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ABSTRACT: The conventional approach to River Basin Flood Management (RBFM) primarily focuses
on enhancing the structural integrity of drainage systems to mitigate the impacts of heavy rainfall events.
However, recent floods in urban catchments have revealed the necessity for a more resilient approach
that incorporates the consequences of flooding. Resilience in the context of RBFM refers to the system’s
ability to endure diverse precipitation events, minimize flood damage, and restore normal conditions.
This research presents a framework for selecting flood management options within a hierarchical system,
with a specific emphasis on social resilience indicators. The study defines resilience by examining the
response and recovery behaviors of RBFM systems during varying rainfall events. To implement the
framework, a set of indicators related to social response, social recovery capacity, resistance points, and
warning points has been established. A hierarchical fuzzy system has been developed to quantify these
indicators, accounting for uncertainties in social variables and addressing dimensional inconsistencies.
Application of this approach in the Gorganrood River basin demonstrates the efficacy of selected
flood risk management options in terms of resilience, as compared to conventional decision-making
methods. Analyzing the response-recovery curves for different management options underscores the
importance of delineating distinct resilience indicators to evaluate the behavior of RBFM systems
following performance failures. The findings of this study suggest that the proposed indicators can serve
as decision-making criteria for selecting management options based on the behavior of the river basin
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system under rainfall events with varying return periods.

1- Introduction

River Basin Flood Management (RBFM) systems, which
encompass physical and social vulnerability components
such as infrastructure, sensitive points, and inhabitants
in flood-prone regions, are susceptible to flood impacts.
Inadequacies in existing drainage systems during severe flood
events can lead to disruptions and adverse consequences for
affected communities [1]. Therefore, it is crucial to improve
evaluation indicators and develop resilient drainage systems
to enhance the effectiveness of flood management [2, 3].

Resilience refers to the capacity of a system to recover
from flood-induced damages and adapt to hazards through
response, recovery, and adaptation [3-5]. Quantifying
resilience is crucial for reducing disaster impacts, but faces
challenges such as uncertainty in vulnerability variables and
the subjective nature of judgments concerning response and
recovery [6]. Fuzzy set theory can address these challenges
and provide clear solutions [7].

This study focuses on assessing the recovery capability
of RBFM systems in response to varying rainfall events
(Figure 1). Initially, the system exhibits complete recovery
capability within its tolerance range. However, as rainfall
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intensity increases and drainage management options prove
insufficient, the system’s response intensifies while recovery
capability diminishes. Implementing appropriate measures
can enhance the system’s recovery capability against future
damages. Response-Recovery Curves (RRCs) illustrate these
processes, with the intersection point serving as an alert
threshold. Beyond this threshold, damages occur that require
increased attention as the response surpasses recovery,
exacerbating disruptions.

This research aims to quantify social resilience indicators
for flood management options in the Gorganrood watershed
in Iran. Fuzzy sets are used to analyze vulnerability variables,
and a hierarchical fuzzy system is developed for the
quantification process. The study’s novelty lies in employing
a comprehensive set of vulnerability variables and utilizing
a hierarchical fuzzy approach to quantify social resilience.
Furthermore, the research enables the evaluation of both
structural and non-structural flood management options by
employing social response-recovery curves for floods with
different return periods. In conclusion, this study emphasizes
the importance of resilience in RBFM systems and proposes
an algorithm for quantifying social resilience through fuzzy
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sets and response-recovery curves. Enhancing the resilience
of these systems can effectively mitigate flood impacts and
improve overall flood management in vulnerable urban areas.

2- Materials and Methods

This study provides a case study on the assessment of
social resilience indicators for flood management in the
Gorganrood River basin, including both rural and urban areas
with different land uses and a complex drainage system.
The research focuses on evaluating the effectiveness of an
algorithm for quantifying social resilience during flood
events. The methodology employed in this study is depicted
in Figure 2.

