AHOTALIA

Komap M. A. KoHCTpykuii 3 KJIEEHOI Ta TMEpPEXpPEecHO-KICEHOI AEpEeBUHU
MJCUIICHI KOMITO3UTHUMH CTpidkamu. — KBamidikamiiiHa HaykoBa mpalisg Ha TpaBax

PYKOMHUCY.

Huceprarniss Ha 3700yTTS HAyKOBOTO CTymneHs JoKTopa ¢utocodii 3a
cuemianpHicTIO 192 — ByaiBHUITBO Ta NUBUIbHA 1HXKEHEpIs, raidy3b 3HaHb 19 —
ApxiTekTypa Ta OyIiBHUIITBO. — KUIBChKUI HAIllOHAIBHUN YHIBEPCUTET OyTIBHUIITBA

1 apXiTeKTypHu. MiHICTepCTBO OCBITH 1 Hayku Ykpainu, Kuis, 2024 p.
OcHoOBHUII 3MiCT qUCcepTaLiiiHOI po0oTH

Huceprarniitna poboTa cnpsiMOBaHa Ha 30UIBIICHHS HECY4YOi CHPOMOKHOCTI
KOHCTPYKIIH 3 KJIEEHOI Ta MEPEeXPEeCHO-KJICEHOI JEPEBUHM MPU 3MEHIIEHHI TXHBOTO
MOTIEPEYHOT0 NIEpepi3y, A POUIUPEHHS CPepH 3aCTOCYBAHHS TAKUX KOHCTPYKIIIHA Ta

CIIPHUAHHIO BIIPOBAZKCHHS CKOJIOT 1YHOT'O MICBKOT'O IIPOCTOPY.

3a pes3yJbTaTaMyd BUKOHAHUX OIVISIAIB, aHaTI31B, CKIHUCHHO-EJIEMEHTHUX Ta

EKCIIEPUMEHTAILHUX JTOCT1KEHb:

- MIPOBEJICHO aHaJIi3 ICHYIOUMX METOIUK PO3PaxXyHKYy €JIEMEHTIB KOHCTPYKIIIH 3
KJICEHOT Ta MEePEXPECHO-KICEHOT IEPEBUHH ITiICUIICHUX KOMIIO3UTHUMHU MaTepialaMu;
- JOCITIIKEHO MIMCHUI Hanpy»)eHo—1e(opMoBaHUM CTaH KOHCTPYKIIHN 3 KICEHOT
Ta TIEPEXPECHO-KJICEHOI JEPEBUHU TMIACWICHUX KOMIIO3UTHUMH CTpIYKaMH 3a
JOTIOMOT'OF0  KOMIT FOTEPHOTO MOJICITIOBAHHS 3 3aCTOCYBaHHSM METONY CKIHUEHUX
€JIEMEHTIB B IPOTPaMHOMY KOMILJIEKC,

- MIPOBEICHO CKCIIEPUMEHTAIbHE JOCHIDKEHHS HamnpyXeHo-a1e(hopMoBaHOTO
CTaHy OaJIOK 3 KJIEEHOI IEPEBUHU MiJCUIICHUX KOMIIO3UTHUMHU CTPIUKaAMU;

- YIOCKOHAJIEHO METOJUKY PO3pPaxyHKY €JIEMEHTIB 3 KJIEEHOI Ta MepexXpecHO-

KJICEHOI IEPEBUHM M1JCUIICHUX KOMIIO3UTHUMHU CTPIUYKaMHU;



- HAJaHO PEKOMEH/IaIlii, 00 aITOPUTMIB BUPOOHHUIITBA KOHCTPYKITIH 3 KICEHOT

Ta MePEXPECHO-KICEHOT IEPEBUHA KOMIIO3UTHUMH CTPIUKaMH;

