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ABSTRACT

The concept of resilience seems applicable for sustainable groundwater management. The resilience is broadly defined as
the ability of a system to resist changes by external forces (EFs), and has been used for disaster management and climate
change adaptation, including the groundwater resilience to climate change in countries where groundwater is a major
water resource, whereas not yet in the geological society of South Korea. The resilience is qualitatively assessed using the
absorptive, adaptive, and restorative capacity representing the internal robustness, self-organization, and external recovery
resources, respectively, while quantitatively using the system impact (S7) and recovery effort (RE). When the groundwater
is considered a complicated system where physicochemical, biological, and geological components interact, the
groundwater resilience can be defined as the ability of groundwater to maintain the targeted quality and quantity at any
EFs. For the quantitative assessment, however, the resilience should be specified to an EF and measurable parameters
should be available for ST and RE. This study focused on groundwater resilience to two EFs in urban areas, i.e., pollution
due to land use change and groundwater withdrawal for underground structures. The resilience to each EF was assessed
using qualitative components, while measurements for ST and RE were discussed.
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Fig. 1. Relationship between vulnerability, resilience, and adaptive capacity in hazard research (after Cutter et al., 2008). In this study,
resilience is defined as in (b) including the absorptive and restorative capacity as well as the adaptive capacity (see Table 1).
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Fig. 2. Relationship between risk, vulnerability, and resilience
(after Aamir, 2011). The risk is assessed using the probability and
magnitude of external forces and consequences, while the
consequences depend on the vulnerability of inventory to external
forces. The resilience strategies include restoration strategies to
reduce consequences as well as hardening strategies to reduce
vulnerabilities.

gAgdre A7 TEr oEA Hojd Wt ol
2}, H2Fd (vulnerability), -5 (adaptive capacity) 52}
T EFF] AMSE2 AThFig. 1; Cutter et al., 2008).
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Table 1. Components for the quantitative and qualitative assessment of groundwater resilience

Quantitative Example
R;E:egszzst:e Component for Qualitative Method for
. resilience Component for resilience enhancement  External force Method for enhancement
ment (Fig. 2) .
(Fig. 4)
Abili Rob fth Groundwater ~ Strategies to reduce groundwater con-
- Absorptive tlity to prevent - Robustness ofthe - o eamination  tamination vulnerability
Vulnerability . the change by an groundwater
Syst capacity external force system Groundwater A large body of groundwater
‘ys em withdrawal arg y ot er
impact (SI) . .
(Fig. 4a) Ability ¢ N 0 Groundwater ~ Natural attenuation capacity
Vulnerability & Adaptive '11t.y 0 recover Na TeCOV= contamination (e.g., denitrifying bacteria)
. with internal ery; emergency
Consequence capacity Groundwater .
changes response plan . Natural aquifer recharge
withdrawal
Technology and resource for ground-
water remediation;
Groundwater . . . .
.. Social, economic, and policy & legis-
. Amount of contamination . .
Recove Ability to recover resoUrces o lative environment (e.g., preference to
4 Restorative quickly with little enhanced remediation)
Consequence  effort (RE) capaci external recovery TECOVET the sys- Techrol J P ficial
(Fig. 4b) pacity ry tem; rapid deliv- echnology and resource for artificia

effort

ery of resources Groundwater

aquifer recharge;

Social, economic, and policy & legis-
lative environment (e.g., public accep-
tance to artificial aquifer recharge)

withdrawal

Table 2. Resilience of groundwater resources to two scenarios by British Geological Survey (BGS, 2021)

Scenario

Resilience of groundwater resources

Long term (decadal) shifts dominated by the available groundwater storage given that larger groundwater bodies will be much less

in climate

affected by long term shifts in climate than smaller bodies.

Short term (inter annual)
climate shocks

dominated by the available groundwater storage, but also influenced by the long term average (decadal)
recharge to the groundwater system because the recharge will help the system recover more quickly.

resilience), 3) HHAIGT 2]A A2~ (multihazard and
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woks x3lsle] AR FollMe ofF Agdx
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Fig. 3. Complex groundwater system due to the interaction among physical, chemical, and biological components in heterogeneous
geologic media (modified after Appelo and Postma, 2005). Recently, anthropogenic activities (e.g., groundwater pumping and

contaminant loading) make it more complicated.
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2.1. A|2Rle| 2[E2[edA

At AFARE Atololld Blde|da= Fig. 13 o]
AREEET, BEEAEE AR QoA ek &
H(Fig. 1ay AL 24 Y (Fig. 1b)o=Z sXsh= &
Aol wet 22 Aol 4= Stk Fig. 1204 &z
= Aol W88kl Ade2RE 3EE ¢ s sHe
=2, P Fode g 842 715Eth(Manyena,,
2006). ¥4, Fig. 1be AAXE Ad B 85
Aefetede ANkl o Wil AgHs gy
o] gk gRlog Jrgsh=t], tiFe] At A7AES o]
oF 2o AjZto 2 A AAE AF8kal Uth(Paton and
Johnston, 2001; Paton and Johnston, 2006; Bruneau et
al., 2003; Tierney and Bruneau, 2007). Fig. le= FoF
43 HEEAAE Bt Bed wel dAATI=
-2 Cutter et al.(2008)°] ©]9} 22 HHS A3}
Act.

