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Abstract-Urban vulnerabilities must be studied and assessed to
make cities more resilient to floods. This study aimed to assess
the urban vulnerability of El Bayadh city, located in the west of
Algeria, to floods and to identify flood-prone areas. Using the
Hierarchical Multi-criteria Analysis (HMA) method, a set of
criteria was proposed such as population density, housing
typology, type of equipment, and road network to measure the
overall fragility of the study area. The Geographic Information
System (GIS) was used to translate the obtained results and
develop the global vulnerability map. The most important results
were: 5.6% of the study area had an extreme vulnerability,
7.97% high vulnerability, 8.5% medium vulnerability, and
77.87% low vulnerability. The results of this study can be used
as a tool to assist local authorities during decision-making
regarding flood danger assessment.
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L INTRODUCTION

Over time, the world has confronted various natural
disasters [1]. Floods are among the most frequent and
devastating natural hazards [2] and represent almost a quarter
of all disasters due to their unpredictability. Floods are caused
by a random combination of severe weather factors and human
actions [3] and dramatically affect human life, economy, and
environment [4]. Like other Mediterranean countries, Algeria
is not immune to the risk of flooding due to the irregularity of
rainfall, which has caused numerous disasters during the recent
years [5]. Floods in urban areas constitute a severe risk and
have become more frequent and severe along with the rapid
and unstoppable urban development [6]. Given this situation,
the present investigation aimed to assess the urban
vulnerability to flooding risk of the city of El Bayadh, located
in the west of Algeria. This area has suffered from numerous
floods over time, as it happened in the city center in 2011
causing the death of 12 people and affecting 400 families. Its
fragility lies in its location, a sloping site, and the crossing by
valleys. Creating a global map of urban vulnerability to floods
is very important in reducing effects since it is an element of
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development and risk management. According to the
conceptual approach to vulnerability proposed in [7],
vulnerability encompasses the potential damage of the exposed
issues. Therefore, the global analysis of vulnerability is a
complex method that requires the superposition of numerous
information on human, material, and environmental issues. For
this reason, particular attention was paid in this study to the
vulnerability assessment method.

This research followed the Hierarchical Multi-criteria
Analysis (HMA) method, one of the most famous
methodologies for vulnerability assessments [8]. Multi-criteria
decision-making methods are increasingly used in various
fields, such as natural resource management, environmental
management, and spatial planning [6-9]. The principle of this
approach is the division of a complex problem into small parts
in a hierarchical structure of importance. This principle allows
calculating the weight of all criteria and sub-criteria to
determine the synthetic index of global vulnerability. The
integration of the results of the multi-criteria analysis in the
Geographic  Information System (GIS) allows the
spatialization of the issues to elaborate the global map of
vulnerability. Hence, the combination of HMA and GIS
provides a powerful spatial decision support system [10].

II.  MATERIALS AND METHODS

A. The Study Area

The municipality of El Bayadh is located in the west of
Algeria between latitude 33°40' North and longitude 01°00'
East. According to the data from the communal office of
statistics in 2020, the city is an integral part of the high plains
region that covers an area of 46,350 hectares occupied by a
population of 197,313. The case study represents the urban
center of the municipality with an area of 4,024 hectares, as
shown in Figure 1.

B. Data Collection

The assessment of the overall vulnerability of the study
area involves assessing the wvulnerability of human,
environmental, and material targets [11]. The factors used to
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estimate the vulnerability, according to feedback and data
availability, are ranked in terms of their importance. The
weight of these criteria was calculated using the HMA method.
The use of GIS enables the spatialization of the elements
presented and the production of a synthetic map.

El Bayadh City location
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Fig. 1. El Bayadh city location.

1) Population Density by Neighborhood

Population density is one of the factors that determine
social vulnerability. According to the data from the Directorate
of Programming and Budgetary Monitoring of the Wilaya of
El Bayadh and the municipal statistics office, the urban
population of the study area will reach 109,664 inhabitants in
2020. Figure 2 illustrates the imbalance in the distribution of
the population as the density reaches 299 per hectare in some
districts.
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Fig. 2. Population density.

2) Type of Housing
The type of housing (individual or collective) plays a role
in the overall vulnerability of the city. The Master Plan of

Urban Planning and Development (MPUD) shows that
individual housing is dominant in the city with 75% of the
total housing stock, as seen in Figure 3.

3) The Equipment

The facilities are important components of the city, and
their vulnerability to flooding influences the overall
vulnerability. El Bayadh city has several facilities that occupy
approximately 194 hectares, as seen in Figure 4.