3 Touku 30py (iocodii HAYKH, Cy4acHHUM CBIT 3a3HA€ BCE OLIBIIIOTO HAyKOBO-
TEXHIYHOTO Tporpecy. JIFOACTBO CTBOPIOE CKIAAHI CUCTEMU ISl 33I0BOJICHHS CBOIX
noTped, TaKUX SIK CTBOPEHHSI KOM(POPTHOTO CEpeIOBUIIA ISl TPOKUBAHHS Ta PI3HUX
BUJIIB JIsUIbHOCTI. OJHAK, 31 3pOCTaHHSIM CKJIQAHOCTI IIUX CHCTEM 3pOocTae W iXH
BPa3JIMBICTh 0 HEmepeadadyyBaHUX 3arpo3 pi3HOi npupoau. HaykoBi 1ocmipkeHHS B
rajry3i MpoeKTyBaHHs Oy/1BeJIb MOBUHHI OYTH CIPSAMOBaHI Ha MiJBUILEHHS O€3MeKu
JIOJICBKOT ~ JKUTTEMISUIBHOCTI, KOHCTPYKTUBHOI ~ O€3MEKH, EKOJIOTIYHOCTI  Ta

€HEeProePeKTUBHOCTI.

B nepwomy po3oini tipoBeneHUN aHali3 Cy4acHOTO CTaHy JOCIIKEHb
apMOBAaHHUX JIEPEB’STHUX KOHCTPYKIIH, 3 SKOro CTa€ 3pO3yMUIMM HEOOXIIHICTh
JETATHHOTO BUBUCHHSI TAKMX KOHCTPYKITIH M ICUIICHUX KOMITO3UTHUMH cTpidkamu. Ha
TENepilHiii 4ac B YKpaiHl MPaKkTUYHO BIJACYTHI JOCHIJDKEHHS CIUIBHOT POOOTH
KOMITO3UTHHUX CTPIYOK 3 IEPEB’ THUMHU KOHCTPYKITISIMH, Ta IXHIM B3aEMHHU BILIUB, 110
YHEMOKJIMBIIIOE pO3pOOKY 1H)KEHEPHOT METOAMKU PO3PaxyHKy, IPOTE B CBITI, B LIEH
yac, aKTUBHO TMPOBOAATH TaKl JOCTIIKEHHS, IO JOBOAUTH iXHIO aKTYaJbHICTb.
[IpakTyH1 peKkoMeHaallli 3 MPOEKTYyBaHHS JEPEB’SHUX KOHCTPYKIIH 3 apMyBaHHAM
KOMITO3UTHUMH CTpIUYKaMU Ha JaHUW Yac B YKpaiHi BiJCYTHI, TOMY iX po3poOka €
BKpail HEOOX1HOIO 1 MpU3BeE 10 30UIbIICHHS 3aCTOCYBAHHSI TaAKUX KOHCTPYKIIINA B

OyIIBIISIX Ta CIIOPYJIaX pPi3HOTO MPU3HAYCHHS.

Y opyzomy po3oini npoBenenuii aHagizy 4MCEIbHUX JOCIIIKEHb HAIPY>KEHO-
neOpMOBAHOTO CTaHY KOHCTPYKLINA 3 KIEEHOI Ta MEPEXPECHO-KICEHOI IEepPeBUHU
M1JCUICHUX KOMIO3UTHUMU cTpiukamu B mporpamHomy komruiekci (I1K) JITPA-CAIIP
MetonoMm ckindeHHuX enemeHTiB (CE). [loBemeHo, mo Oanku 3 KJIEEHOI JePESBHHHU

MIJCUICH] KOMITIO3UTHUMM CTpIYKaMH MaloTh B cepenHboMy Ha 18% wmenm



BEpTHKaNbHI edopmalii Ta Ha 27% MEHIII HOpMaJIbHI HallPYXEHHS B1J aHAJTIOTTYHUX
0aoK 3 KJIEEHOT IEPEBUHHU HE M1 ICUIICHUX KOMIIO3UTHUMU CTpiuKaMu. Pamu 3 kieeHoi
JIEPEBUHU T1JCUICH] KOMIIO3UTHUMHU CTPIYKaMH MalOTh B cepelHboMy Ha 39% meHni
BEepTUKAIBHI epopmartii Ta B cepeqaboMy Ha 57% MEHII MakCUMalibHI HOpMAaJIbHI
HANPY>KCHHS. B PO3TATHYTIN 30HI pureiiB. [IMuTu 3 mepexpecHO-KICEHOI NepeBUHU
(ITK) mijcuneHli KOMIO3UTHUMHU CTpiuKamMu MaioTh B cepenHboMy Ha 20% MeHiil
BepTHKaNbHI fedopmarii Ta Ha 32% MeHIII HOpMaJIbHI HAaNPYKEHHs BiJ] aHAIOTTUHUX
wmrt 3 [IK]] He miacuiaeHnX KOMIO3UTHUMHU CTpidkamu. [IpoTe okpeMoro BUBUYCHHSI
noTpedye miadip YHIBEpCATbHOIO METO/Y YHCEIBHOIO0 MOJICIOBAHHS KOHCTPYKIIIM 3

