raTITONLCTBS: T 16. BhInyCK 2 (60)

K.I. 3y6apee, B.B. KasyHuH, B.J1. Jobwuu,
J1.I". MapaHsiH, M.B. EmenbsiHos, M.A. Cnu3oea

OB30OPHAS CTATHA / REVIEW PAPER
VK 692.294
DOI: 10.22227/2305-5502.2026.2.5

HNccnenoBanus tenaopu3ndecKux napaMmeTpoB MOAYJIbHBIX
dacanos

Kupunn ITaBaosuy 3y6apes’?, Bauecias Baagumupouy Kazynun?,
BuxkTtop JIbBoBuu doomun’, Jlepon lapernnosuu Mapansin’,

Muxauia BasnepseBuu EmMenbsinos!, Mapusi AntonoBua CinzoBa'
! Hayuonanonwiil ucciedosamenvckuii Mockosckuil 20Cy0apcmeeniivlil
cmpoumenvuwiil ynugepcumem (HUY MI'CY); e. Mockea, Poccusi,
2 Hayuno-uccnedosamenbCckutl uHCmumym cmpoumensiou ¢usuku Poccutickoll akademuu
apxumexmypwvl u cmpoumenviwvix Hayk (HUUC® PAACH), e. Mockea, Poccus,
3 Poccutickuil ynugepcumem opysxcowvl Hapooos, 2. Mocksa, Poccus

AHHOTALUMUA

BBepenue. lNMprnBeaeH 0630p nutepartypbl MO noaxoaam K paspaboTke M UCMbITaHUAM SHEProadEKTUBHBIX MOAYMbHbIX
acagHbix cuctem. OTMeYeHo, 4YTO paspaboTka MeTOAOB MPOEKTUPOBaHUSA MOAYMbHbIX (hacafoB OCOOEHHO akTyarb-
Ha B YCMOBUSIX 3KCTPEMAnbHOro Knumarta, rae TennoTeXHWYECKWe XapaKTePUCTUKM SBMSKOTCS OCHOBHbIM NMapamMeTpoM
ONS ynyylweHns.

Matepuanbl u metoabl. O630p nNUTepaTypbl NPOBEAEH C NMPUMEHEHNEM KaK POCCUMCKMX, TaK U 3apyOexHbIX UCTOYHM-
KoB. Vcnonb3oBanuck poccuiickue ctatbh U3 cnucka BAK. OnuceiBanuch 3apybexHble NCTOYHUKN, MPONHAEKCUPOBAHHbIE
B MexayHapoaHbIx 6a3ax gaHHbix (MDPI, ScienceDirect, Wiley Online Library, SpringerLink n Scopus).

Pesynbratbl. PaccmoTpeHbl nccnepnosanus J. Li u coaBT. Mo BbIOOPY TENNMOM30NSAUMOHHBIX MaTepuanos, pabota A. Scioti
1 COaBT. MO ONTUMM3aLMM y3OB COeAMHEHNS U COCTaBa KOHCTPYKLIMOHHBIX CMeceW, a Takke pabota X. Zou 1 COaBT. O KOH-
CTPYKTMBHBIX PELUEHUSX COeAVHeHWN, obecnevmBalolMxX COXpaHEeHWe 3aBOACKOW OTAenku. [ns aKkcrnepumeHTanbHoW
Bepudukaumm S.P.B. Sousa 1 coaBT. onucanu MeToAbl UCTbITaHUA B AUHAMUYECKMX NTabopaTopHbIX YCMOBUSIX, @ CTaTbs
Z. Azkorra-Larrinaga v coaBT. NoCBsiLLieHa YaCTUYHO MOAENVPYEMbIM HaTypPHbLIM YCITOBUSIM.

BbiBoabl. [pu BeiGOpe TENNOM30NSALMOHHBIX MaTtepuanoB Hanbonee adPEKTVBHLIMU CHUTAIOTCA BaKyyMHbIE U30MALIMOH-
Hble NaHenu, OHW NOMOTaloT CHU3UTbL TENSONOTEPY NPUMEPHO Ha 73—76 %, a Takke asporeneBble MOKPbITUS C SKOHOMUEN
okono 43-49 %. B npoekTMpoBaHUM COEAUHEHUI MOAYIbHBIX dacafoB MpYAyManu UCNonb3oBaTb CUCTEMY BHYTPEHHUX
cTshkek. Kpome Toro, kak adppeKkTMBHOE KOHCTPYKTUBHOE peLLeHne, NPUMEHST S-06pa3Hble CoeauHUTENbHbIE NPOdUN,
KOTOpble YyMeHbLUAIT nepenazg Temnepartypbl MeXxay NeHononmcTMponbHbiMy nadenamu ¢ 8 go 1,5 K. [ins npoepku mo-
OynbHbIX hacafHbIX CUCTEM NyyLle BCEro coyeTaTtb flabopaTopHble METOAbI C HATYPHBIMU UCMbITAHUAMMU.

KIMKOYEBBIE CITOBA: MoaynbHOe CTPOUTENbCTBO, TEMMON30NSALMOHHbIE MaTepuanbl, MOCTUKIN Xoroaa, 3HeproadpdekTnB-
HOCTb, MaTeMaTn4yeckoe MoOLENMpoBaHue, TeMnepaTypHoe none, TennonepeHoc, IKCNepUMeHT

ana UWMTUPOBAHWUA: 3ybapes K.I1., Kasynur B.B., Jobwuy B.J1., apaHsaH J1.I., EmenbsHos M.B., Cnuzosa M.A. Uc-
crnefoBaHus TENNOMU3NYECKMX NapaMeTpoB MogyrbHbIX dacanos // CTpouTenbCcTBO: Hayka u obpasoBaHue. 2026. T. 16.
Bein. 2. Ct. 5. URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2026.2.5

Aemop, omeemcmeeHHbIl 3a nepenucky: Kupunn MNMaenosud 3ybapes, zubarevkirill93@mail.ru.

Studies of thermophysical parameters of modular facades

Kirill P. Zubarev'?3, Vyacheslav V. Kazunin?, Victor L. Dobshits®, Levon G. Garanyan®,

Mikhail V. Emelianov', Maria A. Slizova'
! Moscow State University of Civil Engineering (National Research University) (MGSU),
Moscow, Russian Federation;
? Research Institute of Building Physics of Russian Academy of Architecture
and Construction Science (NIISF RAASN),; Moscow, Russian Federation;
3 RUDN University; Moscow, Russian Federation

82

ABSTRACT

Introduction. A literature review of approaches to the development and testing of energy-efficient modular facade systems
is presented. It is noted that methods for designing modular facades are particularly relevant in extreme climates, where
thermal performance is the principal parameter to be improved.

Materials and methods. The literature review was conducted using both Russian and international sources. The literature
review included Russian articles published in journals listed by the Higher Attestation Commission (VAK list), as well as in-
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ternational publications indexed in major bibliographic databases and available through MDPI, ScienceDirect, Wiley Online
Library, SpringerLink, and Scopus.

Results. The studies by J. Li et al. on the selection of thermal insulation materials, the work by A. Scioti et al. on the optimi-
zation of connection joints and the composition of structural mixtures, and the work by X. Zou et al. on structural connection
solutions that preserve factory-applied finishing were reviewed. For experimental verification, S.P.B. Sousa et al. described
test methods under dynamic laboratory conditions, while the paper by Z. Azkorra-Larrinaga et al. addressed partially simu-
lated full-scale conditions.

