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Experimental Study on Ultimate Shear Capacity of Precast Prestressed Concrete
Beam-Column Joints Post-tensioned by Unbonded Tendons

R&D & ¥ — fak KBS KENTARO MATSUNAGA

R&D ¥ — ¥l & HIROSHI SHINJO
R&D & #— MW f#E KENJI TANO

FEEREOWTNGT R FPCEM & LI REAEOER 2 Fhi U/, ARESTITEE S m & KES
MOBEMALERIT T, HREZERELERLHE Lz, 7Ry R PCaPCHREA T O AWK R 11X, &
FHZEBR R DK 10%DIGEIZITAR 2 R PC OF AW R 130 K 23 & W% & 720, REZEREIH 15%
DB DFFMEE 9% Flalo 7o, HRIREILD | BREORBRIKTH o 7203, MBI 5 R
T ars ) — MNEEROMABETH 72,
¥—T—F: 7R FPC, HREA, AWK, KEZERE, $5 0k

Loading tests were conducted on precast prestressed beam-column joints in which both columns and
beams were post-tensioned by unbonded tendons. Vertical and horizontal through-holes were provided at
beam-column joints, and the volume void ratio was used as an experimental variable. The ultimate shear
strength of unbonded PCaPC beam-column joints was equivalent to the calculated value by bonded PC
formula when the volume void ratio was about 10%, and it was 9% lower than the calculated value when
it was about 15%. Although the column-to-beam strength ratio of the test specimen was about 1, the beam-
column joint yielding had not occurred.

Key Words: Unbonded Prestressed Concrete, Beam-column Joint, Ultimate Shear Capacity, Volume Void

Ratio, Balanced Failure
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Experimental Study on Mechanical Characteristics of Concrete Joints

R&D ¥ — g & MAMORU FURUSAWA
R&D > #— MHE f#H  KENJI TANO
R&D > ¥ — fak {@EKEF KENTARO MATSUNAGA

T & LTk RCEEMICEM SN D PCa TIHED 5 B, /~"—7 PCa TIETIE, PCa fitf L BUSHT HE D —
HEOHENEETH D, MEO—EMEOMMRICIE, —MRMICERS LAY —% = X 2%
BIDA, i TR LREOA A —MHE Vot RS TWD, 22T, ZThbDoRELRD 5D
flEx OB AEN LT E2 AT 2RBEZ Ve 2 mEAMERIS LU 1 @AW ERRZ B L7, #6
HECAAFR A NG S TIHTHEE 2T o 72l A Iclt LT, MMEFT 59— METRI AT > 2568138 2.9 17,
Ao LA AT > 72358138 6.1 DT AMRE L H 5 2 L 3ol
F—T—F: #HEm, T, ARSI, Btk BEREK

Among the PCa construction methods that are mainly applied to high-rise RC buildings, in the half-PCa
construction method, it is important to ensure the integrity of the PCa members and the cast-in-place parts.
Generally, to secure the integrity of both members, concrete roughening and shear key connections are
used. Nevertheless, there are still problems such as complexity of constructing shear keys and work quality.
Therefore, assuming half-PCa members, double shear push out tests and slant shear tests were carried out
using concrete block specimens with joints surfaces treated with various alternatives to concrete
roughening and shear keys. The results of double shear push out tests confirmed that the shear strength
increased by about 2.9 times with the treatment using uneven sheets and about 6.1 times with the treatment
using concrete roughening compared with no treatment on the concrete joints surface.

Key Words: Concrete joints, Slip, Shear stress, Stiffness, Static friction coefficient
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Mechanical Properties of Ultra-low Shrinkage High-strength Fiber Reinforced Concrete
without Portland Cement up to 4 Years

R&D > % — {4 K H WATARU SASAKI
R&D o #— &K #%4 HIROO SHINOZAKI
R&D % — W $h TAKU MATSUDA
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FERBEZR T M5 2 ~ 4 £ F TOREFFEO IOV THER LI RZHE T 5, WRBOMRE, WRERE
IR & RBGITHER ST, EMETREE L OO IS A SR EE 1A i O RRIE (T F > TR &4 ITHIE L TV 2 I &
LT ERohrot,
F—O—F:EBrbvArob, ElHEdR= 2 V=, BARE, RIMED

In recent years, efforts to reduce CO2 emissions have become an urgent issue, and various studies are being
conducted in the construction industry. The authors have developed a concrete that has high strength and
extremely low shrinkage without using Portland cement. Furthermore, with the aim of reducing CO2 emissions
during service due to high durability, we are actually erecting and verifying PC girders that combine short
fibers and FRP reinforcement to omit rebars. This paper reports the results of confirming the mechanical
properties from two to four years of age in the actual environment. As a result, no significant change in

mechanical properties was confirmed, and it was found that the compressive strength and crack strength

tended to increase gradually with the aging of the material.

Key Words: Portland cement free, Fiber reinforced concrete, Outdoor exposure, Long term age
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The Influence of Temperature on the Strength Development of Low-heat and Low-shrinkage
50MPa Class Concrete Using High-volume By-products
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Concrete that uses a large amount of admixture derived from industrial by-products has been proposed as
an effort to reduce CO2 emissions. The authors have developed low-heat and low-shrinkage concrete with
characteristic value of compressive strength of around 50 MPa, using not only supplementary cementitious
materials but also by-products as fine aggregates. In this paper, we experimentally investigated the effect of
temperature on the initial strength development of this concrete. As a result, the followings were obtained; 1)
In this concrete, the effect of temperature on strength development is larger than that of ordinary cement
concrete. 2) In order to uniformly express the effect of temperature on compressive strength by effective age,

it is necessary to use larger apparent activation energy than the value for ordinary cement concrete when

calculating the effective age.

Key Words: Supplementary cementitious materials, Ferronickel slag sand, Low shrinkage, Low heat

generation
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Examination on Practical Use of
Ultra-low Shrinkage and High Strength Concrete without Portland Cement

— Part4 Mechanical Characteristics, Creep and Shrinkage Properties in Long-term Age —
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For practical use of ultra-low shrinkage and high strength concrete without portland cement as a precast
concrete member, mechanical characteristics, shrinkage properties and creep in the age of one year were
confirmed by laboratory tests. As a result, the followings were confirmed;1) Compared to general high-
strength concrete, increase in compressive strength was large, and static modulus of elasticity was high, 2)
In the age of one year, the dry shrinkage strain and the self-shrinkage strain were very small, 3) In the
loading term of one year, creep coefficient was about 0.4.

Key Words: Non-portland cement, High-strength concrete, Long-term age, Mechanical characteristics,

Shrinkage, Creep

1. [FL®IC EH DL, PERREY IS L THEAM RO COr

RO AZK Y, A MERFEAET &L E R

WA, Fi ettt o EBRICm T ¢, “BbRE
(LAF, CO2 &) HEHEHIBOE Y AN ED b
TW5, BEoH TR, FEEMTHLa 7V —+D
R X2 COHEHENREFH SN TWS, 27 U —F
OFERIZHED COHEHED S S, KLV ETF L REA V|
(LT, AV b ERHT) ofEICERTIEENKRE
<, PEEXRIEMEEA L MUEBHMEIE LTER L=
7 ) — FOBRNER SN TWD,

PRI - mEa s U —k (LR, Y RAT 407
U— 1k (STC) &#:9) ZBAF L7 D2, STC OB (F)
AL, Wi - 7 V=7 ORNE 225 HHEAKEEZBED
T EHMICHMKREZBDEB L, 222, KKKE
MibE T2 RICREDB S D, £, ZOKBAM DK
TIZEVBEESND HCNMOHE KL, 7ovw=y L
AT 7HEM (LT, FNS &FR9) o A IR
ROBWMEMEZRHAT 52 & THRELTHS I,

25



SIEACEBR BRI S 21 5

®-1 a7 -0l Gi) &

Hix
o W/B sa | A7 7| ELRE W BOE & EX S G
a (%] | [%] | 77— | [%] | [kgm [NC : BFA : FA : SF : EX] [kg/m?]
[cm]
STCRDC | 15.0 | 604 - 35 130 0:0.537 : 0.293 : 0.147 : 0023 20 FNS HG
+1]
H-CON | 286 | 45.0 3.0 170 1:0:0:0:0:0 0 s1+2%! | LG
%1 S1:52=50:50 (&)
=2 fEHAME
—— — — — ® & &
| e T e ik ﬁﬁﬁ; B = B
BFA B AT 7 EE : 2.88g/cmy’, PP o Y g 7!<+1t; Sl olzlol e |- H
AR CEFHAY) PR TERS : 4,400cm¥/g A EFRF 180 fa 18 faut
FA | o547 us HIE : 2.40g/m’, B’A 5 C B
7 s SER A : 5,680cm¥g > i
. _ B+ 2.26g/cm?, XK-1 HHREETFIE
S FIBTaTh |y e (BETEE) : 20.0mYg
— HIE : 3.17glem’, #=-3 HBIEE 3 L ORBR A E
STC- X BRA W ¢ 5,000cmYg i "
RDC| pns | 7 ER= I FKWHNE ; 2.98g/em, HERER HERA & HERER HERAE
AT JHIEM HURIE : 2.60
HG PR FWESE ; 2.63g/en, RS NSAL108 | gV TH | SEXHES)
2005 FREE : 59.0%
" " = ‘
- AGER &% : 1.00gom’ BUEEY | JISA1149 | HEREOTH | BEXHS)
SP1 | WEHEREHKH) 1 Y AR B RBRREUTH | IS ATI2]  FEMYU—T | JISALIST
AF ZE SR AR A TN T—T)L T _
< Wi I3 6gem me | |7 loocsnal | Hisesmans
AT A VER Hif : 3.240cm/g PG I N B4 EaEKhEE
S - KU ¢ 2.60g/en’, [ ]
Fet HUBIE : 2.16 540 57|
N LI © 2.63g/om’, ~40°C | |5 |- -
| R e s |2 SRETHOARE
CON : Wi 1R TE - 3 197 |
LG FJREA2005 2@%51 ?‘Z;‘%E)“ ' 57|
- = |5 || 20csma HEBTEA D
W ki k B+ 1.00glem’ fry R e 7| 20°c, 60WRHTE s
by | FTEREABMH] R Lid — ‘
PEAETE 1 FE T—F L% R-2 RO RAEF L

