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Absbrack Ty wiby busclond Liviggmprun [ HLS) loggasties buafl dings, exnbodiod 00 (FCD ol 8 strie-
{uiral [ramw: acopumie for mons than B of the O0% nissiom of B omdine Puiding. To neadiee a
siztainable strochure From the C0R peenspes tive, am inrsocatine aonstrsction methos] sht reduons
BOO, o a struetural frame s reguieed. Thrsugh siedies comductsd over several years, we base
devedoped a SMART [Sestamable, Mesorable, Atsnabie, Heliable, snd Timed v) frame thal is a sieel
copmechnd cormposite prscasl comerete (CPC) (rarms Tt agnificaonily s isoes mud ey com stnasctim
tierrue aned ool bk alsi ECOYy. g SAUAKT framse bs appbied i HILS Bt builidings. BODy medmtion
rifects ame eapecied b by sibstaniial. T provar this, this shindy aima to analyee BOO: reduction
livets vl B CPC framy for HLS kagistass buaililings. An HILS Jogistics Building comstricted with the
existing precast conenete { PC) rame was selected as & cese propect. Theneafter, the trpical PC gmbes
wis ol enigrnad kg e SRUART Praress, Uen, arbysi wis corduciod on the quantity bl o
resnirres, ek as foem, rebar, stoed, and concrete, & well i oom BOOy and prodsciion dost. Asa
rrsstll ol thee analysis, in thet case ol o singde typacal ginder of e SMAKRT framee, TH lg-ECUN, which
Ay for 0525 of the OO rmissiods, wiis pedinasl wmpaml Ain thik of Hhat sty PO iraime. B
only the typical grders of the case progect are applied, & welatively larger quantity of #63 oa-ECC,
wrf 18 b peciuesd. The reswdis of Ehis sfochy willl condribwie o securing stractural stabilivy, as well as
achieving a sustainafle sirochare that feads o an esprecodenied pod sction of BCEy

Kiyiwandi: viidbodial U0y pedisctioh sffvct, onitsprsile pivcis! oo vy, sislabhable Sl
logeetion: bk imgg

1. Introduction

Clobrally, builllings secount for 0% of fhs energy consmption amd 3005 ol carkon
emissions [1], Concrete and reinforoemant séeel comiribofe fo about §5% of bualdmg.
preenhowse gases, in which 40% COy emissions ane: genemted by corerete |2, In partoalar,
wince loavily boaded long-span {HLS]) logistics tg@dings do not sequire much findsh work,
embuosdied COz (BUO:) of the sbrusctura) framme scomis for mione than 8085 of the O0
emniasiions of fhe entire building [3] Embodied 00 s defined as the carbon dissade
{C0] or greenbumise gas (GHOG} emissions associated waith the manoiactane and aseof a
prrod et [4]. Thie madtigation and redsction of embodied carbom in the bull envimnmesn)
ard its moeasurrmen b method Rave boen introdsced in mach of the lberatue [5,6],

Mumervas HLS logistics buildimgs ane being rapidly comtrocted due 1o the recmni
vitaliwation of ecommerce transactions. These buildings are charaderized by span and
flsor hietght af more than 10 m, a total foor area of mare tham 1ML e, and Live load
oof Fvorre Hhan 20 ton fm? [7] The quuantity of BCDy per unit ases produced by lange-sizid
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bt i iy terms ol carbon footprint s doable (he amount of EOOs produced by common
bk lidirgs [#]. Thas, 1o realieek sustainable FLS logistos badldings, deseloping an maovative
consirstion methix which secures strictural stability, as well as reduces ECCy o the
structural irame, i nevessary, Thiss, we have conducted studees over the pasi few yeans
b develop a SHART (Samtainable. Mosmarabie, Attainable, Reliable, and Timely) framie:
a steel cormected composito procast conceete (CPC) framae that remarkably reduces the
construction duration while mducing the quantity of resounoes used in the strucual
Erarmee [9-12]. B aadcibion, throsgh several precedenl studien, SMART framues vert by
ris only reduce BOO; bot ales gecure Mgher stroctoral efficeency and constnsctabillity
compared o comventional reinforced cononete [RC) or precast concrete [PC) framses | 15=-149]
Hiveoyor, lwse shsdies wese conductnd on residential and car park buildings, and, o the
best af our knwwledge, e shadies have been condocied o verfy the BCO: reduction effect
in HLS bogistics buibdings. Therelore, this study aimed bo onadyee BOOs emission reduction
effects of a CI'C frame for HLS [ogistics baildings. Throwgh this study; s confinm that a
SMWART frame i a sustainable structune that sscares structural stability and significartiy
Fihsoes 0k emmlssions

2, Preliminary Study
21, Fetirs i Aatvararfitges of SMART Fromwe

A shown n Figiene 1 8 SMART fraine s oa stisctural (fame Uual comprises sbeel
connected CPC columns and brams [20-22 | The method of point is moment joint, which
secunes structural stahility as soon as-assembly work is completed [27). For example, the@
bypes of ginder ane shavwen in Figore b, and CIC columns with a steel Frame irsenied 2
shorerty i Figaine La ane steel iseried. A shown in Figund 1, a fame B configumed by
comnlsining CPC ganders with CPC columns based on the msult of the stroctunal design. Foe
reference, CPC ginders of T and reverse T type were selecied, a5 shown in Figam La
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Fegure 1. Chverview ol the SMAKT Masaainable, Measurable, ARabnahle, Relistle, and Timely ) irsene (a) Sloel conpectal
copm it poecast oo pebe [CTC) aodusrg (B POPC gardars: i) brpical SMART Framer with theoe (ypes of gindor

