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Establishment of Resilient Infrastructures for the Mitigation of
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ABSTRACT: Current cities encounter various types of water problems due to rapid urbanization and climate change. The
increasing significance of urban water problems calls for the establishment of resilient alternatives to prevent and minimize
social loss that results from these phenomena. As a background research for establishing resilient infrastructures for the
mitigation of urban water problems, we evaluated the robustness of structural alternatives for urban flood as a representative
case. Combining the robustness index (RI) and the cost index (Cl), we suggested the robustness-cost index (RCl) as an
indicator of the robustness of structural alternatives, and applied the index to assess the existing infrastructures and structural
alternatives (i.e., sewer network expansion, additional storage tank construction, and green roof construction) at a site prone
to floods located around Gangnam-station, Seoul, Korea. At a rainfall intensity frequency range of 2 to 20 years, the usage of a
storage tank and a green roof showed relatively high RCl value, with a variation of an alternative showing greater RCl between
the two depending on the size of design rainfall. For a rainfall intensity frequency of 30 years, installing a storage tank with
some green roofing was the most resilient alternative based on the RCl value. We proposed strategies for establishing resilient
infrastructures for the mitigation of urban floods by evaluating the robustness of existing infrastructures and selecting
optimal structural alternatives with the consideration of scales of design disaster.
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1.AME

20151 94 A 702 UN F3]of| A= = AAL]7} 3
T 15971 (2016-2030) F31 A= 7IPU3EQ]
ol R|&7MsH72E3E (sustainable development goal,
SDG)E Afeisiick. SDGE Wwal, oo s
4, B 2 H HEA i 5= R 1T
o] 3o} 1697]0] A= s LAECH (SIWI 2015).
53], 7ok A 9 Al el mataQl oS-
o] 7%t ARRlE Sk ] f1all Al 9olM = SlEE
24 (resilience) A ARS]7|RIA LS| 55 75t

s2& U3t (Vugrin et al. 2010). wbA] Sj

| SHLE ARS]7HEA L 215 Ajsfioll ot 3
WS A4 Bt oyl ko] Q%= Al
e 20 AR &4 ARt (Vugrin and
Camphouse 2011).

Kim et al. (2014a)-2 =3H--AM) (extreme rainfall
event)of] T2 {O] 4] 73S} Wiktol| sl 2lEgte
d Md= ggste] B7Ret B Stk o]+ lEgEA
Na= =dshe Aol skl Zrusis tiekdd 9
AR TP BHEE = Q7] wimolH, ARl Ao
oA & o) viehARE Bt Ayt ek E1E
Yu et al. (2012) Afo]E&of| 93t 77| (Fiji)2] A<
H S-S ol vE B vl dom Aot
3| EErEA] B[R (resilient cost)S o]835}0] H7}51S
T, Aol22 FekAle} Ag W ke Zakd el
"eye Bt

g wAlslel T olzk FAle] AREAT 7|5
H3} (climate changey= T}FSt TA| & A4S of7|gt
o}, ol T Ao olat B U 25 (alge) T
A &5 (protozoa)2] 1/, QU= A HojlA] o] LAY
S 2% (endogenous hormone)C & 25t H|EA|
(receiving water) @ F1} -2 LAEA7}F Qi (Ahn
et al. 2014, Hunter 2003, Johnson and Williams 2004).
ESE EA] E541H4] (impervious surface)?] 5719}
ERIRARA NS R E M B A SRS
22 AP AR (KMOE 2012).

wba] EA] = Ao ot wjshE ofstal A4

4

AS 2oty flel & U ARRJZIRkA A SA
7841 (renovation & retrofitting) |2 Aof S]EEtH
Nes 28 Faido] qlek 53] Afsf| oA 2]
SRR A|AE] 7]5o] A7) 2fsl Zagt vt
At A, e Ee] S| Sl Lagh ARt
Ao iutE, ASHe] o] Ashe] ofgt wisy
= APA717] $I8F 12324 diot (structural alternatives)
O] 74 (robustness) 2} oS E7Fs3h 7RO A
o]l Thgt EA- ASA (rapidity) SRS 919F A1Egt
H|GLZ4] ot (nonstructural alternatives)?] <~ o| &
Q5}c} (Kim et al 2011, Woo 2011, Lee et al. 2014).
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Al &= AHEIQL 7P QI s Aetee SleR
71&E AV S H oiobAld (R4 tighe] Wl
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index, RI), H]-8-A]4> (cost index, CI) ¥ U7-AL-H]-&-
Z]4= (robustness-cost index, RCE AA|513it) ol&
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1985, Rutter 1987, Folke 2006, Shin et al. 2009).
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Abs]e] ojRkat A AEnhs ol