A TIE, STC ®H> b Ay bEMFERALZ2WE GR)
& (BA'F, STC-RDC E#:9) ZXRIZLT, FLb¥ v
Z bz — Mk & LTOEME BRICERM
W3 2 1R, WEMEIR B L OV U — TRk A N
R CHER L7z, $£72, M 28 H OEMMBED STC-
RDC L REEO—EEmmE= 27 U — K~ (LT,
H-CON EFr97) 2T, F122HME & UM IR o g
Mt &7 o 72,

2. HEHE

(1) B ) &6 LUERMH

ary J— o ) ArR-112, EHMEZ&R-
2 127”9, STC-RDC DOKFEAH LI 15.0 %, HAIKE
1% 130 kg/m3 & L7z, EEMITIE, &P AT 7R,
TI5AT via, YU Ta—ABLOWEMEZETL,
AEHIZIL FNS 2 L7=, STC-RDC O#fiEE 1, B
“HCARTRIETITY, ABERE 100 Y > ViR — <

26

U EMHALE, HCON [EHHDLT 4 I 7 A hayv
7YV —hFLHTREL TERL-mEEa 27—
L, KFEEMEIT 28.6 %, HAKEIL 170 kg/m® TH 5,
2%, STC-RDC 7 Ly aary ) — N R
B Y IR TmY ThY, AT 7 e — T AEEE
L7z 60=10cm %, ZEX&EIFEEME L7z 3.551.5%%
Wl TR E o7,

(2) HBREERLUHRAZE

RREE B LORBRGEEZR-S (T, JIERFED
EsE & U CIEMERIE & FFMR i 2 E L, fkiko
TAEFEER-2 (AR THED THY, EAEKPERAE T,
FIHABTETHESZND 20CHEH N ABEEITV, Milh 48
M bZAZRE LT, HhAEAER, BE 5C, 10C,
20°C, 40CE L, ITIABSETEEZEN DO HKIRE TEAL
Too HRHREMEOFAE (LLF, 7dry &) 1, ME7H
ET 20CHEHNABRLEEIT, FOBITIRE 20°C, A%
T 60% DM & LT,



R R T2 FeA s bl L WBRNE - @iRE=2 2 Y — oL 7Bt

160

120

= 100
® g /./.7 A
bl
= 60 |STC—RDC|7
t 40 —-40°CEH I A
—o-20°CHh A
20 —4—10°CHMNA [
0 ) ) SCHMA
0 100 200 300 400
#ME[E]

K-3 JEMEIEARBRER STC-RDC  HhAZE4A

160
140
— 120
£ 100 B
=
" 80 N—
48
e 60
& _
2 09 [H QONI
—m- Rk
20 —0-20°CHMA ||
0 ) ) ——7dry
0 100 200 300 400
HE[A]

K-5 JEfEimAERBRER H-CON R 20°C5&H:

AR OMERR & LT, B CUUE O3 & & R A
OFTHERE LTz, 7ok, BB OT 2T 2 2D Hik
THIEZEIT IR~ T,

HOWHEOTAOWEL, @mifgh=ar 2 ) —hoH
CUERER SR Y (BLF, BCERBRGEEHT) %
B, BEMNBEAR O R (CLF, OFRitE
W) ERHWTITR o7z, 5 %*&ilmxmm
400mm & LU, {EE 20°COEMNAREICKIT 2 1AR
%ﬂ%@@fﬁ%%ﬁbtoﬁx,ﬁ@%%ﬁ%um
109/ CEWE L TREDTAEZRE L,

WL O 2 O JIEIE, TIS A 1129-2 ([ZHE U 7= 71k
(LLF, NS EEHT) &, AR EES B,
O BEH &2 W FETIT e o 7o, BEEUEHEIX 100 X
100X400mm & L, FTIAZEE D HIRE 20C TH A
HEEATIR o7, JISTETIIM i 48 FEE THAEL L CTHlls 7
HE CHEMREKPTEAZITR T, OFT Atz HW
VMR 7 RSB U7, WRE TR & B ISk R 7 H LARE
DOFAZML, BE 20°C, HINEE 60%DBRE L Lz,
¥, OTHORBAITERBREREOMEE 7 H & L,

[EfE 2 U — 73BT JIS A 1157 ICHEHL L THT /2~ 72,
PERIARTT ¢ 100 X200mm DA E L L, FIIAREE
MHENAIREETIRE 20COBRE THEA T2V, M
MR ASIFHICBABL L, M7 A E CIEREKF 21T o 72,
Z D%, WE 20C, HEMBE 60%DBRETEAL, M
i 28 B D#M A2 BE Uiz, WS EX, JEEs Y

—Z D A RMMIBIZ IS D AR« BURIEIR - 7 ) — 7 Peik—

160
140

120 —_———R

= 100 Wk
i
E 80
© 60
B |STC-RDC|
= BT
20 —0-20°CHMA [
0 , . ——T7dry
0 100 200 300 400

#E[A]
R-4 [EAERE AR STC-RDC % 20°C 44+

70

60 R7Ovk: #Eh14E
E 50 | ‘Q‘qgggﬁD.
= A Oilde
= 40 ok R
&
g0 STC-RDC H-CON
= BICCHMA | xi@# Kk
piii1 g o
& 207 '\ LRCHDL | 20t

10 st 5CEH AN A/ +7dry

E = 33500 k1 Xk2 X (7/24)2 X (5,,/60) 3 OR#EKH
0 [ki=k2=1, y=24] ) €]/dry )
0 30 60 90 120 150

[EfE5& R [N/mm” ]
K-6 EAEEE & FrEtRE & DR

— 7B R & B — R A 21T 72 o 7o AR BR (R O 3
FRFIC BT D EMMRED 1/3 & Lz, 728, RBRIXSTC-
RDC D& CEfi L7z,

3. HERER

(1) EfediE

BARE CEMMAEEZTT 2 > 7= STC-RDC O [E 580 5L
RPAEREZE-3 T, Ml I FEECHRERECLLT
JEREBRE O HEHE N MR STz, I, IRE 200C D 44F
IZBWT, KOG DEMENR R DIEHEKP, HHoa,
Tdry DFEAE 4770 - 7= STC-RDC & H-CON O JEHEHHE
B R EZNZ -4, 512”7, STC-RDC T4 1
FEFECEREFMICEOTRAEOMERBER LZ, M
91 A 2 S M i 1 4R IS 2N T OIREEBE 1 TAE Nk, 20°C
i, Tdry TERENK 20, 29, 14N/mm? Th o7,
—7J7, H-CON O [RIHI T oss i (IE#E KT & 20°C
EHrATENENR 12, ON/mm? & 729, 7dry CTIEHRE
WER R e o7, BEH 9 TIX, STC-RDC D7
MR IR AR DGR G 2 D BITIEE ISV &
EHEARLTRBY, Ml 1 FEICBWTH REROBIR 3R
Sz,

(2) HEMERYK
JEAETREE & SRS & OFIR 2 R-6 1TR"d, BEW Y

27



SIEACEBR BRI S 21 5

0 A STC-RDC
5" IA" —o=s510-
e _ ~0=@_ —a—H-CON
X 200 rA Q= .‘?-“..'.r.— —o—o__
£ 400 |
A -
N y
& 600 = S Er o
=4
B _gog | =@ JszonERR
iy ITRAHBEHRD 520°CHM A
—HE48EF I TR - FIRFAIEFE TIREKPELE

= =100 g pramstamurmemse

e TAHE S 5 HIRFIAE TNCHNL

= 1200 : : :

z 0 100 200 300 400

EAcEElSTR=N]
R-7 FLEGHE O A

—. 400

S 200 T |

" /

2 0 STC-RDC
fo 200 F

2 400 |

= 600 |

M g L H-CON
T 800

_-1000 |

2 _1200 - -

s 1 10 100

2 tH1[B] (Lt : {TRAATTHHOFEBEL)

®-9 B0 A

L RARIC, #iE 1 4ETH STC-RDC OFMEARENT JA
SSS5 WRENDHHEX 0LV G2 onNEEY bENC
EVFER SN, — MR E R E O FLBHIC BV,
FNS # A7 % & BRI K& < 25 MM DicdH D
ARFERR &V TR E ORI BV Tb FRE OB R SRR S
Nz, E£72, FEMETRE OB L > TERIELR S S B
LTW5DZEMRMERINT,

(3) IR#EMHEIR

JIS 1 & OF R ECHlE U2 iR O 9 2 2 R-T 12
R, FLEEIR 1A O mRER R, H-CON THJ 600 X
106, STC-RDC T#J 250X106 & 720, H-CONIZH~RT
STC-RDC D RZIIHE O AL/ N E W T & D3R

ST, F£7, WS E COBASHNRLR S LD,

IS B X OOT B a2 AW CHIE L 72 B2 BRI O3 A
R ORER L 7o 0T, OT HEIZHWEEARREIZAC
IHERBR T IEESBIZ LTZb00, JISIELFEUTL I
HEIBINHE ONT 7 % AT C & 2 FIRBME SRS S T,

WA, JIS ¥ECTHIE L= 3R 0 E &3 & g
MOT & DR AZR-8 127”Rd, H-CON 2t~ T STC-
RDC DI 9 WHERDV RIS, R F0EE
B 2IL STC-RDC 7349 10%, H-CON 2547 14%Td >
72o STC-RDC DFMEIEOT AN S WER D —D &
LT, KOGOBBENDRNZ EWEBEZ LN,

OFHEZ2HOWTHE LZE O TAEZR-9 (2

28

— 0a
b \\’J&Q;{..._ —e—STC-RDC
X =200 N —a—H-CON
-400 Aa,

o) ~A
4
£ -600 L TSN
L3
-800
_-1000
s
#1200
=00 0.5 1.0 1.5
B E%]
-8 B E R & BRI O A & O BEfR
1.0
0.9 —— STC-RDC
0.8 - - —%{# (STC-RDC)
0.7