Conclusions. Vacuum insulation panels are considered the most effective thermal insulation materials, reducing heat loss-
es by approximately 73—76 %, while aerogel coatings provide savings of about 43-49 %. A system of internal ties has been
proposed for the design of modular facade connections. In addition, S-shaped connecting profiles are used as an effective
structural solution, reducing the temperature difference between expanded polystyrene panels from 8 to 1.5 K. Modular
facade systems are best verified by combining laboratory methods with full-scale tests.

KEYWORDS: modular construction, thermal insulation materials, thermal bridges, energy efficiency, mathematical model-
ing, temperature field, heat transfer, experiment
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BBEJIEHUE

CTpOUTENBCTBO C MPUMEHEHHEM TEXHOJIOTHIA MO-
JYJIBHBIX (hacazioB UMEET NMPEUMYILECTBA B CPABHEHHH
C KJIJaCCMYECKUM BO3BeAeHMEM 3n1aHus [1, 2]. Bpems
MOCTPOIKU COOPYKEHHH CHMIKAeTCsl B CBSA3H C HC-
MOJIb30BaHNEM (hacaoB WIIM LENbIX KHJIBIX OJOKOB,
Ipe/iBapuTeIbHO COOpaHHBIX Ha 3aBoje [3, 4]. DKkoHo-
MUS BOSHUKACT BCJIEJCTBUE COKPAIICHUS BPEMEHH, TaK
KaK CYIIIECTBCHHBIC 3aTPAThl HA CTPOUITIOMAIKE — 3TO
3apaboTHas Tiata padounx [5, 6]. MomypHBIE (hacasl
MTO3BOJISIIOT TMPOBOIUTE dKCIEPUMEHTAIBHBIC HCCIIE-
JIOBaHUS B 1a0OpaTOPUH HA TOTOBOM 3JIEMEHTE 3IaHHS
[7, 8]. 3nanus, coOpaHHbBIE U3 MOIYJIBHBIX KOHCTPYK-
LW, B psijie CIydaeB MOTYT ObITh OOJiee IKOJIOTHYHbI-
MU 1 sHeprodddexruBHbiMu [9, 10], Tak Kak 3aBojCKast
cOOpKa JJaeT BO3MOKHOCTh MCIIOJIb30BaTh MaTEPUAIIbI,
KOTOPbIE MPAKTUYECKH HE IPUMEHSIIOTCS Ha CTPONILIO-
AJKe u3-3a cliokHocTer MoHTaxa [11, 12]. Takxke 3a-
BOJICKasi cOOpKa ITO3BOIISCT MOBBICUTH KaY€CTBO YCTa-
HOBKH TaKHX MJIEMEHTOB OTPaKIAIONICH KOHCTPYKITUH,
KaK TEIUTOM30IIALINS U BO3AYIIHAS mpocioiika [13, 14].
DKOJIOrMYHOCTh MOIYJILHBIX (PacaoB 000CHOBaHA BHIOO-
POM MaTepHaIoB MPUPOJHOTO MpoucxoxkaeHud [15, 16]
1 MaTepHajoB C BO3MOKHOCTBIO MOBTOPHOTO MCIONB30-
Banwus [17, 18], cHikeHneM yrieponHoro ciena [19, 20],
BO3MO)KHOCTBIO MHHHMH3HPOBATh OTXO/IbI IPH MOHTaXKe
[21, 22]. lonoNMHUTENbHBIM IPEUMYILECTBOM SIBIISIETCS
3aBOJICKON KOHTPOJh KAaueCTBa, CHIDKAIOIINH PHCK Jie-
tekroB [23].

TemnoTeXHUIEeCKIEe XapaKTEPUCTUKNA CTPOUTEIh-
HBIX MaTe€pHajOB BIUSIIOT HA YHEPTONOTpedIeHne 31a-
Hus [24]. CHIKEHUE TeTIONPOBOAHOCTH OTPaXKIAFOIINX
KOHCTPYKLMM YMEHbLIAET IIOTEPU TEIlIa 3UMOM U IIpe-
JIOTBpAINaeT MeperpeB JIETOM, YTO HANPAMYIO YMEHb-
IIaeT Harpy3Ky Ha CHUCTEMBl OTOILICHUS, BEHTUIISIIIUU
Y KOHJULIMOHUPOBaHus [25, 26]. I3meHneHue cocTasa oc-
HOBHBIX CTPOUTENBHBIX MaTepHajIoB, IPUMEHEHUE pa3-
JUYHBIX KOHCTPYKTHBHBIX PEIICHUH MOIYJICH — OIHA
U3 TIPUOPHUTETHBIX 33/1a9 B MOIYIFHOM CTPOUTEIHCTBE

[27, 28]. 1nst oKCTpeMaIbHOTO KIIMMaTa, HallpuMep ap-
KTHYECKOTO0, TPeOYyIOTCS MHHOBAaIMOHHBIE MOIXO/IBI [29].

Bonpmast 4acTe CymecTBYIOMINX HCCIICAOBAaHUN
0 MOJTYJIbHBIM (pacajaM MPUXOANTCS Ha aKTUBHBIE MO-
nymu [30, 31], 3HaunTensHO MeHbIle yMHBIX [32, 33], 3e-
nensIx [34, 35] n maccuBHBIX [36, 37] (kIaccuduKars
TIpe/IIOKeHa B KOMIUIEKCHOM 0030pe MOTYNBHBIX (haca-
noB [38]). Taxoke mMoOYTH BCE MUCCICAOBAHUS MPOBEICHBI
Juist ymepeHHoro kiuMara [ 39, 40]. Tlo cpaBaenuto ¢ 2023 1.
B 2025 . 3aMHTEPECOBAHHOCTb YUEHBIX-CTPOUTENEH B MO-
IyNbHBIX (hacamax Bo3pocnia [41, 42]. DkcTpeMasbHbIe
yCJI0BHS TPEOYIOT MHHOBAIIMOHHBIX MOJIXO/IOB K HEPro-
s dexTUBHOMY MOIYIEHOMY CTpOHTEIbCTBY [43]. Cpok
OKyTIaEMOCTH MOJIYJICH, COOTBETCTBYIOLINX TPEOyeMbIM
CTaH/[apTaM OTOIUICHHS, B TAKHX YCJIOBHSX IPEBBIIACT
CPOK CIy>kKObI 31aHus [44].

[Ipu coznaHnm MOIYJIBHBIX KOHCTPYKIMH BasKHO
YYUTBIBATh MOCTHUKH XOJIOIa KaK B CaMOW KOHCTPYK-
IIUH, TaK U B COSMHEHMSIX MOAYIBHBIX JJIEMEHTOB [45].
TerutoBble IOTEpH BCIEICTBHE HEYJAYHOTO KOHCTPYK-
THUBHOTO PEIICHHUS MOTYT YMEHbIIATh 3(h(HeKTUBHOCTH
UCIIOJB3yEeMbIX MaTepuanioB [46]. Jns oleHKH Bcex
napaMeTpoB MOIYJIBHBIX ()aca/ioB U OTCIICKUBAHUS M3~
MEHEHUH B peajbHOM BPEMEHHU TPEOYIOTCS IKCIIEPH-
MEHTaJIbHbIE YCTPOUCTBA, 000PY/I0BAaHHbIC CIICIIUAIIH-
3UPOBAHHBIMH JATUYMKAMH, JUISI CHSITUSI TOUHBIX TaHHBIX
[47, 48]. MopmenmupoBaHue YCIOBHIA TPA HEBO3ZMOKHOCTH
BBITIOJIHUTD HaTYPHBIH AKCIIEPHUMEHT ¢ HEOOXOIUMBIMU
JTAHHBIMU MMEET MOTEHIMAN JUIS JaJbHEHUIINX HCCIIE0-
Banwmii [49, 50].

