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Abstract. Problem statement. The use of timber in multi-storey buildings is a promising direction in terms of
reducing the impact of the construction industry on the environment. Hybrid buildings represent a rational combination of
timber as the main structural material and reinforced concrete for spatial stability providing. At present time there are no
recommendations for the choice of structural system of multi-storey hybrid buildings, the issues of joint work and stress-
strain state of load-bearing structures of timber and reinforced concrete in the spatial system of multi-storey buildings are
insufficiently studied. The article is devoted to the analysis of the stress-strain state of hybrid timber-reinforced concrete
multi-storey buildings. In the study, the number of storeys of the building was accepted of 5, 10 and 15 floors. The type of
the joints between of the load-bearing structures and the method of ensuring spatial rigidity, namely the number and
location of the shear walls and the rigidity core, were varied. For each option, a spatial finite element model was compiled
and a static load analysis was performed in accordance with the requirements of current design standards. Results and
conclusion. The data on the magnitude of the horizontal displacements of the upper part of the building, as well as the
maximum values of the forces from adverse combinations of loads, were obtained. The analysis of the stability of the
building and the bearing capacity of timber columns were performed. Based on the results obtained, the recommendations
are proposed for choosing a structural scheme, a method for ensuring the spatial rigidity of a building, as well as assigning
cross-sectional dimensions at the initial stage of the design of a hybrid timber-reinforced concrete multi-storey building.
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Anorauis. Ilocmanoska npoonemu. I'iOpuaHi KOHCTPYKLIi, 3aBASKH PalliOHAIbHOMY IOEJHAHHIO BJIACTUBOCTEH,
JIO3BOJISIIOTH 30UIBIIMTH HECHY 3AaTHICTH Ta MPOCTOPOBY KOPCTKICTh OYAIBIS, IIO Ja€ MOXJIMBICTH 0araToloBepXxOBOTO
OylniBHMLTBA 3 BHUKOPHCTaHHSIM JEPEBMHH SK OCHOBHOIO KOHCTPYKLIHHOro Marepiamy. 3acTOCYBaHHSI JICPEBHHHU B
6araTomoBepxoBoMy OYyIiBHHUIITBI € MIEPCIIEKTUBHUM HAIIPSIMKOM 3 TOYKH 30py 3MEHIIECHHS BIUIMBY Oy/IiBeNbHOI Tary3i Ha
HaBKOJIMIIIHE cepepoBuiie. Ha chOTOAHIMIHIA NE€Hb BiACYTHI peKOMeHmamii MoA0 BUOOPY KOHCTPYKTHBHOI CHUCTEMH
0araTomoBepXoBUX Oy/iBenb TiOPHIHOI CHUCTEMH, NMUTAHHA CHUTBHOI POOOTH Ta HANPYXEHO-IePOPMOBAHOTO CTaHy
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HECydMX KOHCTPYKLIM 3 JEpeBMHM Ta 3aJi300€TOHY B MPOCTOPOBiHl cucTeMi OaraTornmoBepxoBoi OymiBIII JOCIiIKEHI
HelocTaTHbo. Mema cmammi ToONArac y JOCHIDKCHHI HanpyKeHo-JeopMoBaHOTO cTaHy TiOpUAHUX JAepeBO-
3a)11300€TOHHMX OaraTornoBepXxoBuX OyauHKIB. J{i1st ananizy OyJo NpUHHATO KBaapaTHUH y IiaHi OyanHOK-poToTHIl. ITin
Yac MOJEJIIOBaHHS BapiloBaiacs KijbkicTh moBepxiB (5, 10 ta 15), TUm croidydyeHHS MK HECYYMMH KOHCTPYKIISIMA
(xomoHamu Ta Oaykamu) Ta crocid 3abe3neueH st IPOCTOPOBOI )KOPCTKOCTI (KUIBKICTh Ta po3TalllyBaHHs JiadparM Ta sapa
XKOpCTKOCTi). JIsI KOXKHOTO BapiaHTy 3 BHKOpHCTaHHSM mporpamoro komiuiekcy JIIPA — CAIIP Oyma cknanena
