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IN MEMORIAM

Mpod. ap Benumup AyTuHa, aunn.rpahl.mHx.
(1956. — 2022.)

HakoH gyre 6opbe ca Tewkom 6onewhy, y beorpagy je 21. mapta y 66. roguHn nNpeMyHyo Hall yBaXKeHu Konera ap
Benumup [yTuHa, avnn. rpaf. uHx., peaoBHn npodecop y neHsmju Pakynteta TEXHUYKUX Hayka YHuBepauTeTa y [MNpuwtrHm
ca npuspemMeHum ceguitem y Kocosckoj Mutposuum.

PoheH je Ha Kocoy n MeTtoxuju, y Munowesy, 03. maja 1956. roanHe, og oua Pucta n majke Mape, poheHe Kynaw. Kao
AeBeTorogukak je octao 6e3 oua, npepaHo nocrao cTyb nopoauue, 1 4O CBOje CMPTU je y3 Benuka CTpyyHa M HayyHa
CcTpeMSberwa Herosao NopoauyHe U rbyacke BpeOHOCTU. HakoH 3aBplUeHe OCHOBHE LUKONEe Yy POAHOM MECTY WU cpefme
TexHuuke wkone y lMpuwTtuHKM, ynucao je TexHUYkU dakynTeT - rpafeBuHCKn oacek y MNpuwTmHM Ha Kojem je aunnommpao
1981. roamHe. TokoM LLKONOBaHa, akTUBHO ce 6aBno cnopTom u urpao dyabdan y tTumy @K Munoweso. CnopTtcku ayx je 6uo
Aeo nuyHoctn npodp. flyTvHe, 1 BOAMO ra je Kpo3 MHOre nuyHe u npodpecnoHanHe usasose. [locnegmnnomcke cTyauvje Ha
paheBnHCKO-apXUTEKTOHCKOM hakynTeTy y Huwy 3aspwmo je 1995. roguHe ogbpaHom marnctapcke Tese nog HacroBOM
"OnTmanHo nNpecTpykTyupakwe K opraHusoBamwe rpaheBMHCKMX npedy3eha 3a npousBoAawy M npepagy rpaheBuHCKor
maTtepwjana". [oktopcky auceptauujy "Mopgenvpawe u u3bop onTuManHe opraHu3auuoHe CTpyKType rpaheBUHCKUX
npeny3eha” opbpaHuno je 2001. rogmMHe Ha [pafheBMHCKO-apXUTEKTOHCKOM (hakynTeTy YHuBepawuTeta y [lpuwtnHu ca
npuspemeHnmM ceguitem y KocoBckoj Mutposuum nog meHtopctBoM npod. ap »KusojuHa lMNpawyesuha.

CBoj pagHu Bek, npod. yTuHa je 3anodeo 1981. roguHe y rpafesuHckom npeny3ehy MNMK Pamna Caguk koje je cnagano
y rpaheBuHapcke rmraHte COPJ, Ha nocrnoBvma nnaHupawa 1 npunpeme y CeKTopy opraHusaumje rpahewa. To ra je u
onpeaenvno Aa ce Kako y CTPyYHOM, Tako MU'y Hay4HOM cmucny 6aBu opraHm3aLumnjom u TeXHONornjom rpafierwsa n ynpasrbakemM
npojekTuma.

CBOjy yHMBEP3MTETCKY Kapujepy, 3ano4yeo je 1986. roaMHe kao acMCTEHT NPUMNpaBHMK Ha rpafeBMHCKOM oaceky TexHU4Kor
dakynteTta y MpuwtuHn. O 1995. no 2001. rognHe je paguo Kao acucTeHT Ha [paheBUHCKO-apXMTEKTOHCKOM (hakynTeTy y
MpuwTrHK. Y 3Bamwe AoueHTa usabpaH je 2001. roguHe Ha [paheBMHCKO-apXUTEKTOHCKOM akynTeTy YHuBepauteTa y
MpuwTuHK, y 3Bawe BaHpeaHor npodecopa 2006. roguHe, a y 3Barbe pegoBHor npodpecopa 2012. roguHe Ha dakynTeTy
TeXHU4KuX Hayka. [lao je krbyyaH gonpuHoc cdopmupamy Kategpe 3a MeHalMeHT 1 TexHonorujy rpafiewa Kojy je Boamo of
OCHMBaHa A0 HeaBHOr ofnacka y neHaujy. [lenvo je cyabvHy cBor MaTtuyHoOr doakynteta u YHusepauteTa. HakoH gorahaja
1999. roavHe, ceavwiTe YBrBeEp3nTeTa je NpuBpeMeHo nameluteHo n3 MNpuwtnHe y Kocoscky Mutposuuy. [ipxao je HacTtaBy
n Ha [pxaBHom YHuBepauteTy y Hosom [lasapy, kao n Ha PakynteTy 3a rpafeBuHCKM MeHalMeHT y beorpagy. Mpod.
Benumup [lytvHa je neHanoHucan 2021. roguHe, anu je oo nocnefher aHa XumBoTta, nako 6opehu ce ca Hajtexom Gonewhy,
HacTaBuO Aa pagu Ha peanu3auujn BuLLIE MpojekaTa.

JenaH oa npBumx 3HavajHMX CTPYYHMX NpojekaTa Ha Kojuma je ydecTBoBao je lNpojekat opraHusauuje n TexHonoruje rpahewa
3a o6jekaT "BogoBoaHu cuctem batnasa y Llajkosuy", LajkoBauy-INoayjeso, 1982. roanHe, u3 kojer ce cHaboesa BoAOM
MpuwTturHa n wupa okonuHa. MNMpodecop ap MNetap Yonwuh, gyroroamwmun gupektop MK Pamns Caauvka v peaosHu npodgecop
Ha npegmeTy BeToHCKkM MOCTOBM y NeH3mju [pafeBMHCKO-apXUTEKTOHCKOT chakynTeTa, KacHunje dakynteta TEXHUYKMX HayKa
YHuBepauteta y NpuitnHn, eBoumpao je y HalleM HeaBHOM pas3roBopy ycrioMeHe n cehawa Ha npBe pajHe faHe Taja
Mragor nxewepa Bennmnpa [yTuHe 1 HerosomM nNpBoM MOCHY Ha OBAKO 3aXTEBHOM MHXEHEPCKOM OBjEKTY, KOju je ycneLHo
Boano. Kao Heko kO je mpaTtvo M CTPyYHM U HayyHu paf, pasBoj M HanpegoBawe Ap Benuvmupa [ytuHe, og npsor
npuvnpaBHUYKOr pagHOr faHa na Ao nocneawer ucnpahaja Ha Koju je oTuwao kao pegoBHU npodecop, npodecop MNeTtap Yonuh
ynpaBo OBaj NpojekaT nsasaja kao No4eTHO HagaxHyhe Koje je yecMepuro CTpy4Hu 1 HayyHu nyT npodecopa [dytuHe. Ha Tom
nyTy, y4Mo je oA Hajborbux, ycaBpliaBao ce M Hanpeposao. [Npodecop [dyTuHa je Tokom pedopme HacTaBe Ha ®TH vy
Kocosckoj MuTtposuum gonpuHeo yBohewy HOBOr HacTaBHOr mogyna [pafeBMHCKM MeHaLMeHT Ha CTyAujCKOM nporpamy
MpaheBnHCKO MHXeHepCcTBO. AKTUBHO je y4eCcTBOBaO Y NPUNPeEMM 1 U3pagn HacTaBHWX MNaHoBa W Mporpama 3a CTyAujCKu
nporpam [pafeBUHCKO WMHXEHEePCTBO M ApXUTEKTYpa, Kao M y HUXOBO] YCMELIHOj akpeauTauumju, nocebHo npu npBoj
akpeauTaumju dakynteta 2009. rogmHe. HacTtaBy je yHanpeauno yBoheweM caBpeMeHUX HacTaBHUX cagpaja. Hanuvcao je
OBa 3anaxeHa yLbeHuka n3 npeameta MeHauMeHT rpaheBuHckux npegyseha (2006) n Meperwe 1 BpegHOBawe pagoBa y
rpaheBuHapcTtBy (2012), koju cy ce noa OBUM HaCroBMMa MPBY MyT MOjaBUIN Y HALLOj HAY4YHOj U CTPYYHO] jaBHOCTU. KoayTop
je ca npod. ap MNetpom Honuhewm kiure Passoj n gocturdyha MK "Pamuna Caguky" 1951 — 1988 y nsgawy Cr'aC-a.

Mpocd. op Benumup [ytuHa je ayTop u koayTop Benukor Gpoja HayyHux pagoBa NyOGNUKOBaHMX Yy PEHOMUPaHUM
MHOCTPaHUM 1 HaUMOHanH1M Yaconmcuma mehy kojuma cy Structural Concrete, N3arpagamna, Building Materials and Structures,
Kao ¥ caonwiTewa m3naraHnx Ha MefyHapogHUM Hay4YHUM KoHdpepeHumjama u gomahum caBeToBawMMa, NyONMKOBaHMX Y
360pHMLMMA. YUYeCTBOBAO je M PYKOBOAMO peann3aunjomM BULLE HayYHO-UCTPaXKMBaYKuX NpojekaTa pmHaHCMpaHnx of cTpaHe
MuHucTapcTBa 3a Hayky u TexHonorujy Penybnuke Cpbuje n MuHuctapctea 3a 3allTUTY XWBOTHE CpeduHe M NMpPOCTOPHOr
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nnaHupara. AyTop je Benukor 6poja cTyamja n TEXHNYKMX pellera n3 obnactu opraHusauuje n texHonoruje rpaherwa. bruo
je peLieH3eHT BULLEe YHUBEP3UTETCKMX M ApYruX yLibeHunka. MNocebaH AonpuHOC Aao je pa3Bojy Mnaanx kagposa. buo je meHTop
M 4naH komucuja 3a ogbpaHy JOKTopckux ancepTaumja. Mog meHTopcTBoM npod. dyTuHe Benuku 6poj cTyaeHaTa je ypaguo
1 ogbpaHmno gunnomMmcke n mactep pagose. TemaTtuka Hay4yHux pagosa npod. [lyTuHe moxe fa ce nogenu y HeKonmko LenuHa.
Y npBy rpyny pagoBa crnagajy nybnukauuje koju ce ogHoce Ha Kputepujyme n aHanusy cnyyaja. [ipyra rpyna pagosa obyxsarta
UCTpaxusara y obnactu kputepujyma ontummusaumje n KOHTpone pusmka y3 yHanpehueawe opraHusauuje rpagunuita u
ynpaereawa u3rpagwom. Y Tpehy rpyny cnagajy pagoBu KOjU Cagpxe 3axTeBe opraHusauuvje rpagwe v ynpaerbarba
npojekTMma ca acnekTa 3alTuTe X1BOTHE cpeauHe. YeTBpTa rpyna pagosa obyxsaTa NpUMeHy HeyparnHux Mpexa 1 BeLuTayke
WHTenureHumje y peluasary npobnema npeasmhara MHBECTULIMOHNX BPEAHOCTU.

Benviku je 6poj 3HauajHMX CTPYYHUX MpojeKkaTa Ha KojuMa je y4yecHuK n pykosoaul 6uo npod. AytuHa. MNopen nomeHyTor
MpojekTa opraHusauuje n TexHornoruje rpafhewa 3a o6jekaT "BogoBoaHu cuctem batnaea y Lajkosuy”, WajkoBau-Moayjeso,
1982. rogunHe, 1M3gBajajy ce npojekTu opraHu3aumje u TexHornorunje rpafhewa 3a objekte "®abpuka apmatype GACAP vy
Moayjesy" (1982), "Macapena y MpuwtuHn" (1984), "Mpagckm dpyadancku ctagunoH y MNpuwtnHu — 3anagHa TpnbuHa" (1985),
"Perynauuja peke MNpuwTteske", "CtambeHo-nocnosHn 6nok y ynuumn Xajoap OQywm y MNpuwtuHn" og 260 ctaHosa (1984),
"MocnosHo Tproeayku ueHTap y Obunuhy" (1990), "OcHosHa wkona y Wrpnuy" (1991) "Ctyawnja o koHuenTy 6yayher mogena
opraHunzoBarwa HOM Pamus Caguky — Mpuwtuna®, (1990), "CTtyamja o koHuenty Oyayher mogena opraHusoBaka OUITI
Mupywa — KnuHa", (1990), "MocnosHu o6jektn y Mehkoj bawun" (1992), "YHnBepauteTcko ctambeHo Hacerse y MpuwtnHn"
(1995), "CtambeHo nocnosHu 6ok Bena Yecma y Mpuwtunn" (1997), "CtypeHtckn gom 6p. 3 y K. Mutposuumn” (2004),
"OenoHnja uBpcTUx oTnagaka Jlydyka peka" 3ybuH lMoTok (2007), "CaHauuja n pemegwjaumja genonuje OpeHcko lMoree"
Jlenocasuh (2007), "BogocHabaeBawe Couyanuue", Jlenocasuh (2007), MNpojekaT opraHu3auuje n TexHonorvje rpahema 3a
Hagrpagwy objekta: "JyrocnoseHcka 6aHka", beorpag (2007), lNMpojekaT opraHusauuje v TexHonoruje rpaherwa u CTpydHu
Hapsop "CtygeHtckn gom 6p. 5 y K. Mutposuun" (2007), npojekTv opraHu3aumje n CTpyvyHOr Hagsopa Ha objekTnma
"CrtyaeHTtckn gom - Togop Munuhesuh y K. Mutposuun” (2005), "CtyaeHtckm gom 6p. 2 y Kocosckoj Mutposuumn" (2005),
"AmcpuTeaTtap Ha Punosodckom chakyntety y Kocosckoj Mutposuumn” (2008), "duckyntypHa cana OW CraHa BavaHuH y
Jlewky" (2008), "YHuBep3anHa cnopTcka xana y Jlenocasuhy" (2008), "ApganTtaumja MIHTepHe knuHMKe 34paBCTBEHON LIEHTPaA
Kocoscka Mutposuua" (2009), "PekoHcTpykumja OLW Byk Kapayuh y Mpunyxjy" (2009), cTpy4yHu Hag3op Hag u3rpagHom
objekaTa "AyTobycka ctaHuua y Uctoky" (1989), "Aytobycka ctaHuua y Knunn" (1989), "Aytobycka ctaHuua y Manuwesy"
(1989), "CtambeHo nocnosHu LeHTap y Wtpnuy" (1996), "TproBauko nocnosHu ueHTap y Opaxosuy" (1996), "PekoHcTpyKumja
ocHoBHe Lwkorne y MNoayjesy" (1987), "Oom 3gpasrea y WTummby" (1997), "BanoH cnopTcka xana OLU Byk Kapayuh y MNMpunyxjy"
(2010), "Oeumnje obgaHuwTe y Mpunyxjy" (2010), "Oeunje o6panunwuTe y Ocojany" (2010), "5 ctambeHnx objekaTta y Hacerby
Bphanun", Kocoscka Mutposuua (2009), "Bucoka nocnosHa wkona y Jlenocasuhy" (2010), "Ctambenun objektn y Mpunyxjy"
(2010), "Oom 3gpaerea y O. MNywtepuun” (2009), 'YyeHnukn gom y Jlewwky', CTpy4yHn Haa3op Haf pagoBMMa PEKOHCTPYKUMje
Benukor 6poja 3gpaBcTBeHux objekata Ha KocoBy m MeToxuju, 3anoyeT¥ MOCOBM Ha HaA30py Hag M3rpagHom U
peKkoHCTpyKuujoM objekata KnuHuukor ueHTpa y Kocosckoj MutpoBuuM 1 Haa3opy Hag M3rpagsom 3rpage YHuBepsuTeTa y
Kocosckoj Mutposuum (2022) n mHoru apyru. NocebHo 3HayajHn peanv3oBaHu NPOjeKTH Cy CTPYYHW HAA30p Hag papoBrMa
Ha n3rpagHu permoHanHor Bo4oBoAa 3a BogocHabaesane Kocoscke Mutposuue, 3sevaHa n 3ybuHor MNMoToka, npojekToBame
n cTpyyHn Hagsop "CaHauwmja objekaTta owTeheHMx o4 3eMrboTpeca u uarpagha HoBux y KOCOBCKO-MOMOpPaBCKOM OKpyry"
1.000 oGjekata (cTambeHu, MOCMOBHM, LIKONCKM M LUpkBeHU objekTtn), Kocoscko-nomopascku okpyr (2002-2007) wu
npojekToBake N CTPy4HW Haasop: "Marpagrwa nyTHux npaBaua y Kocoscko-nomopasckoM okpyry”, 100 km HacyTux nyTeea,
Kocoscko-nomopascku okpyr (2003-2007). AKTUBHO je y4eCTBOBaO y OdyBaky MaHacTupa, LpkaBa v ApyrMx 3HaMeHUTOCTU Ha
KocoBy n Metoxuju.