The featuns of the SMART frame are shown in Table | incomparison to the cassting PC
frame. Incomtrast io the PC frane, the SAART frame does not requine an additiomal laseral
forca prestetange system [ 24]. In othar words, although most PC frames noeed the arrmege-
mend of beavy duty shear walls which resist boeral foroes, sich & wind or earthgquakes, on
&% come, the core of SVAKRT frames s a nmpltmul passageway.
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Table 1. Feabures of SMART frame [11]
[hescri plion SAMANRT Frame P Framse
1. Compranimid Sterd] comnecied CC RS
I Strucharal jo Mfiserwerd ye Piry ek
X Resistanor to katerad dorcy Stroctaral frame |tsel Heavy BC shear wallsmidfor o, braces
4 Hole il copes Senplye vertical passagrway Shoat wall restebing b laberal oo
5. Critical paih CI mveiimn Slainly RO cone wall

SHART framas that are steel connected T additional #eel. However, the secbional
adze o naterials becomes senaller than thal of PC components umder ihe same design
condidion. Thes, the quantity of resources, such & concrele and rebar, 85 sgnificandly
reduced [25.26]. Hong et al [18] stated that if a SMART frame is apphed o bearing wall-
type pesidential buildings, the guanity of conomete and rebar can be significanly reduced.
En acdddticm, 1h|:|!.r claimied that by 'Fla:l.n“ crirenaectiom stew] nnl:|.' G S o p.'i.rh:-.ul'
calurns and girders, OO0 emisors ane reduced by approcimabely 20-25% comparst 1o
that of the typical bearing wall-type mesidential baildings. Furthermone, if a stee] frame &
inserted in a spam nght next 1 a ginder the ooss section of columns and girders s red ooed
by appro madely 2005, comganed fo that of the exesting PC stractune, and (e quanbity
ol cormesponding concrete, form, and rbar are abio reduced 27 Depite thie rerease
ol structuinal steel, sinoe the gquantity af comomebe, fomm, and rebar is goeatly reduced, the
overall O0y emdssions and cosd are signi fcantly neduced [15.27]

2.1 Prelimeinnry Study of SMART Fraese for OO Pessmon Reduction

Numerius sluies have proven that SMART framies oedime nof only consirucism
time ard cost but also BOOy because they have higher sirucihoral rlfuwn.;:r than I
frames [5,25-31). Kim of al §28] demonstrated an energy redoction effect Iy sedecting
SWART frames as a constroction method for the remodieling of beanng wall-type apart-
ment buildings. As a result, they claimed that the quantity of the entire energy input was
Feduced by approsdmately 45% compared 1o Bhe existing bearing wall exhaedon sudbod
b adldition, Lee et al. |29] applicd a SMART frame toa high-rise nesidental bailding. They
claimed that the quantity of mesoumoes, soch s cononete, rebar, and form, sas redoced,
leadimg to reduction of OOy emisson by l'Ppml:I:m.lrl'g,- 25% companed 1o that of the exist-
i beariy wall systim. However these shidies wiene conduicted on meaidenial baildings:
i st b lave Been conducted on verilying the BOOs mduction effects an HLS ligistics
bualdings. which have a larger anit L.

Law, Lirn, and Bim [5] applicd a Frivene b o car park budlding. They found thai
this CIC fraeni achdeved OOy emission seduction effects by approsimately 4.9% maoee than
the conventimal I'C frame. However, the car park builcling that was sshcted by them B oa
mid-steed building with a live lvad of 095 fon/re?, floor height of 26 m, and total feoc
area of 21 (KK m?. Therclore, the car park building has a larger siee of wnit members than
Fusadirnibial Dukldings Duf i smaller than HLS logistics buildings.

A, Methadslogy

Figume 2 shiwes the pmﬂ:\:lmm this sty Fiest, s consder featunes and .ili'l.'d.nl:ﬂ‘d.‘:ﬁ
of & SMART frame Secnd, we sslect an HLS logistios bailding constructed with a PC
frame as a rase progect. Third, we redesign the tepical girder of the selected cse prajedt
with a SAAKT frame. Fourth, we caloulate the quantity of nesounes used in the framiswork
eorstrisction of e case progect; EOO and producsion costs werd also calewlalind. Fifth, we
analyze BCOs neduoction effects o the SRMART frame. Lasthy, wo discues eapeched efects
arul limitations of this study, as well as additional stadies, and we qualitaively explain the
result of the study
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4 - Study
LI Cvervire of i Cose Hindldimg
The case buildivg selectd in this stady is an HLS logistics building which has a live
eaed of 24 fon /e, foor hedght of 10 m, span of 11-23 03, and bokal oot anca of 167,614 m?
Such HLS logistics boildings ane gererally dicipned with 'C components having a barge
sectiomal siee ol columes and giders for & st constrecton prooess. 15 thas case, (he
igaardity of BOUY per wnat area will e very large, and an BOC, peduction effisc) = expected
by b sdbstamitial based on the application of a rovel strucharal systerm. Thus, i this shidy,
the BODy reduction effect due I:i:hﬂm-uppll.l:al'i.nn of & SMAKT framse bo an HLS lopristics
budlding is analyred in companizon o the application of a conventiomal 'C fame.
The sumemary af the case propect selected For anakyeing the OO eduction efhect &
showen in Table 2. The case progect is a bogistics building designed with PC componenits,
and |E features a high floor beight, long span, and large sioe of unit members