ﬁ 0.6

N 05

104t y=006in0o + 00491

0.3 R* = 0.9881

0.2 |
0.1
0.0 - -
1 10 100 1000

t[B] (b WEEAEL S ORBAK)
®-10 7 U —71R%

59, H-CON O 1 #0 H CIUHEO T Z135 670 X
100 & 72 o7-, —J, STC-RDC IZ#HIZEMIZ 2 EY
L 72 SRS R U TV A S 00, Mk 14T b INHE
ERLTELY, OO TRIIIEFITNI N &R
RN,

(4) EfgorV—7

Efir V—7RBAERSOREB L2 ) — 7R %%
E-10 12779, STC-RDC @ 2 U — a5 i3 #i e Hifoe
MIETEBLZ 04 L7200, 7V =R 5Bz
422 &R S,

EWNAORHZFIRINE 7 )V —7 THR ISk~ H
v, Bl ziE ACI-209 EF /L X JSCE £ 7 /L INZET 5
N5, STC-RDC DX H AV MEFH LRV
7 ) — b OFRKRLE RIT AR, BN OTRER
HIEMRENERED a7 Y — D s =% L
#3425 L, STC-RDC O 7 U —71R$ D15 /&<,
BEmEa 7 ) — N ERBEELRS>TWS, 7 U —T
BV — T OT HEHEOT A TRLTHELNDHE
Thd, —MmIZ, HRINHEOTHE 7 V=TT HD
AT THD 1V 2 ENTWD, DXV, Wi
PHEOT B NESWNEE 7 V=T OFT BTN EL 72D,
7 V=T b /NS R DBMICH D, STC-RDC D7
U —FRRED NS WEER & LT, ﬁitgf‘eﬂ%ﬁ@fﬁﬁi%ﬁ

WNSWZ ER—RELTEZLND, L, ik



R R T2 FeA s bl L WBRNNE - @imE=2 2 Y — oL Mt

7o £ 927 U =7 RENITHE O T S EHERIC B o o
TS ZEITMAT, KIEEMERPEAE X F =2
FEREDZODERDEEEZ G2 TS 12, STC-
RDC @7 U —FHRICHONT, &%, L0 EEMiemst
EEMTDLTETH D,

4. FEH

STC-RDC OEH# i (B 1 4) (2B 2 EMEHRE,

FRMERR I, R ONT A, EfEZ U — 712D TLL RO

FR AT,

O EHMEICRT 5 EMRE OWHIEE, —BRi7eE
MEa 7 U — ML BREL, KoOUHE A
DEWVIZLDEDEIT/NS N Ry,

@ FREMERENT, BRHIMBmTOHEERL Y b &R
o7z, FTo, FEMGTRE QI FE > TErrERE
BN L7z,

@  HLEBHI 1 FICIT B ERIGHE O A IEIEF 1T/
L, KOOBBENRDVIRNZ ERERO—DLE
Z bz,

@ E#MMEmIcE N TH B OBGEO T AITIER IS/ E

WZ ERghoT,

® 7V —REITHEATE I 1A TR 0.4 Lo T,

SE XM

1) RE BRI - R - AR - SR - S
M ZFIE CEA L A= 2 ) — b, =
> 7 Y — RIL%, Vol.59,No.9, pp.788-793,2021. 9

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

—Z O 4 REIMIICIT 2 7178 - IUREIEIR « 7 U — T HlR—

MHEFIED : RV T PR A F2MEHALARWD
RBARIUAE - |k a7 U — b, AARBRELEK
RFWEEEAEE (TE), pp.369-370,2017.8
WHEFIED : B OBENABERE2 7 ) —
FOMRICKIETEE, a7 ) — N THFERH
3U4E, Vol.37,No.1,pp.1117-1122,2015

WABIED : RV T FEAL FERHEH LD
BRI - mE= s 7 U — FoEMAbICmT =
Bt—F D 1 JRetE L GGEMIR —, = EK
R HINBFIE B S A, 56 20 5-,pp.27-32,2022.10
ARz 7Y — L% @liigiar s U — ME
SEESWEE, 1994.5

ARG AR TR - AR
JASSS #kfl= > 7 U — k1% 2018, pp.12,2018.7
TARZES Toau=my SV ATTEMER W2
> 7 U — hO&FHiE TR EF, pp.11,2016.7

ACI Committee 209 : Prediction of Creep, Shrinkage
and Temperature Effects in Concrete Structure
TARFEZa 7Y — FEES 2002 FFEfHIEa S
U — MEHETR)TE (MEMEERAER], p.36,2022.3
BN IE A @ 180N/mm2 7 7 A £ CTOEME a7
U— N OXRFETRE L EIIIFREE, EA 2
v 7 U — NimiSCEE, No.57,pp.44-49,2003
ARBEES TV A ML A a7 Y — bkt
Wi THIYE - RS, pp.109,1998

RHEEZ T, @E a7 U — N ORI &
V7 V=70, a7 U —hI%, Vol.20,
No.4, pp.75-87, 1982.4

29



SIHEAEBR BRI EE 21 5

30



ANV KT KA NEM A LAV BKILE - mﬁ*:/ﬁj—hmﬁ%m

RILES Y

FEAY

A 7oAt

—Z0s5 EHMEmIcBT 6%””%%#5‘7‘%7

bzEEA LG

HBIEAE - S5E3 20 ) — FORAEICHE T =RE
—Z05 REMEIZEITSBEHRABREERE—

Examination on Practical Use of
Ultra-low Shrinkage and High Strength Concrete without Portland Cement
-Part5 Explosion Test Result in Long-term Age-
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In this report, the explosion property under fire condition was investigated for the purpose of practical
application of ultra-low shrinkage and high strength concrete without Portland cement. Explosion tests
were carried out on small specimens containing a specified amount of polypropylene fiber and steel fiber
at ages around 3 months or 1 year. From the test results, authors investigated as to the effect of strength
gain to the explosion properties. As a result, the damage caused by the explosion was reduced due to
containing fibers. It was also confirmed that the spalling was reduced due to compressive strength gain of
concrete as well.

Key Words: Low environmental impact, Fire resistance, Explosion, Steel fiber, Polypropylene fiber
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Examination on Practical Use of
Ultra-low Shrinkage and High Strength Concrete without Portland Cement
- Part6 Loaded Fire Resistance Test of Full-size RC Column -

R&D ¥ — % #E—H
R&D V¥ — WA &
R&D > ¥ — /INE Tl
R&D &> ¥ — #H

RYUICHIRO MINE
RYO SAKAMOTO
KATSUHITO KOMIYA
TAKU MATUSUDA
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BIRE 7 U — &, FEREAINEAGER

The purpose of this paper is to use ultra-low-shrinkage, high-strength concrete without Portland cement
for actual structure. Full-scale RC columns (430 X 430 X h3,500 mm) were manufactured using an actual
mixer in a precast concrete factory. Fire resistance performance of the RC columns was confirmed by
loaded fire resistance tests. The RC columms were heated for 60 minutes according to the standard heating
temperature curve A (ISO834-1). Axial compressive stress was 1/3 of the design standard strength
(Fc=60N/mm?). As a result of the tests, it was confirmed that explosion phenomenon occurred during
heating and some rebars were partially exposed due to being peeled off cover concrete. The amount of
deformation in the axial direction and the rate of deformation in the axial direction were below the judgment
standard values, confirming that the 60-minute fire resistance was secured.

Key Words: Non-Portland cement, Low environmental impact, Concrete for precast members,

High strength concrete, Loaded fire resistance test of full-size column
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WHOLE LIFE CARBON EMMISSIONS OF LOW-CARBON HIGH DURABILITY NON-METALLIC BRIDGES

WHOLE LIFE CARBON EMMISSIONS OF LOW-CARBON HIGH

DURABILITY NON-METALLIC BRIDGES
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An initiative for ultra-high durability low carbon prestressed concrete bridges utilizing sustainable zero cement

concrete (STC-ZERO) and nonmetallic reinforcement is undertaken targeting low carbon sustainable

infrastructures. STC-ZERO exhibits high strength, low shrinkage, low creep and low carbon emission

compared to the conventional concrete. Aramid fiber PC tendons have no factor of corrosion. Accordingly,

an AASTHO-PCI BT-72 PC girder bridge and a butterfly web bridge are designed incorporating this

combination and compared with corresponding conventional bridges with respect to whole life carbon

emissions. The whole life carbon emissions of next generation non-metallic bridges are expected to be

reduced by around 70%.

Key Words: Carbon emission, Life cycle assessment (LCA), Non-metallic bridge, Ultra-high durability,

Zero-cement concrete (STC-ZERO)

1. INTRODUCTION

This paper presents a challenging initiative on an ultra-high
durability low carbon prestressed concrete next generation
bridge utilizing sustainable zero cement concrete (STC-
ZERO) and non-metallic reinforcement. CO:2 emission
of STC-ZERO is significantly low compared to those of
conventional concretes of same strength as cement is
entirely replaced!. The non-metallic Aramid fiber reinforced
polymer (AFRP) PC tendons and glass fiber reinforced
polymer (GFRP) reinforcing bars have no factor of
deterioration of concrete owing to the nonexistence of

corrosion?. As STC-ZERO exhibits low pH value, the

combination of AFRP and STC-ZERO is practicable.
Accordingly, an AASTHO-PCI BT-72 PC composite girder
bridge superstructure is designed incorporating this
combination and compared with the similar conventional
bridge with respect to structural performance and life cycle
assessment, specifically equivalent carbon emission in
accordance with BS EN15978(2011) -3, Additionally, the
whole life carbon emission of a single span non-metallic
butterfly web bridge incorporating STC-ZERO and AFRP
tendons is estimated and compared with the corresponding
conventional bridge. Since, there is no repair and
rehabilitation requirements, the highly durable BT-72 girder
bridge and butterfly web box girder bridge with STC-
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Fig. 2(a). Segment details

ZERO and non-metallic reinforcement reduces the whole life

carbon emission by approximately 70%2.