Mpodpecop AyTtuHa je 6o Ha pykoBoaehum dyHkumMjama Ha dpakynTeTy kao lNpoaekaH 3a HacTaBy y ABa MaHaaTa (2005-
2009), wed Kategpe 3a MeHalmeHT, ynaH HactaBHo-Hay4Hor Beha y y>XeM cacTaBy, Kao YnaH 1 npecefHuK BULLE pagHuX
Tena, cTpyyHux Beha n Komucuja Ha chakyntety u yHuBepauTeTy, Mehy kojuma ce mn3gsaja CTpyyHo Behe 3a TEXHUYKO-
TEXHOMOLLKEe Hayke Ha YHuBepaunTteTy. buo je unaH Uxerwepcke komope Cpbuje kao Hocunay, nuueHum 310 n 410 v ynaH
CrC-a.

Mpodhecop ap Benumup OyTvHa je KpO3 YMTaB CBOj pagHU BEK CTBapao M HeroBao 4BpcCTa npujaTesrbCTBa ca Konerama,
Kako Ha MaTW4YHOM, Tako U Ha Apyrum dakynTeTuma y 3emrbu. CBoje BENMKO XMBOTHO 1M pagHO UCKYCTBO HECEOUYHO je aenvo
ca capagHuumMma. buo je ctpor n npema cebu n npema gpyrmma, anu octahe ynamheH npe cBera kao npaBefaH U
[obpoHamepaH YoBek YBPCTUX NpuHuMna. [JoBpoUMHCTBA je YMHUO Kao AyOOKM NNYHM YMH U HWje ce TUMe pasmeTao. Tako
CMO, TEK HaKOH HeroBe CMpTW, casHanu ga je npodecop [yTtuHa HeceGnyHO Nomarao 1 NpPMMKMO y CBOjy Kyhy Benuku 6poj
nsbernuua. Boneo je cBoj nocao, cBojy nopoauuy, cynpyry Lleuy n hepke AHy, HeBeHy u MurbaHy, kojuma je 6no nocseheH.
Boneo je cBoje MunoLueo u MNpuLITUHY, Y Koje 3a XXMBOTa Huje ycneo aa ce BpaTu. Ca nyHo rbybaBu je ocmMucnuno u ypefmeao
nnau v BukeHauuy y l'yHuaTuma kop Beorpapa, roe je nmmaHvpao ga Oyge mMecTo OoKynibaka W gpyxewa nopoguue u
npujaterba. HaxanocT, caMo HEKONMKO MeCeLM HAaKOH NeH3NoHKCaba, CMPT ra je npekuHyna. >KnuBoTHM nyT npodp. Ap
Benumupa [lyTvHe je npymMep Kako ce of, Hejakor 4eBeTOroAMLLHL-Er Aevaka ca cena Koju octaje 6e3 oua, pagom, ynopHowwhy
M jakoM BOSbOM MOCTaje UeHeHU pefoBHWU npodecop yHMBep3uTeTa KOoju je OCTaBMO 3HavajaH Tpar y CTPYYHOj MU Hay4Hoj
jaBHOCTW.

Buna je npuBunernja yuntn og wera v paguTu C HUM.

Oou. ap Jlvgnja babuh, gunn.rpah.uHx.
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ABSTRACT

As governments worldwide attempt to develop sustainable waste management
strategies, massive amounts of waste have been accumulating. However,
developing an effective waste management strategy requires a thorough
understanding of waste types and quantites. The existing efforts to identify waste
flows in the built environment are unsuitable for countries with non-reliable statistics
as they mostly use location-specific parameters such as data on construction,
renovation, demolition activity, and generation rates from the literature. The types
and quantities of materials embedded are rarely considered. This study aims to fill
the identified gap by estimating the quantities of different material types embedded
in Serbian residential building stock. It will do so by calculating the volume and
weights of building elements and their materials using information from a detailed
building stock typology. The results show that the amounts of materials embedded
vary significantly from district to district, ranging from 10 in Toplicka District to 96.9
million tons in Belgrade. The mineral materials are the highest contributors to the
material embedded, implying that future waste management strategies should focus
on them. Apart from the formulation of location-specific circular economy and waste
management strategies, these results may be useful for planning energy efficiency

retrofitting activities, deconstruction and reversible design strategies.

1 Introduction

The construction industry has a considerable impact on
national economies, meaning that economic growth is
strongly related to the construction sector's growth. In the
European Union (EU), this sector alone produced 10.6% of
the GDP, 6.2% of all jobs, and achieved investments of 1,402
billion euros in the 2020 [1]. Building construction and
operation also accounted for 37% of all energy-related CO:2
emissions and 36% of the world's energy demand [2].Even
the waste generated by these activities should not be
disregarded because it accounts for more than one-third of
all waste [3].

In addition to the economy, the effects on society and the
environment also increase as the construction sector
expands. And even despite the COVID-19 pandemic,
significant investments are predicted in this sector [4]. These
investments suggest that primary raw material extraction will
increase and that product consumption will rise, increasing
the total stock of construction materials. At the same time,
the existing stock, especially the materials embedded in the
residential building, is either at the end of its service life or is
energy inefficient, and the stock requires significant
reconstruction or retrofitting. And finally, an increase in
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investments also implies a higher degree of urban
development, which may lead to the demolition of old and
vacant buildings, especially in the inner-city areas.

For these reasons, governments have been creating
funding programs, policies, and regulations aimed at more
prudent energy production and use, efficient natural resource
consumption, and more sustainable construction and
demolition waste management. For instance, under the
Green Deal initiative, the EU has gathered several strategies
and action plans to achieve climate and resource neutrality
by 2050 [5], such as the Renovation Wave Strategy, which
aims to double the energy renovation rate of buildings by
2030 [6], a New Circular Economy Action Plan, which
focuses on sustainable consumption of resources and
reduction of waste [7] and the forthcoming Sustainable Built
Environment Strategy [5].

However, the incorporation of these strategies within the
national, regional, or even local housing and waste
management policies will require the knowledge of the
material stock embedded in the buildings, especially the
content and quantity, as well as the predictions of building
stock dynamics. To define the material stock database, i.e.,
the material cadastre, scientific literature distinguishes two
approaches: top-down and bottom-up.
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The top-down approach utilizes data from national
statistical records to estimate the material flows, which are
determined annually as the difference between the inputs
and outputs of materials [8]. This approach was used in
multiple disciplines in the scientific literature, either to
estimate the current material flow or to predict future material
flows. One of the first uses of this approach in the built
environment was in Japan to estimate the present
construction minerals embedded in buildings and roads [9],
[10], and in the United States to predict the amount of
construction and demolition waste (CDW) until 2052[11]
depending on the percentage of waste generated during
construction and the service life of materials. Similarly to the
United States, a more recent study has included a top-down
approach to estimate the amount of CDW from buildings and
civil works in India [12]. Although predominantly used for
estimating material flows on a national level, this approach
mainly focuses on stock additions, thus failing to provide
important information such as the spatial distribution,
quantities, types, and service life of embedded materials.
Without this knowledge, it is impossible to create an effective
renovation, demolition, or CDW management strategy that
specifically targets buildings of a certain age or structure.

To overcome this, scientists recommend a bottom-up
approach or a combination of the two. The idea behind the
bottom-up approach is to divide the material stock into
different structures, calculate their physical characteristics
and use material intensity coefficients or ratios [8] to
calculate the amount of the material embedded, i.e. the
material intensity. Experts estimate material intensity
coefficients [13—15] or calculate them in numerous case
studies around the world. When calculated, these
coefficients are derived from structures geometries, in most
cases, buildings. The physical features of the structures may
be estimated in several ways: 1) modeling of different
parameters to determine the average size of the floor area of
the stock, such as population and housing lifestyle [16] or per
capita floor area, local GDP and lifetime of dwellings [17], 2)
investigating municipal records and building plans [18], [19],
and 3) spatial analysis via Geographic Information System
(GIS) [14], [20]-[22]. The material intensity coefficient data
are available for buildings in Esch-sur-Alzette, Luxembourg
[21], Rio de Janeiro, Brazil [23], Vienna, Austria [20], [24],
and Padua, ltaly [14] at the city scale, and Germany[18], [25],
Sweden [19] and Luxembourg [22] at the national scale.

Except for Kleemann et al. (2016), who combined
existing and new building plans and literature, most of these
coefficients were calculated from selected case study
buildings from different construction periods [18], [19].
Although material intensity coefficients for a particular
building offer a high degree of accuracy, they cannot be
used as representatives of the entire set of buildings built in
that period or at a specific location. For instance, Gontia et
al. (2018) investigated 4000 real estate ads and 1000
building plans from 30 municipalities (out of 290) to establish
12 typical single-family and 34 multi-family house buildings.

On the other hand, the studies that calculate material
intensity coefficients from statistical records may be used
when greater accuracy is required. Still, their application is
limited to countries with reliable statistics. In addition, the
findings in these studies served to emphasize how sensitive
these coefficients are to location-specific factors such as
environmental conditions, architectural characteristics,
construction techniques and materials applied, and rate of
economic growth, highlighting the need for additional case
study research on this subject.
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To overcome these shortcomings, this study will build on
previous knowledge, but instead of using municipal records
or expert knowledge, it will use typical buildings (building
typologies) at the national scale to calculate intensity
coefficients and quantities of different materials embedded in
these buildings. The calculation of material quantities may be
further used in dynamic residential building stock modeling
and in the estimation of more precise amounts of waste that
may be generated during the renovation or demolition activity
of these buildings. This can, in some cases, affect the
decision whether to refurbish or demolish [26]. In addition,
the study will focus on the calculation of embedded material
quantities at the district level instead of the national level as
CDW is often managed regionally. In this way, these regional
material intensity coefficients will provide a robust base for
further modeling of the residential building stock and CDW
flows and different sustainability assessments of CDW
treatment options.

2 Methodology

The overall approach of the suggested methodology for
the estimation of residential building material stock and
material intensity coefficients is based on inventory analysis
of typical buildings within a building stock. Typical buildings
are representatives of buildings classified into cohorts that
were built using construction techniques and materials from
the same period and which share similar architectural
features. They are usually established on a national scale,
as are the ones for residential buildings developed for 21
European countries within the European Project Tabula [27].
If these typologies do not exist within one country, when
developed, they should at the very least comprise the layouts
and cross-sections of typical buildings and details of building
construction and applied materials.

The inventory analysis that is conducted on typical
buildings follows the approach and the methodology
presented in the thesis by Nadazdi (2022). These include
several initial steps performed for each building type to
create a unique database: generation of a typical building
element list (walls, columns, openings, stairs, etc.),
identification of the elements’ dimensions (width, height, and
length), location within the building (basement, ground floor,
1st floor, attic, etc.), and quantity, identification, and
classification of material types. These materials were
grouped into four categories: 1) minerals, 2) non-minerals,
and 3) metals, to facilitate easier -calculation and
representation of the material embedded in the residential
building stock and for comparison with the existing research.
While the mineral category included materials such as
concrete, brick, blocks, tiles, plaster, glass, gypsum, etc.,
non-minerals included plastic, polystyrene, textile, and wood.
Although metals can also be considered non-minerals, they
were separated because of the substantial differences in
how they are treated at the end of their service lives.

The next step of the suggested methodology was to
calculate the area, volume, and mass of each individual
component of a typical building. Two methods were used to
compute the element's area: directly measuring from
drawings using a built-in CAD function or multiplying two
dimensions and deducting openings where necessary
(mostly in cases of walls and slabs). The area and third
dimension are multiplied to determine the volume of
construction elements, while the volume and material density
are multiplied to determine the elements’ mass. Densities for
most materials are taken from the MASEA online database
(Fraunhofer Institute for Building Physics in Holzkirchen et al.

Building Materials and Structures 65 (2022) 85-91



Urban mining potential in Serbia: Case study of residential building material stocks

n.d.); those that were not found there were found in
textbooks or technical data sheets.

Following this, the total mass of each material category
contained in a single typical building, and the accompanying
material intensity coefficients were determined. The first was
determined by multiplying the number of elements and their
masses, then aggregating these values based on material
types. Dividing these aggregated masses yielded the
material intensity coefficients for a typical building.

While the computation of material category masses for
typical buildings was based on building typologies,
estimating material categories embedded in buildings per
district needed statistical records on the number of buildings
per building type and district. However, national statistics
frequently do not keep track of the number of buildings
constructed in specific districts during a particular
construction period but rather the number of dwellings in
them. In these instances, it was necessary to follow the
assumption that a proportion of buildings per district follows
a distribution of dwellings per district, especially for multi-
family house buildings. Another assumption that was made
was related to the classification of single-family house
buildings. While typologies distinguish between two different
single-family house building types, free-standing and in a
row, statistical data only distinguishes between buildings with
one or two dwellings. In these instances, it was presumed
that all single-family house buildings are free-standing
because the percentage of single-family house structures in
a row is insignificant [29].

Additionally, it should be emphasized that this study's
focus on material types is limited to key structural and non-
structural components and leaves out a number of building
components for which it was challenging to gather
information from building typologies. These include
foundations, shades, window sills, lintels, the mortar
between blocks and bricks, chimneys, installation works, and
fixtures, etc. This limitation could result in an underestimation
of the composition results, especially regarding the quantity
of particular constituents like non-minerals and metals.

3 Results and Discussion

In this study, the proposed methodology was used to
estimate the quantity and composition of residential building

stock materials in Serbia in order to investigate the potential
contribution to the circular economy value chain when these
materials become waste. With a population of 6.9 million and
an area of 88499 km?, Serbia is divided into 30 districts (five
of which belong to the Kosovo and Metohija region) [30]. In
its transition to the EU, Serbia has adopted several
environmentally-oriented  strategies and initiatives,
especially towards a circular economy, waste management,
and energy efficiency renovation. However, a rate of only
0.3% of GDP investment in environmental protection [31]
compared to the EU average rate of 1.8-2.0% of GDP during
the previous fifteen years [32] suggests that Serbia needs
these carefully planned initiatives.

