMIPOOYBAHHS TOCHIIKYBAHUX 3pa3KiB OAJIOK 3 METOIO
BU3HAYCHHS MOJYJIB aedopMaliii Ta MOAy B aedopmariii 3cyBy;

- pO3pO0JICHO EKCIIEpPUMEHTAIBHY YCTAHOBKY IS TOCIIIPKEHHS TMHAMIUYHUX
BJIACTUBOCTEH JepeB’THUX OaJIKOBHX C€JIEMCHTIB;

- pO3p006JICHO METOIOJIOTIUHUM MAX1]] €KCIIEPUMEHTAIBHOTO JOCIIIIKCHHS
JTMHAMIYHUX BJIACTUBOCTEH JiepeB’sTHUX OAJIKOBUX €JIE€MEHTIB Ha I11JICTaBi
po0OTH eJeMeHTa Mif €10 IMITYJIbCHOTO HABAaHTAXKEHHS;

- BCTaHOBJICHO HOBI 3aKOHOMIPHOCTI poOOTH OaJIOK 3 CYIIBHOI, KJICEHOT Ta
NePEXPECHO-KICEHOI JEPEBUHU i Yac Jii 30CEPEeIKEHOT0 IMITYIbCHOTO
HaBaHTaKEHHS (yIapy) 1 MOPIBHSHO iX TUHAMIYHUN BITYK;

- PO3MOBCIOJIKEHO TEOPII0 KOJUBaHb MpykHUX O0anok Tumomenko C.I1. 3
ypaxyBaHHAM Jeopmariii 3cyBy niepepisy Ha poOOTy OaIKOBUX €IEMEHTIB 3

CYILIUIbHOI, KJIEEHOT Ta NMEPEXPECHO-KIICEHOT IEPEBUHU;



- y3araJlbHEeHO METOJOJOTI4HI MiX0IU JOCTIKEHHS (PI3UKO-MeXaHIYHUX
XapaKTePUCTHUK CYILIILHOI, KJIIEEHOI Ta MEPEXPECHO-KIICEHOT JEPEBUHH.

- YJIOCKOHAJICHO aHAJITHUYHI MOJIEJ MPOTHO3yBaHHS JUHAMIYHOTO BIATYKY
JepeB’ THUX 0aJloK 3a paXyHOK YTOUHEHHS JEKPEMEHTIB 3aTyXaHHs JIs 0alok
3 CYIIJIbHOT, KJIEEHOT Ta IEPEXPECHO-KIICEHOT IEPEBUHH;

Hucepraiiiitna po0oTa copsMOBaHa Ha MOTJIMOJEHHS HAyKOBOTO PO3YMIHHS
3aKOHOMIPHOCTEH MOBEIIHKUA CKJIQJHUX 1H)XEHEPHUX CHCTEM B YMOBaX JTWHAMIYHHUX
BIUIMBIB. JlochmimkeHHss OaraTtomapoBUX JEpeB’sHUX Oalok Mpu il IMITyJIbCHUX
HABAHTAXKEHb PO3TIIAAETHCS SIK MPOIIEC YTOUHEHHS i PO3BUTKY ICHYIOUUX TEOPETUUHUX
Gb13UKO-MaTeMaTUYHUX MOJIEIeH, Yepe3 1HTerpaiilo eKCIepPUMEHTAIbHOr0 Ii3HAHHS,
YUCEIHHOTO MOJICTIOBAHHS Ta aHAJITUYHOTO y3arajabHEHHS.