2 dAelMe IS Fig 109 BRle=E <
s, o] A¢ fHudae FHepdet gl As) o]xd)
TS AR o2} Afs) o]F] AT T =
¥ "ckFig. 2). =, Fig. 169 &A= Fig.
4} o] A olslol Fru Hyelow WY
 TH(Vugrin et al, 2010b; Yu et al, 2015). &
£0], WA Yo Al=F S (SP ol A9 i S
7RIS AR Al el AR 2 Ad©F-E )]
SAE, AGARElE wsksn) dEe oA "k 2eu
YA AIRE Bt FEFE(SHe] A ERA ek, o
23t 58S 1 AlREe] Y e viedolEiar gt
(Table 1). 5] 55 1 2Pt ¥z} =) A9
T AL H & oREoE WslE Holx| %5 + Stk
US EPAS] X3l 2% M #H7}F 7IH DRASITCS
Aele AlzElel visle] olo) e MPA@ETE)S %
7¥sl= WhHolglar & 4= AthAller et al., 1987).

Fig. 4a8] AlUE]Q 1087 A28l A&V} (7}
A FreEs o g A" 295 HAFThE,
Y& WH3KSH fle). ey o] A&Ew AlxE]
FERSIHel R ARk, AIRE telA] A28 A9
B (SPP] Yr7HA Bolds & 4= Sl o Al2=lo]
A& A REETEH)S I3 = Aok 9% A glol
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tellA AZE A7} Yo ZhA] 28E 31583 A5 HolE
ok ey o] AgEulA] AZEE AlZEle] A (SPy
T O] AR T RAIZE ty), 01 3EA7]7] HEiMe 9
HApdo] Flg]ojok SITk(Fig. 4b). 3, Fig. 4a2] AL}
Zo 10PN A2ED cEA e fFEo] AETt
BAl SPF UERaL 9low, ofalde] FYET] H 2~
22 JEEs AT KHo|R gt &, 5 2S
Hol gl Aol g3t o] Al=ES 31EA17]7] $
M= FAto] FYElojok k=t (Fig. 4b), ol &
TEo| T2 Al=HSY Aolle o He EaxgeEw
o weA A JHE BE 5 ok 98 59, Fig
429] AURIL. 2EFA eIM Al A BEA )=
TYS SPE Holu, EFaAoA A8Ee HrAkle]
ofo] T}ZCKFig. 4b). A28l AGEA Ay} A2
BEEHM R o 2o EpAe Hew e,
o] 4% Al=Hl Be Al&El ARG E4Eo] o & A%
ZA) Al2=E]L Al HISt 2]EAAE O 25E Al2HlS
2 37r & ok

Fig. 4= 57 o] Al=ge] A5 (SPel vxe 4
e HolEth Al Adll tist] AlUE]e 12 tollA
S A8 F9Ist A2t A, Bt
A7 =] o] F WA Apde] = 4 il F WA A)
oz Qs SPrt FHehe A9-E BolEt) vhA, Al
gL 3 7Pl EFAES Fshe A=y
A, Fe B H(RE)CE SPE Y A= &
A7IE 3otk 2y F AA] Adol] Al e w

T

ErHFig. 4a). T, AUl 2 oM B7Aio]
& TR &SN A4 Ao FFE7R BRI
AEE: AR A WARA), F HA Adel] ==
Holx Fsle 9A BE A=EE TE UL B
T TH0E AlUE]L 29} o] ofd Ade] 9=
E3 A5 (targeted system performance; TSP)yS A5}
= AZE 25 Jlo] Bl dugthe o)

7F Aot

2.2, HEH Wit

gAgArs HFHoz Byl s Al2Ee)
A5(SP; Fig. 429 Yol S ST &= glojof i},
Az=E (@] Mgl e B9yt 24 71se vt oE
AL, FUZE AlzHlol] theiA = o7 e Asks @
e 2 Asrel wet SAsior & vrh 2k
Aok y7b AREE fdedas Y 5 e,
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Fig. 4. Quantitative assessment of resilience using resilience cost (RC): (a) system impact (SI), (b) recovery effort, (c) RC which is the sum
of ST and RE (modified after Yu et al., 2015). S/ is the difference between targeted system performance (7.SP) and system performance
(SP). The magnitudes of S7 and RE (thus RC) depend on the absorptive, adaptive, and restorative capacity of the system. The points
indicate the measurement times, and the changes between measurements are assumed to be linear.