2. DEVELOPMENT HISTORY OF
NONMETALLIC BRIDGES

The 1st generation (1G) of highly durable non-metallic
bridge in Japan was initiated by Sumitomo Mitsui
Construction jointly with Teijin Co. Ltd. dates back to 1984.
The physical properties of AFRP corresponding to the
practical construction requirements i.e., rod handling, heat
resistance against welding, physical strength against impact
load and concrete casting, relaxation, bond length, strength
of bent portion etc. were confirmed and the guidelines for the
construction were prepared.¥ In 1990, an innovative pre-
tensioned (length=12.5 m) demonstration road bridge was
constructed utilizing nonmetallic AFRP tendons (Fig.1a) and
early strength concrete. Further, in 2018, one of the three
pre-tensioned girders from the demonstration road bridge was
taken out to confirm its structural performance conducting
bending loading test after 28 years of service. The AFRP
tendons showed no signs of deterioration and retained the
initial strength confirmed through chemical analysis®. There

was no degradation of bending strength and the performance
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Fig. 2(c). Bessodani Bridge

at the time of construction was maintained up to the test date®.
Thus, AFRP as a new material applied as prestressing tendons
in concrete was confirmed to be intact after more than a
quarter century of use.

One of the three pre-tensioned girders constructed in 1990
was replaced by a new girder made of high strength STC-
ZERO and AFRP tendons in 2018 (Fig. 1b). The new girder
was designed with thirteen cables each containing 2 X
D7.4mm or 3 XD7.4mm AFRP deformed rods stressed with
70% of guaranteed strength®. There was no transverse shear
reinforcement requirement due to the high strength of STC-
ZERO incorporating 1vol.% of steel fiber along with the
AFRP tendons as bending reinforcement contributing to
increased shear strength®. Monitoring of the previously
constructed two non-metallic girders will also be continued
and structural performances will be verified in 2090 after 100
years of construction.

The development of 2nd Generation (2G) non-metallic
butterfly web bridge was initiated as joint research with West
Nippon Expressway Company (NEXCO West) in Japan in
2010 with the goal of constructing an ultra-high durable
corrosion free bridge limiting the cost around 1.5 times of
that of a typical concrete bridge?> 7. It is the 26.5m long,
11.55m width with 2.8m girder depth Bessodani Bridge along
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Tokushima Expressway commenced in 2020 (Fig.2a-c). It is
a simply supported bridge with butterfly panels as webs of
the box girder constructed as precast segments. The butterfly
webs of the girder acting as double Warren truss resulted in a
significant reduction of materials”. Shear forces are
decomposed into compression and tension forces in the
butterfly web panels that successfully eliminates the
requirements of shear reinforcement”. Moreover, high-
strength fiber reinforced concrete having high tensile and
shear strength developed to make members extremely thin,
reducing the dead weight of the main girder. AFRP rods were
utilized as external post-tensioned cables in the longitudinal
direction and pre-tensioned in the transverse direction
eliminating steel reinforcement”. This non-metallic bridge is

10% to 20% lighter than conventional structures’.

3. FUSION OF NON-METALLIC FRP AND
STC-ZERO FOR NEXT GENERATION
BRIDGE

The challenging concept of developing ultra-high durability
low carbon sustainable prestressed concrete bridges
with fusion of innovative zero cement concrete (STC-
ZERO) and non-metallic FRP will be discussed in the

following sections.

3.1 DEVELOPMENT OF STC-ZERO

The ultra-low shrinkage and high strength sustainable zero
cement concrete termed as STC-ZERO is innovated
incorporating ferronickel slag sand (FNS), blast furnace slag,
fly ash, silica fume and expansive additive allowing ultra-low
water to binder ratio". The compressive strength of STC-
ZERO exposed outdoors up to two years with unsealed
conditions exceeds 150 MPa since the microstructure
continues to be refined through on-going reaction of the
remaining supplementary cementitious materials"- ®. Long-
term splitting tensile strength of STC-ZERO is higher than
that of conventional concrete with identical compressive
strength using ordinary Portland cement (OPC) . Maximum
heat of hydration is 30°C-40°C lower than that of
conventional concrete of the same strength?. Compressive
creep is one-third of that of conventional concrete.

Autogenous and drying shrinkage of STC-ZERO is extremely

small owing to an internal curing effect contributed by FNS1).

Nonetheless, carbon emissions can be reduced by up to 70%

compared to normal conventional concrete (NCC) ).

3.2 NON-METALLIC REINFORCEMENT
REPLACING STEEL

Technora aramid fiber developed by Teijin Limited, which,
unlike other aramid fibers, is not affected by alkali®. This
property is an absolute requirement for concrete
reinforcement materials. AFRP tension material is a
continuous aramid fiber bonded in a rod shape with vinyl
ester resin®. AFRP rods can be fabricated with nodes, similar
to deformed bars greatly enhancing the bond performance
and enables concrete embedment with short development
lengths®. AFRP tendon exhibits excellent fatigue resistance
and equivalent tensile strength as PC steel strands®. Although,
the relaxation of AFRP rod is larger than that of conventional
PC steel tendon, elastic modulus of AFRP is around one-
fourth of steel contributing to low prestress loss due to
shrinkage and creep of concrete?). Moreover, corrosion
resistant GFRP rods possess good fatigue endurance, low
thermal and electrical conductivity, and high longitudinal

strength to weight ratio compared to steel reinforcing bars?.

3.3 NEXT GENERATION AASHTO-PCI BULB TEE
GIRDER BRIDGE

A next generation ASSTHO-PCI BT-72 PC girder bridge
superstructure is designed incorporating this revolutionary
combination and compared with the similar conventional
bridge with respect to structural performance and simplified
whole life carbon emissions. A superstructure of typical
interior BT-72 PC girder simply supported bridge was
designed (Fig.3a) in accordance with the AASHTO Load and
Resistance Factor Design®-'9 replacing normal strength
concrete with STC-ZERO, steel prestressing strands with
AFRP tendons and steel reinforcing bars with GFRP rods.
The design specifications of GFRP rods as shear
reinforcement of the girder, reinforcement of the composite
slab and the traffic barriers are in accordance with AASHTO
guidelines'D. Fig.3b illustrates the reinforcement details of
the BT-72 conventional girder and the non-metallic girder of
same size. The non-metallic girder is designed with
considering four D7.4 mm AFRP rods arranged together as a
single tendon unlike the conventional girder. In composite
non-metallic RC slab GFRP rods are utilized as primary and
distribution reinforcement. Additionally, non-metallic traffic
barrier is designed with GFRP rods ensuring sufficient anchor

length?.
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Table 1. Equivalent Carbon Emission in tons (tCOz¢) at material production stages (A1-A3)?

. tCOze
Unit Total
Bridge Vol. " Weight CO, tCO;e{) r per No. | 1€Oze Tolal 3
Sl.no. Item 3. | Weight . material . of | per total Volume | {CO,e/m
Category (m”) ;. | (kg) | Coeficient bridge . tCO2e 3
(kg/m™) component Unit | elements (m)
element
NCC 183 | 2321 | 42358 356 kgm'| 6.50
PC Girder | ¢12.7mm Steel PC Strand | 0.2 | 7850 | 1373 |4.03 kgkg| 5.53 128 | 6 | 767
Conventional D12.7mm Steel Bars 0.1 7850 992 |0.77 kg/kg 0.76
BT-72 Girder | Composite NCC 116.6 | 2321 |270594| 356 kg/m®| 4150 a9 | 1 49 141 | 247 0.57
Bridge Slab D16mm Steel Bars 22 | 7850 | 17420 [0.77 kg/kg| 13.36 ) )
Traffic NCC 10.6 | 2321 | 24510 356 kgm'| 3.76 w | 2 05
Barrier | D16 & D19mm Steel Bars | 0.2 | 7850 | 1506 [0.77 kg/kg| 1.16 ’ ’
STC-ZERO 183 | 2520 | 45990 | 100 kg/m’| 1.83
PC Girder |D7.4mm AFRP PC Tendon| 0.2 | 1300 | 308 |9.10 kgkg| 2.80 54 | 6 | 321
Next DI2.7mmGFRPRod | 0.1 | 1740 | 235 |3.09 kgkg| 0.73
o B 3
Generation | Composite STC-ZERO 116.6 | 2520 |293794| 100 kgm’| 11.66 oo |l @ 20 | 247 028
Bz G| Sl 19mm GFRP Rods 32 | 2100 | 6814 |3.09 kekg| 21.06
g STC-ZERO 10.6 | 2520 | 26611 (100 ke/m’| 1.06
Traffic g
Barrier D15 GFRP mm bars 0.03 | 2000 | 65 |3.09 kgkg| 0.20 267 |20 53
D20 GFRP mm bars 02 | 2675 | 458 [3.09 kgkg| 142
Table 2. Probabilistic estimation of whole life tCO2e of the BT-72 girder bridge superstructure?
1COe Whole life tCO
Bridge Lifecycle Modue A Whole life |, .. ;; e reductzz‘Zn
Module B and C Emissi
category Jactor V41 43 (80% of 4)| 44-45 (20% of 4) odute Ban TSSION \ cOosem® | (%)
(A+B+C)
Conventional Repair & .
. P 141 35 265 (1.5 times of A) 442 1.8 NA
Bridge Replacement
Next
. No Repair & 12% of whole life
Generation P 70 18 g (2%ofw 100 0.4 77
. Replacement emission)
Bridge
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4. LCA OF NEXT GENERATION AASHTO-PCI
BT-72 GIRDER BRIDGE

LCA evaluating the environmental impacts involves four
stages of the life cycle as stated in BS EN15978%: (1)
material production stage (A1-A3); (2) construction process
stage (A4-AS5); (3) user stage (B1-B7); and (4) end-of-life
stage (C1-C4)® as shown in Fig.4. In the present study,
carbon dioxide equivalent in tons (tCO2ze) encompassing all
greenhouse gases responsible for the global warming
potential is estimated both for BT-72 girder conventional and
next generation non-metallic bridge superstructure as a
simplified LCA?. It is evident from the previous studies that
material production constitutes the maximum share!?-1314),
Hence, estimation of tCOze in the current study focuses on
the material production stage (A1-A3) as shown in Table 1
indicating that tCOze can be reduced by 50% in case of next
generation bridge in material production stage. In case of
conventional bridge, the maximum share of tCOze accounts
for NCC as a material component. In reverse, GFRP as a
material component contributes to the maximum shares of
tCOze for the next generation bridge (Fig.5).