In addition to this, Serbia’s residential building stock is
very old and energy inefficient. Since residential buildings
built before 1980 account for around 70% of the whole
building stock in Serbia that was built before 2011 [29], it is
anticipated that renovation and demolition operations will rise
in the future. This indicates that certain residential buildings,
especially those constructed after World War I, are rapidly
approaching the point at which their demolition is likely. This
is further supported in the Strategy on National Housing for
the period 2022—2032, which sets the renovation objective
of up to 30% of the buildings whose amortization period
expires in 2032 [33].

Serbian residential building stock is represented in the
National Typology made by [29] within the Tabula project. It
is characterized by 26 building types grouped under seven
cohorts, i.e., periods of construction (from A to G) and
building types (from 1 to 6). When it comes to the period of
construction, they included all residential buildings built
before 2011, while building types were divided into single-
family (free-standing (1) and in a row(2)) and multi-family
house buildings (free-standing buildings (3), lamella (4), in a
row (5), and high-rise buildings (6)) [29].

Considering the fact that most of the renovation or
demolition activities in the coming years will be conducted on
residential buildings aged above 40 years, this study will
cover only buildings built between 1946 and 1990. To that
extent, Table 1—

Table 3 summarizes the total amounts of each material
category (mineral, non-mineral and metal) per different types
of buildings.

Table 1. Total mass of material categories in one typical single-family house building built from 1946—1990 (in tonnes)

1946—1960 1961—1970 1971—1980 1981—1990

C1 C2 D1 D2 E1 E2 F1 F2
Minerals 200.93 539.40 452.86 209.13 489.55 378.41 321.43 356.20
Non-minerals 193.15 515.31 438,99 196.33 484.72 365.83 316.99 351.09

Metals 5.13 23.67

10.83

10.71 4.83 12.58 4.43 5.1

Table 2. Total mass of material categories in one typical multi-family house building built from 1946—1970 (in tonnes)

1946—1960 1961—1970
C3 C4 C5 C6 D3 D4 D5 D6
Minerals 1,21840 1,230.36 1,517.94 490532 2,155.31 1,403.31 1,892.91 5,594.62
Non-minerals 26.03 31.40 30.61 373.31 68.24 91.08 85.68 552.63
Metals 28.32 1.53 23.28 158.85 139.45 116.70 10.12 605.46
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Table 3. Total mass of material categories in one typical multi-family house building built from 1971—1990 (in tonnes)

1971—1980 1981—1990
E3 E4 ES E6 F3 F4 F5 F6
Minerals 1,303.71 2,567.78 1,6568.12 551447 3,816.81 2,47557 2,934.92 6,272.39
Non-minerals 476.68 170.45 71.963  1,008.65 89.96 63.81 48.88 444.90
Metals 52.95 73.90 155.43 178.46 361.27 144.88 122.29 674.96

The tables demonstrate that the quantity of all materials
in single-family and multi-family house building types
increased with time and peaked after the 1970s. The majority
of all building types were constructed using mineral
materials. When individual building types in all periods are
compared, it can be seen that multi-family house buildings
consume much more material. For instance, the mass of
single-family house buildings ranged from 200.9 to 539.4
tonnes. Free-standing single-family house buildings, which
form the majority of residential building stock, have 366.19
tonnes of material on average.

On the other hand, with an average of 6.6 thousand t,
high-rise buildings were significant contributors to multi-
family house buildings. Except for the final period, other
multi-family house building types averaged around 1.8
thousand tonnes of material. However, these values will
significantly change for the benefit of single-family house
buildings when quantities of material are multiplied by the
number of buildings per district.

The other important parameters that were calculated are
the material intensity coefficients per building type, which are
expressed in tonnes per m? of the buildings’ gross area and
presented in Table 4. In the mineral material category, these

Table 4. Average material intensity coefficients per building
type (expressed in tonnes per m?)

Building type Mineral Non-mineral Metals
Single-family house buildings
C1 2.54 0.10 0.001
1946—1960 c2 2.00 0.09 0.0003
D1 2.08 0.07 0.02
1961—1970 D2 1.78 0.12 0.00
E1 2.15 0.02 0.02
1971—1980 E2 1.38 0.05 0.02
F1 1.88 0.03 0.02
1981—1990 E2 1.48 0.02 0.02
Multi-family house buildings
C3 1.81 0.04 0.04
C4 1.28 0.03 0.002
1946—1960 c5 1.27 0.03 0.02
C6 1.20 0.09 0.04
D3 1.19 0.04 0.08
D4 0.81 0.05 0.07
D6 1.15 0.11 0.12
E3 1.07 0.39 0.04
E4 0.71 0.05 0.02
1971—1980 . 1.16 0.05 0.11
E6 0.74 0.14 0.02
F3 1.37 0.03 0.13
F4 1.31 0.03 0.08
1981—1990 F5 1.69 0.03 0.07
F6 0.97 0.07 0.10
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coefficients decreased over time, ranging from 2.54 tonnes
per m? (1946—1960) to 1.38 tones per m? (1971—1980) for
single-family house buildings, indicating that the population
opted for larger houses. Similar patterns can be seen in
multi-family house buildings. Depending on the building
types, the material intensity coefficients for minerals ranged
from 1.81 (1946—1960) to 0.71 (1961—1970) tonnes per
mZ.

Both non-mineral and metal numbers have negligible
values in contrast to mineral material categories, but when
multiplied by the number of buildings within a district, they
may constitute a valuable source of secondary raw materials.
Figure 1 shows the number of single and multi-family house
buildings per district in Serbia. These numbers were based
on the Census 2011 data on dwellings per building type and
period of construction, provided by districts [34], and the
National Typology data on the number of buildings per
building type, provided for Serbia in total [29]. In other words,
the National Typology's total number of buildings per building
type was multiplied by the share of building types in each
district to get the number of building types in each district. As
mentioned before, the number of single-family house
buildings, both in total values and values for districts, is
significantly higher than the number of multi-family house
buildings. This implies that all the renovation and/or
demolition strategies that local or regional governments may
adopt in forthcoming years should be directed to their
owners. And in an effort to achieve a more sustainable built
environment, their owners may be one of the key game-
changers.

In addition, Figure 2 shows the regional distribution of
three major material categories embedded in the entire
residential building stock constructed between 1946 and
1990. The figure shows that the quantity of materials varies
with the degree of economic development in a district. In all
three material categories, the Belgrade district, the capital of
Serbia and the largest city, has the highest quantities of
materials embedded (89.6, 4.1, and 3.2 million tonnes for
mineral, non-mineral, and metal material categories,
respectively). It is followed by the Juznobacka, Ma&vanska,
and NiSavska districts, but with far lesser contributions (33
million tonne on average for the mineral material category).
These are the districts that, in the process of further
urbanisation, may grasp and exploit the full potential of these
materials.

On the other hand, the lowest quantities of these
materials are found in the Topli¢ka, Pirotska, and Zajecarska
districts. The mineral component of the material embedded
in their residential building stock varied from 9.6 to 12.2
million tonnes. Combined with a lower degree of economic
development and a higher degree of internal migration from
these regions, these values imply that the local governments
should carefully consider the viability of their waste
management and circular economy strategies.
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Figure 1. Number of buildings per district: multi-family house buildings (left) and single-family house buildings (right)
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Figure 2. Quantity of material categories per district: minerals (left), non-minerals (centre), metals (right) (in million tonnes)

* Note: Kosovo and Metohija’s districts were not depicted on the map since there was no information on the quantity of buildings and

building typologies

4 Conclusion

In the recent decade, academia and practitioners have
been trying to develop efficient and viable waste
management and circular economy strategies. To that
extent, many studies have been conducted to tackle two
challenges: to estimate the amount of material within the
economy or assess the sustainability of its treatment options
before or when these materials become waste. This study
focused on the first challenge and the calculation of the
construction material embedded in residential buildings. To
overcome this challenge, a methodology for the estimation
of material content and quantity is proposed. In addition, to
facilitate their use the formulation of regional waste

Building Materials and Structures 65 (2022) 85-91

management and circular economy strategies, the materials
are grouped into three categories: mineral, non-mineral, and
metal. The methodology included a bottom-up inventory
analysis, which used the information from the National
Typology, i.e., the location and geometry of building
elements and the material type from which they are made,
and calculated their volumes and weights.

These results were then aggregated, multiplied by the
quantity of buildings, and regionally distributed for the entire
residential building stock in Serbia constructed between
1946 and 1990. The result showed that the largest number
of buildings belongs to single-family free-standing house
buildings and that the mineral material category is the
highest contributor to the material stock. This suggests that
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any efficient renovation or demolition strategy should target
these buildings and materials. Apart from the formulation of
waste and energy efficiency-related strategies, the results
also provide a robust base for further modeling of or
validation of material intensity coefficients obtained in other
ways or in different case studies. These results may also be
used for building stock modeling and waste estimations from
future renovation and demolition activities.

Future research might include a deeper analysis of
mineral material composition to estimate the amount and the
treatment potential of reusable components to support the
greater implementation of circular economy principles in the
built environment.
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ABSTRACT

The use of the seven-wire strand in pretension structures so far has shown that such
strands have a relatively long development length. An attempt to reduce the
development length is reflected through the idea of a different strand geometry that
has a more favorable shape. This new shape should have a greater inclination of

the outer wires, increasing the resistance that occurs when moving through the
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1 Introduction

In the beginnings of prestressed concrete, a smooth
prestressed wire made of hardened, high-grade steel was
first used. The quality of the material was of the utmost
importance due to the possibility of applying greater forces
and a lower relaxation loss. Over time, it has been shown
that smooth prestressed wire, in the case of force transfer by
direct bond, has certain shortcomings in terms of bonding
only through adhesion and friction, which is disrupted during
the first slips. To improve these shortcomings of the wire, a
solution was reached in the form of a strand woven from
wires of smaller diameters. The improvement is reflected in
the capacity of the bond, where it can be seen that when the
strand slips, the bond resistance remains constant or
increases. This desired behavior of the strand is attributed to
the mechanical locking, i.e. wedging, which does not exist in
the case of smooth wires. Thus, today, the strand for
prestressing means the conventional 7-wire (7-w) strand.

In the case of pre-tensioned beams (force transfer by
direct bond), the most important connection is the bond
between the strand and the concrete. Thus, a difference in
the bond was observed in the zones of the beam ends and
the central zones. End-zones of the girder are called the
anchorage zones into the concrete structure (transfer length
zones). The development length Iq of the prestressing force
is the superposition of the transfer length I and the flexural
bond length In. The bond of the transfer force from the strand
to the concrete during release is called the "prestress
transfer bond." During the bending of beam elements, when
cracks appear, the bond between strands and concrete plays
an important role in the subsequent behavior of the
elements. The bond that is activated as a result of bending,
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concrete. The idea is primarily about the triangular distribution of wires in the cross-
section of the strand. This paper reviews tests related to the use of innovative,
triangular, and ten-wire strands. The tests exclusively relate to the strands formed
by the use of steel wires.

and which has a significant role in the continuity of the
prestressing force transfer, is called the bond due to bending
or "flexural bond."

Long-term experimental research [1, 2, 3, 4, 5, 6, 7] has
shown that the transfer length and the development length of
the prestressing force are influenced by several important
parameters. If the diameter of the strand increases, the value
of ltand la also increases. The characteristic 28-day strength
of concrete has little effect on I;, while its increase results in
a reduction of In, and thus a reduction of ls. However, with
higher initial concrete strength at the point of releasing
strands, there is a reduction in k. An increase in prestressing
forces, after losses, results in a higher value of Iy, but also in
a lower value of In. The technological process of releasing
the strands also plays a significant role. Gradual and
controlled strand release has up to 30% shorter development
length than sudden strand release (partial mechanical or
temperature cutting) [8,9]. The surface conditions of the
strand have a significant influence on the bond
characteristics, such as, for instance, mild surface corrosion,
which causes lower i values.

The transfer length I;, according to the observations so far
and as a function of the previously mentioned parameters,
ranges between approximately 500 and 1200 mm. This
means that by applying a 7-w strand, the full input of the
prestressing force is moved from the shear span. The
motivation for the use of a new geometric shape is to reduce
It and ensure the contribution of prestressing force to the
shear capacity of the girder. Therefore, replacing the
standard 7-w strands with a new geometric shape of the
strand may lead to an improvement of the bond connection
as well as an increase in the shear capacity. Previous
assumptions are the main goal of the scientific contribution
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within this research and, as such, they must be
experimentally approved or disapproved.

For many years, there have been no attempts to improve
the bond of the 7-w strand from the view of the geometric
change of the cross-section, and thus the wavelength (360°
stroke). In the 1960s, the idea of a sharper polygonal cross-
section of prestressing strands first emerged. Polygonal
shape refers to the regular and linear arrangement of the
outer wires arranged around the leading, central wire. The
proposal primarily concerned the triangular distribution of
wires in the cross-section of the strand. This cross-sectional
structure allows a greater inclination of the outer wires,
improving the resistance that occurs when moving through a
concrete tunnel. To ensure the compactness of the windings
when constructing triangular strands with linear contact,
which are wound from wires of equal diameter during one
technological operation, it is necessary to provide two basic
conditions:

— The wires of any concentric winding (twisting) must
touch each other and the wires of the adjacent winding;

— The wires must touch the entire length of the strand
with the same winding step for all windings (subject to the
previous condition).

Figure 1. Schematic of innovative, triangular, 10-wire strand

[10]

At the time this idea was proposed, it was not
technologically possible to produce such a strand with
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sufficient precision. Only at the beginning of the 21st century,
based on the previously proposed solution, patent US2012 /
0240548 A1 was recognized for a geometrically innovative,
10-wire (10-w), and triangular strand (Figure 1). Soon after
that, a prototype smooth strand of triangular cross-section,
which is the subject of this research, was produced.

It is expected that application of this type of strand will
improve the bond behaviour in pre-tensioned structures in
which the transfer of force takes place exclusively through
the direct bond. The assumption is that the new triangular
strand should have a better bond connection due to its
geometric shape. The triangular spiral forms a wide periodic
profile (360°) continuously. This allows extremely long
concrete ribs to be formed, and thus the stress is distributed
efficiently over the entire volume. The contact area on those
hills has smaller ribs formed in between wires perpendicular
to the concrete hills. On the other hand, the surface of the 7-
w strand is similar to a circular cross-section, but it has small
grooves in which concrete ribs are formed. These ribs have
a limited resistance caused by the movement of the strand
during higher loads, and the conventional 7-w strand has
relatively large end slip.

The first model of the new triangular strand is shown in
Figure 2.

Figure 2. Ribbed innovative, triangular, 10-wire strand [10]

Improving the bond between the strand and concrete
should reduce the slippage and transfer length, as shown in
Figure 3. This is directly related to the higher shear capacity
due to the greater contribution of the applied prestressing
force. However, the set assumptions need to be
experimentally verified, and on the basis of the test results,
a model of the bond behavior of a triangular strand should be
proposed.
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Figure 3. Schematic presentation of the expected contribution of the triangular strand compared to the standard one

2 Experimental program

The testing program is divided into several phases,
including pull-out tests of untensioned strands, push-in and
pull-out tests of pretensioned strands [11], transfer length
tests [12], and shear beam tests [13]. Pull-out tests of
untensioned strands are presented in this work.