Y nepuiomy po3oini npoBeneHo aHani3 Ta y3arajibHEHO CyYaCHUN CTaH HAYKOBHX
JOCTIPKEHb 1 CBITOBMM JOCBI 3aCTOCYBaHHS JEpPEB SHUX KOHCTPYKIIM B yMOBax
JUHAMIYHUX HaBaHTaXeHb. [IpoaHani3oBaHO OCOOIMBOCTI BUKOPUCTAHHS 1HXKEHEPHUX
JIEpeB’sTHUX MaTepiajiB, 30KpeMa KIJIEEHOI Ta NEepPeXpeCcHO-KJIEEHOI IEpeBUHU, Y
Cy4acHOMY OyTIBHHUIITBI, @ TAKOK BCTAHOBJICHO 1XHIO €()eKTUBHICTh MPH i1 TMHAMIYHUX
Ta IMIYJIbCHUX BIUIMBIB. PO3MJISSHYyTO OCHOBHI 3aKOHOMIPHOCTI  (OpMYyBaHHS
JUHAMIYHOTO BIATYKY KOHCTPYKLIN, BKIIOYAIOUH POJIb AEMI(PYBAIbHUX BIACTUBOCTEH,
MEXaH13MH JIMCUNAI] eHeprii Ta BIUIUB KOHCTPYKTUBHUX 1 MaTepiaJibHUX MapaMeTpiB Ha
MpoIiec 3aTyXaHHsl KOJIMBaHb. [IpoaHasnizoBaHO MIAXOAM 10 BU3HAYCHHS KOE(DIIIE€HTIB
JUHAMIYHOCTI Ta 1X HOpPMAaTHUBHE 3a0€3MEUeHHS, a TAaKOX OCOOJIMBOCTI YHCEIBHOTO
MOJICTIOBaHHS JUHAMIYHOI pOOOTH KOHCTPYKIIIH 13 BUKOPHUCTAHHSIM METOIy CKIHUCHHHUX
eJeMeHTIB. BcTaHOBIIEHO, 110, HE3BAXKAIOUM HA 3HAYHHMIN OOCST JOCIIIKEHb, ITUTAHHS
JUHAMIYHOT poOOTH OaraTtomapoBUX JepeB’sHUX OaloK MpH [ii 30CepeHKEHUX
IMITyJIbCHUX HaBaHTaXEHb 3aJUIIAIOTHCA HEIOCTATHHO BHUBUEHHUMH, IO OOYMOBIIOE
HEOOX1THICTh MOJAIBIITUX EKCIEPUMEHTATBHUX 1 TEOPETUYHUX TOCITIKECHD.

B opyzomy po3oini po3poOJIeHO Ta peani30BaHO KOMIUIEKCHY METOIUKY
EKCTIIEPUMEHTABHUX JOCHIDKEHb JIEPEB’STHUX OalloK 13 CYILUIbHOI, KIJIEEHOI Ta

nepexpecHo-KiIeeHoi nepeBuHu. lIporpama BumpoOyBaHbp mependadana MOCIITOBHE



MPOBEICHHS CTATUYHUX 1 JUHAMIYHUX JOCIIKEHb 13 METOI0 BU3HAYEHHS >KOPCTKICHUX
1 IMHAMIYHUX XapaKTePUCTHUK 3Pa3KiB.

Ha erani cratnunux BUNpoOyBaHb BU3SHAYEHO MPY>KHI XapaKTEPUCTUKU 0aJIOK Ipu
MONEepeYHOMY 3THMHI B MEXKaX JIHIHHO-TIPY>KHOI poOoTH Marepiany. JluHaMiuHi
JOCIIIJKEHHSI BUKOHAHO 13 3aCTOCYBAaHHSIM CHEIIalbHO PO3POOJICHOTO CTEHJa 3
MasTHUKOBHUM MEXaHi3MOM, 110 3a0e3medye BIATBOPEHHS OJHOKPATHOTO IMITYJIBLCHOTO
HABAHTAXKEHHS Ta PEECTPALiI0 BUIbHUX KOJIMBaHb. Lle 103BOJMMIO BCTAaHOBUTH OCHOBHI
JUHAMIYHI TapaMeTpH, 30KpeMa BJIacHI YaCTOTH 1 XapaKTEPUCTUKU 3aTyXaHHS.

Oco06nMBy yBary mpuaijeHO 3a0€3[eUeHHI0 YUCTOTU €KCIIEPUMEHTY: yHIpikarii
YMOB BHUTOTOBJICHHS 3pa3KiB, BJIOCKOHAJCHHIO OMOPHUX BY3JIiB Ta 3aCTOCYBaHHIO
BHUCOKOTOYHOI BUMIPIOBAIbHOI anapatypu. [Jiist miaBUIIEHHS JOCTOBIPHOCTI pe3yIbTaTiB
BUKOPUCTAHO METOJIM CTAaTUCTHUYHOI OOpOOKM JaHUX 13 3aCTOCYBaHHSIM KPHUTEPIIO
CrprozieHTa.