Table L Onel disariptive o vt Briaeling

Hem Dhescrapbinm
Liszaliaiii C sy, Soilh Kares
Usagy Lissistis Buikiing
List arva BL056
Todal floor arva Lo a4 m*
Bruiliting wnsa 42405 =
L | 4 shedivs (10 m Mo bt
Slructury P Columns and gindees, BES with fopping conoete
P, ol Codumms: 842 s, Cinders 1277 unlts, KPS 3968 unils

Typical ginder spar: 12 m long. Longes] span: 24 m long, Load

Remarks conditimie i b’

A shown in Table 2, the case project has a floor height of 10 m, span of 11-25 m.
tokal flowar area of 167,614 1'|:|Er ared Tive boad of 24 tonfm*. Columns amd garders are
rmligumd with comventomal I'C, wheneas slabs are rmhpl.md wiihi r1l1-=|:||..|.; prvcas
conerele slab (RI'S) with Bpping amerete. In parbioulas 14 consare designed with a heavy
duty meirdorvesd concrete struckune for resistanoe o laderal foroes. Al the PC cotrponenis
are configiered with 942, TE7N, and 3965 wmits of columrs, girders and slabs, respectvedy.
I pokal, 537 PC gircdors ane weed, and the hrgih and welght of the ginders s 17 m oand
26501 fom, mespectivaly. The longest PO girder ie 235 m lomgg and wieijhs 8559 fon,

In particular. ksgistics buildings are generally facilities for ransporting. storing, Josd-
ing and unloading h.u'r:.r cargnes; 800 of their entine constroctson cost i spent on fram-
ing 1] In other words, most guantites of materiake, work foecoes, equipment, oic., for HES
heygzstnes bablding constructon ane wsed in iramding, Due b e e ol oavy duty consirae-
tiomn mesources, the quandity of ECCOy, per unit area generated by these large-scale budldings
frommy the carbam footprint perspective & double that penerated by comamon b kdinges |5
Thus, dt“'ll'rp-ing an inrdvative constnaction method which scurs fnociural stabilidy and
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redisces ECO: of stroctural fra§es is necessary for realizing sustairable struchores: of HLS
layggistics buildings. Thetedons, i this stedy, o SMART froms is applied o an HLS loghstics
building composed of & comventional I'C frame, as shown i Table 2, tn verify the ECO;
rfuction effed:

4.2, Bodesign of b F..nirjrrgﬁ" e P Chimifler

This stady was conducted on typical ginders of the case progect. A gander i= a tensson
compomird That ts allected by bendivg monsent, and when # is redesigned with o SMART
Frame, the langest differemnos oo in quandities. In conbrast, & eolumm & 8 com ponent thai
is alfected by an axial compresive force, and when [t s redesigred weith a SMART frame,
i bhig difference in it quandity is obesrrvd. Thus, in this study, the BOOy reducbion efect
wins anal yeed after o bypical girder of the evisting PC frame with a significant red uction
effec) wis medisigiond with o SMART lraiwe

First. after a brief evplamation of the comstruction prooesss of a bypical PC gerder of the
s prifect, as shown by Figure Ja, the PC colamn is iretalled first and then the PC girder
i installed. Morooyver, REPS b installed as shown in Pigare U, and 1op bars of gieder with
slab rebur nre placed. as shown in Figiane % Lastly, concrete 18 casd as shown tn Fgiace 1d,
leading b sevure stroctarad slatsliy

Wik rbmi rpidher b e

+hr.rrq 4

s o

Figure 3. Covmbraction peoosss of She preecast oonende (PO framee () PC girder mstalladion, i sib-prhus rocast conceeie
slalr [RFS) installation o) slab ard girder sebar placement (d) comcnete casling.

Flowsr Ioads of the case building comprsse A idvad lpad of 6.5 I.'.I'd.u"rrl"_. Tiwe load ol
20 kM S m® aned working loasd of 3950 KN/ v’ As showen in Flgure 4, the typical girder
disigmaed with the extsting PC I b e e beaad comd itions of this case buibd og has
o meemiber sige of 10 « J00{F = 1100 i mallimeter, and the detaths of rebar mstaled on
bt inds, s well & midspan of the ginler, aee shiswn in Table 3 and Figure 4, mspectively
The knad conditions of the gleder designed scigh the IMC rame are as follows: skabic load s
437 H kM, (g ot (M1 B #44 kM S oo Both ends and 2007 kN moon ghe mad-
sechion, and concenbraded Toad (1",) s 2408 Kk At the stroctural design phase, 40 Mpa was
mrigamally wsed for comerete, 400 Mpa for rebar DL and D16, and 600 Mpa for ebar D25

A typlaal girder redesigned by meams of a SMART frame in the same deshgn cond [tion,
i shovivns i Figume 5. The CIC girder redesigraed as shoswn in Figure 5 comprises shead
embedded on both ends and mdd-section of ginder and is bolt cmmecied st ke the steel
structure. Thenefore, in case of & ster] stmucture like 2 SMART brame, §he sbructsral Il.ll'.'dll.l"’
caim b sevinned] righit alter the assembly work s finishecd [19]) sinee the moment joini nedlod
b selechend] based om bigh tensile fetion boll. The rember sice of steel the conrectnd (T
gimder in Figume 5 & Sl « 9K =« 110 in millimeter. and the details of stee] and rebar
insialled om both ends angl mid-=ection ame shown in Table 1
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Figure 4 Secticn design foe fepical PC garder: (a0 Dvtail gt boib eds; (v dotai ab midsee o