Yu et al. (2012)= Afsfjol] whZ u|sfiu|-ga} H4|8-
of gk shustely Hlgolet gelalel AiAE Fo
1) sERrge Bkl S8 BesIoch 44
T ool st wAlslol Rlelrtele] Slal Tt
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ol APAhEo] @)% ZHe] thgsh ARl
J58 A7al] Sla) smne ae B8s o
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A#o|t} (Table 1). Bruneau et al. (2003)-2 7]5EA|
l } BEE 004 10022 LRl lar, Ao
o sib) s Ak Asiel
2 Uit Rose (2007) A 5t
AP wslgo] BN, B4 BiEekeS
2jcfo} 2 B teelol ik ko) Holz 3
oItk ESE A&st vl o] Yu et al. (2012)=
Tjeul g} Bl ge] gL sEEley vgom by
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Table 1. Research related to methodologies of quantitative resilient assessments (reproduced from Yu et al. (2012)).

Reference

Equations for resilience assessment

Variables

Bruneau et al.
(2003)

RL= f . [100— Q(t)]dt

RL: Resilience Loss

Qt): State of the infrastructure
& : The time of the event

f : The time of the recovery

Chang and
Shinozuka
(2004)

R=P(Ali) = P(r, c::r“.zf <t)

R: Resilience, P: Probability,

A: Setting standard, i: Scale of disaster,
ro: Initial loss

r*: Max allowable loss

t* . Max allowable time

Rose (2007)

ADY™— ADY
ADY™

ij,

Static Resilience =

Dynamic Resilience = Z Ypr't;

ADY™ Max rate of change of productivity
ADY : Rate of change of productivity

n, m: Number of observation

ti: The time of ith observation

Yor: Productivity in case of a rapid pace
recovery effort

Ypu: Productivity in case of a slow pace
recovery effort

Vugrin et al.
(2010)

t t,
f’Tspm—Spmldfmf‘lﬁatj:ldr
RDR= —2 o

[*17sP(t)lat
vt

t , ] ,
[ 17sPt) = sP()idt+a [ 1RE)d
+ v -‘.‘n

OR=mingg -
[ 175P(t)ldt
X i

RDR: Resilience cost index related with
specified recovery effort

OR: Optimal resilience cost index

TSP: Target value of system performance,
SP: Present system performance

RE: Recovery effort

a: Weighted number

Yu et al. (2012)

RDR(RE) = JJf ITSP(1)—SP(0)|di+ & JJf IRE(7)|d
’D [O

RDR: Resilience cost index related with
specified recovery effort

RE": Specified recovery effort

&: The time of the event

tr. The time of the recovery

TSP: Target value of system performance
SP: Present system performance

a: Weighted number
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slo] 1 ulgo] eSS BEHeigo] £2 ek
ik SHARL, A B7HE 91s) AN Ao] Table
13} 2o] EAI5H= 9] IALE Asfel w2 212
o] At AREe] Alkiel o o) 4, 4
thagel A8 e R 5 AFA B} 7129 A
A 2§ ofetee 2 gek. ol Asle) 4ol &
G| w7)2) sjshumnt ohlel A, A8 el 4]
Ao Hhek 259 4714 Tk mge] o
etk

B AToE A 35 BAS o @ S
A 27 Hhorse] et slEere e Brlsha
A WA A4 (RY, 918 A% (cost index, CI) 2
-1 A4 (RCDE A (Eq. 13). A)
Ak TS AL olthe] Aol o sk
AR WS bt (ol Z]alAe] A
sholl tistol At 44, AsUSIE Zusk e
w1 sfale] B Al e e
FAE gpons sjEeteige L4ts| vtk 1
71 ofdiek. Tt Aslelzete] WigE Hlg
wole] Zuiold AHatstel F4 5 A Aol o
3 489S PP RS A 2= 3]
o] bl wlmoh WAl 4, o] e s 9 B
H1§-2 AZPAYIE ATk W wee] gtk wrehy,
& ZJA e 72 dhoksel Histel Aok Eq.
-3 AlzjQlaete] slustelye BrlsHe 7] Al
AERA S B 77 ek BekE. ofs
AEEL AH0) gk, 7| AVt el el wlg,
5 A 5 230l golat 4RE olgsuz
Ml 4 8ol THs sl