Ha puc. 1 npeacraBiieH Kol 10M, COOpaHHBIN
U3 MOIYIIBHBIX (pacaioB, 4TO AEMOHCTPUPYET apXUTEK-
TYPHYIO THOKOCTb M 3CTETHUIECKYIO TPHUBIIEKATEIbHOCTD
9TOM TeXHONOTHH [8].

Lenp uccenoBanust — BBITOIHUTL 0030p COBpe-
MEHHBIX Hay4YHBIX Pa0OT B 00JACTH TEIUIOTEXHUYECKUX
XapaKTEePUCTHK MOJYJIbHBIX (DACaHBIX CUCTEM; N3YYUTh
IpUMeHseMble SHeProdGHeKTHBHBIE MaTepHaIbl, BIMs-
HHE KOHCTPYKTHUBHBIX PEIICHUH, CTCHIBI JIs1 UMUTALIIN
HaTypPHBIX yCIIOBHI.
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4

Puc. 1. XKwuoii gom, coOpaHHbIH 13 MORYIEHBIX (acaoB, o faHHeIM M. Bagari¢ n coaBT.: @ — MoxynbHas cTeHa; b — Kpe-

IUICHUE MOZYJICH APYT K APYTY; ¢ — (UHAIBHEIN STar cOopku 31anus [ 8]

MATEPHWAJIBI U METO/JbI

O030p nUTEpaTyphl BKIIOYAT U3Y4YEHHE U OIUCa-
HHE KaK POCCHHCKHX, TaK M 3apyOe)KHBIX HCTOYHUKOB.
Hcnonb3oBanuch poccuiickue cratbu u3 cnucka BAK.
OnuchIBanuch 3apy0eKHbIE HCTOUYHUKH, PONHICKCHPO-
BaHHBIC B MEXKIYHAPOIHBIX 0a3ax JaHHBIX Scopus 1 Web
of Science. ITouck npoBomwics Ha miargopmax MDPI,
ScienceDirect, Wiley Online Library, SpringerLink
u Scopus. OT6op cTareit ISl U3y4EeHUS OCYIIECTBIISI-
Cs TI0 KJIFOYEBBIM CJIOBaM. BONBIIMHCTBO MTPUBEICHHBIX
HCTOYHUKOB OMyOIMKOBAHEI 3a rocieaane 6 jet. Ha my-
OnMKaLUK BCEX aBTOPOB NPHUBEACHBI OMOIMorpaduye-
CKHE CCBUIKH.

PE3YJIBTATBI HCCJIEJOBAHMUSA

HccnenoBanus B 001acTi BbI6Opa
3Hepro3(p¢eKTUBHBIX MaTePHAIOB
AJ1 KOHCTPYKIUH MOAYJIBHOIO (hacana

IIpu paspaboTke MomaynpHOH (acamgHON cucTe-
Mbl J. Li ¥ cOaBT. SKCIIEpUMEHTAJIBHO OLCHWIIN TEILIO-
BYIO 9()(EKTUBHOCTD BYX IE€PEIOBBIX N3OJISIIUOHHBIX
MaTepHajoB: a’dpOrejeBOT0 MOKPHITHS M BaKyyMHBIX
M30JISIUMOHHBIX naHenei [21]. JlanHble, MoNy4YeHHbIE
C TIOMOIITBI0 HH(PPAKPaCHON TepMorpaduu, IPOIEMOH-
CTprpoBaJIK O0JIee BHICOKUE TEIJIO3AIUTHBIE Ka4eCTBa
a’poresisi B CpPaBHEHUU C MUHEpaJbHOM Baroii [21].

[pencrapinens! pororpadun pazuuHbIX TEIION30-
JISILIMOHHBIX MAaTE€PUAJIOB, BEIIOIHEHHBIE C TIOMOUIBIO Te-
TUTOBH3HOHHON KamMepsl (puc. 2) [21].

IIpu ycraHoBKe B NMpeIOKEHHYIO aBTOPAMU MO-
JIYJIbHYI0 KOHCTPYKIIMIO W BaKyyMHBIC, M a9pOreJieBbIe

a

MaHEeN! MMO0Ka3ajH MOBBIIIEHHE TEMIIOTEXHUYECKUX Xa-
PaKTEPUCTHUK MO CPABHEHHUIO C TPAUIIMOHHBIMHU KITACCH-
4eCKMMH pereHussMH. COTacHO KUTaCKOMY HOPMaTHBY
GB 50189-2015 «HopMarrBbl IPOEKTUPOBAHUS SHEPTO-
3¢ GeKTUBHOCTH OOIIECTBEHHBIX 3/IaHUII», AHANA30H
TpedyeMoro koadduIreHTa Teronepeadn st HapyK-
HBIX CTEHOBBIX OIPaXKIAIOIINX KOHCTPYKIHH B XOJIOTHOM
kiauMmare Kuras cocrasiser ot 0,45 go 0,50 Br/(m*K).
[IpumeHeHne BaKyyMHBIX MAHENEH B KOHCTPYKIIMH MO-
JyJIBHOTO (hacaia Mo3BOJIMIIO0 JOCTHYb SKOHOMUH 73—76 %
OTHOCHTENIbHO HOPMATHBHBIX IMOKa3aTelei Onmaromaps
HH3KOH TEIUIONPOBOTHOCTH YCTaHABIMBAEMBIX TTaHEeH.
AbsporeneBoe MOKPBITHE, XOTS U HECKOJIBKO yCTYIaeT
BaKyyMHBIM HAHEJISIM 0 JOCTUTaeMbIM TEILIOTEXHUYE-
CKHM XapaKTePUCTHKaM, TAKXKE 00CCIICUHIIO CHIKCHUE
terutonepenauu (43—49 % 1o cpaBHEHHIO ¢ TPEOOBAHU-
SIMH HOpMaTnBa) [21].

ABTOpBI pa3padoTanu MOAYJIbHYIO (acajHy CH-
CTeMy TakuM 00pa3oM, 4TOObI COBMECTUTB dHEprocoepe-
raroliye Mareprabl B CTaHIapTU3UPOBAHHbBIC COOPHbIC
KOMITOHEHTBI. A3POTeNieBOe MOKPHITHE HHTEIPHPYETCS
B MHOTOCJIOWHYIO0 KOHCTPYKIIMIO, BKJIIOYAIOUIYIO KOH-
CTPYKTHBHbIE IIUTHI, BIArO3aIUTHbIE MEMOpPaHbI U BHY-
TPEHHIO OTHENKY. JJaHHBII MOAX0/ MO3BONSAET THOKO
UCIIOJIb30BATh KaK BaKyyMHbIE ITaHEJIH, TaK U adporeb
B 3aBUCHMOCTH OT TPeOyeMOro ypOBHSI TEILIO3AIUTHI.

[pencranena coopHas (acaaHas cucrema mno JaaH-
HbM J. Li 1 coaBr. (puc. 3) [21].

B pamkax uccienoBarensckoro npoekra HPWalls
(Bricokoah(hekTHBHBIE CTCHOBBIC CUCTEMBI) A. Scioti
W COaBT. pa3padOTaJIM U 3alaTeHTOBAIM COOPHBIE HECY-
IIM€ CTEHBI N3 APMUPOBAHHOTO IIEHOMOINCTUPOIIOETOHA.

c

Puc. 2. ®ororpadun, norydeHHbIE C TOMOIIHIO TEINIOBU3NOHHON KaMepbl, o AaHHBIM J. Li u coaBr. [21]: ¢ — TpyOompoBox
0e3 TeTI0BOH U30IALNH; b — MHUHEepallbHasl BaTa; ¢ — adporeiib
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Puc. 3. C6opnas dacagnas cucrema o fanusM J. Li n coast. [21]

B pabote aBTOpHBI NpeIIararoT CieIyome TEXHIUECKUE
peLICHNs: YMEHbIICHHE MOCTHKOB X0JIOZA U TOUCK Oa-
JIaHCA B 3aMEIIEHNUH 1I€CKa BCICHEHHBIM TTOJIMCTHPOIOM
JUISL ONTUMAJIBHOTO COOTHOIICHHS TEIUIOBBIX M MEXaHH-
YECKHX XapaKTepUCTHK [27].