A comprehensive life cycle cost assessment conducted by
Indiana Department of Transportation in 2019 on different
bridge superstructures revealed that total life cycle cost of
bridges is 2.5 times on an average, mainly contributed by
repair, refurbishment and replacement'”. As Collings'®
confirmed that there was a linear correlation between
increased cost and higher carbon content of bridges, it is
predicted that the whole life carbon emission of a
conventional PC girder bridge may increase up to 2.5 times

of that of module A, manifesting significant contribution

50% zcc
24t, 35%

reduction

N

at stages
Al-A3

AFRP PC Tendons
17t, 24%

Conventional BT-72 Bridge

Next Generation BT-72 Bridge

tCO,e share by Material Components

Traffic Barriers, 10t, 7% Traffic Barriers, 5t, 8%

50%

Composite Slab reduction PC
55t, 39% [E— Composite Slab  Girders
PC Girders Stages 33t,46% 32t, 46%
S 77t, 54% Al1-A3 .

Conventional Bridge tCO,e=141t Next Generation Bridge tCO,e=70t

tCO,e share by Bridge Components

Fig. 5. Carbon emission share of material components
and bridge elements?

from module B and C (B+C=1.5XA) as estimated in Table
2. Also, based on the LCA by Li et al’¥ current estimation
anticipates that A1-A3 share 80% and A4-AS5 share 20% of
embodied carbon of module A as indicated in Table 2.
According to the studies of Kaewunruen et.al’?, it is
anticipated that for the next generation BT-72 girder bridge,
Module A shares 88% carbon emission while Module B and
C altogether share 12% emission without considering any
repair and replacement. Finally, the whole life COze is
estimated as 442 tons and 100 tons for the conventional and
the next generation BT-72 girder bridge respectively. The
predicted whole life CO2¢e emission rate of the conventional
and the next generation bridges are 1.8t/m* and 0.4t/m?
correspondingly. And the highly durable next generation BT-
72 girder bridge expected to reduce 77% of carbon emission
compared to that of the conventional bridge during its whole

lifecycle?.
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5. LCA OF THE NEXT GENERATION NON-
METALLIC BUTTERFLY WEB BRIDGE

Comparative studies on carbon emission of the non-
metallic butterfly web bridge were performed based on the
2" Generation Non-metallic Bessodani Bridge®. A similar
precast segment box girder bridge with external post-
tensioned steel cables constructed with normal strength
concrete considering 1.1 times weight of the Bessodani
Bridge is taken into account for the comparison. Moreover,
the next generation non-metallic butterfly web bridge is
studied where the ultra-high strength fiber reinforced
concrete is replaced by STC-ZERO. In case of the
conventional box girder bridge, carbon emission in Module
B and Module C altogether due to maintenance, repair,
replacement, dismantling and disposal is considered 1.5
times of the emission in Module A. In case of the highly
durable 2G Non-metallic Bessodani Bridge and the Next
Generation Non-metallic Bridge with STC- ZERO, carbon
emission due to maintenance, repair and replacement in
Module B is not taken into account. It has been revealed
from Fig. 6 that carbon emission of the newly constructed 2G
Non-metallic Bridge in module A is almost equal to that of
the conventional box girder bridge owing to the use of ultra-
high-performance concrete. However, the whole life carbon
emission of the highly durable 2G non-metallic bridge is
predicted to be reduced up to 52% as repair and replacement
is not needed? (Fig.6). Further, the whole life carbon
emission is predicted to be decreased by 69% as compared to
the conventional bridge since there is no share from Module

B due to the non-existence of bridge deterioration?.

6. CONCLUSION

Current paper presented a challenging design concept of a
next generation ASSTHO-PCI bulb tee (BT-72) prestressed
girder bridge with a fusion of STC-ZERO and non-metallic
FRP reinforcements. The whole life cycle assessment has
revealed that the next generation non-metallic BT-72 girder
bridge reduces the equivalent carbon emission at around 77%
compared to that of conventional bridge of same size. Further,
the whole life carbon emission of the next generation non-
metallic butterfly web bridge is anticipated to be reduced up
to 69% as compared to the conventional bridge. Since, there
is no repair and rehabilitation requirements, the ultra-high

durability low carbon next generation bridges with extended
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Fig. 6. Carbon emission of conventional PC box girder
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lifetime are expected to significantly reduce the whole
lifecycle cost compensating the initial increased cost for low

carbon highly durable advanced technologies.
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We present a fine-grained integrated methodology that utilizes end-to-end simulations of earthquake
disasters and economy to estimate the CO:z-emissions during the post-disaster recovery. Using the
methodology, we estimate the quantity of COz-emissions in the aftermath of a scenario Nankai Trough
earthquake in the Hanshin industrial zone of Japan. Impact of the earthquake disaster on all 1.8 million
buildings, comprising residential towers, schools, hospitals, commercial offices, retail stores, etc., in the
region is evaluated. Industry-wise COz-emissions during the post-disaster recovery are estimated for 5

years after the disaster. Compared to the non-disaster scenario, 97.7 million ton more COz is expected to
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be emitted over the course of 5 years, which is approximately 9% of annual emissions in Japan.
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1. INTRODUCTION

As we are witnessing the adverse impacts of global
warming, there is no doubt that it poses an existential threat
to humanity if not tackled in time. Slowing down global
warming requires substantial reduction in the emissions of
CO:2 and various other green-house gases (GHGs) that are
emitted due to various economic activities. As an example,
the construction sector accounts for nearly 13% of total
COz-emissions worldwide. Since economic activities are
indispensable for the well-being of society, sustainable
development is the key to curb emissions. Natural disasters,

including those caused by global warming, destroy multi-

billion worth of infrastructure every year, which must be
rebuilt/repaired. Post-disaster reconstruction activities can
emit significant amounts of CO: hampering our progress
towards net-zero emissions. A thorough understanding of
disaster impacts is necessary to make effective policies to
minimize these impacts. To this end, we are developing a
large-scale fine-grained integrated simulation technology
that can estimate the impacts of disasters on economy and
infrastructure by simulating all major economic activities
and their dependency on infrastructure. In this report, we
introduce our simulation technology and to demonstrate its
application, we estimate the COz-emissions caused by a

potential Nankai Trough earthquake.

51



SIHEAEBR BRI EE 21 5

We use a High-Performance Computing (HPC) enhanced
agent-based economic model (ABEM)" to simulate the
Japanese economy at 1:1 scale and an Integrated Earthquake
Simulator (IES) ? to simulate the impacts of disaster on
each building located in the affected region. 1:1 scale
simulation with ABEM'-® implies the simulation of national
economy considering the economic activities of each
individual economic entity such as each of the firms in
various industries, each household, general government, and
the banks. Macroeconomic data is utilized to derive the
individual entity’s economic data which is then used for
calibration of the ABEM?. The extent of damage and
damaged states of the infrastructure obtained from the IES
are fed to the ABEM to simulate the post-disaster economic
activities and the associated COz-emissions are calculated.
For this study, we assume that the disaster occurs in the first
quarter of 2015. The earthquake disaster and the damage to
1.8 million buildings in Osaka, Kobe, and Awaji Island are
estimated using the IES? and the PACT¥. The estimated
damages are assigned to the building owners and the post-
disaster economy is simulated at 1:1 scale using the ABEM
for 5 years after the disaster. A comparison of the emissions
under normal scenario and the disaster scenario is presented.

The rest of this report is organized as follows. Section 2
explains the methodology in detail. Model calibration and
data generation process is discussed in section 3. Simulation

results are presented in section 4. Section 5 concludes.

2. METHODOLOGY

COz-emissions due to various industrial sectors of an
economy are directly proportional to the scale of
production. Utilizing the fuel consumption data of each
industry, industry-wise COz-emission coefficients (quantity
of CO2 emitted per million Yen worth of production) can be
obtained. We estimate post-disaster COz-emissions using
COz-emission coefficients and post-disaster industrial
production quantities.

To estimate the post-disaster production levels, a three-
step sequential process is used to perform high-resolution
end-to-end simulations of earthquake disasters and economy
for estimating the impacts of disasters. The first step is to
simulate the disaster and its impact on infrastructure using
physics-based disaster simulators; in the second step,
infrastructure response is converted to damages, required

repair cost, and repair time. The damaged states of the
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infrastructure and repair cost and time are then used in an
economic model to simulate the post-disaster economy. The
focus of the current study is an earthquake disaster
therefore, we provide a detailed explanation of the
methodology for estimating the impacts of an earthquake

disaster.

2.1 CO2:-EMISSION COEFFICIENTS

Industrial COz-emission coefficients (quantity of CO2
emitted per million Yen worth of production) are obtained
using the Input-Output analysis®. The Input-Output analysis
requires the Input-Output (IO) table of the economy and
fuel consumption data of each industry. CO2 emitted due to
the consumption of fuel is termed as direct COz-emission.
Direct COz-emission is obtained by multiplying the
quantities of fuels consumed with the COz2-emission
coefficient of the fuel. Total COz-emission in an industrial
sector is the sum of direct emission, and indirect emission
caused in other industrial sectors that produce intermediate
goods necessary to carry out production in the sector. Let d
and e be the vectors of direct emission coefficients and total
emission coefficients of the industries. The relationship
between d and e, as obtained from the Input-Output
analysis, is given in Equation 1.

e=d{I- 1-MA}? (1

where I is the identity matrix, A is the input coefficient
matrix, and M is the import coefficient matrix. Utilizing
vectors d and e and industrial production quantities, direct

and total emissions attributable to the sectors are calculated.

2.2 SIMULATION OF SEISMIC RESPONSE OF THE
INFRASTRUCTURE

The response of the infrastructure to the seismic wave is

simulated wusing a large-scale Integrated Earthquake

Simulator (IES)?. Given a seismic wave, the IES provides

seismic response parameters like inter-story drifts, floor

accelerations, floor velocities, residual drifts, of the

simulated infrastructure.

2.3 ESTIMATION OF DAMAGES AND REPAIR
COSTS
Seismic response of the infrastructure components is not
sufficient to estimate the economic losses. It should be
converted to the amount of damage sustained by the
infrastructure, which is useful for the estimation of

economic impacts of the disaster. We use Performance
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Fig. 1. Schematic diagram of the agent-based economic
model (ABEM)

Assessment Calculation Tool (PACT)? to convert the
seismic response of buildings into required repair or
reconstruction cost. PACT is developed by Federal
Emergency Management Agency (FEMA); it utilizes a vast
database of fragility and consequence functions of various
building components. It also includes a normative quantity
estimation tool which can be used to estimate non-structural
components of buildings based on their size and occupancy
types. Feeding the seismic response of buildings obtained
from the IES into PACT, we obtain repair costs required for

restoring the buildings to their pre-disaster state.