Housing typology in El Bayadh City
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Fig. 3. Housing typology.
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Fig. 4. Type of equipment.

4) Road Network

Given the importance of this factor in terms of accessibility
and transport, assessing its vulnerability to flooding is
essential for the overall assessment. The road network of the
city of El Bayadh is divided into three sections, primary,
secondary, and tertiary, as seen in Figure 5.

C. Methods

The assessment of urban vulnerability to flooding risk is a
complex process, knowing that global analysis requires a lot of

www.etasr.com

Hallil & Redjem: Assessment of Urban Vulnerability to Flooding Using Multi-Criteria Analysis



Engineering, Technology & Applied Science Research

Vol. 12, No. 2, 2022, 8467-8472 8469

information on human, material, and environmental issues
[11]. Investigating the history of flood events and studying the
statistics of previous experiences can build a repertoire of
vulnerable issues. The HMA method [12] was used to assess
the global vulnerability of the city of El Bayadh and to develop
the vulnerability map. HMA is a theory of relative
measurement of intangible criteria [13]. This method is a
framework for effective and rapid decision-making through
simplification and the dissociation of the complex problem
into parts [14]. The approach is usually based on three main
elements: the decomposition of the complex problem into a
hierarchy, measuring the priorities between the elements of
each section, validating the consistency between the priorities,
and the data of the judgments [12]. This method is used in
business management or projects and deals with problems
related to choices. Several researchers have already used it to
assess a territory's vulnerability to flooding [14-18]. The multi-
criteria analysis combined with GIS allows the spatializing and
mapping of the vulnerable elements, as seen in Figure 6.

Road network in El Bayadh City
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Fig. 5. Road network.
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Fig. 6.

The analysis method followed in this study.

1) Hierarchical Multicriteria Method (HMA)

HMA is a systematic procedure for representing the
elements of any problem [20]. This method provides an
approach to calculate weights and evaluate criteria. It consists
of three main steps: decomposition of the problem,
comparison and synthesis of priorities, and the study of the
consistency of judgments.

a) Decomposition of the Problem

The HMA method breaks down the overall problem into
smaller assessable criteria while maintaining their impact on
the whole. The problem was broken down into three levels:
objective, criteria, and possible alternatives [21].

b) The Comparison
This step involves the construction of a square matrix for
the relative comparison of criteria of the same nature and level
of the hierarchy. The appropriate numerical scale was
proposed in 1980, as seen in Table I, to assess the intensity of
importance only for the upper part of the matrix, as the lower
part contains reciprocal results [22].

TABLE L. THE APPROPRIATE NUMERICAL SCALE [22]
. Levels of Explanation
importance
1 Two features contribute equally to the objective.
3 Personal experience and appreciation slightly favor one
aspect over another.
5 Experience and appreciation strongly favor one
characteristic over another.
7 One characteristic is strongly favored, and its
dominance is evidenced in practice
9 The evidence favoring one characteristic over another is
as convincing as possible.
2,4,6,8 When a compromise is necessary.

The matrix is filled according to the following equation:

/ 1 cl.2 cl.n
1/c1.2 1 c2.n
M= (D
1
1/cl.n  1/c2.n 1

¢) Consistency of Judgments
To test for consistency and judge whether the data obtained
are logically related to each other, Thomas Saaty proposed the
following steps:

Amax—-n

Cl = )

where CI is the consistency index, Amax is the largest
eigenvalue of the matrix, and # is the number of criteria. In (3),
CR is the final consistency rate, CR controls whether the
evaluations are sufficiently consistent, and R/ is the random
consistency index based on the number of criteria used in the
matrix (Table II).

n-1

CR=CI/RI (3)

If CR is higher than 0.1, there is an inconsistency in the
assessments. Therefore, the matrix will have to be reassessed.
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TABLE II. RANDOM CONSISTENCY INDICES

n |1]2 3 4 5 6 7 8 9 10
RI |0 [0 [058 |09 ] 1.12 (124|132 ] 141 | 1.45 | 1.49

2) Geographical Information System (GIS)

After obtaining the results on the weight of each criterion
by the HMA, it was necessary to combine the multi-criteria
analysis tools with GIS to spatialize the vulnerable areas [23].
GIS is an ideal tool because of its ability to manage large
amounts of spatial data acquired from different sources [24,
26]. GIS provides better results and interpretations in flood
management [25]. Integrating MCDA methods into GIS
constitutes a powerful spatial decision support system [10].