IIpumensinmu aBa noxaxoxna. IlepBelil 3axmtodancs
B 3aMEHE ITeCKa MEHOTOIMCTHPOIOM B BO3PACTAIOIINX
MPOLICHTHBIX COOTHOMICHUSIX C COXPAaHECHNEM MCXOTHON
TpaHyIOMETPUUECKON KPUBOH 3anoyHUTENs. BTopoit —
B 3aMEHE MECKa MEHOMOINCTHPOIOM C MPEIBAPUTEIh-
HBIM pacce€BOM Ha YacTULbl 3aJaHHOTO pa3mepa. [1epBblit
TIOZIXOJI, C OHOM CTOPOHBI, IIPUBOAUT K YXYAIICHHUIO Me-
XaHMYIECKUX CBOICTB M3-32 HECOOTBETCTBUSI TPAHyIOME-
TPUYIECKNX COCTABOB KOMIIOHEHTOB, OJIHAKO TTO3BOJIIET
JIOOUTHCST SIKOHOMUYECKOM I(P(HEKTUBHOCTH U COKpallle-
HUS TPYIOEMKOCTH Tiporiecca [27].

s nccneaoBaHHBIX CMECEH OIpeaesiIuCh Te-
I0pU3NIECKUE XapaKTePUCTHKH: TETUIONPOBOAHOCTh
1 00bEeMHas TEIUIOEMKOCTh C MCIIOIb30BaHUEM IOpPTa-
tuBHOTO mpudopa Isomet 2104 (Applied Precision Inc.)
C MOBEPXHOCTHBIM JaT4ukoM 1o ctanaapry UNI EN
12667:2002. [TaporipoHAIIaeMOCTh W KO3 GHUIUEHT CO-
TIPOTHBIICHUSI TAPONIPOHHUIIAHHUIO OLEHUBAIN METOIOM
MOKpo# "arm coracHo ISO 12572:2016 B kimmarude-
ckoif kamepe Perani AC520 mpu Temneparype 23 °C u o1-
HocuTenbHOH Braxkuoctu 50 %. IIpounocTs Ha cikaTHe
OITPEeIeISUTH B COOTBETCTBUH C KOMIUIEKCOM CTaH/IapTOB
UNI EN 12390-2/3/4:2019. Ha 3ak1r0unTensHOM JTane
CMeCH KJIacCH(HUIMPOBAIN MO UTAIBSIHCKHUM HOpPMaM
Ha KOHCTPYKIIOHHBIC 1 HEKOHCTPYKIMOHHBIE, & TAKXKE
Ha Jierkue u oObryHble. M3 necaru oOpasnos, moaro-
TOBJIEHHBIX aBTOPAMHM B IIPOLECCE IKCIEPUMEHTA, TPH

IIpouenTHOE coep kaHKe 3aTOTHUTENIEH B MCCIISIOBAaHHBIX CMECSIX MO TaHHBIM A. Scioti u coast. [27]

Bcenenennslit nomctupon [lecox
Homep Pasmep rpanyi, MM Pasmep rpanyn, MM
005051 | 12 | 24 | 46 | 68 [005 051 ] 12 | 24 | 46 | 63

S0 0 100 %

s1 25 % 75 %

s2 50 % 50 %

S3 75 % 25 %

s4 100 % 0

S5 | 12 0-1 | 28

s6 24 0-2 48
S7 48 0-4

S8 | 14 0-1 | 48
S9 | 28 0-2 |

S10 | 1-8 0-1 |
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Puc. 4. Cxema cucTeMbl BHYTPEHHUX CTSDKEK 10 AaHHBIM X. Zou M COoaBT.: /| — OOKOBasi CTEHKa U3 cOOPHOTro elie300eToHa;

2 — 3anienka; 3 — KpIoK; 4 — MeTst; 5 — MOHOJUTHBIN OETOH; 6 — 3y0uarasi HOBEpXHOCTh Ha KpIOKe; 7 — 3y04aTasi moBepX-

HOCTb Ha METIIE

Puc. 5. VcrisiTanne o6pasiua Ha pacTsDKeHHe 110 JaHHBIM X. Zou
1 coaBt. [1]

OBUIH UCKITIOYCHBI U3-3a HECOOTBETCTBHS TPCOOBAHUSIM
K JIeTKAM OeToHaM. M3 006pa3ioB JIerkoro 6eToHa TOIBKO
YeThIpe 00pa3a MOKHO OBLTO MUCIIONB30BATh B KaIECTBE
KOHCTPYKIIHOHHBIX MaTepUasioB. Pe3yibTarsl MOATBEPIU-
JIF THIIOTE3Y O TOM, YTO 3aMCHa TIeCKa Ha TICHOIOIUCTH-
PO B TIPOIIEHTHOM COOTHOIIICHHH TT0 BCEH TpaHyIIoMe-
Tpudeckoi KpuBoii (o0pasiel S1, S2, S3 u S4) siBistercst
0oJiee BBITOIHON C TOUKU 3PESHUS 3aTpaT BPEMEHU U pe-
CYPCOB, HO TIPUBOJUT K CHIDKCHHUIO IUIOTHOCTH U YXYA-
LICHUI0 MEXAHUYECKUX CBOMCTB CTEHOBOW CUCTEMBI.
B pesynbrare BHeApPEHUSI B COCTaB TMEHOINOIMCTHPOIIA
CMECH CTaHOBWITUCH JITKUMH, X HECYIIast ClIOCOOHOCTh
majiaia. ABTOPHI MTPOBEIN UCCIICOBAHNE TETUIOPOBO-
JTHOCTH CTPYKTYpHBIX cMmeceit (S1, S5, S6, S7, S8, S9).
YcraHoBneHO, 4TO 00paser S8 (3aMeHa mecka pa3MepoM
1-4 MM Ha TICHOTIOJIMCTUPOJI COOTBETCTBYIOIIECTO Pa3-
Mepa) — Haubosiee 3QpeKTHBHOE peleHe, 00eCeun-
BAOIIEe HAMITYYIIYIO TEIJIOM30JIIIUIO PU COXPaHEHUN
KOHCTPYKIMOHHBIX KadecTB (A = 1,15 Br/m'K) [27].

JlaHHbIE O IPOLIEHTHOM 3aMEHE IPaHyJl IPUBEICHBI
B Tabmue [27].

Puc. 6. S-o06pa3Hble coeqUHEHUSt MOyIel 10 JaHHBIM A. Scioti i coasT. [27]
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Puc. 7. TemneparypHoe nosne o gaHHeIM A. Scioti 1 coasT. [27]

Hccnenosanus B 00,1aCTH €O31aHNSI ONTHMAJILHOM
KOHCTPYKIHHU KpemnJieH!s 3JIeMeHTOB MOy IbHOT0
dacana

Jst coeTMHEHNsI ABYX COCEAHUX KEIe300€TOHHBIX
Mofylel B KOMIIO3UTHYIO CTeHY X. Zou U COaBT. pa3pa-
OoTtanu cucteMy BHYTPEHHHUX cTshkeK (puc. 4) [1].