KJICEHOI Ta HCpCXpGCHO-KJIGGHO'l' ACPCBUHU B IIPOIPAMHHUX KOMILICKCAX.

B mpemvomy po30ini omnvcaHO eKCIIEpUMEHTaIbHI JOCIIKCHHS ITIOBHO
PO3MIPHOTO 3pa3Ka 0alKu 3 KJICEHOI IEPEBUHU M1JICUICHOI KOMIIO3UTHUMHU CTPIYKAMHU.
3a pe3yapTaramMu MPOBEJICHOIO aHali3y HaIpyKeHO-1e(POpMOBAHOTO CTaHy OaJIKU 3
KJICEHOT JICPEBUHM MIJCUICHOT KOMIIOBUTHUMH CTpPIYKaMH 3a pe3yJibTaTaMu
eKCIIEPUMEHTY BCTAHOBJICHO, 1[0 BU3HAYEHHS MEXAHIYHMX BJIACTUBOCTEH NEPEBHHU
IIPY 3THHI, METOAOM BUIIPOOYBAHHS 3pa3KiB IEPEBUHHU 3 OJHIET MapTii, Ja€ TOCTOBIPHE
3HAUYEHHA MOMYJIO0 TPYXKHOCTI JIJIi 3aCTOCYBaHHS MOTO B PO3PAXYHKY peaTbHUX
KOHCTpYyKIiA. HaBemeHo anropuTM MpOBENEHHS EKCIEPUMEHTAIBHHUX TOCIIIKEHb
OasloK 3 KJIEEHOI JEPEeBHHM MIACHICHUX KOMIIO3UTHHUMH CTPIYKaMH 3a JIOMOMOTOIO
CICKTPOTEH30METpii. BH3HaYeHO NOCHIOBHICTh BUKOHAHHS IIJICHUJICHHS OalloK 3
KJICEHOT JiepeBuHM Komro3utHuMHE cTpidkamu Sika CarboDur S512. BeranosieHo, 1110
M1JICUJICHHS €KCTIEPUMEHTAIFHOTO 3pa3Ka IUIIXOM HAKJICIOBAaHHS HA PO3TATHYTY 30HY
KOMITO3UTHHX CTPIYOK, 3MEHILIYE BEPTUKAJIbHI AegopMaliii Ha BenuuuHy 10 13%, B Toi
e dYac, pyWHYBaHHS EKCIEPHMEHTAIBHOTO 3pa3Kka TMiJCHIEHOTO KOMIO3UTHHUMHU
CTpiuKaMu BiI0YJIOCH TP 3HAUCHHI, siKe € Ha 63% OLIBIIINM 32 TpaHUYHE MAaKCUMAaJIbHE
PO3paxyHKOBE HABaHTaXKCHHS TPH Kmog =1 Ta Ha 80% OLIBIIMM 33 MaKCHMajbHE
pPO3pPaxXyHKOBE HABAHTAXKECHHS EKCIEPUMEHTAIBHOTO 3pa3ka HE IIJICHUIICHOTO