. CA+ ZA/ZA
DS(1—m) (Eq. 1)
1
ol = e
RCI = RIxC/ (Eq. 3)

o714, CA= @A 7IRHAAHS] 85, 4= 24
tjote] g2k DS Aol FH, AE= 24 ot

Aol = AZHLE, ACE A diete] vlg- (A
W], $A04] ) W CC A 7IEkA ] Wlgolth

RIE -&5to] 7|HkAldo] AY Asiof +HE A4S
S 4 QA ol WS S Atk AY Al
H7F & 7S] S 2aste] (RI < 1) 24
b 371 OR BAlslof 3 49, RIS 126 2

NHe= $H e (4=l sl vje= gt
CI k& AHgsto] 249 gt (RCIt 255 =
gk tieh& AEd 4= qleh RI®F RCIE F5to] Ash
o] T 9 i wE & 7|WAE 9 e 7t
& P ojete] Upale WA 4 gk

LAl 35 ZAY S DS BHE A4 (mm
'), CA%= @A) Wi sk 9] 45 (mm
hr'), 44= 7} gjore] B<=% (mm hr')o|th o, &
=% St AXQe) A, & 7IRAE L] &5l
SRl Fet ol B ZegES AT
= FH (e, AES] FHR)E Ao RFFHTh

)
d

=

tlo

d

3. ZAl 5 M2 =X CHtofl Chgt
LHS-HIEX|+ L7t

31 Al B Al (ZEHSE UsEs) e

e e Ak 317 AR ol Ae] ErGE
of o3 A Higze] Fo 2 Q8] A
A7} dRisH= z|odo|ck 20001 o] o] 24 22.5
mm hr'ef}A] Zch 102 mm hr'e] 2 712 FHeh AR
& A9ape] B90] o) 53l oael Fu A
22A1g7} Barg v} Qlh (KFEM 2013).
&) 4= TS WA $I APIARS: o
AR S AL lE B ARE ST A4
9 A 2 G $5 Asle] sgwe] glk
w5k 3] A Q) SRR el Afolo) of
AR 2HE 77k 230 mo] £ejue whEe] oo
A BEE Y2 27]0 sepros Bk tot
gk ol Qlok vhasroE W) B4e 3t
2 9130 20199 $7] A7k BAR] & 3489] S
of 47 7.5 m, A 13 km] iRl e A
g Azlolct.
oAl AR e Qi Aleje] H4eu)
P o glslo] gl AR AN 9 s
A BASE W A 94 HEANS] SRl

Nooln £ e
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S} (green roof) S 17 WA
o HASIGOn, o T2 dhete] e 3
serely g1 o) WEh-ulg A5E Agan

k.

3.2 L& X tfete] ui+d ot

3.21 7|xXt= LU 7+H

FE ¢ Ao Wl WA diekse] WY 3
7VE PR 712ARR 24 H 7P Ee asisit: @
SHHZ AAR] Al A 27e) 2 58 A
Te= 2012 SleA AWAEAL o] % s AL
d % 3Pl 515 mm hr'2 A5 $hE, 2]
= Sl A BREA HEHIA (KFEM 2013) W
AR olgsto] sk W AR AAHE B A
28] Gk 7PdsISit (Table 2). S48k 5=
=3t Al2"l 55 A%a e v (Seoul
2007)2} Nam et al. (2013)0] AAGF E57 = 7]&9]
A&l Also] Bolgt FHE (B < 20 cm, 2%
) 7S AgRtal 7HgsiSit: skt Es
A 9 ARE AR iRkl oE2 |, S8 A
Uit ©h91e] Alo] of7| whiel, 7 W S
s} HWAo| Fazt X} 5 shufoh ojof wif S
3} Ao wlet Afsfje] o] W ko] ofEA| Hat
sh=A] WSl Slsl, s =S detle Sl
gt 5 4k SIS B Al EESIelnh S