Konctpykuus coCTOUT U3 TpeX OCHOBHBIX YacTel,
YCTaHABIMBAEMBIX MOIAPHO HANPOTHB JAPYT Apyra
B CTEHKaX JIBYX COCETHUX MomyJei [1]:

* 3aKkyagHas Aeranb: H-oOpasHas metans, OeTOHU-
pyemasi B CTEHKY MOJIYJISI Ha 3aBOJIC;

* KpIOK: IPUBApUBACTCS K 3aKJIa{HOMN JETaH Ha Ofi-
HOM MOJIYJIC;

* TS IPUBAPUBACTCS K 3aKJIaJHOM JIeTallk Ha CO-
CEIHEM MOJLyIIC.

[Tpu MOHTaXKE ITETIISt COCEIAHETO MOJTYIIS OITyCKaeTCst
071 COOCTBEHHBIM BECOM U 3aLEIUISIeTCs 32 KPIOK, B pe-
3yJBTATe MOTYYaeTCs MPOYHOE COSTUHEHHE Oe3 HeoOxXo-
JIMMOCTH pa3pylIeHUs] CTEHOK Moyisi. CucTeMa cripo-

a

EKTHPOBAaHA JUIsl COXPAaHEHHUsI 3aBOJICKOM BHYTpEHHEH
OTJICJIKH TP COOpKe MOjIyIiei B coopysxenue. Tpaauiu-
OHHBIIT METOJ] TPeOYEeT CKBO3HBIX OTBEPCTHUH MO CTSIK-
KH, 9TO BEAET K MOBPEKACHUIO OTIEJIKH U JIOTIOIHH-
TeNbHBIM paboTam Ha ruiomaske. [Ipeuiokennas X. Zou
cUcTeMa MO3BOJISIET BHIMOIHUTH BCIO OTIEIKY B 3aBOI-
CKHX YCIIOBHSIX, @ HAa CTPONIUIOIIA/IKE JIMIIb COSTUHUTD
MOJYITH | 3a7UTh OeToH. [ mpoBepku paboTocmoco0-
HOCTH CHCTEMBbI OBIJIM MPOBEJICHBI CITBITAHUS Ha pac-
TSDKEHHE JUIS TIATH 00paslioB CTSHKEK C Pa3HBIMU Clie-
HapUsIMA MOHTAXKHBIX JIOITyCKOB (OTKJIIOHEHHS 70 8 MM)
(puc. 5) [1].

B nponecce skcrieprMenTa Bce 00pasiibl BbLIepKa-
JIM Harpy3Ku, 3HaYUTEIbHO NPEBBIIAIONINE PACUCTHBIE,
U pa3pylIwiIch npu aedopmaiusx ot 13,5 1o 29,1 mm,
4T0 B 2—4 paza Oojplie JOmycTUMBIX 8 MM. McribiTanns
Ha IIPOJIaBIMBaHue OETOHHBIX CTEHOK C 3aKJIaJHBIMHU Jie-
TAJISIMU TIOKa3aJI1 CPEIHIOK0 PAaCUETHYIO HECYIIYIO CIIO-
cobHocTh y3na 35,6 kH. HarypHble ncrisiTanms Ha TIOJTHO-

b

Puc. 8. [Nonepeunoe ceuenne coeqUHEHNI MOMTYTBFHBIX CTEH 110 JAaHHBIM A. Scioti 11 coaBT. [27]: a — S-o0pa3HbIe COeTUHEHNS;

b — TpamUIMOHHOE PEIICHIE
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Puc. 9. Doro cyniectByromieii ycranoBk# 1o JanHbM S.P. B. Sousa
1 COaBT. [26]

pa3MepHOM MakeTe MOATBEPAHIIN, UTo Aedopmarus cre-
HOK IIpH 3aJIMBKe OeTOoHa He npeBbiniaet 3,2 MM [1].

Pa3paboTanHas cuctema Mo3BOJIMIIa OTKA3aThCs
OT CKBO3HBIX OTBEPCTHH, COXPaHUTh BHYTPEHHIOIO OT-
JIEJIKY, YMEHBIINTb TOJIINHY ¥ BEC COOPHBIX CTEHOK MO-
JIyJIel, COKpaTUTh BPeMsl MOHTa)Ka Ha ITUIOLIAJIKE U CHU-
3UTh CTOUMOCTh CTPOUTENHCTBA [1].

Jlnst mpeioTBpalieHyst MOSIBICHUS MOCTHKOB XO0JI0/1a
B MozyJie A. Scioti ¥ COaBT. CIPOSKTHPOBAIIN BEPTUKAIIb-
HBIC CTBIKU ¢ S-00pa3HbIMU npodusivu (puc. 6) [27].

KomribrorepHast MOJIeIb JUIs ABYX NaHelel ¢ npef-
JIO)KEHHBIMHU COEIMHEHUSIMU PacCUUTaHa B IIPOTPaMM-
HoM komiiekce COMSOL Multiphysics. [IpoBoauioch

MaTeMaTH4ecKoe MOJICTUPOBAHNE TEMITEPaTypPHOTO MO
B IBYXMEPHOH U TPEXMEPHOH ITOCTAaHOBKAX IIPH TIeperia-
ne temmeparyp 20 °C [27].

AHanm3 pe3ynbTaToB pacyeToB MOKa3al, 4To dep-
MEHHasi apMarypa BO BHYTPEHHEH IOJIOCTH BbI3bIBAET
JIOKAJbHBIC UCKAXCHHSI M30T€PM, KOTOPBIEC 3aTyXaroT
M0 Mepe YJaJeHUs OT MOJOCTH U CTAaHOBSITCS HE3HAUU-
TEJIFHBIMH Ha BHEITHEH moBepXHOCTH (puc. 7) [27].

B 30He npeu1oxkeHHOT0 S-00pa3HOro COeTMHEHHUS
HCKa)KCHUE TeMIIepaTyphl He BBISBIICHO [27].

CpaBHeHHE C TPAJULIMOHHON CHCTEMOH (MOIyIN
YCTaHaBIMBAIOTCS BCTBHIK C 3aJUBKOI OeTOoHA) mpoje-
MOHCTPHPOBAJIO TPEUMYIIECTBO S-00pa3HbIX MPOHIICH.
B cranzapTHOM pelieHUM BO3HUKAET SIBHBIN TEIUIOBOU
MOCTHK (pHc. 8, b), a pa3HHIIA TEMIIEPATYP MEXKTY TBYMS
MIEHOMOIUCTUPONILHBIMU TaHessiMu gocturaet 8 K [27].

B npeanoxeHHOW cHCTEME 3TOT Tepera COCTaB-
nsieT Beero 1,5 K, uto obecneunBaer 6onee cTabUiIbHOE
TEeMIEepaTypHOE T0JIe BHYTPEHHEH MMOIOCTH TIO0 BCEMY
nornepevyHomy ceueHuto. JlodaBieHue OTIeI0UHbIX CII0-
€B CYIICCTBEHHO HE BIHSIET Ha OCIA0ICHHE TETIIOBOTO
Moctuka [27].