KOMIIO3UTHUMH CTpiYKaMHU 3 ypaxyBaHHAM KOeQIIi€HTY Kmog pO3paxoBaHUM



BinnoBigHo no JIbH B.2.6-161:2017. 3a sxicHUM XapakTepOM HAMpPY>KEHOTO CTaHy
JEPEBUHU OTPUMAHOTO EKCIIEPUMEHTATBHUM JOCTI/DKCHHSIM B Oalkax 3 KIEE€HOI
JIEpeBUHU Ta B Oajkax 3 KJIEEHOI JEPEBUHU MiJCHWICHUX KOMIIO3UTHUMHU CTPIYKAMHU
YiTKO BHJHO, 0 MaKCHUMaJIbHI IOB3J0BXKHI HANMpYKCHHS B MMJCHICHUX Oajkax
3MEHIITUIUCH 10 42%, MaKCUMaJIbH1 IOTUYH1 HAIIPY>KEHHS 301IBIITUINCH B MACUICHUX
oankax 10 57%, a JOTUYHI HANIPY>KEHHS 30UIBIIUIINCH B ACIKHUX mepepizax 10 79%.

Y uemeepmomy po3oini mpoBeneHO aHai3 YHCEIBHOTO MOJCIIOBAHHS
EKCIIEPUMEHTAJIbHOT YCTAaHOBKHM, 3 METOI0 BHM3HAYEHHS HAIpY>K€Hb B Iepepizax,
BU3HAYECHHI BEPTUKAIBHUX AedopMmalliii Ta MOPIBHAHHA OTPUMAHUX PE3YJIbTATIB, 3
HATypPHUMH CKCIIEPUMEHTAILHUMH BHUMPOOYBaHHSAMU. Bu3HadueHO, M0 pe3ynbTaTH
MOJICJIIOBaHHS eKclepuMeHTanbHoro 3paska B cepeposuii [IK JIIPA-CAIIP, ne
BEpTUKATIBHI JeopMarlii B 3pa3kax MIJCUICHUX KOMIO3UTHUMH CTpIYKaMu
3MEHIIUJIUCh Ha BeMUYMHY 10 17%, MATBEPIKYIOTh pe3yJIbTaTH I1JCUICHHS
EKCIIEPUMEHTAJILHOTO 3pa3ka IUIAXOM HAKJICIOBAaHHA Ha PO3TATHYTY 30HY
KOMITO3UTHHUX CTPIYOK, B AKMX BEPTUKaIIbHI JAedopmarllii 3MEHIIYIOThCS HA BEJIMYUHY
no 13%. BcraHoBieHO, MO0 SIKICHUNM XapakTep HAMPYKEHOrO0 CTaHy JEPEBUHU
OTPUMAHUN 3 YUCJIOBOTO JOCHIKEHHS MiATBEPIKYETHCS CKCIIEPUMEHTOM, 3arajioM
MOB3/IOBXH1 HAIIPYKEHHS B PO3TIATHYTIN 30H1 IOCTIIKYBAHUX MEPEPI3iB MAtOTh J00PY
301KHICT. JlesKi BIIMIHHOCTI B KIJBKICHUX 3HAYCHHSX TOMEPEYHHX Ta JTOTHUHUX
HaIPY>KEHb MOSICHIOIOTHCSI 0COOIMBOCTSAMU OyA0BH AEPEBUHU Ta HASIBHICTIO (DAKTOPIB,
K1 MOXKYTh CYyTTE€BO BIUIMBATH Ha i1 HampyXeHo-IehopMoBaHUM CTaH 1 K HACIIJOK
MILHICTh B LUJIOMY. EJEKTpOTEH30METpisl Ay>K€ UyTJIMBa J0 HEOJHOPITHOI OyIO0BU
nepeBUHU. B mporpamMHOMYy KOMIUIEKCI JEpeBHHA 3aJa€ThCs 17€ali30BaHOIO.
BcranoBneno, 110 pyHHYBaHHS €KCIIEPUMEHTAIBLHOTO 3pa3ka  MIJCHUICHOTO
KOMITOBUTHUMH CTPIYKaMH, BIJOYJIOCh B 30HI KOHIEHTpALil HOPMaJIbHHX B3JOBX
BOJIOKOH, TOTIEPEK BOJIOKOH Ta JOTUYHUX HAMPYXKEHb, IO TOBOAUTH HEOOXITHICTH
MPOBEICHHS] JOJATKOBUX PO3PAXyHKIB 32 YMOBAaMH MIIIHOCTI TIPH CKJIATHOMY

HaIPY>KEHOMY CTaHi.