The study employs a RRC-based framework for social
resilience indicators, consisting of three main components:
social response, social recovery capability, and resilience
point. The social response magnitude is determined using a
Hierarchical Fuzzy System (HFS), considering the affected
areas and node response within the RBFM system. Social
recovery is evaluated by calculating the recovery time for
flooded nodes using HFS and fuzzy sets, with recovery time
intervals categorized (as shown in Table 1). The resilience
point is identified by analyzing the maximum rainfall depth
at which the response of the RBFM system reaches zero.

Table 1. Definition of fuzzy sets for social response and
recovery duration (recompensing and subsidence)

Fuzzy set Response Recovery
| There are no damages and discomfort very fast
very low conditions Ty
1 There is no damage and low fast
ow discomfort conditions
. Damages and discomfort conditions .
medium medium
are probable
high Damages is probable and discomfort slow

conditions are intolerable
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Fuzzy Logic Matlab
Designer Toolkit
-Constructing inference

1- Estimation of flooded
zones (using RAS2D)
2- Determination of flooded
terminal nodes and flooding rules for each level of HFS
duration in each of them using Mamdani algorithm
3- Determining vulnerability
parameters l
(Spatial and statistical inputs)

¥

Construction of HES to
calculate ASresj and

l ARecTj as per if-then rules
Repeat the previous step v
for flood events with Compute NSresl and
different return period SRecC using
l relationships (2.7)

Determine input variables
as fuzzy form based on
trapezoidal MF

Drawing RRC to determine
resistance and warning point

Fig. 2. Methodology for quantifying social resilience

Vulnerability variables are evaluated using GIS data and
2D simulations, considering different flood management
options and rainfall scenarios. Options such as earthen levee
(EL), green belt (GB), warning systems (WS), diversion
channels (DC), and retention reservoirs (RR) are examined,
and their impact on vulnerability variables is assessed. The
study also explores the quantification of social indicators using
fuzzy membership functions. Normalized social indicators
are calculated for various flood events and management
options. Rainfall events with return periods of 5, 10, 25, 50,
100, and 200 years are analyzed to assess social resilience.

3- Results and Discussion

The findings reveal that the retention reservoirs (RR)
option generally exhibits the lowest normalized response,
except for the 200-year rainfall scenario where the green belt
(GB) option performs better. However, compared to the status
quo, the RR option reduces the expected social response by
approximately 9%. Decision-makers may take this indicator
into account when choosing flood management options,
although cost considerations often influence the decision-
making process.

Additionally, the study examines vulnerability variables
related to recovery and calculates the fuzzy recovery
indicator. It develops fuzzy systems for different levels and
assigns variables, such as inundation recession duration,
to fuzzy sets. The recovery capacity is normalized, and
response-recovery curves are generated to assess the impact
of management options on social resilience indicators.

Overall, the study provides valuable insights into
the assessment of social resilience indicators for flood
management. It underscores the importance of considering
social response, recovery capability, and resilience points
in the decision-making process. The findings contribute to
a better understanding of the effectiveness of diverse flood
management options in reducing vulnerability variables and
fostering resilient communities.
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4- Conclusion

This study focuses on the social aspects of flood
management in river basins and defines resilience as the
ability of the River Basin Flood Management (RBFM) system
to effectively respond to riverine flood events and restore
pre-disturbance conditions. It introduces an algorithm that
quantifies social resilience indicators, including response,
recovery, resistance point, and warning point. To address
uncertainties and relative judgments in quantifying response
and recovery, the algorithm incorporates a hierarchical fuzzy
system.

A case study conducted in the Gorganrood River basin
assesses these indicators for various flood management
options. The results demonstrate that the social indicators
facilitate the evaluation of the impacts of drainage options
on the behavior of urban watersheds under diverse flood
conditions. Generally, the Retention Reservoir option is found
to be more advantageous, except for one scenario where the
Green Belt option exhibits a lower social response.