IIPOCTOPOBA CKIHUCHHOEJIEMEHTHA MOJENb Ta IPOBEJCHO CTATHYHHMN pO3PaxXyHOK BIATIOBIZHO [0 BHMOT UYHHHHUX
CTaHAAPTIB TPOEKTyBaHHA. Pesynbmamu ma eucnoeku. llpoBeneHa OLiHKA BIUIMBY KOHCTPYKTHBHOI CHCTEMH,
TTOBEPXOBOCTI Ta CIIOCO0Y 3a0e3MeYeHHsI IPOCTOPOBOI KOPCTKOCTI HA HANPYKEHO-Ie(hOpPMOBaHHI CTaH 0AraTOMOBEPXOBUX
riopugaux OyniBens. OTpuMaHi JaHi MO0 TOPU3OHTAIBHUX MEPEMIIIeHb CBiYaTh MPO Te, MO MPOCTOPOBA KOPCTKICThH
3abe3neuyeThest: s 5 Ta 10-noBepXoBHUX OyIiBeb U BCiX BapiaHTiB, KPiM MIApHIPHUX 3'€THAHBL €JIEMEHTIB Kapkaca 0e3
JIOZIATKOBHX 3aXOJiB I110J10 3a0e3MeUeHHs] IPOCTOPOBOI )KOPCTKOCTI; I 15-1moBepxoBoi OyaiBiIl [UIsl )KOPCTKHX 3'€/IHAHD
€JIEMEHTIB Ta ISl HIapHIPHUX 3'€HAaHb 3 SAPOM JKOPCTKOCTI abo 4oTMpMa niagparmMaMu. 3a pe3yjbraTaMH aHaTi3y
KoedillieHTa BUKOPUCTAHHS HECYdoi 3IaTHOCTI KOJIOH OYJIO BCTAHOBJICHO, IO MPHUIHSTI PO3MIPH IOIEPEUHOTO Mepepilzy
3a0e3neuyoTh HECHY 3JaTHICTh BIANOBITHO /A0 BHMOI YHHHUX HOPMAaTHBHHUX JOKYMEHTIB. BHHATOK CTaHOBHUTH
5-moBepxoBa OymiBisl 3 INAPHIPHUMHU 3'€qHAHHSIMH, a TakoX 10-moBepxoBa OyaiBIs 3 JKOPCTKUMH CTHKaMH MiX
enemeHTaMu (koedinienTn BukopuctaHus 1,96 ta 1,11, BigmomimHO). 3amporoOHOBaHI peKOMEHJalii MO0 BHOOPY
KOHCTPYKTUBHOI CXeMH, CIOco0y 3abe3rmedeHHs MPOCTOPOBOi JKOPCTKOCTI OymiBI, a TaKoXX NPH3HAYCHHS pPO3MIipiB
MIOTIEPEYHOTO Tepepidy Ha MOYaTKOBOMY e€Tami MPOeKTyBaHHS TIOpUIHOI IepeBo-3alli300€TOHHOI 0OaraTomoBepXOBOi
OymiBi.
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Annoranusi. ITocmanoeka npobnemwi. Vicnionp3oBaHWE JPEBECHHBI B MHOTOJT@XHBIX JIOMax SBISETCA
MEPCTIEKTUBHBIM HANPABICHUEM C TOUKU 3PECHUSI CHIDKCHHUS BO3JICHCTBHS CTPOUTEIBHON OTPACIIN Ha OKPY’KAIOIIYIO CPELy.
I'mbpunHble 3MaHMS TPEICTABIAIOT COOOH pAlMOHAIBHOE COYETAHHWE APEBECHHBI KaK OCHOBHOTO KOHCTPYKIMOHHOTO
MaTepuana ¥ JKene300eToHa Uil oOecrieueHHs MPOCTPAaHCTBEHHOW JKECTKOCTH. B HacTosimee BpeMs OTCYTCTBYIOT
PEKOMEHAAINH 10 BEIOOPY KOHCTPYKTUBHOM CHCTEMBI MHOTO3TaKHBIX THOPUAHBIX 31aHHUH, BOIIPOCHI COBMECTHOW pabOTHI
U HalpsHKEHHO-Ze()OPMHUPOBAHHOTO COCTOSIHUSI HECYIIMX KOHCTPYKIMH U3 JIEpeBa M JKENe300€TOHA B MPOCTPAaHCTBEHHON
CUCTEME MHOTOJTaXKHBIX 3JaHUIl HENOCTaTOYHO U3y4deHbl. Cmambsa noceéawlenHa aHANNU3y  HAMNPSKCHHO-
J1eOpMUPOBAHHOTO COCTOSIHUSI THOPHUIHBIX JKEJIE300€TOHHBIX MHOTOATAXHBIX 31aHMi. [ ananmu3a OBLIO HPUHATO
KBajipaTHOE B IUIaHe 3panue. [Ipn MojenupoBaHMM BapbUpoBajach KojudyecTBO dtaxkei (5, 10 u 15), Tun conpspxeHus
MEXIy HECYIIMMH KOHCTPYKIHSMH M c1toco0 obecrieueHus MPOCTPaHCTBEHHOH kecTKocTH. [ Kakaoro BapuaHTa Oblia
COCTaBJIEHA MNPOCTPAHCTBEHHAs KOHEYHOZJIEMEHTHAas MOJAENIb M BBINOIHEH CTaTUYECKMH pacueT B COOTBETCTBHM C
TpeOOBaHMSAMH JICHCTBYIONIMX CTaHAAPTOB NPOEKTHPOBaHUs. Pe3ynbmamol u 6b1600bl. I1oiydeHbl JJaHHBIE O BEJIUYHHE
TOPU30HTANBHBIX IEPEMCELICHUH BEpXHEH dYacTW 34aHHMA, a TaKKE O MAKCUMAJIbHBIX 3HAUEHHAX YCWIHMH OT
HEOMaronpuATHBIX cOueTaHUH Harpy3ok. IIpoBeneH aHann3 yCTOWYMBOCTH 3[JaHUS U HECYIIEH CIOCOOHOCTH AEPEBSIHHBIX
KolOHH. Ha OCHOBaHMH MONYYEHHBIX pPE3yJIbTATOB MPEATOKEHBI PEKOMEHAAIMU MO BHIOOPY KOHCTPYKTUBHOHM CXEMBI,
crocoba obecrieyeHns! MPOCTPAHCTBEHHOH KECTKOCTH 3IAHUS, a TAK)KE Ha3HAUYCHHUIO Pa3MEpPOB MOINEPEYHOTO CCUCHUS Ha
HadaJIbHOM 3TaIle MPOEKTUPOBAHUS THOPUIHOTO JIEPEBO-KENE300€TOHHOTO MHOTO3TaKHOTO 3/1aHHSI.