Y mpemvomy po3oini HaBeneHo pe3ynbTaTH EKCIEPUMEHTAIBHUX JTOCHIIKEHb
G13MKO-MEXaHIYHUX Ta AUHAMIYHUX XApAKTEPUCTUK OaloK 13 CYIIbHOI, KJIEEHOI Ta
MePEXPECHO-KIICEHOI JEPEBUHU. 3a pPe3yJIbTaTaMH CTATUYHUX BUIPOOYBaHb BU3HAYECHO
Moy nedopmariii Ta Moy aedopmarliii 3CyBy: IS CYIIBHOT AepeBUHU - E¢r =
7.66 I'lla; Ggr = 0.48TTla, nns kneenoi - Egr = 7.30'Ma; Ggr = 0.46 T'lla, s
nepexpecHo-kineenoi - Eqp = 5.88Tla; Gy = 0.37'lla.  BceranoBneno, 110
HaWOUIBIY JKOPCTKICTh MAarTh Oajdku 13 CYIIJIbHOI JEpeBHHH, TOAI SK IS
OaraTomapoBUX MaTepialliB  CIIOCTEPIraeTbcs 1i  3HWKEHHA. EKcrnepuMeHTalbHI
3aJIEKHOCT] «HABAHTAXEHHS—IPOTHMH» MarOTh JIHIMHUA XapakTep, IO MiJITBEPIKYE
poOOTy MaTepiaiay B MPy>KHIM 001acTi.

JlocnikeHHsT TMHAMIYHOI TTOBEIHKH MTOKa3aJId, 10 MAaKCUMAaJIbHI TTepEeMIIIECHHS
OaJIOK 3pOCTarOTh MPOIMOPIIMHO BEJIWYMHI IMIYJbCHOTO HaBaHTakeHHs. Ha ocHOBI
CIEKTPAIHHOTO aHaJIi3y BUSHAYEHO BJIACHI YaCTOTH KOJIUBAHb, SIK1 CTAHOBIATH 75 ['1y st
CyliabHO1 fepeBuHH, 73 'y - mas kieeHoi ta 67 ' - ajia mepexpecHO-KICEHOT, 13
3aJI0BUTHHOIO 301KHICTIO 3 TCOPETUUHUMU 3HAUCHHSIMH.

BcTaHOBIEHO EKCIOHEHIIMHMI XapakTep 3aTyXaHHs KOJMBAaHb Ta BU3HAYEHO

JorapugMIYHUM JEKPEMEHT 3aTyxaHHs: IS CyIuIbHO1 JepeBunu ff = 0.186, mis



KJICEHOI Ta TmepexpecHo-kiaeeHoi aepeBuHu f = 0.099, 1o cBiAYUTh PO IHTCHCUBHIIIIE
pPO3CitOBaHHS €HEprii y CyIIbHINA JepeBUHI.

OTpumaHni pe3yiabTaTH MiATBEPIKYIOTh CYTTEBUM BIUIUB CTPYKTYpPH JICPEBUHH Ha
YKOPCTKICHI Ta JMHAMIUHI XapaKTEPUCTUKH OaJIOK.

B uemeepmomy po30ini BUKOHAHO KOMIUIEKCHE €KCIIEPUMEHTAIbHO-TEOPETUYHE
JOCITIIKEHHST pOOOTH JAEpeB’sSTHUX OAJIOK 13 CYIIIIBLHOI, KJIIGEHOT Ta TIEPEXPECHO-KICEHOT
JIEPEBUHM MPU CTATUYHOMY Ta IMITyJIbCHOMY HaBaHTakeHH1 (ynapi). BcraHoBieHo, 1110
pe3yJIbTaTH YHMCETHLHOTO MOJENIOBAaHHS MPOTHMHIB y MporpamMHoMy Komruiekci Dlubal
RFEMS5 no0Ope y3rojpkyrOThCS 3  €KCIEPUMEHTAIBHUMM JIaHUMH  CTaTUYHUX
BunpoOyBanb: aisg 1D ta 3D monenel Ganok 13 CYyHiIbHOI, KJICEHOI Ta MEPEXpEeCcHO-
KJICEHOI JepeBHMHM MoxuOka He mnepeBuurye 1-3%, tomi sax ana CLT-6amok mpu
MozenmoBanHs 3D eneMeHTaMu 31 30€peKEHHAM OplEHTAIlll JlaMeliel Ta 3aCTOCYBaHHIM
mozeni marepiany sk g CJ] moxubka nocsirae 17%.

AHaniTnyHui po3paxyHok 3a metomukoro C.II. TumomieHka mnokaszaB a00py
BIJIMOBIHICTD €KCIIEPUMEHTY: BIIXUJICHHS CTAaHOBJIATH 110 7.5% 1JIs1 KJIe€HO1 JIEPEBUHH,
1o 11% ans nepexpecHo-kieeHoi Ta 6:1m3bK0 1.5% 1u1s cyniapHOI nepeBuHH. YncenpHui
nuHamiyaui a”anmiz y Dlubal RFEMS moayns RF-DYNAM Pro nae koHcepBaTHBHI
pesynbTaTh 13 3amacoM: 10% (C1), 18% (KMI) ta 17% (IIK).