Table X Hebar detail gma PC gander i cose pruilcling

[escription R rinfnroemeni Binth Freds Bl id-Beection
Top bar 18-D5 -5
Aiadeliy s 4005 425
Boltenm bhas 4125 4-1025
I pircber Sirand 1R4152 152152
Stirrup [t | 20 1M 00
Stienup sening bar b ] p R E]
Top bar TS dpes
Sl T-Fd = M =< 12 = X] T-10 « M = 12« 12
(TC girder It har i-Da8 A-0h
Shirrup L] 206 11 it 3001
St T setting, bar vl k) 23

Figare 5. Section distgn dor CI'C gieder: (a) Detail ab both ends; () detail at mid-=ection

From the material point of vies, as shiswn in Table 2, Figures 4 and 5, the PC ginders
have multiple numbers of top, middle, bottom, and 55 bars, 3 kinds of stirmup, and
1809152 strands a1 the bottom, while the CPC gieders are equippad with tap, botiom, and
55 bars, 2 types of stirmups, s steel at the cenfer aml bath erda,

In the redesign phase, we wsed 50 tor concrete, 4K Mpa for sebar 003 and D6
anid N} Mpa fisr rebar D250 In addstion, FISASK, a high structural sles for
bt liding stnucture with & strengsh of 800 MPa, was wsid. The frsil mass peod s foe HSABHE
wias developed in J11 throagh stadies conducted over several years by OSSO, a sheed
production compamy, and BIST (Ressanch Institube of Indusirial Scieroe and Techmology
in Bauwea [12], and the performancs was venfied theoogh o material west (21 If a high-
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strength structural skesd i applied, the nad can be supporied even with a relatively small
crims seclion thal is invensely proportional to the streagth of structioral steel, leading o
bt ber comatructabality and maxzmdsation of space utifization | 5] 1t was applied g0 heaily
loaded or long span buildings, such as Lotte Workd Tower and Kwanjeong Library of Seoul
Mation University in Korea [15]. The high-performance stroctural steed of HSASOD has
abvaniages drom the simicturl aspect, Belidimg compactification ol stnectural members,
mimimdcation of member stoes and selFload reduction af balldings [36] In sddation, i has
varsois benefils, such as neductson of materials cost, as a vesull of the redoction of the crss
st oof eenmbers, securing transpartation, lifmg, and usabli-spaces [77]

As prviously mentioned, for a CPC giscler redisigned with the S8 ART frams from
Figuare 5, the use of a high-strength structieea l steelof HSABM) mesults in the reduction of
sectinal sigw by approximately 4P compared bo the existing I"C gisder, and the guaniity
of rebar is alen dramatically reduced. The quantity of constrsction rewarces for ginders
dissgmed by each structural method [ analyped im detail @ Section 4.9

i3 (hamntity Ectinwedr of Resourees

Al previouialy menbored, afber the typhcil MC girder of the case building o midesigned
by a CPC ginde, the spuantity of resources, such as concrete. rebar, steed, and straml, =
aralymed. As indicated 1n Table 4, 837 typical ginders of the case project ane present, which
aceomind lir approcimately S0 of the tal 1273 girders. Typdoal girdors ape 3508 an the fiesd
flosor, 202 on the second Moo and 217 on the thivd oo, and are evenly distrbuted for
each foor,

Table L Number of bypical girdsers

— Mamlses of Ginbers Twpical Girder
Mom-Typhoal Girder  Typhcal Girder Sum Ratio (%)
Fi i 1] a0 41% s
v 211 rebr 43 ]
Fi 115 T 4ar Mkl
F De=igmed by vl gimbers:
Total sy L 13 Nl

Figure & displays the quaniity of concnete, rebar sisand, and stecl uwsed in 15 and
CRC ginders, As shawn i Figue &, sach PC gindor compeses the folkwing 737 m? ol
corerete, 154754 kg of rebar, amd 282 kg of strand. The weight of steel per rebar dinmesher
b= B AT gy e D025, 088 48 kg for Diis, and 2189 kg for D13

1 i il 1 | “—|H| H|“| H“"
LR i, i N L
g e Sy e
i .
A wE LY
(UL
i ] M1 i
1hd
[[L 1} e
Sl L
L =i L i ([
B [ 1] 0
E (= [ = H i ] im
e i e Fr arke iy awien e
] L] 1l [TH]

Figure & Quantity of sesearos for each PC and CPC girder: (a1 Conceete, (b)) evbar; (e strand, {d) stevl

For each CPC girder, the following ane wed: 556 m" of conerebe, WNH5 ky of rebar,
arid 556 b of siepl The weighi of stee] per rebur disdesber s 415 17 kg for (25, 655 48 by
for D16, and 2188 ki for M3 For refenmae, al though strand is incloded in the I'"C gaeder
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oconsidering the characieristic of strochoral syslem, steel s included in the CIC girder of
the SMART frame withoiel sirand

1f the quanivtes of the CPC ginder ane compared with those of the PC girdes we find
that while each CIC girder has 182 m* of concrete, 4930 kg of relsar, and 382 kg of strand
less than thise of 8 PC girder; it has an addifional 558 kg of steel. As previously explaimed,
this ressild was achizved by the nshudbon of rebar and stramid quaamtities due i the ereass
iy memher steengeth against equal losds after the wse of the igh-strength structiral stee
oof HS.ARN,

U'strgy thee qpuantity of meseurces dhal ame wsed in glrdens pir construciion mtod
analyzed i this way, the Wokal quantity ol ty pleal glieders used i the case Building =
estimate, as shown im Tabbe 5, The actual quangity of bepical ginders mamifaciurad with
the PC fmncmnhnﬂ[mlalndudﬁﬁﬂm‘dmﬂ'ﬂn,!.\!.”imﬂmha;mﬂ I7ET fon
of strard. In addition. if the correspemding PC girder is redesigresd with the SMART frame,
tha brotal quiartity cam b calculated a8 3541.72 m? of concrde, 77646 ton of rebar, and
33T ton of skewl

Table 5 Cuantity anadvab of wial vpesl U and CPC girders.