A ARREE HPHo] Table 33 ZT) Bruneau et al. al. 2020y v F1EYF AlFolAd 37HA] Ask =
2003y 7]9A1e] A osk0@)E ST $ 94 A 2(S1, 82, $3) B 271A] 71513t Alue] 2 (RCP
A2 4 (Resilience Loss, RLE Al tigh A9ALS] 4.5, RCP 8.5 !k Ak 22| A(GwRe)E 37K
o] FAPAAE ==, FTolhs Im et al(2020)°] A)ZFH (2031, 2061, 2091004 BVt GwRes 2
Bisphenol A7} tl55<] 2l@e]lzel] WX JgS 24 (1} o] A3l FFFHGwRT A8kl (GwL) W3k
317] 918l 2] RIS 37FFAT. ChangZ}t Shinozuka o] Hl&=E =AU

2004y wlg] AT JIFEA(COE DEAE FE(Pro-

A GwR,

bability, P2 2182 Resilience, RIE FHSAOM,  GuRe, ., = g g —x 100 @
. B n n+1

ole} FALSHAl Lee et al.(2013)0] FARd AlZ=Ele] 3)&

E(resilience)S §E0] WG ©F dvhk we] g o7 pe Brlelth GuRed] A, @0l F545 o

YR EAskeAe] GEE H71EIATh Rose(2007)E A2t R B9E eI Shrestha et al.
grrede] Wslkeg Al 21802 (Static resilience)S (2020)2 GwReRrS ol83le] Rl Sl AXE )9
=395, ol¢t A WHoe = T Shrestha et S50 F UhE F|(Table 4), ©13 A=ol =23)51] 22
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Table 3. Quantitative assessment of resilience
Researchers Quantification Variables

Bruneau et al.

RL = f 1100~ Q(t))de

RL: Resilience Loss,
O(9): degradation in the quality of community infra-

(2003) structure, f: time of occurrence of an incident, #: time to
full recovery
R: Resilience, P: Probability, #: magnitude of an event,
Chang and C: pre-defined performance standard,

Shinozuka (2004) £ = P(C'1i) =Plry <randt, <t)

ro: initial loss, 7: maximum acceptable loss,
. maximum acceptable disruption time

ﬂD}ﬂllaR . L\D}—
ADY!T[FI.‘L

Static resilience =

Rose (2007)

m

n
Dynamic resilience = Z }}),..(!,.) — Z Ymv(!,.}
i=0

i=0

ADY™: the maximum percent change in output,
ADY: the actual percent change in output

n, m: number of time steps considered, #: the i time step,
Ypg: system output under hastened recovery efforts,
Ypu: system output without hastened recovery efforts

ty

"\ TSP() — SP@) | di + nfh | RE(t)

RDR: Recovery Dependent Resilience Cost Index,

RDR(RE) = -
f | TSP(t) | dt

Vugrin et al. to
(2010b) .
f | TSP(t) — SP(t) | dt +f.f

Y1 REG)

TSP: Target System Performance, SP: System Performance,
RE: Recovery Effort, oz Weighting factor

OR = min - :
f | TSP(t) | dt
ta

OR: Optimal Resilience Cost Index

Table 4. Groundwater Resilience based on GwRe in Eq. (1) (Shrestha et al., 2020)

GwRe (%) Resiliency Class Interpretation
0to 1 Not resilient Less groundwater recharge, higher reduction of groundwater level
1to3 Fairly resilient Less groundwater recharge, fair reduction of groundwater level
3t05 Moderately resilient Moderate groundwater recharge, moderate reduction of groundwater level
51t 8 Highly resilient Higher groundwater recharge, less reduction of groundwater level
> 8 Very highly resilient Higher groundwater recharge and very less reduction of groundwater level

2 A2e] Ao AE RIS

el ek fEuds Hr7E EEL 7180 ok
W R g, BT e BARES aefskar 9l
ot a2y A AAE AEstehs ol Bkl
o] ¢k XA =t olE Bekgh o] Vugrin et
al.2010b)ll o3l 31k A2 B8 A|S(resilience
cost index; RCIC|T}. Vugrin et al.(2010b) <]F-2o]]
o3l "oizl A2El AF(SP)e] F71E A2l FEKS
Fig, 4002 F715ka, o] Bral) Sla) FUe o)
ZFle] S B (recover effort; RE; Fig. 4b)O =
B7}5lth(Table 1). 28]31 A28l F3ksn} 5] =2
TGN 2oE BRI FRREE 5ol 2y
A2~ Bl8(resilience cost; RC; Fig. 4c)°|2} HWH3I3TH

RC=SI+aRE Q)
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A7A o= T MRS 95 AlFEA VEREE S8
2 S Ack(Vulgrin et al, 2011). 2212 BI-E(RC)
< ool sl AlzElel] WG Fale] =7)(SDet ©]
£ E7@EEpled 28Ee EARIROR] Fog, 5F
2&@7), M, ofl: AT AR T AlsEle] 2l
ZAXE vlws] M= Alage) FEME Yieth
o]7lo] & AU HIE X|(resilience cost index;
RCHEA 23y 2.