2.1 Materials

The strands used in the experimental program are shown
in Figure 4:

— 7-wire strand, configuration 1 (d = 3.2 mm) + 6 (d =
3.05 mm), with a tensile strength of 1860 MPa;

— 10-wire strand, configuration 1 (d = 2.6 mm) + 6 (d =
2.6 mm) + 3 (d = 2.6 mm) with tensile strength of 1770 MPa;

Figure 4. Geometry of tested strands: (left) standard,
seven-wire; (right) ten-wire

Self-compacting concrete (SCC) of class C40/50 was
made with the mixture proportion given in Table 1. The same
concrete mixture was applied in all tests. Casting of concrete
samples was performed in the laboratory of IGM "KABAS" in
Tesli¢, where all other tests will be performed. Based on
properly stored material and data on the surface moisture of
each of the aggregate fractions, an identical mix for concrete
samples was applied in the laboratory in Tesli¢.

Table 1. Concrete mixture proportion

Class: C40/50
The origin of the Aggregate Percentage Dosing for 1 m? of
aggregate fractions (mm) participation (%) concrete
Stone pit ,Dobrnja"
Banja Luka 0-2 38 629 kg
Stone pit ,Dobrnja"
Banja Luka 0-4 22 367 kg
Stone pit ,Dobrnja"
Banja Luka 4-8 12 196 kg
Stone pit ,Dobrnja"
Banja Luka 8-16 28 463 kg
Total: 1655 kg
Cement CEM 1I/B-M(S-LL) 42.5N 420 kg
Water City water supply 165 L
wi/C 0.393 Residual air 1.70 %
Chemical additive HRWRA 0.71 % 4.05L
Mineral additive Fillers 150 kg
Consistency SF2 660-750 mm

Building Materials and Structures 65 (2022) 93-103
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Testing of concrete component materials and
characteristics of fresh concrete SCC C40/50 was performed
in the laboratory of the concrete factory "BINIS" in Banja
Luka.

The characteristics of fresh concrete that are tested are
shown in Table 2. Results of the slump-flow test, ,V* funnel
test, and ,L“ box test are shown with obtained values and
adequate class in the standard (EN 206, reference). After
casting, the concrete cube specimens (15x15 cm) were
protected with a plastic sheet to prevent the premature loss
of moisture. Specimens were stored in the Laboratory for
24h. After that, they were demolded and then placed in the
water to be cured by the time of examination.

The measured compressive strengths of SCC C40 / 50
concrete are given in Table 3.

2.2 Pull-out test of untensioned strands

Pull-out tests of untensioned strands were performed on
large concrete blocks with a size of 611x450x450 mm
(length, width, and height). Each block had 6 strands of
which 3 were 7-w and 3 were 10-w strands. Two different
surface conditions of strands were tested: AR-as received
and W-weathered (Figure 5). Strands were debonded on
both sides of the concrete block to a length of approximately
5 cm. Specimens were demolded and mounted on previously
ready steel frames where tests will be conducted 24 hours
following casting. Pull-out tests were accessed 3 and 7 days
from the day of pouring the blocks: the pull-out force was

applied on one side of the specimen (active side) and
gradually increased over a period of 120-180 seconds until
the bond fracture appeared. When the force/slip line reaches
the horizontal position parallel to the X-axis, the bond
fracture appears, indicating that there is no longer any
resistance to the slipping.
The keys to the test were:
a) Measuring points:
- Values of pull-out force;
- Slip of the strand on both sides (active and
passive);
- Rotation of the strand on the passive side.
b) Test method:
- Applying pull-out force on the strand constantly
for a period of 120-180 seconds;
- Equipment used for applying pull-out force was
a hydraulic hollow jack with a capacity of 40
tons;
- Hydraulic jack was placed on top of the concrete
blocks.
¢) Measuring equipment:
- For force, oil pressure sensor capacity 500 bar;
- For displacement, 2 x LVDT sensors on both
sides of the concrete block (active and passive
ends of the strand);
- For rotation of the strand rotary encoder was
placed on the passive end.

Table 2. Results of SCC C40/50 fresh concrete tests

Test Class Values accor. to class Obtained value
Slump-flow test SF2 660-750 mm 710 mm
LV funnel VF2 9-25s 10s
L box PL2 2 0,80 with 3 rebars 0,83
Table 3. SCC C40/50 compressive strengths
2 days 7 days 14 days 28 days
Concrete Samples  Dimensions (mm) Stress Stress Stress Stress
(MPa) (MPa) (MPa) (MPa)
1 150x150x150 36.34 52.56 61.77 66.52
C40/50 2 150x150x150 35.98 51.80 62.01 65.82
3 150x150x150 35.58 52.20 61.56 67.14

Figure 5. Strand specimens preparation (left) and surface conditions - remains on paper (right)
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The schematic presentation of the planned setup with a
block specimen that has multiple strand samples is shown in
Figure 6. The first used setup of the pull-out test with
untensioned strands is called the A setup. The concrete
block, with a size of 1240x450x450 mm, was originally
planned. Due to the capacity of the mixer, this concrete block
was reduced to the size of 611x450x450 mm (Figure 7) to
enable the casting of a whole specimen from one mixing.

Figure 8 shows test arrangement and position of the
sensors for measuring pull-out force (pressure sensor — S0)
and displacement sensors for strand slipping on both sides
of the concrete block (1 + 1 LVDT — S1 and S2).

Setup A had imperfections that affected the logic and
accuracy of the test results, such as (Figure 9):

— The steel device shown in Figure 9-right, which rested
over the anchor chuck taken at one point, had a rotation in
both directions when pulling the strand. This was happening
in the process of "tuning", so measuring with only one
displacement sensor in this way was very unreliable. At least
one more displacement sensor must be introduced.

— The height of the steel device itself introduced
additional unknowns. The steel device should essentially
have a previously tested stiffness, the values of which could
be used to compensate for any unwanted measurements in
the pull-out test. By removing such a high steel device, a lot
of unwanted factors have been eliminated.

— At the passive end, the displacement sensor was set
according to Fig.9-left. The way that the sensor made contact
from the bottom, perpendicular to the cross-section of the
strand, introduced potential problems that can manifest
themselves in the form of sensor displacement and sliding
during rotation of the strand caused by slipping through
concrete.

— Magnetic holders can additionally affect the measure-
ments if they are not strong enough and do not lie on a solid
surface. In the new arrangement (setup B), the sensors will
be attached directly to the strands according to Figure 10.

t ,

Figure 6. 3D schematic presentation of the block with multiple strand samples
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Figure 8. Test arrangement and position of the sensors (left) and concrete specimens with numbering (right)
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Figure 9. Setup A imperfections on the passive side (leff) and active side (right)
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Upper piston rod

Cylinder body 9
Lower piston rod

o ol A
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] Aluminum holder
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Head grip
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Rotation sensor

Steel device .
l—'—.. - ) ]

Figure 10. Setup B active side (upper side) and passive
side (lower side)
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The new setup B was first tested on test specimens, in
order to eliminate new unpredicted situations. The
specimens were tested according to the previously defined
procedure, in order to determine the closest possible
moment to full "clamping", i.e. to reduce free movement due
to the mutual adjustment of the strand (wedges in the sleeve)
and the piston of the cylinder.

The setting of the sensors at the active end is shown in
Figure 10-upper side. It can be seen that 2 displacement
sensors LVDTs (1 inductive and 1 potentiometer) with a
range of 50 mm are placed on each side. Both are mounted
directly on the test strand via an aluminum holder (Fig. 10).
By pulling the strand out, the strand also rotates. In order for
the sensors attached to the strand to rotate freely and
together with the strand, it is necessary to reduce the friction
in contact with the concrete to a minimum value. This is
achieved through glass plates that are placed over the strand
and glued to the concrete surface. The contact between the
top of the LVDT and the polished glass surface has negligible
friction, so it is considered that the LVDT will rotate smoothly
with the strand.

On the passive side, the setting of the measuring
instruments is shown in Figure 10-lower side. It can be
noticed that the setting is completely the same as on the
active side (1 inductive and 1 potentiometer LVDT), with the
addition of the encoder for measuring the rotation of the
strand. The encoder has a range of 2000 impulses. A shaft
with a diameter of approximately 8 mm passes through the
encoder, which is attached to the headrest. The headrest is
attached to the strand. This headrest slides freely over the
shaft in the direction of the strand slipping. During the
rotation of the strand, the strand can slide upwards without
hindrance, and at the same time it does not drag the encoder
with it. A glass base was placed over the strand, and on the
concrete surface, which enabled uninterrupted rotation of the
LVDTs together with the strand (same as the active end).

The force was measured as mentioned via a pressure
sensor placed between the cylinder and the oil supply.

The complete final setup of the experiment is shown in
Figure 11.

In this approach, the imperfections detected in the setup
A were successfully resolved in setup B. Moreover, some
fine preparations were performed in setup B which are
shown in Figures 12 and 13.

Building Materials and Structures 65 (2022) 93-103
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Figure.12. Fine preparation of supports on concrete surface

Building Materials and Structures 65 (2022) 93-103
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Figure 13. Leveling position of the LVDT’s on the active side

3 Experimental results and discussion
The specimen's identification procedure is shown in Table 4 and Figure 14.

Table 4. Summary of the testing program and research variables

Type of Strand Concrete Ti Number of large
o, ime
strand condition class beam samples
3 days
A C40/50 —
7 days
w
3 days
B C40/50 —
7 days
4
3 days
A C40/50 —
7 days
10w
3 days
B C40/50 —
7 days

Indetification of specimens and test variables
C50 - A -3d- 1

‘—b Specimen number

— Time performing test

» Strand surface condition
A:  As-received

B: Weathered

» Specified compressive strength:
C40: 50 MPa

Figure 14. Identification procedure for the block specimens
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So far concrete block specimen C50-A-3d was tested
with the previously described setup B. The strands were pull-
out from the blocks with the procedure described in chapter
2.2. A pull-out force/slip relationship is shown in Figure 15.
Dot lines represent the active side, and continuing lines
represent passive side results.

As was shown in [14], it was expected that
measurements on the active end of the strand (the side on
which the force is applied) differ from those obtained on the
passive side. This difference is in higher values of slips at

lower forces, which is caused by the way the strand is fixed
(slip of wedges in the sleeve) and by elastic elongation of the
unsupported part of the strand. As a consequence, the active
side curve will always have a smaller slope to the horizontal
axis. From the moment when the strand completely slips (the
strand begins to move through the concrete along its entire
length), the curve changes from a linear behavior to a
nonlinear behavior. At this point, the connection has been
plasticized all the way to the breaking moment by slipping.

Pull-out test of untensioned strand
C50-A-3d

Pull-out force (kKIN)

0,0 2,0 4,0

0 10,0 120

Slip (mm)

Figure 15. Pull-out force versus Slip response: 1-3 (10-w strands); 7-9 (7-w strand)

Pull-out test of untensioned strand

Pull-out force (k)

0,0 5.0 10,0

CS50-A-3d

150 20,0 250
Strand rotation ()

Figure 16. Pull-force versus Strand rotation response: 1-3 (10-w strands); 7-9 (7-w strand)
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Pull-out test of untensioned strand

Slip (mm)

0,0 5.0 10,0

C50-A-3d

10,0
5.0
—P5-01
Ps-02
—Ps-03
— P5-07
— P5-08
— PS-09
0,0
20,0 25.0 30,0

Strand rotation ()

Figure 17. Slip versus Strand rotation response: 1-3 (10-w strands); 7-9 (7-w strand)

From the beginning of plasticization, the slips on the active
and passive sides are equalized, i.e., the curve of the active
side is parallel and offset by the values of the initial slips. The
same behavior was obtained in this test (Figure 15): on the
passive side, there is no slip until the moment when the bond
plasticization occurs. After that, the strand begins to move
completely through the concrete and the slip on the passive
side appears.

It can be seen in Figure 15 that 7-w untensioned strands
had dominantly higher pick bond strengths than the 10-w
strands. Individual results of the 7-w strands are less uniform
with respect to 10-w strands. Besides, the AS-01 strand
showed measuring imperfections in the range of 20-25 kN.
These imperfections are caused by the current fine-tuning of
the measuring instrument.

Figure 16 shows the relationship between pull-out forces
and strand rotations. It can be noticed that 10-w strand
results have very good uniformity in comparison to 7-w
strands. Figure 17 presents the results of slip versus strand
rotation. The results of the PS-03 strand deviate from other
10-w strand results, which was caused by the dirty shaft of
the encoder and its inability to rotate freely. Other results
show constant uniformity, which instills confidence in the
accuracy of the results.

4 Conclusion

All the tests presented in this paper were non-standard
and performed completely innovatively with self-made
devices and setups. Initial tests indicate a justified need to
investigate the bond characteristics of the innovative
triangular 10-w strand.

The pull-out test results obtained on specimen C50-A-3d
allowed a comparison of 7-w and 10-w strand bond behavior.
Firstly, the results showed logical bond behavior for both
strand types. Secondly, 7-w untensioned strands had
dominantly higher pick bond strength than 10-w strands,
contrary to expectations. Individual results of the 7-w strand
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were however less uniform in comparison with 10-w strands.
Due to the sensitivity and accuracy (3.5%) of the oil sensor
pressure used in this test, the results need to be taken with
some reserve. In order for the results to be more accurate, it
is necessary to have a high degree of repeatability.

Previous observations define the next steps in the pull-
out test of the untensioned strand. Instead of the pressure
sensor, a calibrated load cell with a capacity of 500 kN will
be used. After the pull-out test of untensioned strands is
successfully completed, including different specimens' ages
and surface conditions, the focus will be moved to the next
phase. Further test phases mentioned in the paper, which
are part of the Ph.D. thesis of the first author, should give a
clear picture of the behavior of the bond connection between
the 10-w strand and concrete, as well as its contribution to
the shear capacity of the beam elements.
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ABSTRACT

Earthquake records indicate that earthquake motion is an irregular oscillatory soil
movement as a consequence of the heterogeneity of the soil material, as well as
due to reflection, refraction, and interference of seismic waves. The trajectories of
soil particle movement during an earthquake are proven to be chaotic, so the
approximation of seismic effects by a simplified collinear model is very rough from
an engineering point of view. The directions of the earthquake during the duration
of the earthquake event affects the results of the seismic calculation. In this paper,
the simultaneous influence of horizontal seismic load components on buildings has
been analyzed. Actual seismic norms deal with this issue and define
recommendations that should be applied in the design. This paper discussed how
realistic and applicable these recommendations are in standard engineering design.
A series of time history analyses of the horizontal stiffness of reinforced concrete
regular and irregular structures were performed. Two earthquake events with a
markedly changing direction of the ground acceleration vector were taken as the
load. Significant differences in the influence values of the adopted representative
parameters were determined for the two considered cases of collinear and
simultaneous effects. In the conclusion, a critical review of the usual seismic
calculation and the provisions of Eurocode 8, related to the effect of the horizontal
components of the seismic load, is given. Finally, the paper comments on the
introduction of corrective factors in cases where simultaneous action is not

considered.

1 Introduction

In seismically active areas, a seismic design is performed
to ensure adequate safety and bearing capacity of the
building due to seismic load. A seismic load is specific when
compared to the other types of loads. Characteristics such
as the probability of occurrence, the dynamic characteristics
of the load, the intensity of action, and the duration of the
earthquake are unknown values at the time when the seismic
design is performed. In that sense, the values that determine
the seismic load are obtained not through a deterministic but
rather a probabilistic approach. This approach requires a
greater amount of objective data and a significantly larger
number of measured data points related to the effect of
earthquakes.