= =70 = 0=

S} AABIE2 FAM], 2% R FAREH], QP
g SIS Eotolo] S4k=s) Axof| wE FAY 3
712 =385t Kim et al. (2014b)2] G+-5 H[ES2 Hj
] WA ojH] 20% AR A 127999, 40% A3
Al 255919 9 80% HA] A] 5109102 HHs3ich

3.2.2 Li7-8-HIE x|+ B7t

Aol i (nd W= BE g Hahof w)
£ T it AlLR YiaHg-HlE- AE Fig. 10 Y
ERRACE 71 9 OijE Ala"e] §f0] s 8
= Slofof Hrufsrh HASHA| ke Alol7] wieell, ¢
Ao AR Ade] S ddd o = o (RI
> 1) Adesfof i, Uisdo] 2k dioksel dis)
BAE 8llE HkgRt vlaE flsf 4dH] 59 48
B8-S AR -8l AE 2851k

29 Rl A7l disy vl WA vl 80%
O] L=tE ARfehs dicte] 7HE 2 UlAME-HlE- A
o ke Holom, 21 23 301 Rk Wl g

3 A AdRIetol 7P 2 Uied-Hle BRI 2k
= B3k (Fig. 1). 7127} 22 7-9] 3% ole &
o] A = e AR Sk ARt Y-
Bl F7Ae7E E ERE A R AR &
gk AR Wi gt Bk el
AR sl S Al BIs) B0l A

Tol] 29 AFT 5 G ATE Aok -

Table 2. Basic information of area prone to flood near Gangnam-station for assessing robustness index (RJ), cost index

(CI), and robustness cost index (RC/) values.

Data type Value

Reference and/or note

Maximum rainfall intensity of

51.5 mm/hr
system

2012 rainfall intensity records (Gangnam-daero
intersection)

300,000 m?

Current drainage area (500 m x 600 m)

Area of Gangnam-daero intersection

Sewer network construction

26.2 billion won/1 unit
cost

2012 Sewer network expansion plan of
Gangnam-daero intersection (total length 1,300 m)
for preventing 75 mm/hr (10 year rainfall intensity
frequency)

Storage tank construction cost 20 billion won/1 unit

For preventing 85 mm/hr rainfall intensity (25,000 m®)
(flood damage prevention plan for Gangnam-gu)

. . 2 hundred
Green roof construction cost Light vyelght & thousand
extensive type won/m2

30 mm/hr of rainfall intensity reduction in soil depth
of 20 cm

Runoff coefficient of green roof

0.2

Gentle slope green area: 0.1 - 0.25
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Fig. 1. Comparison of robustness-cost index (RCI) values among three different alternatives (i.e., sewer network expansion,
rainwater storage tank, green roof installation) for the mitigation of urban flooding. Scenarios to install green roofs
were established to cover 20, 40, and 80% of total drainage basin area.

3.0
‘ —=&—— 2 unit of storage tank

5% \ — —% — 1unit of storage tank + green roof (20%)
S :
X,
x
[0)
_E 2.0 A
7]
o]
Q
7
o 154
=
B
=
o
[]
X 494

05 T T T T T T

0 5 10 15 20 25 30 35

Rainfall intensity frequency (year)

Fig. 2. Comparison of robustness-cost index (RCI) values between alternatives of installing 2 units of rainwater storage
tank and 1 unit of rainwater storage tank with 20% of green roof in the drainage basin.

ARG e e Bl

sh, 304 W 797 ta) wE ok (o,
25,000 m’ L2 =% 17] A4, 1,300 m 2 3l
B W, A 0 AT 2ARSholA HaTalt
sl Ao dPE]y] m, xa % 27] Ak}
ABz 1710} SAs} (gl WA giu] 20%)

£ Ak 27} dieko AAslo] vt (Fig.
2). vla A}, 77} 2, 3, 5, 10, 20, 304 ¥lE 7ok
w0 s ARz 27] Mxjote] RCI= 191, 1.61,
1.37, 1.15, 1.00, 0.930.2 LRt A2z 17]9} <
A=s} 20% He Ax|eke] RCE= 2.78, 2.32, 1.96,
1.64, 1.41, 1.31.02 Uepth wlepd A8z =714
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J=sle o) A Al