RC
RCI="=
¢ M

®)

2)(1)2] GwRex} GE(Table 4), RCP} F5= 22T
A7t gre Aldlo] Hk. efukebd, Al2Hle] TR (M)
of Hlgte] L ool thsl Alxwle] FIsnel =
At ETALREYS Bl 2837] wWEelt &, ¢



A3 2 A olos] He B ek 67

Fig. 49] AU 204 A28 AGEA Xy Al
§ BEEA )l viste gdgdart o @ A5
A=l ol HHEHow duysii, AlzH A= FYS
SPI% B3l (Fig. 4a) A28 BEG U B2 RES
a7 Fom(Fig 4b) W © & RCE 28190
(Fig. 4c). HIE A28 2 ME G7retsiA] e JH)
o|A5k, RCIICEE A|2H] A9} BY AU AlolE
TEE 5= gk vk smF 1T, AlURIL 2004
AlzEl As} Be vt sYsithar Hr1Eds A
ot} 3 Al2AEl A0 TiEle] AURIL 25 EEHso)
Z dle] 89E 7R ASEEEYN AA), EHE
(Fig. 4bye Eo] 285l o} F He| Aol thgh 22
22 HlE(Fig. 4oy AlURIL 1(EZHA 2ol 13
S F IS & 5 Ik 7 ARl 13 AluE]
2 29 Hlae FYSH Al2E Aol tiste] Hlwshs Ao
2 MOZ UFA %3l RC THeE% H|nl 7lssith
AL 39 A5, 3ty Alelel SP7E YpollA Yo
2 IEEEA RH ok sUt Eol50] ROT A
ks TR HoEr(Fig. 4o).

o9} o] RCE= el #jdEdx 37 Wi vl
sfod, Fgol ok A|=F] FIKSE Fig. 4ayimt op
2} B AAollx Qe B7ARe] KRE, Fig. 4b)
7R aEFchs 54o] Ut} Table 32 RCI] 57812 =
S RojF=r), o7\ SI, RE, M 22} olefj9} 2t}

SI= IZ) TSP(t)—SP(¢)dt @)
RE= JZ RE(1)\dt Q)
M= JZ) \TSP(¢)dt

B3 Table 32 54 57 52 AU FYsh=
RDR(recovery dependent resilience cost index)¥@} -
Aol HAe] Bk Akteras BAkds Fiet
£ OR(optimal resilience cost index)2] 27FA|2] RCE-
HojFErt

ARl e 2l AsE Brkshedl Jlo] RCE
|42 de] J5E vl Ack(Vugrin et al,, 2010a; 2010b;
2011; Vugrin and Camphouse, 2011; Yu et al., 2012,
2015, 2016; Park and Song, 2015). ZWolXE Yu et
al.2014)°] AdAsRel gk eejukete] BlEdEAsE 4
FH o= skt RCEE ©183 v 3t e &
T, HS T9] AdAdellon, AlxEle] JIKSI; Fig.

daye AR ®Harg Dsfjdor a1 Bkl
SKRE; Fig. 4bye A|AR] By Bpolo=z zkzh
Byt TEMyE e A" A9 el
A5 Hash] 98l SEH RES] ¥ A W T84
T JTEE Ure] vl 1 2y, deds
7w A9 gdedar) v dRs e &
Act. olejelle WLk shakA] ghhk AU Q0] tigk =
7} B-AY/[AE ke RCS 283 vl 1o (Yu
et al, 2016), HA|e] WAHS Frpsh=H= RCS &
319tk (Yu et al, 2012). ©]2]|%= Park and Song(2015)
MEAS] 5l B EEE A (resilience)ys H7F8H=Hl RCI
£ &89t

39, 2128 AAE DRASTICH 2 Fokd H7h W
H FARHA tHE A& (indicator)E AT $ A5
(index) FE2 HrlE 7= 3}l oS 59, Simsek
(2007> DRASTICY] wi/fHTE G783t iz A
5 Al¥(aquifer potential index; APNE 75} o,
Alraggad et al.(2017)& o371 A|al4= UF(P)2] F3FS
ZAA 715slel| digh Ak A AE Hrlehe
o] ARE-3HATE.