[IpoBeneHi AOCHIIKEHHS JO3BOJMIIM PO3POOUTH 1HXKEHEPHY METOIUKY
PO3paxyHKY €JIEMEHTIB 3 KJICEHOI ICPEBUHH, MIJICUICHUX (ApMOBAHUX ) KOMIIO3UTHUMH
CTpiUuKaMH, fKa MOJSra€ y 3aCTOCYBaHHI J0 3arajbHuUX (HOpMys, IS pO3pPaxyHKY
€JIEMEHTIB JIEpeB’ SITHUX KOHCTPYKIIIM 32 TPaHUYHUMH CTaHAMU HECY4Oi 31aTHOCTI, SIKi
Mmictateesa B JIBH B.2.6-161:2017 npuBeaeHUX XapaKTEPUCTUK JI0 30BHIIIHIX JIOIIOK
€JICMEHTIB, Ta TIEPEBIPOK 30H KOHIIEHTpaIlli KOMOiHAIlll HOpMaJIbHUX B3JI0BXK BOJIOKOH,
MOTIEPEK BOJIOKOH Ta JOTHYHHMX HAIPY>KEHb 32 YMOBAMH MIITHOCTI TIPH CKJIaJIHOMY
HarpyxeHnomy cradi (CHC).

Knrouoei cnoea: KOHCTPYKITii, IepeBUHA, KJICEHA JEPEBUHA, IEPEXPECHO-KIICEHA
JIepeBUHA, I1ICUJICHHS, KOMIIO3UTHI CTPIYKH, METOJT CKIHUCHHUX €JIEMEHTIB, YHCEJIbHE
MOJICJIIOBAHHS,  HANpYXEHO-Ie(OPMOBaHUN  CTaH, BepTUKAIbHI jAedopmaiiii,
HaIllpy’>K€HHSA, AapMyBaHHs, BIJHOCHI  Jedopmanii, CKIaAHUA  Hapy>KEHO-

nedopMoBaHUll CTaH.



ABSTRACT

Komar M. A. Structures Made of Glued and Cross-Laminated Timber Reinforced

with Composite Strips. — Qualification scientific work in manuscript form.

Dissertation for the degree of Doctor of Philosophy in the specialty 192 —
Construction and Civil Engineering, field of knowledge 19 — Architecture and
Construction. — Kyiv National University of Construction and Architecture. Ministry

of Education and Science of Ukraine, Kyiv, 2024.
The Main Content of the Dissertation

The dissertation aims to increase the load-bearing capacity of glued laminated
timber (glulam) and cross-laminated timber (CLT) structures while reducing their
cross-sectional dimensions. This is intended to expand the application scope of such

structures and promote the implementation of environmentally friendly urban spaces.

Based on the reviews, analyses, finite element, and experimental studies

conducted:

- An analysis of existing calculation methods for glulam and CLT elements
reinforced with composite materials was performed;

- The actual stress-strain state of glulam and CLT structures reinforced with
composite tapes was investigated using computer modeling with the finite element
method in a software package;

- An experimental study of the stress-strain state of glulam beams reinforced with
composite tapes was conducted;

- The calculation method for glulam and CLT elements reinforced with composite
tapes was improved;

- Recommendations regarding the production algorithms of glulam and CLT

structures with composite tapes were provided;



From the perspective of the philosophy of science, the modern world is
experiencing increasing scientific and technological progress. Humanity is creating
complex systems to meet its needs, such as providing a comfortable living environment
and various types of activities. However, as the complexity of these systems increases,
so does their vulnerability to unpredictable threats of various natures. Scientific
research in the field of building design should aim at enhancing human safety, structural

safety, environmental sustainability, and energy efficiency.

In the section 1, an analysis of the current state of research on reinforced wooden
structures is conducted, highlighting the necessity for a detailed study of such structures
reinforced with composite tapes. Currently, in Ukraine, there is an almost complete lack
of research on the combined performance of composite tapes with wooden structures
and their mutual influence, which prevents the development of an engineering
calculation methodology. However, such research is actively being conducted
worldwide, proving its relevance. Practical recommendations for designing wooden
structures with composite tape reinforcement are currently lacking in Ukraine, making
their development extremely necessary and leading to increased application of such

structures in various types of buildings and constructions.