Aol uls] AE G AL
sk Zo] Brt kAl gotos

o 1 F7hE el
e

A= A HigE] M2 40-60 mm hr' Q] 7R

S 29 moltk M| F47] ARl nag,
S 1097t FeFierA el 7R AE 2 (o], A5
Z A4, sietA Sk HIE Ak A4)S E3) 95
mim 9] 9] 8T 5 Gl F2A thekg 4
o Aok gHH, A2 71% Fte<l 118.6 mm
hr'e] 749l dig3sl7] 3, %‘ﬂzﬂ} (green
infrastructure) AHIE B3l ZEA| & <3S 748l
(o, }EF 7L AT =% Ag) ol &3l 100
mm hr'9] 7358 sk s, vped detos
A T o7 E Al B tSAA 5 S5 71 2
oi7d-5oll el 258l L Aol (Seoul 2015). E
TP 7, APl ) 43, WA
W= (o, A 7RsRE 2 9ol HiE Ee] Al
(e, Az FHR)oll et 2 (vulnerability)S
Z) A4 4 Q= 71543 (Janssen at al. 2007)2- HiA|
SHA] S5k SAPE Ql=dl, ol BlERA] diere] Ast
£ 5ol RSt 4~ Q= HEog H oS Lo] LA T
ko] U4l 7} Ant ofujet A ot} 2
a4 Bzl ek Azjolh uleh AAle] 3

T %47 A5AEo] =A) SERrel S ZulolA
H}El-xlo].u]-_,—_y_ .E]7]—‘6]- 2~ oh;].

3.3 EA| W Oglel=Zate| o

ot

TR AL QItolA F= slE, = AYE
74] Al 4] B 2857] Sl A W A R1EQ)

SAtS FHSIL o5& AT Adsto] A 7150
SulEA) $708 4 QES ERAE /B2 ool
(Lee et al. 2014).

SApsle TR TRlmele) 4, 94 mih A
72 oA ok, Aol A e WA mE A%
At 4 OV, 94 A 4 W 4 Ao, A
A, 8 A, olufel (amenity) 2he B I
o] 22, REAAL H7| 9B 27k LATEA HiE

ZF 2 AR A AL E5E ARl A7} 7F
tiorst avE 7HRc) (Peck and Kuhn 2003).
weby Sak Akl tulst7] Sle slskels
ek A1) el Slolq ARz} Zo] ulg tiu] i

o _>.i

o] Flolt Y Fme] A WA Pasit, of
g TEBE QB tholurk SARSSeL 2 &
THE FAKY AL B8N tokS Fa) it Ak
Q) EA] 9] ALRE 5T 5 9]
CRIE e 7152 S5 4

e A= it

4. £A| B2 2H MUS Y3
S|ZErN Abl7|HIAIM 75 2t

i 71l Qe
AL} 2 oM =T
HlE 9 7eo] 27l o1t
Els *J%]OM b A SR
It Tl ol (D ARl Sde 24t (s
S Ehske SlEEEdS 2 @ 4 S ke
22 bieke) 7= Adefo] Hasi
zeAlzoz EaclEs BEs] sk ffsl, A
o] A S A FaTt Stk IS S0, EA
T AlMe 9% 24 dijke vhde] gloiA AlE
SEIETT 710] 7] o]tk 3o A
vlel o] AJE Asle] FrE Dol uet 22
T2 ojelol el 4= o] el Feldel A
T Ao Aol
o, Y ALEIHAe] U Btsfof ek
AR Al s ZEo B /1% ALge) e
& gRtoam A Mot e 4l 2
4tk ARlo] Aele] S FU LAt S
790l T ojeksel os) U418 B71E 43
Of Bl B QoA A F4= EAlo] el Ui
H|-g BAS efsto] 249] 24 ek }\4140]_1—
ARIE A=, BE) Hol%ke Hith (32 4t
2 A7) 7hss dijhe] gEEdE o o Sk
T3 AR Aslie] S 2B olVdR] S5k AF
atof| ofsf) WSk o] B9 kRt Bt 7R st
5 Sl vl Hidto] Hasitt vlg2A dijks
o] k= A, A=Al S F3f A|HA1e] =)
3 At Aee] 8e goAoT 83 I Q)Y
wpolck. Wby 2 ook wlrz oioke e
3 Ashe] A7k 2ol iriahs EpkAel ek o]
A7 = "ast gk
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