Groundwater resilience
=TwxTr+SwxSr+RwXxRr+Lw x Lr+Dwx Dr+
Pw x Pr @)

A7|M T, S, R, L, D, P& 217 S35 (trans-
missivity), Bl (specific capacity), U= (recharge),
452 Wd(aquifer lithology), RISl A= (depth to
water table), W<=(abstraction)°]™, oA} wel r&
Z}z}y 7¥gR|ek 7Sl st eldedx Wk 2
= DRASTICO] FHoFd H7ke} Akl A= JHi=
Uepd 4 Uth(Alraggad et al.,, 2017). L4 Fig. 49}
Table 19] A2 Hrt 940l w2, 27 &5
HIt 2-gHvks aefslal B aeekA] ok AJE
olm, YRk )] FRE FEYAL FUH
ARSI o] TelA A(7) kel thgh thase
FoRd 37t Aol 7T

HHE, fEuEelA T MOIS(2017)S ARPAE 4F
e Gl 27119 AshE-AH (resilience) AE
ARFsIA=H, A1 719 AAbz] g 71$H
3t AU eE vlEo 2 Held 7S vikdshe W
Holar, A2 FHAKd A, 283 I, A=F] A=
£ 7} 0= 3= 3D FXIOlA oA FHAI T
Az 58S Hrkske Welh. B, Kim et al.
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(2018)2 Razafindrabe et al.(2009)2] CDRI(climate disaster
resilience index)2} BJH|o]E] £ 7S o]835le] 5
3fjol] it E-dekE A (resilience) RFES /LI, 7N
B ZEE Choi et al.(2018)0] I3 <Mkl §ole) Al
T el ELEEAlSs Wrksked €8F%lt ¢ A
THES o2 IjollA ek YdedsE Frkshe
o] g gisi

3. X[l 2l&2|A0| HEH Hyt WY
A5l 3

o W2
=

730 WIS Vsl RS AvHa,
Fig. 49} o] S}t RE (&, 21(3)°] RCI)
S o83l sl YARAAE AFHom Hris
Ue HE AE BdTE A AFEIARe], RCEE
7129 gAedx i ge) SRRt oz}l REZHA
ol &83le, 2jde|dzo gk B Jjoxs
Aoz st ek 27 22 X5 JuHlo] 3
7b i) g, Al e Azte s 34 vEe
E2)F Al 7123 dl Qlol, IFF XS A &

5 Azdd dEsl] Ty 882 5 Slvke gHol
et

3.1. 9_|=IE=|

AR o] Aok AR AT =R

SRS - e

=7 o E 719wstel] e Ak 2 &
B - A A7=3 dth(MacDonald et al.,, 2011;
Gronwall, J., Oduro-Kwarteng, S., 2017; Cuthbert et al.,
2019; World bank, 2020). o], 2522 7|$Hs7} &
ki 5), DR WA AT AR F
e AP e sl GRS B Ak
291) §7J0] Fek. B, A5l B =Skl e
= W3} S W31 9)=H|(Lee and Koo, 2007; Chung
et al., 2012; Foster, 2020; Foster et al., 2020), =A|3+
2 QI o3t o tigh Askr 2deds ATt AL
d= 71FHste vatH =& ¥eolrh. Shamsudduha
(2013)= ‘Foprlotoll A TEANE 2 71ERsl] gk A
3 BFEIAE =3Itk APN E-Lib(2020y 715
sk % ] 4 S0 A el
P 9 TRAEDA, At F03 54U
oprJoke] F8 LAl A&TFsdt Ak %ﬂrﬂl% el
AR A

E AFoxe BAISE Qlal Akl BAske o F-
g & EAol§ Wl wE Aslr 29 AskeRt
el g Al S e B, Al g
AeAE FAIHcE Fo3t & SB RES SAHE =+
Ue IAE AES HokT eF-go] HaAH oo
2 Q1% Al Al=HleY] ®istES SA4Y = e W
= Aest 4= Q)=U|(Figs. 6a and 7a), = Fig. 4a2] Y

’'a.

Water [OFZII1ag Change
A

Fig. 5. External forces to groundwater system.
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Table 5. Groundwater resilience to external forces in urban areas

q 537} Hjok 69

External force

Groundwater resilience

Parameter to assess the
system impact (SI)

Groundwater withdrawal for the
use of underground spaces

Groundwater contamination by

urban land use quality degradation

Ability to keep the groundwater level or to rapidly recover after drawdown Groundwater level

Ability to keep the concentration level below the water quality standard Concentration of pollut-
and around the natural background level or to rapidly recovery after water ants, pH, or electrical

conductivity (EC)

a »
Steady state 7 ()
9 = g
g S
5 1
- @
o =
g L
= -
=1 o
o @
o Groundwater 3
withdrawal =R
0 t1 213 4 t5 6 t7 @ ‘ume
b r 3
Aquifer A borehole a
E Aquifer B borehole b
E .............. Aquifer B borehole b
= 0 (with recovery effort)
@ S
3
o
[}
[+ =
0 t1 23 t4 t5 6 t7 tg time