KuioueBble c¢ji0Ba: cubpuouvie 30anus, Opesecuna, Hcene300emoH; HANps’ceHHO-0epopMuposanioe cocmosHue,
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Introduction. The traditional construction
industry has a negative impact on the
environment in many ways (greenhouse gas
emissions, waste accumulation, the use of non-
renewable resources, etc.). Timber has several
advantages in terms of sustainable development
and circular economy. Awareness of global
environmental problems and the search for ways
to solve them contributed to the emergence of
innovative solutions based on timber as a
structural building material.

Currently, new solutions are being developed
for hybrid structures for the construction of both
multi-story and high-rise buildings, in which
timber is the main structural material (up to
80%), and reinforced concrete or steel is used to
increase resistance to external loads. The
following projects can be cited as examples:
LifeCycle Tower ONE, Panorama Giustinelli,
Cenni di Cambiamento, Murray Grove, Origine
Condos, Brock Commons etc. [1-5]. In research
[6], the authors substantiate the use of the
developed hybrid system for buildings with a
height of 10..30 floors. Structural system
consists mainly of timber elements that are used
to arrange the central core and stiffness
diaphragms, ceilings, load-bearing walls and
columns. Analyzing the above projects, it can be
concluded that the spatial rigidity is achieved due
to the regular location of the load-bearing
structures in the plan and in the height of the
building, as well as symmetrically located in the
plan of the shear walls and the rigidity core.

Despite the growing popularity of multi-
storey buildings with a hybrid structure,
comprehensive  regulatory and  technical
documentation for the calculation and design of
this type of building currently does not exist. It is
necessary to develop scientifically based
recommendations for choosing the structural
system of the building at the initial stage of
design, preliminary assignment of geometric
parameters and strength characteristics of the
material of the load-bearing structures.