Po3paxoBani koe(imieHTH IWHAMIYHOCTI 3a EKCIEPUMEHTAIbHUMH JAHUMU
craHoBiATh: 0.0632 (CH), 0.0559 (KMH), 0.0545 (IIKI), a TeopeTM4YHO OOYMCIICHI
3HaYeHHS Koe(ili€HTIB IJIs TPUKYTHOI anpoKcuMallii BuxigHoro immyiecy: 0.0571 (CH),
0.0543 (K) ta 0.0476 (IIK[), Bigxunenus ckiuangae 1o 13%.

Otpumani pe3yJbTaTH MiATBEPKYIOTh MOXKIIMBICTh BUKOPHUCTAHHS CITPOIICHUX
AHATITHYHUX TMIIXOMIB 1 TPUKYTHOI ampOKCHUMAIIl IMITyJIbCHOTO HABAaHTAXEHHS JIJIs
1HKEHEPHUX PO3PAXYHKIB 13 JOCTATHHOIO TOYHICTIO.

Knwuoei cnoea: nepeBuna, Oanku, CyIUIbHa JEpeBUHA, KJIEE€HA JIEpEBUHA,
NepexpecHoO-KJIeEHa JIEPEeBUHA, BIACHI KOJIMBAHHS, IEKPEMEHT 3aTyXaHHs, KOe(illieHT
JUHAMIYHOCTI, IMIYJbCHE HABAHTAXKEHHA, yJAap, AMHAMIYHE HaBaHTa)KCHHS, MOJIYJIb
nedopwmariii, Mmoxynb nedopmaritii 3cyBy, (i3uKO-MaTeMaTUYHE MOJICTIOBAHHS POOOTH

JepeB’sTHUX 0ajoK CKJIaJICHOro Mepepi3y, HanpyKeHO-AehOPMOBAHHMI CTaH, YHCIOBI



JIOCJI1JKEHHS, METO/I CKIHYEHUX €JIEMEHTIB, aHAIITUYH] TOCIIIJPKEHHS,
CKCIIEpUMEHTAJIbHI JTOCTIPKCHHSI Ha HATYpHUX 3pa3Kax, CKCIECPUMCEHTAIBHUN CTEH]I,

JUCHIIALIIS] €HepTiid, Oy IiBeIbHI KOHCTPYKIIi1, YUCIOBE MOJICTIOBAHHS.
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The main content of the thesis.

The thesis i1s devoted to experimental and theoretical investigations of the behavior
of solid, glued laminated timber, and cross-laminated timber beams subjected to
concentrated impulsive loading (impact).

Based on the results of experimental, theoretical, review, and numerical studies:

- an analysis of scientific literature and regulatory documents concerning
contemporary methods for calculating solid, glulam, and cross-laminated
timber beams subjected to impulsive actions, particularly concentrated
impulses (impact), was carried out;

- static tests of the investigated beam specimens were performed to determine
the modulus of elasticity and shear modulus;

- an experimental setup for studying the dynamic properties of timber beam
elements was developed;

- amethodological approach for the experimental investigation of the dynamic
properties of timber beam elements based on their response to impulsive
loading was developed;

- new regularities of the behavior of solid, glulam, and cross-laminated timber
beams under concentrated impulsive loading (impact) were established and
their dynamic responses were compared;

- Timoshenko’s theory of elastic beam vibrations accounting for shear
deformation was extended to the analysis of solid, glulam, and cross-

laminated timber beam elements;



- methodological approaches to the investigation of the physical and mechanical
characteristics of solid, glued laminated, and cross-laminated timber were
generalized;

- analytical models for predicting the dynamic response of timber beams were
improved by refining the damping decrements for solid, glulam, and cross-
laminated timber beams.

The thesis aims to deepen the scientific understanding of the behavior of complex
engineering systems under dynamic actions. The study of multilayer timber beams
subjected to impulsive loading is considered as a process of refinement and development
of existing theoretical physical-mathematical models through the integration of
experimental investigations, numerical modelling, and analytical generalization.

The first section presents an analysis and generalization of the current state of
scientific research and international experience in the application of timber structures
under dynamic loading. Particular attention is paid to the use of engineered wood
products, including glued laminated timber and cross-laminated timber, in modern
construction and their effectiveness under dynamic and impulsive actions. The
fundamental principles governing the dynamic response of structures are examined,
including the role of damping properties, mechanisms of energy dissipation, and the
influence of structural and material parameters on vibration decay. Approaches to
determining dynamic amplification factors and their regulatory provisions are analyzed,
together with numerical modelling techniques based on the finite element method. It is
established that, despite the significant body of existing research, the dynamic behavior
of multilayer timber beams subjected to concentrated impulsive loading remains
insufficiently studied, necessitating further experimental and theoretical investigations.