The analysis of these data reveals the characteristics of
the seismic load that assert the need to re-examine common
engineering practices and procedures. The direction, i.e., the
directions of the earthquake action during the earthquake
event, have been insufficiently researched. In this paper, the
simultaneous effect of horizontal seismic load components

" Corresponding author:
E-mail address: ratko.salatic@gmail.com

Building Materials and Structures 65 (2022) 105-114

on high-rise buildings has been analyzed. Actual seismic
norms deal with this issue and define recommendations that
should be applied in the design. This paper will discuss how
realistic and applicable these recommendations are in
standard engineering design. The regularity of the building
structure, the stiffness of the structure, and the ratio of
frequency characteristics of the forced load to the structure
have been adopted as important parameters for analysis. A
series of time-history analyses of the horizontal stiffness of
reinforced concrete regular and irregular structures were
performed. Two earthquake events with a markedly
changing direction of the ground acceleration vector were
taken as the load.

The results of the performed calculations have been
analyzed, and a critical review of the usual seismic design
and the provisions of Eurocode 8 [1], related to the effect of
horizontal seismic load components is presented in the
conclusion. Finally, the paper comments on the introduction
of corrective factors in cases wherein the simultaneous
impacts are not considered.
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2 Overview of previous research

The direction of seismic actions has been studied by
several authors, applying various methods in the process.
Within this subchapter, a brief overview of normative
recommendations and previous research will be given.

The proposed orthogonal combination rule for multi-
component ground motions was first considered by O'Hara
and Cunnif (1963) [2], while Chu et al. (1972) [3] proposed
the application of the SRSS (Square Root of the Sum of the
Squares) procedure. The type of orthogonal combination
procedure, known as the 100% + XX% rule, was introduced
by Newmark (1975) [4]. He considered 100% of responses
in one direction and an additional 40% in the other direction,
in order to conservatively capture a bidirectional load.
Rosenblueth and Contreras (1977) [5], based on previous
work by A.S. Velestos and Newmark, proposed the 100% +
30% rule, which has been widely used in modern regulations.

Menun and Der Kiureghian (1998) [6] proposed
extending the well-known rule of modal combination CQC
(Complete Quadratic Combination) to a modal and
directional combination rule named CQC3 (Complete
Quadratic Combination with Three Components). Hisada et
al. (1988) [7] used the ratio of response spectra constructed
using both horizontal components of ground motion to those
constructed using only one ground motion component as a
measure of seismic effects, which was applied in
Regulations ASCE/SEI 7-10. MacRae and Mattheis (2000)
[8] considered the SRSS rule, the 100% + 30% rule, and the
SAV rule (Sum of Absolute Values) for a steel frame building
using direct nonlinear dynamic analysis with a varying
ground motion angle. The SAV rule uses the sum of the
absolute maximum values of the structure response for each
direction of the earthquake. The structure displacements
were chosen as a comparative parameter, given the fact that
in the nonlinear analysis, the forces in elements may not
change significantly when the parts of the structure reach
yield strength. It was concluded that SRSS, 100% + 30%,
and SAV rules depend on the angle at which seismic forces
act on the object (rotation of the direction of seismic loading
concerning the principal axes of the building) and that all
methods produce unconservative results in terms of relative
inelastic floor displacements. The conclusions were
interpreted in UBC-97 (Uniform Building Code provisions). In
their work, Lopez et al. (2001) [9] compared the SRSS rules
100% + 30% and 100% + 40% with the CQC3 rule. Within
the CQC3 method, the critical response of the structure was
determined, which was compared with the responses of the
structure obtained using other methods, and ratios up to 25%
difference were obtained. It was found that the critical
response increases in cases where the modes with the
highest effective mass have close frequency characteristics,
so the CQC3 rule should not be applied in that case.

Zaghlool (2001) et al. [10] considered the 100% + XX%
rule by applying linear and nonlinear direct dynamic analysis.
They analyzed the structure response in the x-direction at the
time of the maximum response in the y-direction, and vice
versa. The obtained corresponding component of the
response is then divided by the maximum from the same
direction, yielding XX% participation. This procedure can be
described as the percentage activated of the maximum
“strong”-axis response at the time of the maximum “weak”-
axis response. As a conclusion of this analysis, the use of
100% + 45% rules was proposed. Sherman and Okazaki
(2010) [11] analyzed spatial brace frames by using the
nonlinear time integration method. Two criteria were applied
for designing corner columns shared by orthogonal frames
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that resist the effects of earthquakes in both directions. In the
first one, corner columns were designed to take 100% of the
forces from one direction and 30% from the other direction.
In the second one, columns were designed at 100% of the
forces from both directions. This approach is analogous, but
not completely the same, as the 100% + 30% rule because
the column forces were obtained based on the bearing
capacity of the whole system and not based on design forces
caused by the horizontal effect of the earthquake. They
noted that the first approach proved to be unconservative in
several cases in terms of the results obtained. For the
second approach, they noted that for all calculations, the
results were on the side of safety, with more conservative
results observed when increasing the height of the building
since this change reduces the possibility that all braces will
be yielding at the same moment. Bisadi and Head (2011) in
their work [12] assessed the 100% + 30%, 100% + 40%, and
SRSS rules using nonlinear direct dynamic analysis of bridge
structures. They analyzed two cases. In the first case, only
the major component of the seismic ground motion record
was applied, which is defined as the one with the largest
amplitude of the ground motion record (PGA, Peak Ground
Acceleration) in the longitudinal and transverse directions of
the bridge individually, and then the structure responses
were combined using adopted rules. In the second case, the
primary and secondary components of the earthquake were
applied simultaneously. Next, they combined the responses
for both directions using combination rules. After that, they
determined the probability of underestimation for each of the
combination rules, for each of the two loading cases. It
should be noted that the probability of underestimating the
results varies depending on whether the force capacity or the
displacement capacity of the structure is considered.
Cimellaro (2014) et al. [13] proposed the application of a
modified nonlinear static analysis that would use the factors
of 1.0 and 0.6 for two orthogonal seismic actions. The factor
with a value of 60% that differs from the usual 30% was
obtained by the calibration of six distinctly irregular models
with reinforced concrete spatial frames, using nonlinear
direct dynamic analysis. The authors found that the
difference between these factors arose as a consequence of
observing the nonlinear response, instead of the linear
response that the 100% + 30% rule was based on.

3 Seismic load

Earthquakes occur at irregular intervals in space and
time. For the assessment of seismic risk, certain laws of
earthquake occurrence can be observed, if a sufficient
amount of objective data is available. This primarily refers to
the basic characteristics of seismic loadings, such as the
predominant period, the duration of the earthquake, peak
ground acceleration, peak ground velocity, peak ground
displacement, and the direction of the earthquake [14]. In this
paper, only one parameter will be analyzed in detail, namely
the direction of the earthquake in the horizontal plane xOy.
The effect of the earthquake concerning the z-axis is
disregarded in this paper and was not subject to analysis.

An earthquake is a natural phenomenon caused by an
abrupt release of energy in the earth’s crust, which spreads
in the form of seismic waves and manifests itself on the
surface as shaking of the ground. Earthquake records
indicate that it is an irregular oscillatory movement. It is a
consequence of the inhomogeneity of the material through
which seismic waves travel. Due to reflection and refraction,
on the surface they manifest as three-component oscillatory
movements without a stable period and amplitude. Due to

Building Materials and Structures 65 (2022) 105-114
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earthquakes, ground vibrations occur that have two
horizontal components and one vertical component. Vector-
wise, ground displacements xOy can be analytically defined
by the displacement vector (Figure 1a). It is necessary to
adopt a time interval for which the displacement is monitored,
since data is collected at discrete moments of time, as a
consequence of the impossibility to present the stochastic
function as an analytical function. Each moment of time t;
corresponds to the vector r;. (Figure 1a).

In previous engineering practice, the effect of an
earthquake was usually considered a load caused by the
collinear displacement of ground particles, since all
displacement vectors are on one line. This direction is
defined by the angle g of the previously arbitrarily adopted
orthogonal global coordinate system (Figure 1b).

As earthquake records are obtained via data
(displacement, velocity, or ground acceleration) for two
orthogonal directions, the input data for the numerical
calculation can be component values of the ground
displacement u, and uy, that is, ground acceleration a, and
a, caused by an earthquake (Figure 1c). How the
components of this load will be used in calculations,
independently or simultaneously, affects the essential result
of the calculation. Modern-day software and hardware
development has made it possible to consider the
simultaneous actions of seismic action components
relatively easily today.

Based on the data for a large number of examined
earthquakes, the ground particle displacement trajectories
can be illustrated by diagrams (Figure 2).

The analysis of the presented diagrams shows that the
action of earthquakes in the horizontal plane is usually
chaotic, with a significant change in the direction of the
displacement vector, so rarely can the action of the
earthquake be approximated with the effect in one direction
alone. Out of all the trajectory diagrams presented, a single-
direction approach can only be acceptable in the case of the
diagrams corresponding to the Nicaragua, 1972, and
Montana, 1935, earthquakes. The diagram analysis
concludes that a rough approximation of the load effect is
performed if the earthquake load is considered to be acting
only in one direction. One direction cannot realistically
describe the majority of the seismic load.

Having that in mind, the regulations have introduced a
mandatory consideration of the seismic load in two
orthogonal directions, primarily led by the fact that the
direction of the future earthquake is not known.

It is recommended that a calculation for each excitation
direction be made separately, and then, after assuming the
linear behavior of the structure, the final results be
determined by the superposition of the results for both
orthogonal directions. In cases where we calculate only the
maximum values for each direction separately using the
response spectrum, the procedure is similar to the problem
of determining the resultant effects of various vibration tones.

Since it is quite unlikely that the maximum excitation
values in both directions will occur simultaneously, simply
adding up the maximum values for individual directions gives
overestimated effect values, so it is usually suggested that
the square root of the sum of the squares (SRSS) method be
applied, which is also used in the modal analysis [14]:

— 2 2
Uimax = _[UYjxmax + uiymax

— 2 2
fEimax - ’fEixmax + fEiymax

Expressions (1) represent the displacement and force
values, and the indices “x“ and “y* indicate the direction of
excitation. The directions of x and y axes must be orthogonal
and are most often adopted as the main axes of the structure.
In applying this approach, the results are independent of the
chosen excitation directions. The approach is not applicable
if the excitation in different directions causes different types
of loads in individual elements (e.g. axial forces from vertical
load, transverse forces, and moments from horizontal load)
[14]. Then a combination of 100% load in one direction and
30% or 40% load in the other direction is recommended.

Applying these problem setups, Eurocode [1] prescribes
that horizontal seismic load components act simultaneously.
The combination of horizontal components of seismic action
can be determined in several ways. The first is that the
structure response for each component must be calculated
separately, using combination rules of modal responses. The
second, the maximum value of each impact in the structure
due to the two horizontal seismic components, is determined
as the square root of the sum of the squares of the seismic
effect for each horizontal component:

/Eédx + Efgy (2)

(1)

B!

b, R
Vs«

Figure 1. a) Ground particle displacement vector during an earthquake b) Collinear ground displacement during an
earthquake c) Components of ground displacement and acceleration due to an earthquake
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Figure 2. Horizontal action for various earthquake events [15]

The third, less conservative way, assumes governing
influences according to the combination of the values of the
seismic effects:

Egax "+ "0.3 Egay Egay "+ "0.3 Egay 3)

where:
Eggx - is the value of effects due to the application of
seismic action along the x axis of the structure
Egqy - is the value of effects due to the application of
seismic action along the y axis of the structure
In particular, for the nonlinear time history analysis and
the spatial model of the structure, the simultaneous effect of
the acceleration components in both horizontal directions
should be analyzed.
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4 NUMERICAL ANALYSIS

4.1 Models for numerical analysis

Numerical analysis was performed for four models of a
reinforced concrete multi-story (10-story) structure. The first
two models, A and B, represent regular structures with lower
and higher horizontal stiffness. Models C and D represent
irregular structures with different horizontal stiffness.
Different horizontal stiffness was obtained by adding a
reinforced concrete core to the frame structure (Figures 3
and 4).

Building Materials and Structures 65 (2022) 105-114
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v

Figure 3. Considered structure models
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Figure 4. Plan view of the considered models

During the modeling of the structures, given the fact that
it is an RC structure, reduced stiffnesses were adopted,
which differ depending on the structural element, which is
considered to correspond to the behavior of the real structure
under the action of seismic loading. For vertical structural
elements, columns and walls, the stiffness correction value
of 0.70 was adopted, while for horizontal structural elements,
beams and ceilings, the stiffness correction value of 0.50
was adopted. The dynamic characteristics for each of the
models are given in Table 1.

4.2 Seismic load applied

Analysis was carried out for two earthquake events for
which the accelerograms were available for two orthogonal
directions, the Gulf of California 2001 and the Lazio-Abruzzo
1984 earthquakes (Figures 5 and 6). The basic data of the
record are given in Table 2. The aforementioned
earthquakes were chosen for analysis because their ground
particle displacement trajectories are markedly chaotic in the
horizontal plane (Figure 7).

Table 1. The first three periods of oscillation of the considered models

Structure models

Oscillation periods (s)

T T T 3

A — Regular in plain without RC core  2.35 2.08 1.81

B — Regular in plain with RC core

106 099 0.78

C — Irregular in plain without RC core  2.17 2.1 1.73

D — Irregular in plain with RC core

1.38 1.13  0.82

Building Materials and Structures 65 (2022) 105-114
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Table 2. Earthquake record data

Earthquake record Gulf of California Lazio " ;‘}Sruzm
Year 2001 1984
Station El Centro - Meadows Union School Athens
Magnitude 57 5,8
Vsso (M/S) 276,25 585,04
PGA (direction 1) 0,011 ¢ 0,0956 ¢
PGA (direction 2) 0,0099 ¢ 0,0956 ¢
Closest distance to rupture — R, (km) 96,28 18,89
Duration D5 - 95 (s) 64,7 10,0
5 o 5 o1
% 01 “,% o
3 5
1 2 3 4 5 6 7 8 9 10 - 0 1 2 3 4 5 6 7 8 9
Vreme / Time [s] Vreme / Time [s]
Figure 5. Accelerogram of the Gulf of California earthquake in the direction of both x and'y - axes [15]
% 01 5 o1
3 4
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3 £
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Figure 6. Accelerogram of the Lazio earthquake in the direction of x andy - axes [15]
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Figure 7. Representation of the ground displacement trajectory in the horizontal plane for the selected earthquakes [15]
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Figure 8. The spectrum of the California and Lazio earthquake response [16]

Ground acceleration records are normed to a value of
0.2g for the more intense direction, and then the acceleration
values for the other direction were modified with the same
multiplier to maintain the same ratio of ground acceleration
components both in x and y directions.

In the case of the California earthquake record in the x-
direction, the predominant period is 0.17 s, while in the y-
direction it is 0.14 seconds. Different values of predominant
periods could be due to inadequate earthquake recording or
due to a numerical error in the integration procedure. In the
case of the Lazio earthquake record, in both directions the
predominant period is 0.22 s. Figure 8 presents the original
spectrum for two directions (black line - x direction, green line
- y direction) and their envelopes (red line - x direction, and
blue line - y direction).