The purpose of this study is to analyze the
stress-strain state of hybrid timber-reinforced
concrete multi-storey buildings depending on the
number of storeys and the method of providing
the spatial rigidity.

Materials and methods. For the analysis of
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the stress-strain state of multi-storey buildings of
a hybrid structure, a prototype building was
chosen. The spacing of frames was adopted of
5 m in both directions. The number of floors was
varied of 5, 10, and 15 storey. The storey height
for all options was 3 m. Thereby the height of the
buildings was 15, 30 and 45 m, respectively.
Two types of joints between horizontal and
vertical load-bearing elements were considered -
hinge and rigid. To ensure the spatial rigidity of
the building, the use of vertical shear walls and a
rigidity core were considered. Layout schemes
for each option are shown on Figure 1.
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Fig. 1. Layouts of multi-storey buildings with a hybrid
structure: a) without rigidity elements;,
b) 2 shear walls; c) 4 shear walls;
d) rigidity core
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The beams and columns of glued laminated
timber and the shear walls and rigidity core of
reinforced concrete were adopted as load bearing
elements. The physical and mechanical
characteristics of materials and the parameters of
the cross section of the structural elements of the
building are shown in Table 1.

Table 1

Physical and mechanical characteristics of materials
and parameters of the cross section of the structural

elements
Cross Modulus
section Strength | Density, of
Element dimensions, class kg/m’ | elasticity,
mm GPa
1 2 3 4 5
250x250
Column 300x300 GL28h 410 12.6
400x400
Beam 250x500 GL28h 410 12.6
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End of Table 1
1 2 3 4 5
Shear
wall / 250 €205 | 2500 30.0
rigidity
core

An analysis of the stress-strain state in
accordance with the requirements of the current
design standards was carried out for the adopted
options of the building. Loads on building
elements were determined in accordance with the
requirements of [7]. The design value of the self-
weight of the floor and floor coverings was taken
1.5kN/m?, the imposed load on the floor
elements - 1.95 kN/m”? (as for a residential
building), and the snow load - 1.6 kN/m* (for
wind load zone III according to Ukrainian wind
map). The design values of the wind load on the
vertical frames considering the spacing of 5 m
are presented in Table 2. A diagram of the
variation of wind load depending on height is
shown on Fig. 2.

Table 2
The design values of the wind load
Storeys Height, .Wmd load, [KN/m] .
[m] positive negative
1 <5 1.368 1.206
15 2.736 2.052
10 30 3.83 2.875
15 45 4.63 3.47
50
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Fig. 2. A diagram of the variation of wind load depending
on height

For each variant of the building, a 3D finite
element model was compiled using LIRA-SAPR
commercial software. Beams and columns were
modelled with elements of the FE 10 type
(universal spatial rod FE). The diaphragms and
stiffness core were set by elements of type FE 41
(universal rectangular FE shell). The following
loads were applied to the elements of the model
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in accordance with the determined load values:
1 — self-weight of the construction elements
(permanent action); 2 — imposed on the floor
structure (variable); 3 — snow load; 4 — wind
load. The models obtained are illustrated on the
5 storey building variant in Figure 3.
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Fig. 3. 3D finite element models obtained (for the 5
storey variant): a) without rigidity elements; b) 2 shear
walls; ¢) 4 shear walls, d) rigidity core

Results and discussion. As a result of the
static calculation of spatial models, data were
obtained on the values of the horizontal
displacements of the upper part, i.e. the deviation
of the building from the vertical axis. The values
obtained were used to assess the spatial stability
of the building. The maximum allowable
horizontal displacements of the upper part of the
multi-storey building according to [8] are
fu = h/500 (where h is the total height of the
building). Therefore for the variants considered
this value is limited to 30 mm for 5 storey;
60 mm for 10 storey and 90 mm for 15 storey.

Diagrams of horizontal displacements caused
by the wind load along the height of the building
are shown on Figure 4.

Maximum values of internal forces caused
by unfavorable load combinations were obtained
for each variant of buildings. Using these data,
the analysis of the load-bearing capacity
(strength and stability) was performed for timber
columns as the most loaded elements. The
maximum values of internal forces and load-
bearing capacity utilization rate of timber
columns are presented in Table 3 and on
Figure 5.