2.4 SIMULATION OF POST-DISASTER ECONOMY
The repair costs obtained from PACT are used in an
economy simulator to simulate the post-disaster economy
and estimate the impacts of the disasters. For fine-grained
simulations of the economy, we are using an improved
version of an agent-based economic model (ABEM)®. This

section explains the ABEM in detail.

2.4.1 AGENT-BASED ECONOMIC MODEL

Fig. 1 presents a schematic diagram of the ABEM. It
contains millions of agents representing real-world
economic entities such as firms of various industrial sectors,
workers, banks. The agents mimic all major actions of their
real-world counterparts. The rules defining the agents’
interactions are derived from the behavioral economics or
the observed economic data of the represented agents.
Characteristics and actions of all agents are presented
below.

(1) Firms: Firms are grouped into several industries
depending on their product. All firms of an industry
produce similar products and follow similar behavior
rules. However, the firms differ in terms of the scale

of production, price of products, owned capital,

(@3]

deposits, etc. The firms need intermediate goods,
capital goods, and labor to produce. It is assumed
that there is only one type of capital good in the
economy. However, productivity of capital is
of different

Intermediate goods required by firms of different

different for firms industries.

industries are different. At the start of each
simulation period, the firms decide the quantity to
produce and price of their products based on their
expectation of growth and inflation rates as well as
their experience. After deciding the production
quantity, the firms either hire or fire workers to meet
their labor requirement. The firms utilize their stock
of capital and intermediate goods available at the
start of each period. The firms’ production may be
limited by the unavailability of sufficient resources.
Next, the firms decide their consumption and
investment budget considering capital depreciation
and the intermediate goods used in production in the
current period. If the firms have shortage of funds,
they apply for loans. Depending on their financial
health, their loan application may be rejected which
will limit their investment plans.

After all the firms have carried out production,
they enter the goods market as suppliers and buyers
of various goods and services. In the goods market,
all sellers are available to all buyers and the buyers
prefer bigger sellers with lower prices to buy
products. Depending on the demand and supply,
some firms may be left with unsold goods and may
be unable to buy everything they need.

The firms pay wages to their workers, repay a
portion of loan to the bank and the interest on loans,
pay various taxes, such as tax on production,
corporate tax, and the employers’ contribution of
social insurance for their workers, to the
government. They also pay dividends to their owner.

In addition, there are foreign firms in each
industry which act as exporters or importers. The
quantity to export and import is given exogenously
to the model.

Households: Households consist of investors who
are firm owners, workers who supply labor to the
firms, and inactive households who represent the
non-working population. The dividend paid by the

firms is the source of income of investors. The
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workers receive wages for the labor supplied to the
firms. The inactive households rely on social
benefits from the government. Additionally, all the
households receive some kind of social benefit from
the government. The households spend a portion of
their income on consumption and investment goods.
If they are unable to buy all they want, they will
save the remaining amount. Further, they pay income
tax, value added tax, and social security
contributions to the government.

(3) Bank: Due to absence of reliable data for multiple
banks, only one bank is considered. The bank keeps
deposits of firms and households and pays interest
on the deposits or receives interest on overdrafts. It
also provides loans to firms. The bank keeps its
reserves at the central bank or receives advances
from the central bank. The bank pays dividends to its
investor and pays corporate tax to the government.

(4) Central Bank: The central bank sets the policy rate.
It provides liquidity to the banking system by
extending advances to the bank and takes deposits
from the bank in the form of bank reserves. Central
bank is the main creditor to the central government
and extends loans to the  government

unconditionally.

(5) Government: The government acts as a consumer in
the market, and a redistributive entity that levies
various taxes and social contributions to provide
social benefits to the households or subsidies to the
firms. The government consists of various
government entities which represent central
governments, local governments, and social security
funds. The consumption budget of the government is
given exogenously to the model and is assumed to be
constant in real terms but adjusted to the last
period’s average price of the product of the industry.

To simulate the post-disaster economy, the damages to the

buildings are assigned to the buildings’ owners i.e., firm or

household agents. Damage to industrial buildings (e.g.,

factories, offices) represents capital loss to the firms.

Because of the capital loss, the post-disaster production

level of the firms will be lower than the pre-disaster level.

To attain the pre-disaster level of production, the firm

agents plan new investments to recover the damaged capital

in the post-disaster periods. On the other hand, the

households whose homes were damaged can’t lead a
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comfortable life. From an economic point of view, some of
the impacted households may not be able to go to work
while some others can work but only part-time. This will
cause labor shortage in the impacted region hindering the
post-disaster recovery. Moreover, the income of the
impacted households will fall making it difficult for them to
invest in recovery. Households may use insurance claims,
bank deposits, or government aid for recovery. Post-disaster
decision-making and the resulting economic dynamics are

simulated using our HPC-enhanced ABEM.

3. INPUT DATA GENERATION

3.1 DATA SOURCES

3.1.1 CO2-EMISSION COEFFICIENTS

Industrial fuel consumption data, required to derive
industrial COz-emission coefficients, is sourced from
Embodied Energy Emission Intensity Data provided by the
National Institute for Environmental Studies, Japan
(https://www.cger.nies.go.jp/publications/report/d031/jpn/da
tafile/embodied/2015/390.html). The latest available data is
for the year 2015 therefore, the first simulation period is set

to first quarter of 2015.

3.1.2 ABEM PARAMETERS

The ABEM is calibrated to the first quarter of 2015 of the
Japanese economy. The main dataset used to derive the
ABEM parameters is the 2015 10-table at producer price for
Japan since it contains the interdependencies among
economic entities. In addition, individual agent’s data is
obtained by disaggregating the macroeconomic data since
data at such a fine scale is unavailable. To derive the agent-
level data, various datasets such as business census, system
of national accounts, history of industrial production,
households’ income and expenditure survey data, general
government accounts, etc., are used. The datasets are
obtained from RIETI (https://www.rieti.go.jp), e-Stat
(https://www.e-stat.go.jp), and the Cabinet Office
(https://www.esri.cao.go.jp). Because of the limited space,
the details of the data generation process are skipped. The
interested reader is requested to refer to Gill et al.®) for the
details.

In the generated 1:1 scale model of the Japanese
economy, there are a total of 130 million agents consisting

of 1.8 million domestic firms, 0.9 million foreign firms, 1.8
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Fig. 2. Repair cost in Japanese Yen per unit floor area for

the simulated buildings

million investors, 68.9 million workers, 56.4 million
inactive households, 0.5 million government entities, one

bank, a central bank, and the general government.

3.1.3 BUILDINGS AND EARTHQUAKE
SCENARIO DATA

According to the Headquarters for Earthquake Research
Promotion, Japan, there is a high probability of occurrence
of a megathrust earthquake in the Nankai Trough region in
near future. Since the Nankai earthquake will potentially
impact the economically important Hanshin industrial
region, it may cause severe economic losses. Therefore, we
choose to study the impacts of the potential Nankai Trough
earthquake. The earthquake scenario (i.e., seismic waves
originated from the fault rupture) is obtained from the
Cabinet Office, the Government of Japan.

In the current study, we consider the damage to the
buildings only. Buildings properties of 1.8 million buildings
in Osaka, Kobe, and Awaji Island (Fig. 2) are obtained from
the GIS data of Japan. The data consists of buildings of
varying number of stories and various occupancy types such

as residential, commercial office, hotel, school, etc.

4. ESTIMATION OF CO:-EMISSION DUE TO A
POTENTIAL NANKAI TROUGH
EARTHQUAKE

4.1 PROBLEM SETTINGS AND ASSUMPTIONS
(1) The first quarter of 2015 (hereinafter, Q1-2015) is
the first simulation period. Monte Carlo simulation

with sample size 500 is conducted for 20 quarters
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Fig. 3. Plots for validation of the methodology under
normal scenario. The black line is the mean of 500
simulations, and dark and light grey regions

represent 67% and 95% limits, respectively.

(from Q1-2015 to Q4-2019).

COz-emission coefficients are calculated from the
data of 2015 and assumed constant during the entire
simulation.

The ABEM is calibrated to Q1-2015 of the Japanese
economy using the macroeconomic data as explained
in the previous section.

The disaster is assumed to occur at the end of Q1-
2015.

Total damage to the buildings, estimated using IES
and PACT (Fig. 2) is 15 trillion Yen out of which 6.3
trillion Yen is the loss to firms and the rest is to
households. The amount of debris generated is
assumed to be 25% of total damage.

A worker having a damaged home is assumed to
work only half-time.

The impacted agents spend extra budget in the
“Waste Disposal” sector to dispose of the debris and

the “Building Construction” sector to repair/
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(b) Total emissions due to households’ consumption
Fig. 4. A comparison of economy-wide CO:-
emissions due to industrial production and
household consumption under normal and disaster

scenario.

reconstruct the damaged buildings.

(8) We assume that the households receive disaster aid
(equal to repair cost) from the government to repair
their damaged buildings, and the firms use their own
financial resources or take loans to repair the
damages.

(9) The maximum consumption budget of the general
government and the exporters and the quantity

imported by the importers are assumed unaffected.

4.2 MODEL VALIDATION

Fig. 3 shows a comparison of model outputs with the
observed values under the normal economic scenario. We
can see that the real GDP simulated by the model closely
follows the observed values for all simulation periods,
concluding that the model can simulate the Japanese
economy to a high degree of accuracy. However, quantity of
COgz-emissions is  significantly different from the

observations. The reason for this mismatch is that the
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(b) Building Construction sector
Fig. 5. CO:z-emissions due to Waste Disposal and Building

Construction sector.

industrial COz-emissions coefficients are fixed to those of
2015 during the entire simulation because of the lack of
updated coefficients. Technical advancements and the
increasing use of renewable energy are cutting down CO»-
emissions. Therefore, we need to update the industrial CO»-
emissions coefficients as frequently as possible to
accurately simulate the COz-emissions. In the current study,
the simulations of COz-emissions are used for comparative

analysis only.