The second section presents the development and implementation of a
comprehensive experimental methodology for investigating solid, glulam, and cross-
laminated timber beams. The testing program included sequential static and dynamic
investigations aimed at determining the stiffness and dynamic characteristics of the

specimens.



During the static testing stage, the elastic properties of beams under transverse
bending within the linear-elastic range were determined. Dynamic investigations were
conducted using a specially designed test rig equipped with a pendulum mechanism
capable of reproducing a single impulsive load and recording free vibrations. This made
it possible to determine the principal dynamic parameters, including natural frequencies
and damping characteristics.

Special attention was paid to ensuring experimental reliability through the
standardization of specimen manufacturing conditions, improvement of support
assemblies, and the use of high-precision measuring equipment. Statistical data
processing methods based on Student’s t-test were applied to enhance the reliability of
the obtained results.

The third section presents the results of experimental investigations of the
physical-mechanical and dynamic characteristics of solid timber, glued laminated timber,
and cross-laminated timber beams.

According to the static test results, the modulus of elasticity and shear modulus
were determined as follows: for solid timber — Eq = 7.66 GPa; Ggr = 0.48 GPa; for
glued laminated timber — E;;r = 7.30 GPa; Ggr = 0.46 GPa; for cross-laminated
timber — E.; r = 5.88 GPa; G¢r = 0.37 GPa.

It was established that solid timber beams possess the highest stiffness, while
multilayer timber materials exhibit reduced stiffness. The experimentally obtained load—
deflection relationships demonstrate linear behavior, confirming the elastic performance
of the material.

The investigation of dynamic behavior showed that the maximum beam
displacements increase proportionally to the magnitude of the impulsive load. Spectral
analysis enabled the determination of natural frequencies amounting to 75 Hz for solid
timber, 73 Hz for glued laminated timber, and 67 Hz for cross-laminated timber, showing
satisfactory agreement with theoretical values.

An exponential decay pattern of vibrations was identified, and the logarithmic

decrement of damping was determined as follows: f = 0.186 for solid timber and =



0.099 for both glued laminated timber and cross-laminated timber, indicating more
intensive energy dissipation in solid timber.

The obtained results confirm the significant influence of timber structure on the
stiffness and dynamic characteristics of beams.

The fourth section presents a comprehensive experimental-theoretical study of the
behavior of solid timber, glued laminated timber, and cross-laminated timber beams
under static and impulsive loading (impact).

It was established that the numerical simulation results for beam deflections
obtained using the Dlubal RFEMS5 software package are in good agreement with the
experimental data from static tests. For 1D and 3D models of solid timber, glued
laminated timber, and cross-laminated timber beams, the discrepancy does not exceed 1—
3%. However, for CLT beams modelled using three-dimensional elements while
preserving lamella orientation and applying a material model corresponding to solid
timber, the discrepancy reaches 17%.

Analytical calculations based on the Timoshenko method demonstrated good
agreement with experimental results: deviations amount to up to 7.5% for glued laminated
timber, up to 11% for cross-laminated timber, and approximately 1.5% for solid timber.
Numerical dynamic analysis performed using the RF-DYNAM Pro module of Dlubal
RFEMS provides conservative results with safety margins of 10% (solid timber), 18%
(glued laminated timber), and 17% (cross-laminated timber).

The experimentally determined dynamic amplification factors are 0.0632 for solid
timber, 0.0559 for glued laminated timber, and 0.0545 for cross-laminated timber. The
theoretically calculated values obtained using a triangular approximation of the initial
impulse are 0.0571, 0.0543, and 0.0476, respectively, with deviations not exceeding 13%.

The obtained results confirm the applicability of simplified analytical approaches
and triangular impulse approximation for engineering calculations with sufficient
accuracy.

Key words: timber, beams, solid timber, glued laminated timber, cross-laminated
timber, natural vibrations, damping decrement, dynamic loading factor, impulsive

loading, impact, dynamic loading, modulus of elasticity, shear modulus, physical-



mathematical modelling of composite cross-section beam, stress-strain state, numerical
investigations, finite element method, analytical investigations, full-scale experimental

studies, experimental setup, energy dissipation, building structures, numerical modelling.
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