4.3 Results of the calculation

The calculation was carried out using the method of linear
direct dynamic analysis with the software package SAP2000
ver. 14 [17]. In this study we did not analyze the vertical
component of the seismic action and used the assumption
that earthquake records, given in orthogonal directions,
coincide with the longitudinal and transverse axes of the
base of the building. For each of the formed structure
models, the seismic load was assigned using three different
approaches:

1) according to the EC8 standard, EN 1998-1: 2004 [1],

2) independent collinear effect of seismic loading,

3) simultaneous effect of seismic loading for two seismic
load components.

Calculations were performed for each of the assigned
loads, to determine the governing deformation and static
values. The first calculation is following the provisions of EC8
by applying equations (3). The second calculation, the
collinear effect, considered the seismic load in the x-direction

and y-direction as acting independently, so the load that
causes greater effect was chosen as the governing one. The
third calculation refers to the simultaneous action of the
acceleration components corresponding to the obtained
accelerograms for the two orthogonal directions of the
selected earthquakes.

After conducting the analysis using the software package
SAP2000 [17], the obtained values of the following
components were observed to consider the structure
response:

— the resulting displacements in the nodes on the roof

slab, (Figure 9)
— columns’ bending moments at the building base,
(Figure 10)

— total base shear forces.

The resulting displacements in the nodes on the roof slab
are determined as the vector sum of the component
displacements, which are obtained in the results of the
software calculation. These displacements of the roof slab
were obtained in all nodes of the slab as a same values,
given the fact that the adopted reinforced concrete ceiling
was rigid in its plane (Tables 3 and 4).

For the base bending moments, the values that have the
largest differences in the calculation values according to
Eurocode 8, and the calculation with simultaneous effect are
presented (Tables 3 and 4). Differences are given in
percentages A[%]= ((R1.2-R3))Rs , and R indicates the
considered parameter, and the index is the chosen
calculation of seismic load.

The total base shear force is equal to the total seismic
force. It represents a single global quantity that characterizes
the earthquake and is often used to control and analyze the
results obtained from a numerical seismic design. Results for
total seismic force differences is given in Table 5.

Figure 9. FEA (Finite Element Analysis) model nodes for which the resulting displacements are considered
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Figure 10. FEA model nodes for which the base bending moment values are considered

Table 3. Results of roof ceiling displacement and bending moments in columns in regular models

Displacement [cm] Bending moment [kKNm]
California A A [%] B A [%] A A [%] B A [%]
1 EC8 3.40 3.0 3.70 -8.6 1442 | -13.0 | 66.9 | -13.5
2 Collinear 3.27 -0.9 3.56 -12.1 138.3 | -16.5 | 61.2 | -20.8
3 Simultaneously | 3.30 - 4.05 - 165.7 - 77.3 -
Lazio A A [%] B A [%] A A [%] B A [%]
1 EC8 2.90 0.7 2.73 -14.7 141.6 25 384 | -16.7
2 Collinear 2.80 -2.8 2.61 -18.4 135.9 -1.7 36.9 | -20.0
3 Simultaneously | 2.88 - 3.20 - 138.2 - 46.1 -

Table 4. Results of roof ceiling displacement and bending moments in columns in irregular models

Displacement [cm] Bending moment [kNm]

California C | A%] D | A[%] C | A[%] D | A[%]
1 EC8 3.40 6.6 417 | -254 | 133.8 | -24.9 | 1484 | -27.7
2 Collinear 3.24 1.6 417 | -254 | 138.6 | -22.2 | 126.2 | -38.5
3 Simultaneously | 3.19 - 5.59 - 1781 - 205.3 -

Lazio C A [%] D A [%] C A [%] D A [%]
1 EC8 2.61 -7.1 268 | -31.3 | 155.9 7.2 1236 | 414
2 Collinear 250 | -11.0 | 2.77 | -29.0 | 150.8 3.7 1104 | 26.3
3 Simultaneously | 2.81 - 3.90 - 145.4 - 87.4 -

Table 5. Results of total seismic force components in irregular models

Components of total seismic force [kN]
California Cc Ax [%] Cc Ay [%] D Ax [%] D Ay [%]
Sx Sy Sx Sy
1 EC8 675.1 -1.7 | 6566 | -1.8 1831.0 | -12.0 | 21094 | -10.2
2 Collinear 675.1 -1.7 | 6565 | -1.8 1877.0 -9.8 2195.5 -6.6
3 Simultaneously | 687.0 - 668.4 - 2080.6 - 23494 -
Lazio Cc Ax [%] Cc Ay[%] D Ax [%] D Ay [%]
Sx Sy Sx Sy
1 EC8 727.9 2.6 723.8 2.6 1196.7 -8.9 13935 | -224
2 Collinear 725.9 2.3 721.8 2.3 1214.0 -7.6 1469.5 | -18.1
3 Simultaneously | 709.4 - 705.3 - 1313.6 - 1795.0 -
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4.4 Analysis of the numerical analysis results

Analyzing the displacement of the roof slab and column’s
bending moments in the case of regular structures, there is
a difference in the results for the calculation according to
Eurocode 8 and the calculation with simultaneous action, for
displacement of up to 13.5% while for bending moments it
increases to 20.8% (Tables 3, 4). The same parameters for
irregular structures have a difference of 25.4% for
displacement and 41.4% for bending moments.

The differences in the total seismic force components of
regular structures are negligible (2.6%), while in irregular
structures they are 22.4% at the most.

When comparing the predominant record periods used in
the design of structures, we can conclude that the main
oscillation periods of flexible models (Models A and C) are
quite distant from the resonant range. The situation is
different when analyzing the oscillation periods of stiff
models (Models B and D).

We can notice that the oscillation tones of the rigid
models are closer to the predominant periods of the
considered earthquakes. The periods obtained for the
models under consideration are expected. The identical
seismic load was assigned to all models, and there is the
effect of increasing acceleration in the nodes of rigid models
whose oscillation periods are closer to the predominant
earthquake period, which indicates the effect of amplification.

If the calculation is performed in accordance with the
provisions of the current Eurocode 8, the obtained
differences in the results indicate an obvious
underestimation of the impact in the seismic calculation.
Differences in results from 10% to 20%, even exceptionally
up to 41%, indicate that engineering calculations must pay
special attention to this fact. This conclusion is in line with
previous research on the simultaneous effect of
earthquakes, based on both linear and nonlinear analysis.
The analysis herein was linear, which may provide a relevant
response at the beginning of the earthquake action, before
the appearance of nonlinear effects.

Important input data for numerical analysis of the time
response of the structure are primarily accelerograms. As the
two records define one earthquake event, the dynamic
characteristics of the excitation should be the same for both
accelerograms in both x and y directions. A certain deviation
certainly exists due to the discretization of the input data. A
special analysis needs to be conducted in order to determine
the sensitivity of the results to the choice of integration time
interval, in order to define the criteria for the applicability of
the accelerogram record in seismic design.

5 Conclusion

After the analysis of earthquake records, it is obvious that
the earthquakes whose action can be approximated by
collinear influences have occurred in very small numbers.
The trajectories of movement of soil particles during an
earthquake are proven to be chaotic, so the approximation
of seismic effects by a simplified collinear model is very
rough from an engineering point of view. Actual regulations,
primarily the Eurocode, prescribe for which cases of seismic
calculation it is necessary to carry out an analysis with the
simultaneous effect of ground acceleration components.
Those normative provisions refer only to more complex and
irregular constructions. The problem remains unsolved when
calculation with simultaneous action is not mandatory.

Common procedures based on the combination of effects
due to collinear effects of earthquakes hide the effects of real
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earthquake action, because underestimated values of
seismic effects are increased by mathematical procedures
and not based on the actual response of the structure.

In the paper, the results for the selected types of structure
were analyzed in detail, and important differences were
determined in the impact values of the adopted
representative parameters for the two considered cases of
collinear and simultaneous action. Differences were noted in
a wide range, from 1% to 40%. The presented difference in
results is so significant for some influences that it
undoubtedly affects the change in the behavior of the system
that absorbs seismic energy with the plastification of the
most stressed elements of the system. In the case of
irregular building systems, as well as other systems that do
not fully meet the requirements of aseismic design, the
aforementioned  differences may cause unwanted
consequences.

The previous conclusion raises the issue of introducing a
correction factor for calculations that do not take into account
the simultaneous effect of two components of earthquake
acceleration. The corrective factor would have the role of
increasing the underestimated impacts obtained based on
the collinear effect. In this way, for simpler objects, there
would be no need to introduce a more complex calculation.
Its value should be determined based on the knowledge of
the actual impact values compared to underestimated ones,
for different categories of objects and types of calculations
(regular, irregular, high, low buildings, linear and non-linear
design).

In the design which takes into account simultaneous
action, special attention should be paid to the analysis of the
available records of the ground acceleration components in
the x and y directions, i.e. accelerograms. They represent a
single earthquake event, and the frequency characteristics
of the records for both records should be matched. These
errors most often occur due to an inadequate earthquake
record or time step in the accelerogram record.
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ABSTRACT

This paper presents some aspects of the design of two new bridges over the River
Vardar in Skopje.

“Mihajlo Apostolski” is an integral bridge, consisting of two separate structures
(22.05 + 50.50 + 21.05 m = 93.6 m length and 15.3 m width). The bridge deck is
made up of a two-cell prestressed cast-in-situ box girder with a parabolically variable
cross section. The abutments and the piers are wall-shaped and supported on single
and double row piles, respectively. The side spans, together with the approaching
structures, were proposed to be built on traditional scaffolding, while the middle span
over the minor riverbed was built with a free cantilever method.

The extradosed bridge at Ljubljanska Street is 27.5 + 56 + 27.5 m = 111 m long and
24.1m wide. The ribbed deck (two post-tensioned main girders, cross girders, and
deck slab) is supported from above by 32 parallel stay cables. The 12.6 m high
pylons are located at the intermediate supports. In the base, the four piers have a
rectangular cross section that has been rotated 45 degrees. The superstructure is
supported by pot bearings. A deep foundation on piles was chosen. Cast-in-place
construction of the superstructure was foreseen.

The design of the bridges was done according to Eurocodes and respecting the fib
and PTIl recommendations. Detailed numerical analysis was carried out in the FEM

software SOFiSTiK and additional auxiliary software.

1 Introduction

The Vardar River runs along the longer side of Skopje for
about 25 kilometers. Such a river orientation necessitates a
greater number of bridges to allow for more efficient traffic
communication between the city's north and south sides.
Following the catastrophic flood of 1962, the river bed was
completely regulated to a total width of about 100 m,
depending on the location. In the midst of the major bed, a
50-m-wide and 3-m-deep minor bed was formed. On its left
and right sides, there are recreational footways that end with
3-m-high quay walls.

Such a cross-section of the river bed (approximately 25
+ 50 + 25 m) along with the quite unfavourable hydrological
parameters (a small difference between the finished levels of
access traffic lines and the flood water level) create real
problems in the conceptual design of bridge structures and
inevitably lead to certain mutual concessions.

At present, in the area of Skopje City, nine road bridges
are functional. All of these are made of concrete (reinforced

" Corresponding author:
E-mail address: markovski@gf.ukim.edu.mk
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or prestressed). Most of them have three spans. Several
different static systems are present.

Both bridges presented in this paper were designed in
2019 and 2020, respectively. The investor was Skopje, while
the project operator was the Geing Ltd. Company from
Skopje. The design solution for the bridges was elaborated
based on previously prepared projects on the infrastructure,
considering the following defined parameters:

¢ The finished level of the traffic line;

e The position of the structure on the site plan;

e The width of the traffic line, the cycling paths, and the
sidewalks;

¢ Data on flood waters with a return period of 100 years
and the necessary hydraulic opening.

The first bridge has already been constructed, while the
construction of the second one started in August 2022. The
contractor for both structures is Granit Ltd. Company from
Skopje.
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2 Integral bridge “Mihajlo Apostolski”

The “Mihajlo Apostolski” bridge is part of the ASNOM
boulevard extension project.

The traffic solution anticipates that the relatively long
access ramps to and from the cross-road located on one side
(Fig. 1) are a constituent part of the bridge structure. This
poses serious limitations on the elaboration of possible
variant solutions.

Fig. 1. Position of the bridge on the site plan

A frame with three spans of 22.05 + 50.5 + 21.05 m =
93.6 m (Fig. 2, 3) was selected as the final solution. Such a
ratio of spans arose from the condition that the middle piers
had to be placed on the slopes of the minor river bed. The
bridge consists of two branches that represent separate
structural units. The width of each branch is 15.3 m, and it
includes: three traffic lanes of 3 m each, 5.2 m for the
pedestrian and cycling paths, and two parapet beams for
anchorage of the fence systems. The span of the access
ramp on the left branch of the bridge is 32.75 m, whereas
that of the right one is 25.73 m.

Q)
T TR T
NENARRRRRNZ Y RNRRRRRN)

p. Bapaap

The adopted system is also known as an integral type of
bridge. This enables the avoidance of bearings and
expansion joints over the abutments that indirectly affect the
durability and the cost of the structure. However, on the other
hand, the integral solution requires a more detailed analysis
of indirect effects as follows: temperature variations, the
creep and shrinkage of concrete, and the settlement of
supports. Although the standards [1] prescribe this type of
bridge for lengths of up to 100 m, lately, such structures have
also been constructed to much longer lengths (250-350 m).
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2.1 Superstructure

The superstructure of the bridge consists of a cast-in-situ,
prestressed, double-cell box girder. It has a parabolically
variable height and width of the lower deck that also leads to
variable inclination of the webs (Fig. 4). The height of the
cross-section in the middle of the main span and that over

the abutments amounts to 1.60m (L/31.5). Over the piers, it
amounts to 2.70 m (L/18.7). The adopted heights are within
the recommended limits for this type of structural system.
The width of the lower edge of the box girder is also variable,
ranging from 5.0 m in the middle of the central span and over
the abutments to 8.30 m over the piers.
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The top slab of the box section has a constant thickness
of 30 cm along the entire length of the structure, whereas
that of the bottom slab starts at 50 cm at the supports and
decreases to 30 cm in the midst of the central span. The
webs have a constant thickness of 40 cm. The cantilever
overhangs are at a span of 2.60 m, whereas their thickness
ranges from 22 cm at the parapet beams to 50 cm at the
place of fixation into the webs.

At one half of the end spans, the box girder section turns
into a solid section to avoid negative reactions at the
abutments in all phases of construction and serviceability.

In the part of the access ramps, the girder has a constant
width of 3.14 m, whereas its height starts at 2.7 m at the
central pier C3 and ends at 1.42 m at the abutment C4 on
the left, i.e., 1.54 m on the right bridge branch (Fig.4).

2.2 Substructure

The substructure of each branch consists of two central
piers and two abutments. The central piers are in the form of
rounded walls with a width of 9.30 m and variable thickness:
1.50 m at the fixation in the pile cap, up to 1.20 m at the top.
Their height from the upper edge of the pile cap to the lower
edge of the main girder is 5.60 m (Fig. 3).

The abutments are rectangular in plan, with a thickness
of 0.80m and a height of 6.00 m (Fig. 3). They are designed
without wing walls, which contributes to their greater flexibility.

At the considered location, there are terraced alluvial
sediments composed of well-granulated, well-compacted
sand and powdered gravel. The foundation below all piers is
represented by reinforced concrete piles with a diameter of
1.20 m. The abutments are founded on single-row piles (6

Expansion joint
Wd/Wd+80

below C1 and 13 below C4) with a length of 12.0 m that are
interconnected by a pile beam with a cross-section 2.20/1.80
m. Below the central piers, double-row piles (8 below C2 and
C3 each) with a length of 15 m are adopted. The pile cap is
1.80m thick (Fig. 3).