Dyt §a¥] Robar {bnk Sipnd @) Siwel iBand
Floor CPC DL CrC D crC Dt . CPC D,
R ' mw W T o Y w oma R
F 15325 11544 hi A2Tq TIRG HLS S5 x JEH A = 1156 115k
= 15824 11787 - AT 2R aazs 953 T - =T B 117 R 1178
152 =2 1365 W2 T 1354 23E4 a5 fl.l = &l = 16 I L
Total [ X ikt b B 1152 shdl iekF W - X 1ha ~17 - 3841 et N

Az shown im Table 5, 0f the case buidding is redesigned with the SMART frame, the
quantity of concrete s reduced by 1152.'!1';}“[--5:-;]. and =0 is that of rebar by 386 2 bon
=290, n:lmp.'l.rtd o the excisting PC frame. Due o the characierisbc of structurl system,
wihale 3511 ton ol seel was addad i the CPC girder of the SMART (rame, no strand
wias e,

In this section, we analyze the quantity of concrete, rebar and wlow] e whe the
SMART frame i applied in ihe case building, Th corstruction respurces that ase meduced
by the imovative method mat only affect the constnection eost bt alss tremendously
reddisce O emimsbons

dal, Cost Kefsaction Fifiects
The constnection oost of PC and CPC girders is malyeed usimg the previously inyvesti-
nesourres quantity in this seciion. The comstraction cost estimation is standardized by
material, laboe, ard n.'||.11'|:|11.ﬂ11 feyes | i:rnﬂp'ludi.ng o d:rsl;n standdand Pm'.am:h stmactural

typre, as explained varkier
For matenial cost, the Korean price information anmsally provided by the Komea Poce
Hesearch Cenber is used [45], and, for labor and equipment cests. the standand market unif
price data per cosstraction type published in the secomd halll of 2000 & wed, which &
armuially provided by the Ministry of Land, Infeastrectare and Tramsport | %) For rebar, the
wisighbed averige it prices constdering the quantities of D13 DA and DS sre spplied.
As indicabed in Table & the constricton it prices of conecrole per m are as follows:
TA.57 LS for maberial coet, B84 TSI for labor cost, and 4.5 USEY for equdponend cose (iotal:
B0 LSEH ) The Labor aned exulpment unit prices cover concnete lirming pripanation,
including fimish work, concrete forming, concrete compacting, and cunng of concnete.
The conatruction it prices of rebar per ton are as followss: 53741 USD for materinl cost,
35174 USSEY fiowr laborr cnst, and 1867 USD G eujuiprmend oot {brtal: 910,83 LIS . The
labos and equiipaeid sinii prives ane estimated bsed mnoon-sile processing sl ssembly
wortk of rebar, and they indude costs ssociated with culbing, processing. and assembling
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the eebar, a5 well as rent fevs for machmes and ook (nehar bender, eic ). The comstrction
et b of stised o don §sas bolbwses: W7, T3 LISED for mutienal cost, 835749 USCHor Libor oost,
arel 179 USD lor equiprment cost (botal: 1007411 LISDY ton). The bdbor and equipment unit
prices are estimated based on costs associaded with 2 simple installation of processed stee|
o CPC gebrcier, anadl 1l'||.l:,l imclude sieel mstallabion, temparany |:|'|.|:l'|l.|:|1.l.rg. ard deformabim
caphiring. Here, machine costs, such as fael ost for a crame, wene eschaded,

Table i Limit price anahysis of resonroes

o WiF UsD
Ehipn Mlaterial Labor Equipment -
e pete (m ') Tha7 Ei 4.5% E
Babar {ioeh Lz | KL | 1HaT S
Saer] bon) ] e Ul ] LTy 107
SErand (Bon} 16 41 LI8 1385 A

Bapbe Daulirg sl b 120% 50 Wist/ LS D s ol 11 [aene DICT) {Dharik ool Kosoml,

The constraction unit prices bor strand pes o ate s follvwee TH0.08 USEH for maierial
cost, 4540 LIS for labar cost, and 228 USD for equipment cost {(fotal: 1258 86 USDH bon).
The kabor and equipment it prices are cdoulated based on the costs amociated with
installing strands on PC girder and tensing work, ard they include cost of tensing and
machine rend fee, Table 7 shows the costs spent o PC amd CPC girders, wililch are
caloulatesd By mllapliving constmiction unid prices per resouinoe m Tabde b owith the quangity
of resources imvestgated o Figume 6,