Fig. 6. Changes in water levels (system impact; S7) and recovery effort (RE) in each aquifer due to groundwater withdrawal for
underground structures. The seasonal (natural) variations in water levels are ignored given the small magnitudes compared to the changes

by groundwater withdrawal. The boreholes ’

a’ and ’b’ are assumed to be located at the same distance from the pumping well and show the

similar steady state before withdrawal. The water level recovered is lower than that before withdrawal in Aquifer A due to consistent
pumping for the use of underground spaces and no external recovery effort. The points indicate the measurement times, and the changes

between measurements are assumed to be linear.

o S F3TH(Table 5). ¥HA EpAQe oleker = ok
(Figs. 6b and 7b). F=3F Aol |FEUAE FHEP]
Heire LEAMEZ @] F718A, SAHS) e A
sl = AERE: A 2 ASE /F A8k
) oS o] Alisksle elde|das Aojd da
7 o, 4 ke Sujel] 7HEE AlEE HES §
AREofol gt 2} B Aellxe BA] A9
Ak A= ANE AW 2 AR 7t 7bsAdRt
A R7|Z g

3.2. R& X5i0ll chek XI5k 2|=EiA
3187 el me Asis fEoleke R o

3l X3 YAYAAE Aok = Yol B8k

A}pe] wislol A7t Aslrslrt Astetieke e
A T‘A% SE3= THoE AHod 4 SIti(Table 5).
o] A%, Al2Ele] WMl SHS X349 (Fig. 4a2] Yol
3 )_E'a 29 7K5 AolehFie. 6. B 97 (Ao
T =20l disk] AsleAE Wik s 4 e
B, ol Aals B7e] g5 @l Mgl 27), A
SHEl: AQGEE), BT IFFY 71E 2 A,
U 4849)02 a4 9Iok(Table 1),

dIE B9, (oA A N A 5= Xskot
o B} e 9 el A A, I
AHEE BRI Ajer A5 AET FdsiHEls
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- APdo] BlEel vRe FERS AlQBINAL, UgS A

= 202 7MYt Fig
620X e A9l T a@HA AdyE (oA &5
Ak =)0l WAt e Askre Y] HEo] vHls}
t}. ol A3l =9l S teEe] FEe] =
< A & AakEAhEaL & 4 Ak o] pollA R
B 9] AP} AR wiEo] G- A=A
() THE &3] A=, dibs A7F 222 4
S WIEke Al Tl IAY Ask T
| =2 AEtar & 4 Aok 7|4 FEH 9= A
Sl frEEIsFERt AP o]drTh WS = Q= ol
AetE7t el wet fF Ak A& o= IAst
WA N oldd= oE AIEE 7HA7] wiEolth
(Ryu et al., 2005; Xu et al, 2016; Kim et al., 2018).
Ryu et al.(2005)y2 =] TAA] Askd 2 4kt g =
Zof] M2 A9 M-S dTeidetl, 24 Al 9
H ZZol| WE Aalre] Hele HE =32 3 1000€0]
At AlFNA it 57m 2 H 6.8 m 3HASIHOH,
g F ado] At Foll= HlwA FE FEEE =
2 o)A tiv] H 1.48 m, HW 2.8 me] Ae et
o] =HelNS-S Rusiint. =3, A5 Wulge] A9
T At A FHOE A7t S)EEO] fA|EaL
SITHKim et al., 2018).

v S BY B b(Fig. 6a2] WA A el A
© tollARE 9 AP ARG B, tHE
T AP MFAL t67H 79 FEe] e AT #5
71t olgiell 17} P dElell =] Eake A3