Pa3pa6oTka cTenia JUIst MMUTAIUH HATYPHBIX
KJIMMATHYECKHX YCI0BUH

S.P.B. Sousa u coaBT. NpUMEHWIN JUHAMUYECKUN
n3MepuTens TertoBoro moroka (Dynamic Heat Flow
Meter) utst otieHKH 3HeprodGHEeKTUBHOCTH MOYIbHBIX
coHABUY-TIaHeNel [26]. B oTiaudne oT KiaccH4eckoro
M3MEPHTEIsl TEIIOBOTO TTOTOKA, TMHAMHYECKas! BEPCHs
MO3BOJISIET IPOrPAMMUPOBATh H3MEHEHHE TEMIIePaTyphbl
BO BPEMEHH, UMUTHPYS! peallbHble KIIMMaTHIECKUE YCII0-
BUsI (CyTOUHBIE U Ce30HHBIE KoieOanus) [26]. BHelnmii
BUJI CYIIECTBYIOIIEH YCTAHOBKH ITOKa3aH Ha pHc. 9.
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Puc. 10. Yepresx TMHAMUYECKOTO U3MEPHUTEINS TEIIOBOTO MOTOKa 110 NaHHEIM S.P.B. Sousa u coasT. [26]
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Puc. 11. Cobpannsrit Moxyns, TectoBast saeiika PASLINK mo marnsiv Z. Azkorra-Larrinaga n coast. [15]

Puc. 12. Pa3Melienne 1aT4MKOB B UCIIBITATEIBHON KamMepe 110 AaHHbIM Z. Azkorra-Larrinaga v coaBT.: @ — ¥0)KHas CTeHa, T1e

PacIoyIOKEH I/ICHLITyeMBIﬁ o6pa3eu; b— JaTUYrKU TEMIIEPpATYphbl BO3AyXa U BHyTpeHHeﬁ IOBEPXHOCTHU; ¢ — DJIEKTPpOHAIrpeBa-

TeJIb U 0CEBOW BEHTHIISITOD [15]

Ha puc. 10 npencrasieH yepTex AMHAMUYECKO-
ro U3MEpHUTENs TEeMJIOBOrO MOTOKA, Pa3paboTaHHOIo
S.P.B. Sousa u coasr. [26]. IIpr6op cocTout n3 aByX He-
3aBHUCUMO YIIPABISIEMbIX METATIIMYECKHUX [UIUT C TEPMO-
AIEKTPUIECKUMH MOIYIISIMH, CHOCOOHBIMH KaK Harpe-
BaTh, TaK M OXJIAXIaTh oOpaszerr [26].

B HIDKHIOIO ¥ BEPXHIOIO TUINTHI BCTPOEHBI JaTIYUKN
TEMIIepaTypbl ¥ TEIIoBOro rnoroka. Cucrema ynpasiie-
HUS C TIPOTIOPIIMOHAIEHO-UHTET PaTbHO-TH(PPepeHITH-
PYIOIIMMH KOHTPOJUIEPAMHU MOXKET UMUTHPOBATh pa3-
JIMYHbIE TEMIEPATypHbIE MPOQIIIN: CHHYCOHJAIbHbIE,
CTyIIeHYaThle, IMHEeHHbIe. B onrcaHHoOM aBTopaMu Kc-
MEPUMEHTE Ha BEPXHEH IINTE 3a1aBaJICSI CHHYCOU/1alTb-
HBIH KT (0T —15 10 +20 °C ¢ neprogom 24 1) npu 10-
crosHHOM Temneparype 20 °C Ha HIKHEH mute [26].
ITo pesynpraram m3mepenuii no cranpapry EN ISO
13786 npousBoamICs pacyeT TerIonepead U BpeMeH-
HOTO ciBura [26].

Z. Azkorra-Larrinaga 1 COaBT. HCCIIEZIOBAJIN TEILIO-
BbIE XapPAKTEPUCTUKU MOAYJILHOM 3€JIEHOM CTEHBI U OT-
KPBITOTO BEHTHJIMPYeMOro (acajga ¢ HCHOIB30BaHUEM
tectoBoit sueiiku PASLINK [15]. PASLINK (xanopu-
MeTpuYecKasi HCIbITaTeIbHAs SUeiKa JUIsl HaTypHBIX
HCCIICIOBAaHNH ) — 3TO JabOpaTopHasi yCTaHOBKA JUTS HC-
IBITAHUSI CTPOUTENIBHBIX KOHCTPYKIIUH B PeasIbHbIX I10-
TOAHBIX yCIOBUsX. TecroBas siuelika MpeCTaBIISICT
c000ii MOIYJIb, C TOMOIIBIO KOTOPOTO M3MEPSIIOT TEILI0-
00MEH MEXIy KOHTPOINPYEeMOW BHYTPEHHEH Cpenoi
U Hapy»XHbIM KiumaToM. Kamepa cocTout us 1ByX cek-
LM UCIIBITATEIbHOrO ToMerieHus 5,0 X 2,7 x 2.7 m, rae
pa3mMeraercst cucteMa cOopa JaHHbBIX, U OTCeKa ¢ 000-
pynoBanueM g 00padoTku mHpopmaruu. Ha omgHy
W3 CTEH YCTaHABJIMBAJICS HUCIBITyeMbIil oOpasem. Bee
Orpask/IaroIHe KOHCTPYKIIMH MCCIICIOBATEIbCKON KaMe-
pBI obmmBanuch yrerureneM (puc. 11) [15].
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BHyTpu nopnepkuBagachk NOCTOSHHAS TEMIIEPaTy-
pa ¢ IOMOIIBIO AJIEKTPUIECKOTO HarpeBaTess U 0CEBOro
BEHTHIIATOPA, IPESIOTBPAIIAFOIIETO TEMITEPATyPHOE Pac-
cnoenne Bo3myxa [15]. Ha puc. 12 mokasano pa3mere-
HHE JaTYNKOB B HCIBITATEIFHON Kamepe.

HarypHblif SKcIIepIMEHT Aajl BO3MOXKHOCTh Y4eCTh
BIIUSIHUE COJIHLIA, BeTpa U ocankos [15]. [lonyueHHbie
PE3yABTATHl aBTOPHI CPABHUBAIH C CYIIECTBYIOIIMMH
JIAHHBIMH JIJIsl aHAJIOTHYHBIX (hacaHbIX CUCTEM.

SAKJIIOYUEHHUE U OBCYXAEHUE

MomynbHbIe (acaibl IBISTIOTCS B&KHBIM IPEAMETOM
Hay4HBIX HccienoBannii. Hanbonee mepcrieKTHBHBIC Ha-

NpaBJIeHHs B U3YYEHUH MOIYJbHBIX (DacaHbIX CHCTEM:
obecreyeHre HU3KOH TEIUIONPOBOJHOCTH CTPOUTEIBHBIX
MaTepHaloB, yCTPaHEHHE MOCTHKOB XOJIOZA B Y3/Iax coe-
JIHEHUI MOJTYJIEH, 00ecTieueHIe CTONKOCTH KOHCTPYKIIUH
K IIMKJIMYECKUM TIeperaiaM TeMIIepPaTypbl, YBIaKHEHHIO
U BETPOBBIM Harpyskam. Pa3paboTka HOBBIX KOMITO3H-
IIMOHHBIX MaTepUaJioB MO3BOJHT JOCTUTHYThH OalaHca
MEXy TETUIOU30JISIIMOHHBIMY CBOHCTBAMU M HECYIIIUMHU
cBolicTBamu. OZIHOBPEMEHHOE MPHUMEHEHHE YKCIIEPHMEH-
TaJIbHBIX IMOAXOA0B C MATEMATUYCCKUM MOACIIMPOBAHNECM
MPOLIECCOB, NPOTEKAIOIIMX B OIPAXKIAIOLINX KOHCTPYK-
IWSIX 371aHKH, ]ACT BO3MOKHOCTb OOBEKTHBHO OLICHUBATH
3 PEKTHBHOCTH Pa3IMIHBIX PEIICHHHA MO MPOESKTHPOBa-
HHIO MOJTYJIBHBIX (DacaJHBIX CHCTEM.
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INTRODUCTION

Modular facade construction offers several advan-
tages over conventional building construction [1, 2].
The construction time of buildings is reduced through
the use of factory-prefabricated facades or entire residen-
tial modules [3, 4]. Cost savings are achieved through
shorter construction time, since labor wages account for
a substantial share of on-site costs [5, 6]. Modular facades
enable experimental laboratory studies to be performed
on a completed building element [7, 8]. Buildings assem-
bled from modular structures may in some cases be more
environmentally friendly and energy efficient [9, 10], be-
cause factory assembly makes it possible to use materials
that are rarely applied on construction sites due to installa-
tion difficulties [11, 12]. Factory assembly also improves
the installation quality of such building envelope elements
as thermal insulation and air cavities [13, 14]. The envi-
ronmental performance of modular facades is justified by
the selection of materials of natural origin [15, 16] and
reusable materials [17, 18], by reduced carbon footprint
[19, 20], and by the possibility of minimizing installation
waste [21, 22]. An additional advantage is factory quality
control, which reduces the risk of defects [23].