The data obtained on the horizontal
displacements of the considered building types
indicate that spatial rigidity is provided:
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— for 5 and 10-storey buildings for all  with a rigidity core. It should be noted that in the
variants, except for the hinge joints of frame  case of four stiffness diaphragms, horizontal
elements without additional measures for spatial ~ displacements of the upper point of the building
rigidity providing; are approximately equal to the maximum

— for a 15-storey building for rigid joints of  allowable values.
frame elements and for hinge joints of elements
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Fig. 3. Diagrams of horizontal displacements caused by the wind load along the height of the building: a) for a 5-story
building; b) for a 10-story building; c) for a 15-story building: 1 — hinge joints without rigidity elements; 2 — rigid joints
without rigidity elements; 3 — hinge joint + 2 shear walls; 4 — hinge joint + 4 shear walls; 5 — hinge joint + rigidity core

Table 3
Maximum values of internal forces and load-bearing capacity utilization rate of timber columns
Number of Cross-section | Type of Internal forces combination Load-bearing capacity
storeys size, mm building N, kN M, kNm utilization rate
1 -356,25 63,84 1,963
2 -353,6 13,5 0,725
5 250x250 3 -356,25 8,736 0,611
4 -356,25 5,47 0,531
5 -356,25 8,46 0,604
2 -780.7 39.04 1.11
3 -775.8 12.4 0.730
10 300x300 4 775.8 6.74 0.65
5 -775.8 10.73 0.706
2 -1153.8 72.23 0.907
3 -1163.69 18.55 0.600
15 400x400 4 1163.7 9.74 0.549
5 -1163 13.76 0.572
5 5 5
w4 w4 u4
u3 3
-2 - 1.11 . 91
.l 1.96 =2 . u2 :
o.loo 1.60 2.00 3.00 0.60 0]50 1‘60 1.50 0.00 0.50 1.00
a b c

Fig. 5. Diagrams of load-bearing capacity utilization rate of timber columns:
a) for a 5-story building; b) for a 10-story building; c) for a 15-story building: 1 — hinge joints without rigidity elements;
2 — rigid joints without rigidity elements; 3 — hinge joint + 2 shear walls; 4 — hinge joint + 4 shear walls;
5 — hinge joint + rigidity core
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According to the results of the analysis of the
load-bearing capacity utilization rate of the
columns, it was found that the accepted
dimensions of the cross sections of the columns
provide load-bearing capacity in accordance with
the requirements of current regulatory
documents. The exception is the 5-story building
with hinge joints (utilization rate 1.96), as well as
a 10-story building with rigid joints between
elements (utilization rate 1.11).

Thus, at the initial stage of the design of a
hybrid timber-reinforced concrete multi-storey
building, the following structural schemes can be
recommended. For a 5-storey building it is
possible to use rigid type of joint, as well as
hinge but with the application of shear walls or a
rigidity core; the dimensions of the cross-section
of the columns should be assigned at least
250x250 mm. For a 10-story building the
dimensions of the cross-section of the columns
300x300 mm and a scheme with hinge type of
joints with a shear walls or rigidity core should
be adopted. For a 15-story building, the cross-
sectional dimensions of the columns should be
taken at least 400x400 mm, as well as a scheme
with rigid joints of frame elements or hinge
joints in combination with a stiffness core is
recommended.

Conclusions. The analysis of the stress-

strain state of hybrid timber-reinforced concrete
multi-storey buildings depending on the number
of storeys and the method of ensuring spatial
rigidity in accordance with the requirements of
current standards has been performed. The
buildings of 5, 10 and 15 storey with rigid and
hinge type of joints between frame elements, as
well as different modes of spatial stiffness
providing (various configuration of shear walls
and rigidity core) were considered.

3D finite-element model for each type of
buildings were developed using available
commercial software. As a result of the static
calculation of the models, data were obtained on
the values of the horizontal displacements of the
upper part of the building, as well as the
maximum values of internal forces caused by
unfavorable load combinations. Using these data,
an analysis of the spatial stability of the building
and the load-bearing capacity of timber columns
as the most loaded elements was performed.

Based on the results obtained,
recommendations were proposed for choosing a
structural scheme, a method for providing the
spatial rigidity of a building, as well as assigning
cross-sectional dimensions at the initial stage of
the design of a hybrid timber-reinforced concrete
multi-storey building.
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