(<3

gyl stk v ol AeFF TIEs A

oo ol
QL
=
d
i
o
SN
¥
2
R
N,
ol
i
ao
o
FE
o
g
o

= , BT
(REYS- U3k B9 oF e B8] ajdsithFig.
6b). SI2} RES ©|-&3}1o] 2)(
= A3 a7} Besit) 3L 43S olgsk] ME o
2 U5Es vus] fEiMe vl dist HEE a3t
o} 3, BU3 il o RRE A,
= Ax, Btds 2shid B4 5o sk ¥y 1t
o= &9 ZJo)7} YElg 4= A=, Macdonald
et al.2011)2 tl552] Ak Al AFs o83)
o 715astel digh $e] el AxE st bl St
Y FHe tiste] F Y] tiE A9 B7F A
2 OE 79 WskE Hole AL = Aslol tis
e 78, 489, E7Eo2 A7Fssh(Table
1), o5 549 9= vIA= U-9FE 20 AR
UTHTable 6). HI% Aok 2] wlo] th=211 slARE,
AFEzE el WE f= Ak A E@FE o= QI
Sk Al2Ele] JERSHe 715Hs) B FeSvkE QIS 7
YA EFE YR Q1S Sk FARE FEE UeRg Ze
2 Kol mepr] S8 9 A3 s vx= Ul
RA 921S yetsh= dle 71E] A8l A 2ldg]
A A s Fu = JS Hoz RBIATK:
Alraggad et al., 2017; Fuchs et al, 2018). Z1&\} &
TEe] A, wE A 35S 98 E8E 5 U
713, AAA, AEA, AR 2Fhe] el A
7e o 2 A B 2 wE £9))] 93
< wA7] wizel], = Asl At JHE Ve =
olelol|= ARSI F A=A HA1Y e digh ofsizt

Table 6. Qualitative resilience capacities to artificial groundwater discharge

Qualitative
component

Internal or external factors

Source

Absorptive capacity
Adaptive capacity

Transmissivity (m?*day); Specific capacity (m*day);
Groundwater recharge (mm/yr); Aquifer lithology; Depth to water (m) in Eq. (7)V

Alraggad et al.
(2017)

Groundwater-surface water ratio of application

Fuchs et al. (2018)

Policy & Legislative (e.g., groundwater preservation zone established at areas with
severe drawdown of groundwater level and deterioration of groundwater quality due to
groundwater withdrawal; subway tunnels should be included in facilities inducing

Restorative capacity

Technical (e.g., artificial recharge to refill groundwater at areas with severe drawdown

groundwater contamination in Article 16-2 of Groundwater Act).

Chung (2010);
Kim and Kim
(2010)

of groundwater level including spreading method, induced infiltration, well recharge, in-
channel modification, runoff harvesting; permeable asphalt to recover groundwater
level; waterproof tunneling to avoid overpumping)

DNote that the abstraction was included in Eq. (7) by Alraggad et al.(2017), while it was deleted in this table because the abstraction is con-

sidered an external force in this study.
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A3 2 A olos] He B ek 7

dasitt. dE 59, AT IE tist 171 A=
T B A JEFS A F Aok FujelA e
= A8 3K (Chung, 2010; Chung et al., 2012)
2 gl ] 71E FHKim and Kim, 2010)9]
AT AE uigo g B QIS vRe 8AES
Table 601 “g2jal HAct.

3.3. X5k 20f| CHEt X[t 21”21

Ak st Hud o), AalkE 2@ tigk Ask
e AFE QM E Folry) STt Aske
LAEF=E )yl g w3t sheol tigk Ak 2
Ak AR e wER% el W e
ZIHA] FAY Z2Fsiete wEA AskE 4 9
TYOR FoE = o, R gt sl T
o] Wl 3R 4 7Fsd Zo=E dAdd
TH(Table 5; Fig. 7a). dlE 9, B4 G| Al
FAEFE = Aide w57t STkl Ha,
uebA] A Aol gt A|ek Al=Fle] WskHSHS
A sx wislE WU 4 Aok EEsh debEo g
A7HEEE F3eRIAe) w2 AadS 7HAET
(APHA et al., 2001), WbA =7 sl S Aol A
AR R ZAEE A7HAEEE o83 Ak &9

of tht theese] MslEi(shE =71 @9iolM 352

]

N
i ol

ox fr

2 FUEYE = Qo

oA oIFEINSo], YT 2 AY @ el thale] |
sl R Rk gAEdeE s F 3leH, o]
= A3l B4 9, 28y, EEos e &
UtKTable 1). & S0, t77E 7] TLg 4] &
AEZo] FEHI FEARTE TR A} #B=
A7) st sl iz Askede] st
U= 9= AthFig. 7a). Fig. 72004 tles A9 ¥4 a@t
T Ax e HE Ut ASEhL s EE T S
o] EEEMQEEE FYE > AAATEE), FEE
TE7F Al (A7 A, 1ol A ALTEIARE 3§
B3l= Z9-oltt v, Ui55 B T bk A
M= tE Tt S8l 2.l FHekgl Aotk
EFEo] WS ). o] DRASTIC 7} 84 F X&)
AZDYF AW, BHAFEFER)e] ZAY, BT A
sE©S)e] R 9ol sigsth(Aller et al., 1987).
T 1 TR o] ERE1QEEE Y > &
AR, FE s=7F AR tigeSelxe] 2p
Ax7 E=7F e =3 (3-8go] Yol I 7 B3t
A EER 3)EEA Zehe A-olth Tk 34 bellA
B 557} FA7IES 293 A1), FEAA) o)
FORIGHAETEE 28531 Joid) oll Aduds=E=
3EE & Aok JA). o] A, Sk sERs)

t5 t6 7 8

Aquifer A borehole a

Aquifer B borehole b
----------- Aguifer B borehole b

{with recovery effort)