The thermal performance of building materials af-
fects energy consumption [24]. Reducing the thermal
conductivity of building envelope structures decreases
heat losses in winter and prevents overheating in summer,
which directly reduces the load on heating, ventilation and
air-conditioning systems [25, 26]. Modified compositions
of basic building materials and various structural solutions
for modules are among the priority tasks in modular con-
struction [27, 28]. Extreme climates, including Arctic cli-
mates, require innovative approaches [29].

Most existing studies on modular facades concern ac-
tive modules [30, 31], while far fewer address smart [32, 33],
green [34, 35] and passive modules [36, 37] (the classifi-
cation is proposed in a comprehensive review of modular
facades [38]). Almost all studies have also been conducted
for temperate climates [39, 40]. Compared with 2023,
the interest of construction researchers in modular facades
increased in 2025 [41, 42]. Extreme conditions require
innovative approaches to energy-efficient modular con-
struction [43]. Under such conditions, the payback period

a b

of modules that meet the required heating standards ex-
ceeds the service life of the building [44].

When modular structures are developed, ther-
mal bridges must be taken into account both within
the structure itself and in the connections between
modular elements [45]. Heat losses caused by an unsuc-
cessful structural solution may reduce the effectiveness
of the materials used [46]. To evaluate all parameters of
modular facades and monitor changes in real time, expe-
rimental devices equipped with specialized sensors are
required to obtain accurate data [47, 48]. Simulation
of conditions, when it is impossible to perform a full-
scale experiment with the required data, has potential for
further research [49, 50].

Fig. 1 shows an apartment building assembled from
modular facades, demonstrating the architectural flexibil-
ity and aesthetic appeal of this technology [8].

The purpose of the study is to review recent research
articles focused on the thermal performance of modular
facade systems and to examine the energy-efficient ma-
terials used, the influence of structural solutions, and test
stands for simulating full-scale conditions.

MATERIALS AND METHODS

The literature review included the study and descrip-
tion of both Russian and international sources. Russian
papers from the VAK list were used. International sources
indexed in the Scopus and Web of Science databases
were described. The search was performed on the MDPI,
ScienceDirect, Wiley Online Library, SpringerLink and
Scopus platforms. Papers were selected for the study by
keywords. Most of the cited sources were published dur-
ing the last six years. Bibliographic references are pro-
vided for the publications of all authors.

RESULTS

Studies on the selection of energy-efficient materials
for modular facade construction

In developing a modular facade system, J. Li et
al. experimentally evaluated the thermal performance
of two advanced insulating materials: aerogel coatings
and vacuum insulation panels [21]. Data obtained by
infrared thermography demonstrated the higher thermal

c

Fig. 1. An apartment building assembled from modular facades, according to M. Bagari¢ et al.: « — modular wall; b — attach-
ment of modules to each other; ¢ — final stage of building assembly [8]
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a

Fig. 2. Photographs taken with a thermal imaging camera according to J. Li et al. [21]: @ — pipeline without thermal insulation;

b — mineral wool; ¢ — aerogel

protection performance of aerogel compared with min-
eral wool [21].

Photographs of various thermal insulation materi-
als taken with a thermal imaging camera are presented
in Fig. 2 [21].

When incorporated into the modular structure pro-
posed by the authors, both vacuum insulation panels and
aerogel panels improved thermal performance compared
with conventional solutions. According to the Chinese
standard GB 501892015 “Design Standard for Energy
Efficiency of Public Buildings”, the required thermal
transmittance range for external wall envelope structures
in the cold climate of China is 0.45-0.50 W/(m?*K).
The use of vacuum panels in the modular facade made it
possible to achieve savings of 73-76 % relative to stan-
dard values due to the low thermal conductivity of the in-
stalled panels. Although the aerogel coating is somewhat
inferior to vacuum panels in terms of achievable thermal
performance, it also provided a reduction in heat transfer
(43-49 % compared with the standard requirements) [21].

The authors designed the modular facade system
so that energy-saving materials could be integrated into
standardized prefabricated components. The acrogel coa-
ting is incorporated into a multilayer structure that in-
cludes structural boards, moisture-protective membranes

and interior finishing. This approach allows both vac-
uum panels and aerogel to be used flexibly, depending
on the required level of thermal protection.

A prefabricated facade system made according to
J. Li et al. is presented in Fig. 3 [21].

Within the HPWalls (High Performance Wall Sys-
tems) research project, A. Scioti et al. developed and pat-
ented prefabricated load-bearing walls made of reinforced
expanded polystyrene concrete. The authors propose
the following engineering solutions: reduction of thermal
bridges and identification of a balance in replacing sand
with expanded polystyrene to obtain an optimal ratio
of thermal and mechanical characteristics [27].

Two approaches were used. The first involved re-
placing sand with increasing percentages of expanded
polystyrene while maintaining the original aggregate
particle-size distribution. The second involved replacing
sand with expanded polystyrene after preliminary sieving
into particles of pre-set size. The first approach results in
poorer mechanical properties due to incompatibility be-
tween the particle-size distributions of the components;
however, it improves cost efficiency and reduces the la-
bor intensity of the process [27].

For the mixtures studied, the thermophysical proper-
ties were determined as follows: thermal conductivity and

Fig. 3. Prefabricated facade system according to J. Li et al. [21]
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Percentage content of aggregates in the studied mixtures according to A. Scioti et al. [27]

Expanded polystyrene Sand
Number Granule size, mm Granule size, mm
005051 | 12 | 24 [ 46 [ 68 [005]051 | 1-2 | 24 | 46 | 638
S0 0 100 %
S1 25% 75 %
s2 50 % 50 %
S3 75 % 25 %
s4 100 % 0
S5 | 12 0-1 | 2-8
S6 2-4 0-2 4-8
s7 48 0-4
S8 | 1-4 0-1 | 4-8
S9 | 2-8 0-2 |
S10 | 1-8 0-1 |

volumetric heat capacity were measured using a por-
table Isomet 2104 instrument (Applied Precision Inc.)
equipped with a surface probe, in accordance with UNI
EN 12667:2002. Water vapour permeability and the water-
vapour diffusion resistance factor were assessed by
the wet-cup method according to ISO 12572:2016, using
a Perani AC520 climatic chamber at 23 °C and 50 % re-
lative humidity. Compressive strength was determined
in accordance with the UNI EN 12390-2/3/4:2019 set
of standards. At the final stage, the mixtures were classified
according to Italian standards as structural and non-struc-
tural, as well as lightweight and normal-weight. Of the ten
specimens prepared by the authors during the experiment,
three were excluded because they did not meet the require-
ments for lightweight concrete. Among the lightweight
concrete specimens, only four could be used as structural
materials. The results confirmed the hypothesis that replac-
ing sand with expanded polystyrene as a percentage over
the entire grading curve (specimens S1, S2, S3 and S4) is
more advantageous in terms of time and resource costs, but
leads to lower density and deterioration of the mechanical
properties of the wall system. As expanded polystyrene
was introduced into the mixture composition, the mix-
tures became lightweight and their load-bearing capac-
ity decreased. The authors studied the thermal conduc-
tivity of structural mixtures (S1, S5, S6, S7, S8 and S9).