Tahle 7. Cost analysis of & trpleal gircier

(L e
! Dy WPLUSDN  Amounl USDE Q' WP USTH  Amosni {LSDH el
Cimarete {m"] Taz BH.TH w50 55 .7 L A% rduction
Eehar fon) 15488 W ES 14 EE | v #HILER LU R W% nechuction
Sl [ e - 1701 - 1554 10701 530
Stramal ([l IRl LIRS R i onl o - 13R5.86 -
Total - - 22 - - 2500 15 4% reductiom

b Bl wiy s 12049 50 Mo ST as o 20 Tumee I090 Han kol Kol

As indicated in Tabile 7, the amount spent on I pioderns is caleulaied by mulisplying
the quantity of mesourees with the constroctiom unit prices. The resalts of the calcalaton
of unif prices per single resowroe are o8 Follows: 654,20 USER for comenebe, 140781 LIS far
rebar, and 36261 LISE for strand {fotal: 2426062 LISEY, In additson, the amount spinl an
CPC girders is caloulated by multiplying the quantity of neounes with the constroction
it prices. Tha results of the cabrulation of unit prices per singbe resoune ane s follows:
493.53 USD for concrete, 100,58 USD for nebar; 555,90 LUSEY for sbeel, and 205401 USD per
each gindee, in bogal.

IF thee aminant spenk on bypical ginkems estimated by the previous metheoed per strochisal
system is carefully analyired. e cost proportion is isdicated, as shiwn in Figure 7a In
the case of CPC jinders, rebar acoounts for the maos? oost Frrpnrl'l-l,m:t FU0 T S LI,
foll el Ty sleel wt 270 (55900 LIS ) amd concrete ot 24% (493,53 LS00, In case of PC
rders, s aeconins for thie imosd proganton af S5% (1,800 51 LS00, fallawed by conepele
at I7% (A5 20 LIS amd strand af §5% (M62.61 LIST),
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Furthermore, the cost com parison shown in Figaee b indicates that the concoete for PC
girders custs 654 20 LISTY, whentas that fos CPC ginde s costs 49053 LISEY. Themdon, CI'C
irdhers cost | 60UNFLSEY beas than PC pirders, resulting in a reduchion effect of approcdmately
24.6%, This resualt v de bo thie fact that the cross secHon of the esouroe was ecessively
rediueed, which led o Ehe decrease in the quanlity ol concmeie because of ke lrdmmlr% ol
the ginder with the SMART tams,

Thee rebuir for MC gimlers cosl 140901 USTD, wheness Siat for CPC ginders cost I00R5HE LISD,
Thaus, CPC girders cost 400,27 TS0 dess than 11T girders, resulting in a reducbon effioct of
apprordmately 2205% Sich pesall made it poseibile to eacesivoly reduce the guandity of
Ehe meesamrge wilh Bl use of the high-stremgeh structunal sheel of Hﬁn.mmhg- nu!mgnmg_
the girder wath the SMART frame. In addition, the comstruction unid price of each mesoune
is different for the girder typos as shown in Table o, and in partcular, ml'npamd s that
of other resouroes, the construcion unig price of rebar for 'C ginder appears to be goite
e preivsd v Bhvus, lacge difference ko cosl sppear. Mormyes, 1§ was comlismead et the sirand
ondy used for I'C girders coats: 36261 LISEY, and the steel ondy used for CPC ginders costs
55990 LSE,. As a result of analyzing the resounce cost for each struchural sysbem, it was
foutrd tha thas cost aff 8 CC girder decroased by 40923 LISD peer piece comipared to s PC
girder, which means that the CPC girder of SMART frame & approscimabely 154% chaiper
than the PC girder of existing PC frame

4.5, 00y Emvdssion Hedur b Effects

In this section, ECOy generated by the case @Bildingg is analyeed wsang the prevaonsd y
aralyred quantity of materials. BOOy of the cise iy can bar estimated using dhe basi
OO emission gﬂ]..r material .:r._'lil]r. The CUy embssbon wmil El.:ll.'ic.n]l:..' qund: an the
inclustral structiam of wach ciminty, and many resamos are imvalved i the process o
material prod wction, Imn.npm'l.ulimt,. and installation. Therefore, fhe OO emission ol
tor each country is generally caloulved by wsing the input-output tables of that coumtry:
For swamiple, many countrivs, including Burspe [40], China [40]L and Japan [420 have
different £y emisiion units depending on the mdustrial structare of esch country, In
case of Korea, Hong et al [1OL Hong et al. [#H], Jevng, Lee, Hub, and Ln"il.. and Park
el al. [4¢] meferred to mput and output tables of The Bank of Borea o define 005 pmissions
et consbtisction malierial Based s sengy citsiimpdtions Boaghoul sl canstniction sbigis
Eroim, @)aterinls gathoring to provessing bo mansbacharing. Such an estimated vabue of the
basic OOy emissions per material quantity is the most logical method for estimating BCO;
of materials. In this study, as sheswn in Table 8, the OO emission umil of the nsounces
ingit o T and CTC ginders is I:.|:I|:|II.|.~|:I. I.'rlb,' referrng bo the cases of SKCART frame [H,26],
aliomg with e Blerahire infrodooed above
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Table & C0% emvission wnit of matenal

Ihem Canbends. 0y ensission per anit
Corenete Rty mnined concrete e kg0 S’
Hetar High skmength pelivioroeemend har TS0 kg0 em
Strand Mrestressed steel wime 433) k00 e
S| Strus-tieral stecd At kg0 8on

Talsle 5 shaows ©O emissions per unll quanbity of concrele, tebar, strand, and st
1A0L03, 3500, 4333, amd 4166 kg -0 /bon, respectively, Strand has the moet OO emissions
e umit gquandaty, followed by steel. rebar and conorete. As shown in Table 9, BOCY &
iztimated by mulbplying OO ermissions per unit price of Table § with the quaniities of PC
arel P ginders