III.  APPLICATION, RESULTS, AND DISCUSSION

This study was based on the HMA method, using
sequential prioritization to assess the urban vulnerability of El-
Bayadh to flooding. Flood risk criteria were determined by
consulting the available documents on the consequences of
floods that had already hit the area and discussions with the
city's local authorities [27]. The criteria used in the HMA
process, as in the comparison matrices, were population
density (A), housing typology (B), facility typology (C), and
road network (D). The damage levels of each criterion
recorded in the previous flood events were applied in the Saaty
importance level when constructing the comparison matrices
to be translated into weights. The same comparison and
evaluation procedure was applied for the sub-criteria of the
same level.

TABLE IIL CRITERIA COMPARISON RESULTS
A B C | D | Weight | Ranking
A 1 2 3 5 0.468 1
B |12 1 3 3 0.291 2
C | 1/3|1/3 1 5 0.172 3
D|I/S |13 ]1/5]1 0.067 4
TABLE V. RESULTS OF CONSISTENCY CHECK ON EVALUATIONS
N | Amax Cl RI | CR | Coherence
4 | 421 | 0.07 | 0.9 | 0.08 CR<0.1

TABLE V. RESULTS OF HMA ASSESSMENTS OF THE SUB-CRITERIA

Criteria Sub-criteria Weight | Ranking
0-27 00523 5
28-88 0.089 4
Density 89-134 0.152 3
135-220 0.262 2
221-299 0.443 1
housing Individual 0.75 1
typology Collective 0.25 2
Security 0.205 2
Education 0.176 3
Health 0.261 1
eunz’gfn‘;it Administrative/service | 0.168 4
Commercial 0.037 7
Religious 0.071 6
Sport/cultural 0.081 5
Main 0.637 1
ng:’::)‘ik Secondary 0.258 2
Tertiary 0.105 3

Based on the results of the multi-criteria analysis, the
weights of the criteria were aggregated into GIS software
QGIS. Using raster calculation practices, each raster was
multiplied by the criteria weights according to (4) to produce
the global urban vulnerability map shown in Figure 7.

Global urban vulnerability = 0.468 x A+ 0.291 X B +
0.172xC+0.067xD (4)
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Fig. 7. Global urban vulnerability map.

Table VI shows a numerical interpretation of the global
vulnerability map. The surface area of the low vulnerability
zones was estimated at 77.87% with a surface area of 3133ha,
the medium vulnerability zones were estimated at 8.56% with
a surface area of 344.27ha, the high vulnerability zones were
estimated at 7.97% with a surface area of 320.60ha, and the
remaining 5.6% represents the extreme vulnerability zones
with a total surface area 0of 225.46ha.

TABLE VI HMA ASSESSMENTS OF GLOBAL VULNERABILITY
RESULTS
Degree of vulnerability | Area (ha) | Percentage (%)
Low vulnerability 3313.42 77.87
Medium vulnerability 344.27 8.56
High vulnerability 320.60 7.97
Extreme vulnerability 225.46 5.6

As shown in Figure 7, the areas of high and extreme
vulnerability are located in the city center, where the
population density is very high, require adequate planning, and
local authorities should investigate optimal solutions.

IV. CONCLUSIONS

This study evaluated the urban vulnerability to flooding
risks in El Bayadh, Algeria, using the HMA method, which is
based on the division of a complex problem into parts. For this
purpose, the previous flood events were examined to bring out
the criteria and sub-criteria of the same level that impact
global vulnerability. The criteria obtained by consulting the

www.etasr.com

Hallil & Redjem: Assessment of Urban Vulnerability to Flooding Using Multi-Criteria Analysis



Engineering, Technology & Applied Science Research

Vol. 12, No. 2, 2022, 8467-8472

8471

documentation on the history of flooding in the study area and
used in the HMA process were: population density, typology
of existing housing, classification of installed equipment, and
road network. In the second stage, the importance of these
criteria and sub-criteria was compared with the grading scale
proposed by Thomas Saaty. The consistency of the evaluations
was examined by constructing a binary matrix, and was 0.08,
less than 0.1, so it was acceptable. After the prioritization and
determination of the weights of each criterion and sub-
criterion, the results of HMA were integrated into a GIS tool to
spatialize the exposed issues and map the vulnerable areas.
Based on the results and interpretations obtained through this
evaluation, the following conclusions were drawn:

e The development of a global flood risk vulnerability
assessment model requires integrating a lot of detailed
information on human, material, and environmental issues.

e This research confirms that HMA is a flexible and optimal
process for evaluating the various factors and ranking them
according to their importance.

e The integration of GIS tools allows the spatialization of
vulnerable issues and the mapping of global vulnerability.

e The final results of the general assessment show that the
areas of high and extreme vulnerability are located in the
city center, where there is a high population density, and
represent a 13.57% rate with a surface area of 546ha. In
comparison, low- and medium-vulnerability areas
represent 86.3% of the study area with a surface of
3,658ha.