2.3 Equipment

Considering the monolithic connection between the
superstructure and the abutments, the adopted expansion
joint is placed beyond the bridge, i.e., between the abutment
and the transition slab. It enables horizontal displacements
of up to +/-40mm and is proportioned for service loads
(temperature, braking forces, creep, and shrinkage of
concrete). The carriageway expansion joint type is Wd/Wd
+80, while the sidewalk expansion joint type is TO 80
(Freyssinet) (Fig. 5).

To make the transition slab remain in a fixed position
during horizontal displacement of the structure, a strip-like
movable bearing between it and the short element of the
abutment has been adopted. This detail has been adopted in
accordance with the German Standard [1] and holds for
integral bridges with a total length exceeding 50 m (Fig. 5).

For the horizontal bridge surfaces, waterproofing based
on methyl methacrylate (MMA) is anticipated. This type of
waterproofing consists of a primer layer and a double-
layered MMA membrane (Fig. 6). Itis applied over the entire
bridge surface, where, in the part of the carriageway, there
is a double-layered (7 + 5 cm) asphalt, whereas in the part of
the sidewalks and cycling paths, monolithic sidewalks (20
cm) are cast, with a finishing anti-skidding, waterproofing
layer (Antiskid).

Fig. 6. Application of MMA waterfroofing and anti-skidding layer (Antiskid)
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On the outside, the box girder is coated with a protective
coating called Antikorozin BB. The central piers are coated
with granite plates with a thickness of 5 cm.

Anticipated on the side of the footways is a specially
designed for that purpose pedestrian steel fence (Prof.
Dr.MitkoHadzi-Pulja, grad. architect, Fig. 7), while on the
opposite side, an elastic restraint system type H2W4
according to EN 1317 [2] standard is planned.

Anticipated for drainage of atmospheric waters are ACO
gullies in compliance with DIN EN 124 [3], pipes of composite
material GRP (ISO 25780:2011), and water-purification
shafts.

2.4 Methodology of construction
Taking into account the configuration of the river bed, a

combined methodology of construction has been selected.
The end spans along with the access ramp are proposed to
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Fig. 7. View of the constructed bridge

Il: FREE CANTILEVER

be constructed using the traditional scaffold, whereas free
cantilever construction is proposed for the central span that
bridges the minor river bed. The central span is constructed
in five phases, 4.3 m each from the side of piers C2 and C3.
The segment for connection of the left and the right
cantilevers has a length of 3.63 m (Fig. 8-10).

From the assumed methodology of construction, the final
number and distribution of prestressing cables have
emerged. First of all, the cables in the bottom zone of the first
and third spans are prestressed (12 cables each), and then
the cables in the bottom and top zone of the access ramps
(10 in the bottom and 29 in the top zone) are prestressed.
For each phase of construction of the central span, 10 cables
are anticipated for the top zone, i.e., a total of 50 cables over
piers C2 and C3 that are successively prestressed. Following
the connection of the two cantilevers, prestressing of the 30
cables in the bottom zone of the central span (the so-called
cables for continuation) (Fig. 9) is done.
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Fig. 8. Proposed methodology of construction

5 X 10 TENDONS

5 X 10 TENDONS

12 TENDONS

12 TENDONS

30 TENDONS

Fig. 9. Prestressing cables in longitudinal section
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Fig. 10. Methodology of construction

Anchorage of top cables is done at the end of the
constructed segments, while in the case of those for
continuation, anchorage blocks are on the bottom slab of the
box section.

Detailed numerical analysis has been done for the
adopted methodology of construction.

2.5 Numerical model

Complete static and dynamic analysis of the bridge has
been done in accordance with the Eurocodes [4-10] by use
of the SOFiSTiK software. For designing the structure in the
longitudinal direction, a 3D model was built. In this model, all
structural elements have been modeled as beam finite
elements (Fig. 11). The model also includes the prestressing
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cables with their real geometry for the purpose of more
accurate computation of prestressing losses. The elements
have been divided into groups depending on the construction
phases in which they are activated. The change in the static
system has also been taken into account.

Due to the specificity of the system (an integral bridge),
the piles under each pier position have been incorporated
into the model. Their deformability has been included
through horizontal and vertical springs placed along their
perimeter and a spring at the lower base.

Since the access ramp and the main girder of the third
span are monolithically connected, their joint behavior has
been simulated through mutual connection with rigid
elements (“constraints”).

L

Fig. 11. Numerical model of the bridge in SOFiSTiK
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N

Fig. 12. Numerical model of a single segment in span and above support

Taking into account that this model cannot be used to
describe the behavior of the box section in a transverse
direction, two additional models of a segment of the box with
a unit length have been built. One of these describes the
behavior of the box section in span, and it is therefore
supported by elastic springs whose stiffness is defined
through the vertical deformation at that section. The other
model is for the segment above a support, and it rests on
rigid supports (Fig. 12). All of the box girder's individual
elements are represented by beam-finite elements.

2.6 Analysis

Several different programs were used for the analysis of
the structure. The design of the pile foundations was
performed in multiple iterative steps between the numerical
models built in SOFISTIK and GEO 5. The superstructure
was designed separately in longitudinal and transverse
directions since the beam model was not sufficient for both.
The number, the disposition, and the force in the tendons
were defined by the main model and for the most part
dictated by the methodology of construction. The segmental
construction required analysis of the following construction
stages for each segment: casting of the segment,
prestressing of top tendons, creep and shrinkage, removing
of the traveler formwork, and its placement at the end of the
finished segment. The non-prestressed reinforcement in the
transverse direction of the box girder was obtained from the
analysis carried out on single segments at midspan and at
support (Fig. 12). Finally, the load bearing capacity at the
cross-sectional level was checked in the auxiliary software
CUBUS Fagus 8 using the final dimensions of the box girder
and the adopted tendons and non-prestressed
reinforcement.

4. ST

3 Ljubljanska street extradosed bridge

The bridge on Ljubljanska street over the Vardar river in
Skopje represents part of the project on the connection of
llinden Boulevard with Slovenechka Street in Karposh
municipality (Fig. 13).

The selected structural solution represents a structure
supported from above by parallel stay cables. Considering
the configuration of the river bed in the area of the bridge,
two variant solutions have been analyzed. The one includes
two spans and a higher pylon, whereas the other has three
spans and two lower pylons.

Considering that a higher pylon and hence steeper
cables limit the line of sight, imposed as the final solution is
a structure over three spans (27.5 + 56 + 27.5 m),with two
lower pylons and parallel cables. The total length of the
bridge is 111 m, while its width is 24.1 m (Figs. 14, 15). It
includes 4 traffic lanes of 3 m each, 2 footways and cycling
paths of 4 m each, 2 parapet beams for anchorage of the
pedestrian railing, and 2 x 1.75 for accommodation of the
pylons and the New Jersey restrained system.

The adopted system is known as “extradosed” (a hybrid
solution between a traditional girder and a cable-stayed
bridge). The main characteristic by which this system is
visually distinct from cable-stayed bridges is the small height
of the pylons and the mild inclination of the cables. Another
specificity of “extradosed” bridges is the higher stiffness of
the superstructure compared to that of the cable-stayed
bridges and a lower stiffness compared to that of the girder
bridges. The higher stiffness contributes to a slight activation
of the stay cables under traffic loads that consequently leads
to minor changes in the stresses in the cables. Hence, in
respect to vertical effects, the cables of “extradosed” bridges
mainly sustain the dead loads of the carriageway structure.
Therefore, the level of cable stress in these bridges is
allowed to be higher compared to that of cable-stayed
bridges.
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Fig. 13. Position of the bridge on the site plan
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Fig. 14. Bridge plan
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Although it is considered that this solution is optimal for
bridges with spans of 100 to 200 m, “extradosed” bridges
have lately also been constructed for smaller spans, as are
the Bergwijk Bridge in Belgium and several overpasses and
bridges in Poland [11].

3.1 Structural Elements

The bridge superstructure represents a monolithic ribbed
deck “suspended” by parallelly installed 32 stay cables,
which is composed of two prestressed main girders,
reinforced concrete cross girders, and a bridge deck. The
main girders have a constant height of 2 m (L/28). Their
cross-section is of a trapezoidal shape with a width of 2.5 m
at the lower edge and a width of 2.8 m upwards connection
with the bridge deck (Fig. 16). They are placed at an axial
distance of 14.5 m.

The middle cross girders have a rectangular cross-
section of 0.60/1.80 m and are placed at an interdistance of
4.0 m. They intersect with the main girders at an angle of 75°
(Fig. 17). The two cross-girders over the central piers have
larger dimensions, i.e., 1.5/1.8 m.

The bridge deck has a constant thickness of 30 cm. In
the end spans, it increases to 1.8 m (Fig. 17) which enables
the avoidance of negative reactions at the abutments in all
phases of construction and serviceability. The cantilevers
have a span of 3.10 m, while their thickness ranges from 22
cm at the parapet beams to 50 cm at the place of fixation into
the main girders. The bridge deck has a constant thickness
of 30 cm.

The stay cables are distributed over two parallel planes,
where the pylons that are monolithically connected to the
main girders (Fig. 16) are positioned over each bearing
placed on the central supports. They are designed as
reinforced concrete ones with a cross-section of 1.0/3.0 m
and a total height of 12.6 m from the carriageway. Due to the
limited width of the cross-section, anchorage of the cables is
enabled through the so-called saddles (deviators). The
height of the pylons to the saddle of the last cable is 9.63 m
(L/H=5.8). In the transverse direction, both individual pylons
are connected with portal-pretensioned simple supported
beams (3.0/0.25-0.5 m).
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Fig. 16. Characteristic cross-section of the bridge
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The cable system is composed of a total of 32 mutually
parallel stay cables, 8 at each pylon. Passing continuously
over the pylon saddles, they are anchored into the
superstructure on both sides, at places where main girders
are connected with cross girders. The detail of the anchors
and anchorage of the cables into the pylon and the main
girder is shown in Fig. 18.The adopted type of cables has a
three-layer anticorrosion protection, which is of great

importance for the durability of such systems. Each strand of
a cable is galvanized, and upon it, an external barrier of a
polyethylene coat of high density (HDPE) filled with paraffin
wax is directly extruded. The cable composed of such
protected strands is housed in individual HDPE external
protection tubes. Additionally, antivandal tubes are
anticipated for the lower part of the cables.
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Fig. 18. Detail of a pylon, saddle and anchorage of a cable into the main girder
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The hinged connection between the superstructure and
substructure is provided through movable and fixed pot
bearings. Over the central piers, a total of four fixed bearings
are placed. Four longitudinally movable bearings are placed
over the abutments. The distribution of movability of the
bearings has arisen from the dimensioning of the
substructure for the effect of horizontal forces. Their
connection to the super- and sub-structure is through steel
anchors.

The bridge substructure consists of two abutments and
two central piers placed parallel to the Vardar River bed. The
abutments that, at the same time, have the role of a pile
beam, have a constant thickness of 2.6 m due to the
relatively small height (4.1 m). They are designed without
wing walls.

The middle piers have a square cross-section that, due
to hydraulic and aesthetic reasons, is rotated 45° with
respect to the longitudinal axis of the bridge. Each middle
pier consists of two individual piers proportioned to 2.5/2.5 m
(Fig. 16). Their height from the upper edge of the pile cap to
the lower edge of the bearing is 6.80 m. In the upper 50 cm,
widening of the cross-section for 15 cm is anticipated on all
sides. This is necessary to provide the space necessary for
accommodation of the hydraulic jacks during replacement of
the bearings.

On the surface of the considered location, there are
shallow terraced alluvial sediments composed of gravels,
whereas in the deeper layers, there are Miocene sediments
classified as marlstone. Deep foundation by application of
piles with diameter of 1.5 m has been adopted. Considering
this, the deeper layers, specifically the marlstone, play a
dominant influence in the behavior of the pile foundation. The
abutments are founded on single-row piles (6 below C1 and
C4 each) with a length of 18 m. Below each central pier, 3 x
3 piles with a length of 20m are anticipated. They are
interconnected by a cascade pile cap, whose thickness
amounts to 2.0/3.0 m (Fig. 15).

3.2 Equipment

Based on the computed horizontal displacements of the
superstructure due to the total service and seismic loads, two
expansion joints over the abutments are anticipated. These
enable displacements of up to +/-115 mm. For the
carriageway surface, an expansion joint type Wd/Wd + 230
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has been adopted, whereas type PL 230 (Freyssinet) has
been adopted for the sidewalks. While adopting these
expansion joints, the inclination of the bridge at plan has
been taken into account.

With the resulting ultimate responses and horizontal
displacements of the superstructure, the following types of
pot bearings have been adopted (Fig. 19):

e Over the abutments: type GG (movable in longitudinal
direction and fixed in transverse direction) with proportioned
A/B/H = 1210/1030/550 mm, maximum vertical bearing
capacity of VuLs = 20 000 kN, horizontal bearing capacity
ofHus = 6 000kN and maximum capacity for horizontal
displacement of 200 mm.

¢ Over the central piers: type FX (fixed in all directions)
proportioned D/H = 1850/481 mm, with maximum vertical
bearing capacity of VuLs = 45 000 kN and horizontal bearing
capacity of HuLs = 13 500 kN.

For the vertical elements that are in contact with the
external environment, waterproofing in the form of bitumen-
based coating is anticipated. For the horizontal bridge
surfaces, waterproofing based on methyl methacrylate
(MMA) has been adopted. This type of waterproofing
consists of a primer and a double-layered MMA membrane.
It is applied to the entire bridge surface by way of a cold
procedure, where in the carriageway part, there is a double-
layered (7+5 cm) asphalt, whereas in the part of the footways
and cycling paths, monolithic sidewalks (13-17 cm) are cast,
with a finishing anti-skidding and waterproofing layer
(Antiskid). The central piers are lined with granite plates with
a thickness of 5 cm.

On both sides of the bridge, between the carriageway
and the sidewalks, a New Jersey restrained system is
planned to be constructed according to the EN 1317
standard [2]. The primary role of this restrained system is the
protection of the cables and the pylons against direct impact
by vehicles. Additionally, it separates the motor traffic from
the pedestrian traffic on the bridge. The shaping of the
pedestrian steel fence, the pylons, and the central piers as
well as the line illumination of the pylons are works of Prof.
Dr. MitkoHadzi-Pulja, grad. arch. (Fig. 20).

ACO gullies in accordance with DIN EN 124 [3], pipes
made of composite material GRP (ISO 25780:2011 [12]),
and water purification shafts are anticipated for drainage of
atmospheric waters
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Fig. 19. Detail of the adopted pot bearings
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Fig. 20. 3D View of the bridge (Nikola Strezovski, grad. arch.)

3.3 Methodology of construction

Monolithic construction of the superstructure and its
simultaneous concreting are anticipated to be done by use
of an integrated scaffold. Anticipated for the central span is
the so-called “heavy” scaffold that can entirely bridge the
minor river bed, resting on temporary supports placed
immediately next to the central piers. After the sub- and

PHASE I: Prestressing of the internal tendons

Ca

N (O NG
&3 © 43

superstructures are constructed, the following phases start
to be realized (Fig. 21):

¢ Prestressing of all internal tendons by the full amount
of the anticipated prestressing force (14 cables on each main
girder) from the side of the abutments;

e Partial tensioning of the second (according to length)
external cable K3;

PHASE V, VI: Restressing of K3 (2350kN) and partial
stressing of K4 (3850kN)

A
T a

PHASE VIII: Application of superimposed dead load

PHASE IX-XIII: Restressing of all cables to the full amount
of 4220 kN

Fig. 21. Proposed methodology of construction
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¢ Placement of the longest external cables K4;

¢ Dismantling of the scaffold and activation of the entire
dead weight of the superstructure;

» Additional external cable tensioning K3 and partial
tensioning of K4 and then K2;

e Partial tensioning of K1 after application of the
superimposed dead loads (asphalt, sidewalks, railings and
alike) and additional tensioning of all cables up to the
anticipated force of 4220kN.