Table & Embocind Oy (FOCE ) anabyws of o typionl gisder

. - El::'l:};ﬂi;-mﬂ -
L Clinder (A1 CPC Girder (1) DML IC = 5 — A
Comonele 105 T -] 517 medutsom
ey Hi= T -13M 24N meducaom
Stransd b - - 1132
Sl - i1 LY 2i&
Tidal Thal fRdl E ] A% pnduction

Az shown in Table & BECOyq of a single PC girder s calrulated as 10032 EBI-C'D; far
conerebe, 5418 kOO for rebar and 1222 kg-U0s i (lotal: T6T2 kg-L0k) ln
adidivion, ECOL of o senple CPC gleder s coboulated as 7% kg 000 fir concmebe, 3347 kp-C0,
for rebar, anl 2306 kg-C0 for steel (fotal: 65802 kg-C0k),

A ididailed .:lu]_l,lah of the estimated BOCk of the Iq.rpl.nl glrder shavws that, for a CPC
gieder, ebar acominis for the mcst BOO, propostion as SR (3847 'L:g-i‘ﬂ_-:h follovwd by
siep] as 33% ti‘.‘ﬂr‘rkg—l.’.U_—} s coneeete as 11% 774 i,g-L"{.’::l.. s shawn in Figuare Pa. For
a I'C girder, rebar accounts for the moat pmpﬂ'ri.lm at 7% (58 kg-C0k,), followed by
stramad as 16% (EXXT kg-0O0y) and concrete as 1V (1032 kg-O0, ).

W st [ Sl B Boesis, B Corrnoe "-'-"""-
... I e ——
fenker

el —

. I
P |

0 L 100 L0 D A0 i 70 8 u Lo L 300 A4S L

| T B T B0, flag-Cik
iaf ihj

B bism and com s o a bepical girder daj Fp i ECLR comnpansan
ECC, propar d compan vpical gind BOD; proparton; (b ECC, pa

Fuarthermore, as shown in Figare Sb, BOOs comparisen ind icates that OO0 emtied
fromm the conomede of a 1C pirder is 1052 kg0, wheness that froem the conerete of a CPC
girderis 7% kg-C0k. This shows that BCO from a CTC ginder s reduced by 253 kg-C0,
comgranid o thal from a PC ginder. which causes o meduction effect of approcdmasiely
24.51"% The reason dor this is, az previously menbened m Tabde |, that the SELART frame
is & marenenl framat while the PC frama s & plnepodnl stractiene, Moreover, 11 s becanse
HSAGK was used in fhe CPC ginder In the case of nelar, 5408 kg-O0 was ermdted from
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the P'C gandier, wheawas 3847 kg 00, was emitted fnom the CPC girder, which showwed that
B0 Frotm the CPC ginder wes redsced by 1571 kg -CO comypared ki that (rom (b PC
girder, leadmg 0 a medoction effec of approcimately 2901%. In partcolkar, strand. which
s omly wsed in the PC ginder, emits 1222 kg-00, while steel, which B only ased in the
CIC girder, omits X516 kgaOCk:. B, was a.nnl:vmd this wav for each strucharal system.
As o resilt, compansd g the PC ginder, the aost ol a single CPC ginder was psluced by
73 kO, scounbing for approskmabely 952% aost redusction

The case building is an HLS logistics baildmg where. compared 1o other comman
buildings, a Lange quuandity of resounces m usnd. Table |0 shows the okl BOD): estimatd by
mubigdying BOOk usesd in s simghe fvpleal girder per seructieral system, which is analyzed
in Table 5, with the mamber of typical ginders in the cise buildimg of Tablke 4

Tihle 10, BCUk: pediiotbon afedls b e case bikBing.

]
—— ECO; por Unit Arra

Toriy ""-”"_'_.. n'm' iraria
rC SMART P SMART
Frame Taamis Frame Framic

L oreCnete 57 A 3u3 190 3451 reduction
Kihar S 2Ny N5 L2 249,01 nead ution
Stramid ] el ;

Sled . [F g : WS .

e I T AT
Tertal AT H“a N R PRI rechuction

As shovwn m Table 10, the case baslding designed as o PC frame generates 657 ton-C0;
for comsrete, 351 ton=C0y for rebar, and 778 ton-00% for strand, sesalting in o iotal of 48557
bn=C0 of embodied carbon deoxide. When the case building s constnscted with SMART
Franne, 496 bon-C0ks for conerede, 2450 bin-L 0 e reban and 875 tons-00y for sheel, & sokal
I en-00, of BOU, i gererabed. As o resailt, W SMART frame is applesd fo case buailding
as showm in Table 10, ECOq is redooed by 365 ione=C0y compamed o the existing PC frame.
brs adidigian, BECOx per unit ama wivs 2,78 kg-Cly, which was a neduction offect o abo
Y87, FCCL per il anen i calculated b}' |:|.|'I|'|||:|.I:|1F the estimated POO; of the enisting P
and SMART framms by the tatal (oo aren of the case builifing. Thmough this study;, it &
confirmed that a kot of ECOy reduction is expected if the case building designed asa PC
trame is replaced with a SMABRT frame.