A
a
c
2
=
il
=
c
@
Q
=
=]
[&]
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Fig. 7. Changes in concentration (system Impact; S7) and recovery effort (RE) in each aquifer due to groundwater contamination. The
boreholes ‘a’ and ‘b’ are assumed to be located at the same distance from the leakage point and show the similar concentration level
before contamination. The points indicate the measurement times, and the changes between measurements are assumed to be linear.
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RE= 538As)ol| o]8F 7=l Al ) T H
|9 =712 37} 7FsshH, 2129 RCE 37¥s] 8
A= AEs a7F Qsit) g 2 (3)S o83l A=
OE s vlakhy] fsixde Mol tigt HJES 38
s},

TS QA AFEh nke} o], YU diTelMe &
Ao zHE A, BSAE, Bds AeidEd 5
o= Qlsle Al I 71e] A Ao|= VERE
T Utk dE =9 Al FERA Sl g &)
(B3 3elxe FEREY oH9Ed FYs At
JE= AEA A2 FAZF 100 mm A, ¥-E0] 1,000
mm °PFOE FIAYE BT FS AXSIESE fal U=t
o|¢} & Aol webx AXE Al thE Ao

ulsje] FE, 2 el Bslel 29 A A

doka Ao SrE 9 5
YR 244 edsiol A L9} 1A

T AY BH a), goﬂ °J2§ 0@ %ﬁk(sno] Hom,

ojFe & F58 = A8Hol Atal & = Atk(Table

.

| Fig. 4o ol 7S] Aal: 09 Hokd il
Hepgo] ke ASE itk Heiel AT HeF
8§ T 8k clslol MeA AR + A 33

%) %*3(%—7—%)2 :—Ef*’sl— Aoz (Fig. 2), %
¥ v} $4 kE

2 ok wa AR B8 S ok

it}

ZA7A] Jﬂ7}5h"4-(F1g 79] TR ). of7|A] LRl
o] olFoiAls AdAFTH] B9 H3How Wt
& 5 glon, Wb olAdS S8she 191H A
] A= B7HOE HYRITK(Table 1).

A3l LAEHFE)l tiRk A3l B89 F4, A
8, B8 bgR W97 8k o AgHH,
ofge] & 2.4l i Ass S UAE AT
oA Alskas 2ol ofg AJslar Alwle] wskEksT)

% S 938 WAL AGE AT A A

At} shejeke deﬁﬂﬂéfa él{}‘”é«l G tﬁ_ﬁlt ot
£ g A<=l SeF REA %S v F e A=
< A5 Table 79} 2t} @AnAEo] B A5l
9] A9, 21752 (Choi and Lee, 2011; Embaby
et al, 2017), & 2-g=o] Z FHolar, Xal A3} Al
25o] 7 ZEoiR| 1 Aslrleel| thek the 4-8/30] 2
A= Brge] & R i) mgl ededo

_

f=Hve AERS WXEhE Q9EAL X 54E
we} olfEx s 4 lEdl, wekA Fig 49 Al

2 33} Zo] 23 o] A2He B8] 9] 2
o3 = Zo|1l, FFF o7 AE gAYdAE

Al HI'F

ol& 9S4 Utk 7N AAAFsE L HeE
o] 0AEA AWso A Ak trEe] HsEe =

Table 7. Qualitative resilience capacities to groundwater contamination

Qualitative Internal or external factors Source
Component
Depth to water (D); Net recharge (R); Aquifer media (A); Aller et al
Soil media (S); Topography (T); Impact of vadose zone (I); (1987) ’

Hydraulic conductivity (C
Absorptive capacity Y Y ©

Groundwater occurrence (G);
Overlying upper layer lithology (O);
Depth to water (D)

High adsorption potential on the aquifer clay content;

Embaby et al.

The calcite and dolomite precipitate on the aquifer contact providing a chance for specific (2017)

. . contaminants to co-precipitate;
Adaptive capacity

(Natural attenuation

The value of attenuation capacity increases by decreasing groundwater velocity and com-
pletely vanishes at a certain high velocity

capacity) - — - - - -
Attributed to dilution, dispersion, and biodegradation; .
. . Choi and Lee
High water level, permeable uppermost layer, and frequent heavy rainfall were favorable to 011
natural attenuation.
Policy & Legislative (e.g., guidance for groundwater cleanups) US EPA (2004)
Restorative Social (e.g., acceptance from regulators and public acceptance) US DOE (1994)
capacity Technical (e.g., in-situ bioremediation including permeable reactive barriers, pump and treat

systems, in situ vitrification, dechlorination, soil vapor extraction, soil flushing, chemical

treatment, and air sparging)

US EPA (1994)
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