4.3 SIMULATION OF
EMISSIONS

POST-DISASTER  CO:-

Quarterly estimates of CO2-emissions due to industrial
production and households’ consumption are shown in Fig.
4 under normal scenario and post-disaster scenario. In the
disaster quarter, there is a decrease in production, caused
by damaged capital and scarcity of labor, and consumption.
Consequently, the emissions are slightly lower than the
normal scenario. However, Q3-2015 onwards, the agents
with damaged capital spend extra to dispose of the debris

and to reconstruct/repair the damaged buildings causing a
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and to reconstruct/repair the damaged buildings causing a
higher demand in the economy for approximately 2 years.
To meet this high demand, the firms produce more, causing
higher emissions. However, with the progress of recovery,
the extra demand diminishes, resulting in lower production
and consequently lower emissions.

Overall, the industrial production activities emit 97.7
million ton more CO2 in 5 years in the disaster-scenario,
which is approximately 9% of annual emissions in Japan.
The bulk of these extra emissions is caused by the Waste
Disposal and the Building Construction sector (Fig. 5),
which contribute 19.3 million ton and 37.5 million ton,

respectively.

5. CONCLUDING REMARKS

Accurate estimation of economic and environmental
impacts of disasters requires large-scale fine-grained
simulations of the economy and the disaster. With the help
of our large-scale integrated simulator, both direct- and
indirect-impacts can be estimated for the short-, medium-,
and long-term. Moreover, the estimated values can be
disaggregated to regions, industrial sectors, or individual
economic entities. Such detailed estimation will be
beneficial in forming effective disaster mitigation policies.

Although the methodology presented in this report
provides a detailed estimation of the disaster-induced CO»-
emissions, its accuracy needs to be improved. Notably, we
need to consider the damage to all infrastructure
components; the post-disaster behavior of the agents must
be improved; and updated CO2-emission coefficients must
be used. Future work will focus on implementing these

improvements.
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A field experiment was carried out to establish a method for obtaining data with a high S/N ratio to
develop a buried object exploration method at depths around 1 to 10m. As a result, it was clarified that high
S/N ratio data can be obtained by the deconvolution method using excited data and meet with the results
of numerical simulation. It was also found that clear waveforms can be obtained with multiple types of
geophones by exciting and receiving vibrations in the laying direction of the buried pipe.
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Reduction Effect of Heavy Weight Floor Impact Sound of Void Slab with Built-in TMD

R&D ¥ — /M FH#E HIDEAKI KOBAYASHI
R&D % — i)l A TOMOKI ICHIKAWA

RAAEZOERE CMER SN2 ERREREOMR L L CRFEESY V/3— (TMD) &AW GiERZ
Tohd, EHELIZIZOTMD 2R A FRAZTICHKT OH LW AT A& LIz, KV AT L&k FEHEYO
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WEINTEY, KVATLANERREBREONKE LTANTHD Z L3 AT,

F—7— K EEKEEYE, TMD, RA RR T 7, FEaW, RENEE

TMD (Tuned mass damper) is expected to be a countermeasure for heavy floor impact sound, which is

one of major issue with the housing complex. The authors have developed a new system that incorporates

TMD within void slab. As a result of applying this system to the slab of an actual building, the heavy floor

impact sound was reduced by around 8dB in the 63Hz band (one octave band), which includes the design

natural frequency of TMD. In addition, the vibration of the void slab with built-in TMD was also reduced

around the design natural frequency of the TMD, confirming that this system is effective as a

countermeasure against heavy floor impact sound.

Key Words: Heavy Weight Floor Impact Sound, Tuned Mass Damper, Void Slab, Actual Building,

Vibration Acceleration
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Characteristics of Radiated Noise from Drainage Stacks and Horizontal Main Pipes

R&D % — i)l K TOMOKI ICHIKAWA
R&D % — bk FH¥ HIDEAKI KOBAYASHI
B fi ¥ HiE #EEZ TATSUHIKO NAKATO
BB JEH  ## HIROKI FUJITA

REAEEORAEERICBIT 2B O0OME~DERITE E->THY, HAREE R EEBH/NEWFICHLTH
WY AR ARD SN TS, Sl BIFROPAKMRREFEZAWIHRLTE, BEO—RIUICZORT
BEIZRR T DAL DR EE NS RAET 2 OBEEORIEEZIRT 2 2 L 2 AMICEREZTo 72, ZORRE, HK
MTENORET 2EED AREFELSVITHFORRICE S TRBETHD Z &, PAMETNOIET
DEEE ORMRITIZT T AT =N EIC L DPER EB R A BB CHRDN S 2 Z L R ENbroT,

F—O—F LA ET, YKL TE, BE, BRI, §

=R INE S B

Due to the increasement of demand for quietness in residential buildings, appropriate countermeasures

against drainage noise are required, even for the sound pressure levels are not so high. In this study, some

experiments were conducted for the purpose of clarifying the characteristics of radiated noise from drainage

stacks and horizontal main pipes. As a result, some findings were obtained such as that the A-weighted

sound pressure levels for stacks were similar regardless of the joint form, and that covering pipes with

glass-wool and more is effective to noise reduction around main frequency bands from horizontal pipes.

Key Words: Residential building, Drainage stack, Horizontal main pipe, Resin pipe, Noise Reduction
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The partitions (PT) are normally used to prevent the droplet transmission of COVID-19 indoors.
However, these PT are considered to have a negative impact on indoor ventilation. To mitigate this issue,
the heated air flow system has been developed using line heaters to induce an upward air flow. This system
is designed to improve indoor ventilation by means of a heater installed on the desk and the effect of the
heated air flow inducing an upward airflow. In this paper, the ventilation efficiency of the developed heated
air flow system was confirmed using Computational Fluid Dynamics (CFD) analysis. As a result, when
contaminants were generated on a desktop, both the indoor concentration and the desk concentration
increased with PT alone, but it was found that when heaters installed both concentrations were decreased
and improved ventilation efficiency.
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INVESTIGATION OF THE WIND FORCES ON RECTANGULAR OVERHANG BUILDINGS USING URANS

INVESTIGATION OF THE WIND FORCES ON RECTANGULAR

OVERHANG BUILDINGS USING URANS
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This research paper investigates the wind forces exerted on buildings with overhang features placed at
various positions on their surfaces, utilizing computational fluid dynamics (CFD) techniques. The Unsteady
Reynolds-Averaged Navier-Stokes (URANS) turbulence models are employed to simulate the airflow
patterns. Fourteen distinct configurations of overhang buildings are generated by introducing the
rectangular block at different locations on the faces of a square building. The most different value of the
along-wind force coefficient between the overhang building and the principal building is when the overhang
is at the bottom in the upwind direction. The alteration in wind force coefficient in the presence of an

overhang could be contributed by the position of the flow separation and the change in the front and rear

stagnation points.

Key Words: Computational fluid dynamics, URANS, Overhang building, Wind force coefficient.

1. INTRODUCTION

In contemporary building design, the demand for increased
living space in residential high-rise buildings has become
increasingly significant. With limited land availability for
development in densely populated megacities, skyscrapers
have gained popularity. A unique type of high-rise structure
is the overhang building, which features a small rectangular
cylinder attached to it. Generally, in building design, the
overhang structure is conventionally situated at the lower
portion of the building, thereby creating podium floors.
Nevertheless, certain instances deviate from this norm and

opt to enlarge the upper section of the building instead. This

approach aims to improve the residential unit area ratio of the
upper floors, resulting in an overall increase in the value of
both the living space and the commercial feasibility. An
example of this high-value tower-style condominium is the
Sulatto V Tower, which was introduced by Sumitomo Mitsui
Construction Co., Ltd. (SMCC) in 2020V.

The irregular shape such as a large size of overhang shape
was studied by Yoshida et al.?). Wind pressure measurement
was conducted using pressure taps on a large overhang
situated from the bottom to near the top of the front face of a
building, referred to as a step on the wall surface. Based on
the minimum pressure coefficient results, the formation of a

3D vortex between the building and the overhang is discussed.
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However, limited research has been conducted on inverted
skyscrapers, where the overhang is positioned near the top of
the building. Furthermore, the wind effects of the positioning
of the overhang structure on the primary building are yet to
be determined.

Computational Fluid Dynamics (CFD) has gained
extensive usage for quantifying wind loading on structures
and facilitating a profound comprehension of flow
characteristics. In CFD, the Reynolds-Averaged Navier-
Stokes (RANS) method has been widely known for its time-
saving capabilities compared to other turbulence models in
CFD such as Direct Numerical Simulation or Large-Eddy
Simulation. The Unsteady RANS (URANS) is recognized as
a suitable approach for predicting periodic turbulent
separated flows®. In building science, URANS is possible to
replicate large-scale fluctuations observed in the vicinity of
tall buildings¥. Nevertheless, the specific nature of
fluctuations generated by URANS remains uncertain and
necessitates validation through wind tunnel tests in most
cases.

The presence of overhangs changes the aerodynamic
characteristics around the structure and adds complexity to
the assessment of load distribution and structural stability.
This study aimed to assess the impact of wind forces on a

primary square building by simulating its attachment to a

rectangular-shaped overhang at different positions using CFD.

Fourteen scenarios are simulated, considering various
positions of the overhang on the front, rear, and side faces of
the structure. Wind force coefficients in along-wind and
across-wind direction are calculated to evaluate the influence
of the rectangular overhang on the wind effects experienced

by the primary square building.

2. ANALYSIS METHOD

Flow characteristics are predicted in this study using the
ANSYS Fluent 2022R1 commercial numerical program. The
ANSYS Fluent software, known for its extensive capabilities
in fluid dynamics analysis, enables comprehensive
investigations into the flow characteristics of complex
systems.

URANS method is used in this study. The computational
method employed is the semi-implicit method for pressure-
linked equations (SIMPLE), and the turbulence model is k-®
shear stress transport (SST). k-o SST model is used because

it can effectively replicate the unsteady turbulence behind the
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high-rise building®. Also, k-» SST has less computational
time compared to the k-w Reynolds stress model®.