The proposed construction methodology is preceded by
a detailed numerical analysis that controls the stresses in the
bridge superstructure throughout the construction process.

3.4 Numerical model

Using the SOFiSTi software, a complete static and
dynamic analysis of the bridge was performed in accordance
with Eurocode. For the proportioning of the structure, a 3D
model has been formulated. In this model, all structural
elements with the exception of the bridge deck have been
modeled by linear (beam) finite elements (Fig. 22). The main
girders are modeled in T-section and include the effective
bridge deck in longitudinal direction. The variation of the
effective width along the length of the girders has been taken
into account in accordance with EN 1992-1-1 [13]. Since one
part of the deck is already included in the flange of the main
girders, for these parts, the shell elements by which the
bridge deck is modeled are defined without dead weight (y=0
kNmMA3 ). To prevent doubling of the deck stiffness in
longitudinal direction, the shell elements have axial and
bending stiffness only in the transverse direction. Beam
elements with a rectangular cross-section are used to model
the cross-girders. At places where they enter the main
girders, they are modeled without dead weight.

For the external cables, linear (cable) elements are used
that sustain axial forces only. The pot bearings through which
the superstructure rests upon the substructure by way of a
hinge, are modeled by spring elements with corresponding
stiffness. In the model, the internal prestressing tendons are
included through a resultant cable with a sinusoidal run.

The elements are divided into groups depending on the
phases of construction in which they are activated. For cable-
stayed structures that are constructed monolithically by using
the traditional scaffold, it is of particular importance to
simulate the separation of the structure from the scaffold and
the gradual activation of the dead weight during the phase
tensioning of the cables. In the analysis, this has been

simulated through nonlinear springs placed below the entire
surface of the superstructure that are able to sustain
compressive forces only.

To simulate a deformable pier, the model also includes
the piles and their interaction with soil. For that purpose,
horizontal and vertical springs along the perimeter of the
piles as well as a spring on the lower base have been
modeled. The stiffness of the springs has been defined by
means of the GEO-5 software.

3.5 Analysis

The final type of stay cables (31T15) and 14 internal
tendons per girder (19T15) were adopted based on results
from both, analysis of construction stages and the analysis
of service life of the bridge. The sequences of stay cable
stressing, as well as the moment of scaffold dismantling,
arose from limiting the stresses in the superstructure during
the construction and its service life. Having in mind the
sensitivity of the structural system, two additional checks
were carried out: replacement of one stay cable and
brakeage of the cable due to the vehicle impact. Due to the
applied system for anchoring the stay cables in the pilon
through the so-called saddle, the maximum allowable
differential forces in the cable on two sides of the pilon were
controlled. This check was performed in accordance with
fib89 [14] and the recommendations of PTI [15] for such
structures.

4 In lieu of a conclusion

Bridges are undoubtedly considered among the most
impressive works of construction, a synonym for structural
engineering. A fruit of primeval creative exaltation, ample
engineering knowledge, and spiritual love for the profession.
Indicators of the vision of rulers, the intellectual and
technological power of nations, the maturity of cities, the
importance of states, the development of civilizations. A
symbol of human unsubmissiveness to obstacles. A victory
of connection over separation.

The design of the “Mihajlo Apostolski” bridges and
Ljubljanska street over the Vardar river in Skopje was a
challenge to create something new, moving away from
destructive iterativeness, encouraging the self-confidence of
builders. Each step, no matter how modest, creates faith in
the dialectics of the human being, nurtures love toward
creation, and initiates hope for new achievements.

Fig.22. Numerical model of the bridge in SOFiSTiK
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Visokokvalitetni sistemi gradevinske hemije
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Napredna sistemska resenja za trajne betonske konstrukcije
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PREDSTAVLJAMO NAPREDNU TEHNOLOGIJU

PENETRON ADMIX®° TRACER

Nevidljiva Tehnologija Kristalizacije Postaje Vidljiva

-

PENETRON ADMIX®, kristaliSuéi aditiv treCe generacije, sada se isporucuje sa dodatkom zelenog
pigmenta. Zelena boja signalizira da je u beton zamesan originalni PENETRON ADMIX®.

Posetite nas: Kontaktirajte nas:
www.penetron.gr m.jovanovic@penetron.gr Pratite nas na:
www.nivo381.rs r.tesla@nivo381.rs [f/ PenetronHellas




Oplatna tehnika.

Pravi partner
za sve vase
gradevinske

poduhvate.

Doka je jedan od svetskih lidera na polju razvoja,
proizvodnie i distribucije oplatnih sistema za sve oblasti
gradevinarstva. Uz bogatu ponudu Doka inovativnih i
visokokvalitetnih proizvoda i usluga, efikasnu globalnu
distributivnu mrezu, gradicete brze, bezbednije i
ekonomicnije. Doka uvek ima pravo reSenje za

svaki va$ projekat - onda kada treba podneti velika
optereéenja, postici velike visine, savladati velike ra-
spone, ali i kada se traZi fleksibilnost, lakoca rukovanja

i brzina.

Doka Serb d.0.0. | Svetogorska 4, 22310 Simanovci, Srbija
T +381 (0)22 400 100 | serb@doka.com | www.doka.com/rs
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sastojak svake gradevine

Objekat: Tuneli“Lipak” /“Zeleznik” (Obilaznica oko Beograda, R.Srhija); Korisceni materijali: ADINGPOKS AKVA / ADINGPOKS AKVA 1B

o i ¥

CONSTRUCTION '
CHEMICALS SINCE1969

ZASTITNI PREMAZI

Adresa: Nehruova 82, 11070 Novi Beograd, Tel/Fax: + 381 11 616 05 76 ; email: ading@ading.rs



ACO. The future
of drainage.
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Ispitivanje Sipova

» SLT metoda (Static load test)
* DLT metoda (Dynamic load test)

* PDA metoda (Pile driving analysis)
= PIT (SIT) metoda (Pile (Sonic) integrity

testing)
= CSL - Crosshole Sonic Logging

INSTITUT IMS RAD
BEOGRAD

CENTAR ZA PUTEVE I GEOTEHNIKU

U okviru centra posluju odeljenja za geotehniku, nadzor i
terenska ispitivanja, projektovanje saobracajnica,
laboratorija za puteve i geotehniku. Znacajna aktivnost
centra usmerena je ka terenskim i laboratorijskim
geolosko - geotehnickim istrazivanjima i ispitivanjima
terena za potrebe izrade projekno - tehnicke
dokumentacije, za razlic¢ite faze i nivoe projektovanja
objekata visokogradnje, niskogradnje, saobracaja i
hidrogradnje, kao i za potrebe prostornog planiranja i
zastite Zivotne sredine. Struc¢ni nadzor, kontrola kvaliteta
tokom gradenja, rekonstrukcije i sanacije objekata
razliCite  namene, izrada  studija, ekspertiza,
konsultantske usluge, kompletan konsalting u oblasti
geotehnickog inZenjeringa, neke su od delatnosti centra.

1P TN
S

UHecmumym UWIMC a.d — byneeap sojeode Muwuha 43, beozpad
Llenmap 3a nymeee u 2e0mexHUKy — 00e/beH-€ 3a 2€0MeXHUKY
www.institutims.rs



UM IMS INSTITUT IMS AD
BEOGRAD

e Ispitivanje Sipova

o Geotehnicka istrazivanja i ispitivanja - in situ
= Laboratorija za puteve i geotehniku
e Projektovanje puteva i sanacija kliziSta
o Nadzor

UHecmumym UWIMC a.d — byneeap sojeode Muwuha 43, beozpad
Llenmap 3a nymeee u 2e0mexHUKy — 00e/beH-€ 3a 2€0MeXHUKY
www.institutims.rs



..llu Tondach Krovni sistemi

Continental Plus Natura je premium crep u natur
segmentu! Dobro poznatog oblika, trajan i veoma
otporan, a povrh svega pristupacéan, naprosto
oduzima dah svima. Cak i vasim komé&ijamal

Continental Plus Natura crep potraZite kod
oviaséenih Tondach partnera.

)

Wienerberger



PUT INZENJERING

Put inZenjering d.o.o punih 25 godina
radi kao specijalizovano preduzece za
izgradnju infrastrukture u niskogradnji i
visokogradnji, kao i proizvodnjom
kamenog agregata i betona. Preduzece
se bavi i transportom, uslugama
gradevinske mehanizacije i
specijalne opreme.

4

Koriste¢i inovativne tehnike i kvalitetan
gradevinski materijal iz sopstvenih resursa,
spremni smo da odgovorimo na mnoge zahteve
nasih klijenata iz oblasti

niskogradnje.

Osnovna prednost prefabrikovane konstrukcije |
jeste brzina kojom konstrukcija moze biti |

== projektovana, proizvedena, transportovana i
namontirana.
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Izvodimo hidrogradevinske radove u izgradnji

A 57 SO RS TR AU S A

Za spravljanje betona koristimo drobljeni
kre¢njacki agregat sa naseg kamenoloma,
deklarisanih frakcija, kontrolisane vlaznosti.
Kompletan proces proizvodnje i kontrole kvaliteta
vriimo prema vaze¢im

standardima.

| Obradu armature vrsimo brzo, stru¢no i
kvalitetno, sa kompjuterskom preciznoscu i
dimenzijama po projektu.

LS LS

Nasa kompanija u oblasti visokogradnje
primenjuje sistem prefabrikovnih betonskih
elemenata koji u odnosu na klasi¢nu gradnju
ima brojne prednosti.

J. FEL AP T g L Al ".: ™ s 1/.' a s § TN
Prednapregnute Suplje ploce su konstruktivni
elementi visokog kvaliteta, proizvedeni u fabricki
kontrolisanim uslovima.

Izradujemo betonske "New Jersey profile" koji se u

. . . ~ . . | . . P
kanalizacionih mreZa za odvodenje atmosferskih, [ ; svetu koriste za preusmeravanje saobracaja i

otpadnih i upotrebljenih voda, izvodenjem
hidrogradevinskih radova u okviru regulacije
re¢nih tokova, kao i izvodenjem hidrotehni¢kih
objekata.

Povrsinski kop udaljen je 35 km od Nisa. Savremene
drobilice, postrojenje za separaciju i sejalica
efikasno usitnjavaju i razdvajaju kamene agregate
po veli¢inama. Tehnicki kapacitet
trenutne primarne drobilice

je 300 t/h.

zastitu pesaka u toku izgradnje puta, kao i
Betonblock sistem betonskih
blokova.

-

¥ o i PRI < FERRE
Uslugu transporta vr$imo automikserima,
kapaciteta bubnja od 7 m* do 10 m? betonske
mase. Za ugradnju betona posedujemo
auto-pumpu za beton, radnog utinka 150 m*/h,
sa duzinom strele
od 36 m.

Sinid ;".:n‘;\ for ik ::L‘.- o J:u,‘.‘l‘.\i“‘lﬂ.ﬁ';‘d. aid ,,\.‘.-L'::u-' i _.
Kao generalni izvoda¢ radova, vr$imo koordinaciju |
svih u¢esnika na projektu, planiranje, pracenjei |«
nabavku materijala, kontrolu kvaliteta izvedenih |
radova, postujuci zadate vremenske rokove i ?

finansijski okvir investitora. e

e

Osnovi princip naseg poslovanja zasniva se na
individualnom pristupu svakom klijentu i
pronalazenje najoptimalnijeg resenja za njegove |
transportne i logisticke
potrebe.

i o 7 . i R -
Usluge gradevinskom mehanizacijom vrsimo
tehnicki ispravnim masinama, sa potrebnim
sertifikatima kako za rukovaoce gradevinskim
masinama tako i za same masine.

A -
Raspolazemo opremom i masinama za sve
zemljane radove, kipere i dampere za rad u
teskim terenskim uslovima, automiksere i

pumpe za beton, autodizalice, podizne

Sakupljanje i privremeno skladistenje otpada
vr$imo nasim specijalizovanim vozilima i
deponujemo na nasu lokaciju sa odgovaraju¢om
dozvolom. Kapacitet masine je 250 t/h

/8 gradevinskog neopasnog

NIS

Knjazevacka bb, 18000 Ni3 - Srbija
+38118 215 355
office@putinzenjering.com

BEOGRAD

Jugoslovenska 2a, 11250 Beograd ~ Zeleznik
+3811125 81111
beograd@putinzenjering.com

WWW.putinzenjering.com
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Kada birate, birajte tehnoloski napredna reSenja, stru¢nost i Mapei proizvode najviseg kvaliteta.
Za izgradnju novih, sanaciju i rekonstrukciju postojecih ili konzervaciju istorijskih gradevina.
Napravite razliku, odaberite Mapei - vaseg partnera u izgradniji.

GRADEVINSKI LEPKOVI » HIDROIZOLACIONI SISTEMI
HEMIJSKI PROIZVODI ZA GRADEVINARSTVO

ViSe na: mapei.rs i mapei.com MAp El ® W
B VP
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MATEST "IT TECH" KONTROLNA JEDINICA

JEDNA TEHNOLOGIJA
MNOGO RESENJA

IT Touch Techlogy je Matestov najnoviji koncept koji ima za cilj
da ponudi inovativna i user-friendly tehnologiju za kontrolu i
upravijanje najmodernijom opremom u domenu testiranja
gradevinskih materijala

Ova tehnologija je srz Matestove kontrolne jedinice, software
baziran na Windows platformi i touch screen sistem koji je
modularan, fleksibilan i obavlja mnoge opcije

iT TECH pokriva | INOVATIVNOST
| INTERNET KONEKCLA
| INTERFEJS SA IKONICAMA
| INDUSTRIJALNA TEHNOLOGLA

SISTEM JEDNOG RAZMISLIANJA JEDNOM SHVATIS - SVE TESTIRAS

NAPREDNA TEHNOLOGLUA ISPITIVANJA ASFALTA

| GYROTRONIC - Gyratory Compactor

| ARC - Electromechanical Asphalt Roller Compactor

| ASC - Asphalt Shear Box Compactor

| SMARTRACKER™ - Multiwheels Hamburg Wheel Tracker,
DRY + WET test environment

| SOFTMATIC - Automatic Digital Ring & Ball Apparatus

| Ductilometers with data acquisition system

MULTIFUNKCIONALNI RAMOVI ZA TESTIRANJE

| CBR/Marshall digital machines

| Universal multispeed load frames

| UNITRONIC 50kN or 200kN Universal multipurpose
compression/flexural and tensile frames

OPREMA ZA GEOMEHANICKO ISPITIVANJE

| EDOTRONIC - Automatic Consolidation Apparatus

| SHEARLAB - AUTOSHEARLAB - SHEARTRONIC
Direct / Residual shear testing systems

| Triaxial Load Frame 50kN

MIXMATIC - Automatic Programmable Mortar Mixer

INELAS ERECO D.0.0
TosSin bunar 274a, 11070, Novi Beograd tel. +381 11 2284 574 email. info@inelasereco.rs
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