In the section 2, an analysis of numerous numerical studies on the stress-strain
state of glued laminated timber (glulam) and cross-laminated timber (CLT) structures
reinforced with composite tapes using the finite element method (FEM) in the LIRA-
SAPR software package is conducted. It has been proven that glulam beams reinforced
with composite tapes have, on average, 18% less vertical deformation and 27% lower
normal stresses compared to similar glulam beams not reinforced with composite tapes.
Glulam frames reinforced with composite tapes have, on average, 39% less vertical
deformation and 57% lower maximum normal stresses in the tensioned zone of the
beams. CLT plates reinforced with composite tapes have, on average, 20% less vertical

deformation and 32% lower normal stresses compared to similar CLT plates not



reinforced with composite tapes. However, selecting a universal method for numerical

modeling of glulam and CLT structures in software packages requires further study.

In the section 3, n the third chapter, experimental studies of a full-size sample of
a glulam beam reinforced with composite tapes are described. Based on the analysis of
the stress-strain state of the glulam beam reinforced with composite tapes from the
experiment, it was found that determining the mechanical properties of wood in
bending, by testing samples of wood from the same batch, provides reliable modulus
of elasticity values for use in the calculation of real structures. An algorithm for
conducting experimental studies of glulam beams reinforced with composite tapes
using strain gauge techniques is provided. The sequence for reinforcing glulam beams
with Sika CarboDur S512 composite tapes is specified. It was found that reinforcing
the experimental sample by bonding composite tapes to the tension zone reduces
vertical deformations by up to 13%. At the same time, the failure of the reinforced
experimental sample occurred at a value 63% higher than the ultimate design load with
kmod = 1 and 80% higher than the ultimate design load of the unreinforced experimental
sample, considering the kmog factor calculated according to DBN V.2.6-161:2017. The
qualitative nature of the stress state of wood obtained from experimental research in
glulam beams and glulam beams reinforced with composite tapes clearly shows that the
maximum longitudinal stresses in the reinforced beams decreased by up to 42%, the
maximum shear stresses increased by up to 57% in the reinforced beams, and the shear
stresses increased in some sections by up to 79%.

In the section 4, an analysis of the numerical modeling of the experimental setup
IS conducted to determine stresses in the sections, assess vertical deformations, and
compare the obtained results with actual experimental tests. It was found that the
modeling results of the experimental sample in the LIRA-SAPR software environment,
where vertical deformations in samples reinforced with composite tapes decreased by
up to 17%, confirm the results of reinforcing the experimental sample by bonding

composite tapes to the tension zone, where vertical deformations decrease by up to



13%. The qualitative nature of the stress state of wood obtained from numerical
research is confirmed by the experiment. Overall, the longitudinal stresses in the tension
zone of the examined sections show good correlation. Some differences in the
quantitative values of transverse and shear stresses are explained by the peculiarities of
the wood structure and the presence of factors that can significantly influence its stress-
strain state and, consequently, its overall strength. Strain gauge measurements are very
sensitive to the heterogeneous structure of the wood, whereas in the software
environment, the wood is idealized. It was determined that the failure of the
experimental sample reinforced with composite tapes occurred in the zone of
concentration of normal stresses along the fibers, across the fibers, and shear stresses.
This finding underscores the necessity for additional calculations regarding strength
conditions under complex stress states.

The conducted research has enabled the development of an engineering
methodology for calculating elements of glued laminated timber reinforced with
composite strips. This methodology involves the application of general formulas for
assessing elements of wooden structures based on the ultimate limit states contained in
DBN V.2.6-161:2017. It includes the characteristics of elements up to the external
boards and checks stress concentration zones of combinations of normal stresses along
fibers, across fibers, and shear stresses under conditions of strength in complex stress
states (CSS).

Keywords: structures, timber, glued laminated timber, cross-laminated timber,
reinforcement, composite strips, finite element method, numerical modeling, stress-
strain state, vertical deformations, stresses, strengthening, strain ratios, complex stress-

strain state.