The local authorities of El Bayadh city should take
appropriate preventive measures to reduce the risk of flooding
by restructuring the most vulnerable areas. The originality of
the analysis and assessment method was based on the use of a
model appropriate to the context of El Bayadh and the criteria
used in the HMA method. Furthermore, more studies should
be conducted in the future using other criteria that could
reduce the risk of flooding.

REFERENCES

[11 N. Gendreau and G. Oberlin, "Modélisation de syntheése des crues:
modeles  hydrologiques en  débit-durée-fréquence et modeles
hydrauliques," Ingénieries eau-agriculture-territoires, mno. spécial
Risques naturels: avalanches, crues, inondations, laves torrentielles,
incendies de forét, pp. 79-85, 1998.

[2] P. Dash and J. Sar, "Identification and validation of potential flood
hazard area using GIS-based multi-criteria analysis and satellite data-
derived water index," Journal of Flood Risk Management, vol. 13, no.
3, 2020, Art. no. 12620, https://doi.org/10.1111/jr3.12620.

[3] E. Feloni, I. Mousadis, and E. Baltas, "Flood vulnerability assessment
using a GIS-based multi-criteria approach—The case of Attica region,"
Journal of Flood Risk Management, vol. 13, no. S1, 2020, Art. no.
€12563, https://doi.org/10.1111/jfr3.12563.

[4] K. Mishra and R. Sinha, "Flood risk assessment in the Kosi megafan
using multi-criteria decision analysis: A hydro-geomorphic approach,"
Geomorphology, vol. 350, Feb. 2020, Art. no. 106861, https://doi.org/
10.1016/j.geomorph.2019.106861.

[S] M. A. Hafnaoui, M. Madi, A. Hachemi, and Y. Farhi, "E1 Bayadh city
against flash floods: case study," Urban Water Journal, vol. 17, no. 5,

(6]

(7]

(8]

(9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

T. L. Dammalage and N. T. Jayasinghe, "Land-Use Change and Its
Impact on Urban Flooding: A Case Study on Colombo District Flood on
May 2016," Engineering, Technology & Applied Science Research, vol.
9, no. 2, pp. 3887-3891, Apr. 2019, https://doi.org/10.48084/etasr.2578.

J. C. Thouret and R. D’ercole, "Vulnérabilité aux risques naturels en
milieu urbain: effets, facteurs et réponses sociales," Cahiers des
sciences humaines. ORSTOM, vol. 32, no. 2, pp. 407-422, 1996.

E. Tercan and M. A. Dereli, "Development of a land suitability model
for citrus cultivation using GIS and multi-criteria assessment techniques
in Antalya province of Turkey," Ecological Indicators, vol. 117, Oct.
2020, Art. no. 106549, https://doi.org/10.1016/j.ecolind.2020.106549.

N. Benmoussa, A. Elyamami, K. Mansouri, M. Qbadou, and E.
Illoussamen, "A Multi-Criteria Decision Making Approach for
Enhancing University Accreditation Process," Engineering, Technology
& Applied Science Research, vol. 9, no. 1, pp. 37263733, Feb. 2019,
https://doi.org/10.48084/etasr.2352.

H. Kazemi, S. Sadeghi, and H. Akinci, "Developing a land evaluation
model for faba bean cultivation using geographic information system
and multi-criteria analysis (A case study: Gonbad-Kavous region,
Iran)," Ecological Indicators, vol. 63, pp. 37-47, Apr. 2016,
https://doi.org/10.1016/j.ecolind.2015.11.021.

A. Barczak and C. Grivault, "Systéeme d’Information Géographique
pour I’évaluation de la vulnérabilité au risque de ruissellement urbain,"
presented at the Novatech 2007 - Sixth International Conference on
Sustainable Techniques and Strategies in Urban Water Management,
Jun. 2007.

Y. Wind and T. L. Saaty, "Marketing Applications of the Analytic
Hierarchy Process," Management Science, vol. 26, no. 7, pp. 641-658,
Jul. 1980, https://doi.org/10.1287/mnsc.26.7.641.

T. L. Saaty, "What is the Analytic Hierarchy Process?," in
Mathematical Models for Decision Support, Berlin, Heidelberg, 1988,
pp. 109-121, https://doi.org/10.1007/978-3-642-83555-1_5.

Y. Amrozi, I. Usman, and M. A. Ramdhani, "History of Decision-
Making: Development and its Applications," Journal of Physics:
Conference Series, vol. 1573, no. 1, Apr. 2020, Art. no. 012010,
https://doi.org/10.1088/1742-6596/1573/1/012010.