F
“ospUla M

The accuracy and reliability of URANS method were
validated by comparing its results with wind tunnel
experiments conducted at SMCC. The experiment used a
square cylinder model with a height of 400mm and width of
58.8mm. The test covered angles from 0° to 45° in increments
of 5°. Subsequently, the wind force coefficient Cr in each case
was calculated using Equation (1), with F as the wind force
on the x or y axis, p as the air density (1.225kg/m?), Uo as the
reference wind velocity at the top of the building, and A as
the area of the building face.

Fig. 1 and Fig. 2 show a comparison between wind tunnel
data and CFD calculations of wind force coefficients in the
x- and y-directions at various angles of attack. The y-
direction is the direction perpendicular to the building front

face, and the angle of attack 0 is the angle between the wind
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overhang on square cylinder in wind force at different e = = !
positions on the principal building, the rectangular prism Fig. 6. Presented instantaneous points of across-wind force
overhang is positioned in 14 different locations around the coefficient (Crx) at case O-1

building's faces. Specifically, there are 4 cases on the front

face, 4 cases on the rear face, and 6 cases on the side face, as
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visually represented in Fig. 3. In particular, the staggered
arrangement cases, namely F-3, F-4, R-3, R-4, S-3, S-4, S-5,
and S-6, are configured with an inclination of a = 10m.

The simulation domain is illustrated in Fig. 4 with H is the
model height. The simulation model is established at a scale
of 1/400. Fig. 5 presents the normalized wind velocity and
turbulence intensity used as input flow. These parameters are
combined with the wind profile recommended by the
Architectural Institute of Japan (AlJ) in category of surface
roughness III (power law component o = 0.2) specifically for
urban areas. The wind velocity at the top height of the model
corresponds to Uo = 8.92m/s. The Reynolds number
considering the width of the model is 4.26x10%.

An unstructured polyhedral mesh was used, with two
refined areas for improved accuracy in critical regions. To
accurately predict flow near wall using the wall function, Y+
value, which serves as a non-dimensional measure indicating
the coarseness or fineness of a volumetric mesh in relation to
a flow pattern, is put into consideration. For more accurate
predictions or when using advanced turbulence models, Y+
values in the range of 1 to 5 are often preferred®, and 5 is
maintained to adequately capture the dynamics of flow near
solid surfaces.

The CFD simulation conducted in this study terminates
when the forces exerted on the structure reach a state of
stability in unsteady flow conditions. In the subsequent
section, instantaneous data points at four different time
instances within one period (t=0T, T/4, T/2, 3T/4), as well as
their corresponding mean values of two periodic periods, are
presented as illustrated in Fig. 6. In this figure, the variation
or change in the wind force coefficient over time when
reaching the state of stability in unsteady flow conditions is

called fluctuation range.
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4. RESULTS AND DISCUSSION

4.1 EFFECT OF OVERHANG ON ALONG-WIND
FORCE

Fig. 7 graphically illustrates the wind force coefficient in
the y- direction, denoted as Cry. The calculation of the wind
force coefficient is the same as section 2 with A is the area of
the front face of the principal building and the same for all
configuration cases. The fluctuation range of wind force
coefficient in each case is also presented. Two main results
can be observed from this figure. Firstly, large variations of
the mean Cgy are observed in group F compared to the
principal building. The effect of the rectangular prism
overhang on the mean Cry shows a range of variability, with
up to a 10% decrease or 20% increase compared to the
principal building, depending on the specific locations where
the overhang is attached. On the other hand, the variations of
mean Cry compared to principal building are relatively small
in group R. Secondly, comparison of the lower and upper
configuration of overhang on the same face in group F and R
(F-1 to F-2; F-3 to F-4; R-1 to R-2 and R-3 to R-4), the
absolute difference value of Cry between lower overhang
buildings and the principal building (O-1) tend to be greater
than the same difference in upper configuration.

The discussion on the variation of mean Cry in group F is
based on the trend exhibited in the F and R groups. Also, the
wind pressure coefficient distribution on the building's rear
surface is presented in Fig. 8. F-1 and F-3, R-1 and R-2 are
considered as examples. The pressure coefficient is
calculated by ¢, = (p; — Pw)/qe , Where p; is the total
pressure, and p,, and q., are the reference static pressure and
dynamic pressures at the model height respectively. In F-1,

the absolute value of negative pressure at the rear is observed
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to be smaller in comparison to O-1, as shown in Fig. 8. A
very high absolute value of negative pressure is experienced
on the rear face of F-3. On the other hand, the pressures on
the rear face in R-1 and R-2 are almost the same as in the

principal building. Fig. 9 presents the velocity vector figures

L D A 7N
Mean pressure coefficient on front faces

Mean pressure coefficient on rear faces
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ind left
wing i
f“’“tl:l rear Pressure coefficient
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Fig. 10. Mean pressure coefficient distribution in case O-1;

F-1; F-2; R-3 and R-4

at t=0T in the middle plans x = 0, and also illustrates the rear
stagnation points in the principal building and some buildings
in F and R group which are discussed above. The drag force
tends to be higher when the rear stagnation point is closer to
the rear surface in the downstream direction”. The rear
stagnation points for F-1 and F-3 are significantly different
from O-1. In these cases, the difference could come from the
variation in how the flow separates around the overhang and
the building’s edge both at the top and bottom. In F-3, the
wider front side of the building created by the overhang
contributes to the formation of the vortex of separation flow
at the corner on the side in the upwind direction.
Consequently, the negative pressure at the back is higher
compared to O-1 because of the suction effect created by this
separation vortex caused by the overhang. On the other hand,
in R-1 and R-2, the distance between the rear stagnation point
and the rear of the building is almost the same as in the
principal building. Due to this similarity, the rear negative

pressure distribution is almost comparable in R-1, R-2, and
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Fig. 11. Wind force coefficient in x-direction (Crx)

O-1, leading to the minimal variations in Cry.

Regarding the placement of the overhangs at the lower and
upper part of the building on the same face, two distinct
subgroups can be identified: the first consists of overhangs
that are aligned with the building width (F-1 to F-2 and R-1
to R-2), while the second subgroup involves overhangs
located in a staggered configuration (F-3 to F-4 and R-3 to R-
4). The former subgroup shows the absolute value of Cry is
smaller in lower overhang configurations compared to upper
configurations. Whereas the latter group presents the
opposite trend with the former subgroup. In the first subgroup,
the decrease in the absolute value of Cry in cases F-1 and R-
1 compared to F-2 and R-2 respectively is attributed to the
decrease in pressure at the top of the rear surface compared
to O-1. On the other hand, considering the second subgroup,
taking R-3 and R-4 as an example (shown in Fig. 10), the
increase in the absolute value of Cry in the lower overhang
configuration (R-3) compared to the upper overhang
configuration (R-4) is due to the decrease in the negative
pressure on the rear face and increase in the positive pressure
on the upwind face of the overhang. Fig. 10 shows that the
Cry is not noticeably affected by the pressures on the front
faces of the main building in these configurations, the
opposite trend in the two subgroups could be explained by
the aforementioned shift in the location of the rear stagnation
point and the stagnation point on the upwind face of the

staggered overhang.

4.2 EFFECT OF OVERHANG ON ACROSS-WIND
FORCE

Fig. 11 presents the force coefficient and its fluctuation in

the crosswind direction (Crx) for both the square building and

14 buildings with attached overhang. The fluctuation range
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of Crx is more significant compared to the along-wind force
coefficients. The flow patterns of wind in the across-wind
direction are characterized by increased complexity and
turbulence in comparison to the relatively smoother flow
observed in the along-wind direction. This turbulence is
caused by the interaction of the wind with the building's edge
and surface roughness. A strong shear layer is formed
between the building edge and the reattachment point which
is located on the side face in the case of a square section.
Within this shear layer, vortices persistently exist,
contributing to the fluctuations experienced in the across-
wind direction.

The mean Crx is distributed approximately around zero.
The greatest absolute values of mean Crx are observed in the
staggered configuration of overhang on the upwind side face
S-3 and S4 with values -0.11 to -0.15 respectively. These
cases exhibit substantial deviations from O-1 in the wind
pressure coefficient distributions on the side surfaces
presented in Fig. 12. S-3 demonstrates positive pressure on
the overhang on the building side and negative pressure on
the opposite side. The proximity of the overhang to the
windward wall of the building induces a positive pressure due
to the stagnation point of the incoming flow being situated on
the overhang. Conversely, the opposite side experiences a
localized and intense negative pressure resulting from the
conical vortex created by the detached wind flow at the upper
section of the overhang. S-4 generates positive pressure on
the overhang on the building side and negative pressure on
the opposite side, the same as S-3. However, the negative
pressure area on the opposing side of the building is more
extensive in S-4 compared to S-3, and the negative pressure
is heightened due to wind separation occurring at both the top

and bottom of the overhang. On the other hand, in the case of
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S-5 and S-6, where the overhang is located on the downwind
side, a pronounced negative pressure region is observed on
the overhang wall at the upwind corner, whereas no positive
pressure region is present on either side. The flow separation
point may be located on the building edge, and the vortices

are formed in the space between the building and the

overhang. These vortices cause a significantly high negative
pressure in that region. Consequently, in contrast to the S-3
and S-4 models, the decrease in the Crx in the S-5 and S-6
models, when compared to the O-1 model, does not exhibit a

significant difference.

5. CONCLUSION

The wind characteristics of a high-rise building with
rectangular overhangs at various locations are examined
through numerical analysis. The main conclusions of this
study are as follows.

e  The attachment of overhangs has a noticeable effect
on the along-wind force coefficient. Locating the
overhang at the lower front on the main building,
the along-wind force coefficient differs by -10% to
20% compared to principal building. On the other
hand, the difference is small in upper front and rear
configuration. The reason could be attributed to the
change in the rear stagnation point.

e In the case of the front and rear overhangs, the
opposite trend in along-wind force coefficient for
upper and lower overhang buildings is observed
between the staggered configuration and fixed
configuration.

e  When the overhang is arranged in a staggered
configuration on the windward side, the local wind
pressure distribution around the overhang causes
higher mean across-wind force mainly due to the
stagnation point of the incoming flow.

These conclusions are limited to CFD simulation. Further
studies using wind tunnel experiments will be conducted in

the future.
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