The proposed algorithm provides a comprehensive
approach to evaluating social resilience, considering the
population, organizational, and physical characteristics of the
RBFM system. It emphasizes the importance of incorporating
social indicators into decision-making processes alongside
economic and environmental factors. However, determining
a single unique value for watershed resilience requires further
research, as it involves integrating preferences and weights
assigned by decision-makers and stakeholders.
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Fig. 2. The three steps and methodology for quantifying social resilience
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Table 1. Vulnerability parameters and variables related to each of them to quantify resilience indicators
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Fig.3. Schematic Mamdani fuzzy-rule base system with two sample rules [10,32]
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Fig. 4. Schematic HFS with six input variables to estimate social response magnitude (ASResj is value in each
level [33,34]
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Table 2. Definition of fuzzy sets for social response and recovery duration (recompensing and subsidence [10]
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Table 2. Definition of fuzzy sets for social response and recovery duration (recompensing and subsidence [10]

ISD BA (M- ARC DSp

TD PC

(hour) Dollar) (meter)  (meter) AGS  CIA RE (vehicle) (person/ha) Dl 05

(Status QUE) dg>ge Curdy
AINAY A a4¥- \YY- /Y ofee R \Al4 WYY \
YAIQ A ARV VFYY <IAA ofee <\Y OYFY V.44 Y
YN Y. A8t Yoty <IA¥ o[ AN YYYY AN Y
VE/f Y. YYAD AR </ oo AR YOAD fa¥f ¥
YY/f Y. YAMY AYY SAR ANs ARG Y- 0F Yo N
YvIiY A AR Yof QAR <IYY <JOA OFYY V- AD 4
YY/o A YYaA FEA /Y AN <IYY ALY \V-f \4
ARTAl A Yvyy Yo Y 17y -/-Q <IYA YYfF fra A

(Green Belt) jow ai o8
Ve Y A4f) \YY- A oo QRN Yy 7 \
\Y/0 Y DAY VFYY AN oo /-9 Yo-v fva Y
\F10 Y fEPA YooYy <IN o/ AR VF-A Yv- Y
/0 Y YYA# \YYF AN ofee oA V\YF \Rl4 ¥
VEIA Y YAMY AYY |- AN <IYA Y.vY OAQ N
VAN Y AARYd Yoo <IYA <IYY QAN YV fyy 4
YV/D Y \vaa 7f4 <IYY AR QNN YAYA VY \
YV Y YVYYA Yo Y i) o/ <JYY aYA YAY A

SWlae dilaie ;3 Curer pbdjl L ol wles LIS 5 sliel 8140
[¥F Yol cwl bls & S 5

S O R T e e e

e gaan S ( 2hb b pSmear ol 3 (Joeme 5k 4
25590 Cumidg Dot (sl (glilBogy CMuw Co pie (slojl s g (slojl
pi s ol Wsd oo dlaidy (SRS Lulud i |yl ase
3y90 calio a5 5| ldegamme el b eloinl gpglol (b))
S a)lke oad ad)S Jaipd e slagsl 08 e )8 Gl

39y sl Gl 3 5,51 @his] {EL) S5 0,58 435 —
(35250 loanl ] (328 g 3009)

@lS pisy b)) IS el {(GB) ju sijes a3 -

03g45te Cawd Yl 53 (&lye g el 2gups b

890 addllao =¥ =Y
i3 > eleaiz] (6510l dline > (o3letiy w sl 5 ,Sles
P uise cpl xS e J1E (porp 290 39555 wlbsg; ase |l
0oss 9 00N S 8% VA" Lldlus Job oy popl ases
[ USS) cul sad @Bl YYO AR FA" YV V! LS s
ojb )0 ey )8 ] HESa VY L dalele pl Colue
loges & Cunl (506h ctlaio & B35, (8355 b lidS 1o Ll
ol me S 55,5lS 5 aliegy (S ) ol cadae M
5 olauBl i5u e o Jold |y od5umme S 51 Mo > DO 0d94e
o old (sla s )8 3550 cpl pd &S 3yl 18 UGS b edgume
cibate (oSa ) wlob 3)1> 2929 Juw (512D 5 ()b — ()] (SgSume
2 9290 il oyt Cosl b SJUE 5 b dnlyl
» RBFM sbols 5Slee objy) lp adlas opl 0V Jgio