It was established that specimen S8 (replacement of sand
with a particle size of 1-4 mm by expanded polystyrene
of the corresponding size) is the most effective solution,
providing the best thermal insulation while preserving
structural properties (A = 1.15 W/(m-K)) [27].

Data on the percentage replacement of aggregate
granules are presented in the Table [27].

Studies on the development of an optimal fastening
design for modular facade elements

X. Zou et al. developed an internal tie system to
connect two adjacent reinforced concrete modules into
a composite wall (Fig. 4) [1].

The structure has three main parts installed in pairs
opposite each other in the walls of two adjacent mod-
ules [1]:

» embedded part: an H-shaped element cast into
the module wall at the factory;

* hook: welded to the embedded part on one module;

* loop: welded to the embedded part on the adjacent
module.

During installation, the loop of the adjacent module
descends under its own weight and engages with the hook,
resulting in a strong connection without the need
to damage the module walls. The system is desig-ned to
preserve the factory-applied interior finish when the mod-
ules are assembled into a structure. The conventional

Fig. 4. Diagram of the internal tie system according to X. Zou et al.: / — precast concrete side wall; 2 — embedment; 3 —
hook; 4 — loop; 5 — cast-in-situ concrete; 6 — serrated surface on the hook; 7 — serrated surface on the loop [1]
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Fig. 5. Tensile test of the specimen according to X. Zou et al. [1]

Fig. 7. Temperature field according to A. Scioti et al. [27]
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method requires through-holes for ties, which damages
the finish and requires additional on-site work. The sys-
tem proposed by X. Zou makes it possible to complete all
finishing operations under factory conditions, while only
connecting the modules and placing concrete on site. To
verify the serviceability of the system, tensile tests were
carried out on five tie specimens under different instal-
lation tolerance scenarios (deviations of up to 8 mm)
(Fig. 5) [1].

During the experiment, all specimens withstood
loads significantly exceeding the design values and failed
at deformations ranging from 13.5 to 29.1 mm, which is
2-4 times greater than the permissible 8 mm. Punching
tests of concrete walls with embedded parts showed an av-
erage design bearing capacity of the joint of 35.6 kN. Full-
scale tests on a full-size model confirmed that wall defor-
mation during concrete casting did not exceed 3.2 mm [1].

The developed system made it possible to avoid
through-holes, preserve the interior finish, reduce the thick-
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a

b

Fig. 8. Cross-section of modular wall joints according to A. Scioti et al. [27]: « — S-shaped connections; b — traditional solution

ness and weight of the prefabricated module walls, shorten
on-site installation time and reduce construction cost [1].

To prevent thermal bridges in the module, A. Scioti et
al. designed vertical joints with S-shaped profiles (Fig. 6)
[27].

A computer model made for two panels with the pro-
posed connections was calculated in COMSOL Multi-
physics. Mathematical modeling of the temperature field
was performed in two-dimensional and three-dimensional
formulations with a temperature difference of 20 °C [27].

Analysis of the calculation results showed that truss
reinforcement in the inner cavity causes local distortion
of isotherms; these distortions attenuate with distance
from the cavity and become insignificant on the external
surface (Fig. 7) [27].

No temperature distortion was detected in the zone
of the proposed S-shaped connection [27].

Comparison with the traditional system (butt-joint-
ed modules with concrete casting) demonstrated the ad-
vantage of S-shaped profiles. In the standard solution,
a distinct thermal bridge appears (Fig. 8, »), and the tem-
perature difference between two expanded polystyrene
panels reaches 8 K [27].

In the proposed system, this difference is only 1.5 K,
which provides a more stable temperature field in the inner
cavity across the entire cross-section. The addition of fin-
ishing layers has no significant effect on reducing the ther-
mal bridge [27].

Development of a test stand for simulating full-scale
climatic conditions

S.P.B. Sousa et al. used a Dynamic Heat Flow Me-
ter to evaluate the energy efficiency of modular sand-
wich panels [26]. Unlike a conventional heat flow me-
ter, the dynamic version makes it possible to program
temperature changes over time, simulating real climatic

conditions (daily and seasonal variations) [26]. The ap-
pearance of the existing setup is shown in Fig. 9.

Fig. 10 presents the drawing of the dynamic heat
flow meter developed by S.P.B. Sousa et al. [26]. The de-
vice has two independently controlled metal plates with
thermoelectric modules capable of both heating and cool-
ing the specimen [26].

Temperature and heat flow sensors are embedded in
the lower and upper plates. A control system with propor-
tional-integral-derivative (PID) controllers can simulate
various temperature profiles: sinusoidal, stepwise and
linear. In the experiment described by the authors, a si-
nusoidal cycle was set for the upper plate (from —15 to
+20 °C with a period of 24 h) at a constant temperature

Fig. 9. Photograph of the existing setup according to
S.P.B. Sousa et al. [26]
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Fig. 10. Drawing of the Dynamic Heat Flow Meter according to S.P.B. Sousa et al. [26]

Fig. 11. Assembled module, PASLINK test cell according to Z. Azkorra-Larrinaga et al. [15]

of 20 °C on the lower plate [26]. Based on measurements
according to EN ISO 13786, heat transfer and time shift
were calculated [26].

Z. Azkorra-Larrinaga et al. studied the thermal char-
acteristics of a modular green wall and an open ventilated
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facade using a PASLINK test cell [15]. PASLINK (a ca-
lorimetric test cell for full-scale studies) is a laboratory
facility for testing building structures under real weather
conditions. The test cell is a module used to measure heat
exchange between the controlled indoor environment
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Fig. 12. Arrangement of sensors in the test chamber according to Z. Azkorra-Larrinaga et al.: a — south wall where the test

specimen is located; b — air and internal surface temperature sensors; ¢ — electric heater and axial fan [15]

and the outdoor climate. The chamber has two sections:
a 5.0 x 2.7 x 2.7 m test room, which houses the data col-
lection system, and a compartment with information pro-
cessing equipment. A test specimen was installed on one
of the walls. All envelope structures of the research cham-
ber were covered with insulation material (Fig. 11) [15].

A constant temperature was maintained inside by
means of an electric heater and an axial fan that prevent-
ed temperature stratification of the air [15]. Fig. 12 shows
the arrangement of sensors in the test chamber.

This full-scale experiment made it possible to take
into account the effects of solar radiation, wind and pre-
cipitation [15]. The results obtained by the authors were
compared with existing data for similar facade systems.

CONCLUSIONS AND DISCUSSION

Modular facades are an important subject of scientific
research. The most promising areas in the study of modu-
lar facade systems include reducing the thermal conduc-
tivity of building materials, eliminating thermal bridges in
module connection joints, and improving structural resis-
tance to cyclic temperature variations, moisture, and wind
loads. The development of new composite materials can
help achieve a balance between thermal insulation perfor-
mance and load-bearing capacity. Combining experimen-
tal approaches with mathematical modeling of processes
occurring in building envelope structures enables an ob-
jective assessment of the effectiveness of various design
solutions for modular facade systems.
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