J. K. Levy, "Multiple criteria decision making and decision support
systems for flood risk management," Stochastic Environmental
Research and Risk Assessment, vol. 19, no. 6, pp. 438-447, Dec. 2005,
https://doi.org/10.1007/s00477-005-0009-2.

R. Sinha, G. V. Bapalu, L. K. Singh, and B. Rath, "Flood risk analysis
in the Kosi river basin, north Bihar using multi-parametric approach of
Analytical Hierarchy Process (AHP)," Journal of the Indian Society of
Remote Sensing, vol. 36, no. 4, pp. 335-349, Dec. 2008,
https://doi.org/10.1007/s12524-008-0034-y.

Q. Zou, J. Zhou, C. Zhou, L. Song, and J. Guo, "Comprehensive flood
risk assessment based on set pair analysis-variable fuzzy sets model and
fuzzy AHP," Stochastic Environmental Research and Risk Assessment,
vol. 27, no. 2, pp. 525-546, Feb. 2013, https://doi.org/10.1007/s00477-
012-0598-5.

S. Hu, X. Cheng, D. Zhou, and H. Zhang, "GIS-based flood risk
assessment in suburban areas: a case study of the Fangshan District,
Beijing," Natural Hazards, vol. 87, no. 3, pp. 1525-1543, Jul. 2017,
https://doi.org/10.1007/s11069-017-2828-0.

K. Loumi and A. Redjem, "Integration of GIS and Hierarchical Multi-
Criteria Analysis for Mapping Flood Vulnerability: The Case Study of
M’sila, Algeria," Engineering, Technology <& Applied Science
Research, vol. 11, no. 4, pp. 7381-7385, Aug. 2021, https://doi.org/
10.48084/etasr.4266.

T. L. Saaty, "The Analytic Hierarchy Process: A New Approach to Deal
with Fuzziness in Architecture," Architectural Science Review, vol. 25,
no. 3, pp. 64-69, Sep. 1982, https://doi.org/10.1080/00038628.1982.
9696499.

N. Bojovic and M. Milenkovic, "The best rail fleet mix problem,"

Operational Research, vol. 8, no. 1, pp. 77-87, May 2008,
https://doi.org/10.1007/s12351-008-0012-8.

pp. 390-395, May 2020, https://doi.org/10.1080/1573062X.2020.
1714671.
www.etasr.com Hallil & Redjem: Assessment of Urban Vulnerability to Flooding Using Multi-Criteria Analysis



Engineering, Technology & Applied Science Research Vol. 12, No. 2, 2022, 8467-8472 8472

[22] F. Renard and P.-M. Chapon, "Une méthode d’évaluation de la
vulnérabilité urbaine appliquée a I’agglomération lyonnaise," LEspace
geographique, vol. 39, no. 1, pp. 35-50, Mar. 2010.

[23] L. Gigovi¢, D. Pamucar, Z. Baji¢, and S. Drobnjak, "Application of
GIS-Interval Rough AHP Methodology for Flood Hazard Mapping in
Urban Areas," Water, vol. 9, no. 6, Jun. 2017, Art. no. 360,
https://doi.org/10.3390/w9060360.

[24] H.I. Mohammed, Z. Majid, Y. B. Yamusa, M. F. M. Ariff, K. M. Idris,
and N. Darwin, "Sanitary Landfill Siting Using GIS and AHP: A Case
Study in Johor Bahru, Malaysia," Engineering, Technology & Applied
Science Research, vol. 9, mno. 3, pp. 41004104, Jun. 2019,
https://doi.org/10.48084/etasr.2633.

[25] X. Wang and H. Xie, "A Review on Applications of Remote Sensing
and Geographic Information Systems (GIS) in Water Resources and
Flood Risk Management," Water, vol. 10, no. 5, May 2018, Art. no.
608, https://doi.org/10.3390/w10050608.

[26] S. Dehimi and M. Hadjab, "Evaluating the quality of life in urban area
by using the delphi method," Romanian Journal of Geography, vol. 63,
no. 2, pp. 193-202, 2019.

[27] N. Harkat, S. Chaouche, and M. Bencherif, "Flood Hazard
Spatialization Applied to The City of Batna: A Methodological
Approach," Engineering, Technology & Applied Science Research, vol.
10, no. 3, pp. 5748-5758, Jun. 2020, https://doi.org/10.48084/etasr.
3429.

www.etasr.com Hallil & Redjem: Assessment of Urban Vulnerability to Flooding Using Multi-Criteria Analysis