S @95 Nlosds ans (GIS) LLélse SleMb! piuww laaY

VOVF



VOYF 110+ doxiuo AFY Jlo oY oyl D 0,93 yuS yual (3 yas (owodides & yils

T
| The rural and agricuttural range

The rural and agricultural range

4 llotSpot

% Relief Centers
® Nodes

e~ Drainage k

Sub-Basin < { ’

Population Density | [ -
S0t | The metropotitan area |
® 601 - 1800 (e

@® 1801 -3200
@ 3201-4100

B yre oS oSl 8)5 Culid Cardgo 9 (wlwe b g 3ol 357 50 Caros 15T1,5) o01)] (639,15 caddllae 23900 (sASe> 35 & JSd
S 39 515 )5 ailB2g, ol bl b 3y95 11 55 CMeww 1 e Cnlume 2 Johaw o 31
Fig.6. The subbasins boundaries alongside layout of land use (population density, relief centers and sensitive
points) and the position of the eight nodes that represent the last cell of each flood-affected area in contact
with the main channel of the Gorganrood River

S Julodi 9 ol i ysNd! 12! Y

(F Jss cles) RBEM wbls jo (pipeunl sloyito
Siloterd b syl (ilueS gl eadall o2yl bl
Do YO N D b claslisy cov GIS (classly ¢ RAS2D
polie X9 o (S S pde BliSte bl S sl Al Vee e
b awglie > (GB) juw sjeS 4055 (lp 1y spdpomn] lapiio
o 03> yisles ¥ Jgaa )3 o Voo O o5 (SQ) 34290 bl
ol

Moo Sluogad g gibding )3 s Sl b (G pde ladi S
&S wmd oy |y oyl s clanl —oolamdl bl b $ed o
st 29 e (§ el (layite yolie 3 i el e
5K s blize RBEM bl b 48,5 Juw 0,5 cuin oIS
@95 olse 4 Ll ol lopite o ) ey laay S
Slp 295 9 99 Slapie Sede 45 Yl o)l

&y Bgb o G5B Cogac ply S8 L el ol silo oS

AN

sobatody 455 4ol g jluis dboul (WS) jliie i 4y ~
e 5l ol i

(5500 13)) 0 ygaiasin JUS el ((DC) Gl ol JUIS 4y 35 —
S e adlate 593 &

slalad 3 (w5 colo i RR) cutlin®s ojbee 455 -
6539, Gl anlio

8399 Saadl g5 =¥ -F -¥
VYoo e YO N b CM.'\‘S)[J' 0)9.3 lJ L):’)l’. dl.b.)lb) 4:.ma.n L}»’J ).)
Bes ol 045 42.9; )Jéi)b u.GLo.ol d)giggb" J:J?d‘ le).g Al V- 9
osliwl RRC oy 5 Cuoglio bld pond (gl 551 &B.T)l o)l bles
St Slaconkd pic ] 035 iy b adllas ) 5 398
CuiS3l 0y93 y (sl da (3 pgls g Bee 53 dlox Sl (53l Je )3 39290

ol 045 o2kl by (g5l Jio jd o)l jastie Ges S



VOYF 510+ 0 dois ¥+ Jlo o o)l DO 093 ey yual (5l po wvdieo & pii

2R 2,5 2 45 Al Yo v OV (g1t o 82305 9 (rb bl pad (g0 35 15 RBFM ieaans sl Judons (61 yoiin Y Jgo

Table 3. RBFM system variables under status que (SQ) and green belt (GB) alternatives for 200year flood in each node
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Table 4. Social response indicator for drainage alternatives under different flood events
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Table 5. recovery capability indicator for drainage alternatives under different flood events
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