5. THscussion

T sccuratoly estimate the whole building cost, we niesed bo redesijn the structural
Frame af twe whole building However, i is difficilt o edesign the whole building intoe a
SMART frame due bo Bmibled Hine and reseanch budged. A, e menBioned in Secthon 4.7,
it was confirmed through preliminary rescarch that the effect of reducng rescurce quantity
s Pl Raerge d thee ease of the colump covirng compsslve o i Bhe aslal dimaction
Therelare, In this study, when the gieder that boars the bending noment in the PO frame
i chumged 1o the C1'C girder of the SMART frame. it swas confirmed that the amouant of
reinforoemaent and concrede and the In,g ECOR reduction effect were lage. Rawed
mmufm,nﬂnuﬂudy.ﬂun!metﬂnull‘ﬂg . which acooamts for about 30% of
tht torkal ghrcders, wos edesbgeed as o CIC girder. Az a pesulll, I wos conllicimed thai the
ECCk per unit building area of the SMART frame to which the CPC ginder was applied &
reducesl by about 9.52% compared to1he PC fame, a5 shown in Table 15 And as shown
in Table ¥, it was found that the cost af [vpleal CTC girder was reduced by abous 15 4%
comgrazed b U girder

In the case al logistics buildings usimg conventimal PC ginkers, e meinfocemend
guantrty of girders s generally pooportiomal $o their see oromneee e gquanbity, Theeefore, by
applyirg; the EC0; and oost reduction rale denived in this sbady o the quantity of ginders
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other than tvpical girders, the approcmmate ECOL reduction and cost saving efects. for
tht girdiers of (ke sihiole buibding are vastly cabeulated. 1 ssiffie bt e and Budget (o
redhissigen are provides, the BOOy reductsm effed for a tofal of 1273 ginders ard 942 cohamns
cam be more sccurabely eshmated

In addition, SMART framse is & mamment frame that docs niod rodjusire a beravy duty
shear wall a5 explabned = Talele 1 Thus, H the exsting heavy bailding core s mosdified
b & simple vertical passageway,  barge amout of BOCky meduction will be expoctil. As
showen in Figures § and 5, in the case of CPC componenits, the cress section is emaller
than thai of P'C comporsnibs, reducing e welght per plece, so thaet relatively low-capacisy
lifting equipment can bi wsed. In this @se, the energy wse for squipment opermbion s
reduced, and a cormespording amenant of CO3 neductson effed s predicest 10 the near
tubure, further reseanch on additional BOCy reduction effects should be condwcted for
wistainable logistcs building.

i, Conclusions

SMAKT frame is a construction method that was developed 10 solve @ problems
il e conventional I'C rame. This study adalyeed BOO: naduction edfects based on the
rechection of inpait mesounoes from the 005 perspective when the PO frame in HLS gzt
barildings was replaced with a O frame. For this parpose, o case building was schected
ared a tvpdeal pinder deshgned with o PC frame was redeshgnes] wiith o SMAKRT lrame; then,
the BOCY peer strsictune enethod svas compared, The folbsating facts were confimmed

First, it HLS buildimgs are dissignesd with a PO framee, o pir-point strochane just like
the casi prafect, a I.lq;u:l guantity i resoIeces is ssead i sevre sbructural \I.-lH.lil:_l.'. Himvewier,
a SMART frames has a I.u.zgel'!." meduced cross sivtion deoe 1o 185 moment jeind, and 11 was
comlirred that quantities of comonete and rebar are largeby reduced. For the case projoct, the
CPC girder wwas compared o fhe I'C ginder, and the quantity of comarete was reduced by
apprxamately 25 56% (182 m"), and the quantity of rebar was reduced by approstmately
24013% (449,30 ki),

Secratnid, i was confirmed that H the SMART frome is appbed to HLS buildings like
ther case bnslding, the mamudacturing oost can be redvoed due (o the decreased gquaniby of
imput resources. Compared i the PC girder, for the CIC ginder, the cost joo impot meaume
bowt & vyt pirder woas peduced by 154% (409723 LSEN, b partioukas, this cost red uetion
et was achheved because stramel was removed, and the quantity of rebar was Lirgely
rediuced, whike stee] was added.

Thixd, if the SMART frame s applied to the cise profect, FECOy remarkably reduced
due 1o thi dwdqu.umn}' dmpurnﬂm in berms of OO, 1o the case buidlding, the
ndatiing PC ginder erits 7672 kp-CO% per ginder, wihiile the CPC girder emits 69042 kg-Cly
per girder. Ciompared to the PC girder, the U0 girder has a reduced amount of C0-
(T kg L0k, which is lp'pm:l:'n'ruh:']g.r WATS of that of the PC girder), and.. if it is applied
in all the 837 ypreal girdirs, a large quantity of BCOs ($65 on-C00) can b medueed
Consdering the globally intensifed green eovimomoment regulatiens, this resalt proves thai
the steel coninected C1C frame [which is mproved from the existing O frame) can be
appled as an aliermatve solution for reducing BCOs of HLS Tngisticos buildings.

Thrcnagh this study, 1§ was proven that a lange quantibty af BCOy s reduced 6 @ sbesd
cotrsted CTC (ramwe |s used B HLS lojgstions bufldings. The resull of his study can b
utiltred to secure struchural abifity, as well as realie 2 practical sustainable structare, that
rihces the BOOkL of HLS lojgstics building

Amibnr fﬂu.lrfhpﬂt-:fmFILuHL-m SO, amd 11U B it idogy, 50 validadion, 55 and HF;
foermall analyss, 55 nvestgaton. 1P reseurces, K15 curation 5K wrkting—original draft
prepantion, SE. wnting—review ared editing, KT and =5 vinsabistion, 55 supervision, 5K
e sl nsniataiian, 5K hoding aopuisison, K7 and SEALaathon Bae mell dnd dgned fo
thee prablished version of the manuscripl
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