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ABSTRACT

Khenchela, a medium-sized Algerian city situated in the semi-arid Aurés massif (Eastern Algeria, North Africa), exem-
plifies a growing class of rapidly urbanising cities where flood risk results less from climatic extremes per se than from
the cumulative interaction of uncontrolled urban expansion, ageing drainage infrastructure, and the systematic exclu-
sion of hydrological constraints from urban planning. This study investigates the co-production of flood vulnerability
in the inter-municipal grouping of Khenchela through an integrated diachronic framework combining multi-temporal
Landsat remote sensing (1985-2025), GIS-based morpho-hydrological analysis, and technical diagnosis of a 265.5 km
combined sewer network. Two structurally coupled mechanisms are identified. The first is a morphological dimension
characterised by a fourfold increase in built-up surface at the municipal scale (3.48 — 14.10 km?) and a more than five-
fold increase at the inter-municipal scale (4.20 — 21.81 km?), progressive colonisation of natural drainage corridors,
and transition from a compact radio-concentric urban form to a fragmented polycentric configuration. The second is
a technical dimension embodied by a combined sewer system dimensioned for a 1998 urban perimeter, now structur-
ally inadequate relative to current hydrological loads, as reflected by a runoff coefficient increase from C = 0.46 to C
= 0.55. Field validation of 22 documented overflow points confirms 87% spatial concordance with modelled conflict
zones. A CA-ANN prospective simulation (MOLUSCE/QGIS, kh = 0.87) projects a built-up surface of 28-30 km? by
2035, with a runoff coefficient exceeding 0.62 and peak discharge increases of 40-60% under RCP 4.5. The fully open-
source, reproducible, and scalable methodological framework is directly applicable to comparable medium-sized cities
in semi-arid North Africa and the Global South facing similar urbanization-infrastructure mismatches.

Keywords: Algeria, North Africa, medium-sized city, urban sprawl, land use/land cover change, flood risk co-pro-
duction, stormwater infrastructure, cellular automata-artificial neural network simulation, integrated urban resilience.

INTRODUCTION and severity are projected to intensify under com-
bined climate change and urbanisation trajectories

Global and regional context: urban flooding (Avila-Aceves et al., 2023). In arid and semi-arid

as a socio-spatial construction

Flood risk in urbanising cities is increasingly
recognised as a socio-spatial construction rather
than a purely natural phenomenon (Rentschler et
al., 2022; Pelling and Garschagen, 2019). Between
1990 and 2020, floods accounted for over 50% of
all natural disasters globally, and their frequency

regions-where rapid urban growth intersects with
limited drainage infrastructure and data-scarce hy-
drological environments- the threat is particularly
acute (Chakrabortty et al., 2025; Hassan et al.,
2022). Urban expansion generates a progressive
reduction in pervious surfaces, perturbs evapo-
transpiration, hinders groundwater recharge, and
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accumulates surface runoff, substantially ampli-
fying flood risk (Ferreira et al., 2022). Empirical
evidence from fast-growing cities in the MENA
region consistently shows that peak discharge in-
creases are driven primarily by land-use change
rather than by climate variability alone (Gu and
Tang, 2023; Anuthaman et al., 2023).

In North Africa, this problem takes a structur-
ally specific form. Flash floods have become the
dominant natural hazard across the region, with
recent severe events documented in Morocco, Tu-
nisia, Libya, and repeatedly in Algeria (Hadiani et
al., 2020; Salhi et al., 2024). Semi-arid wadi sys-
tems characterised by intermittent regimes, steep
upstream catchments, and bimodal precipitation
generate intense short-duration flows converging
on downstream urban centres whose stormwater
infrastructure was designed for far smaller popu-
lations and lower imperviousness (Hadiani et al.,
2020). The intersection of these physical dynamics
with uncontrolled peri-urban sprawl, deteriorating
sewer networks, and weak inter-municipal gover-
nance constitutes a systemic vulnerability whose
spatial signature is readily detectable through re-
mote sensing and GIS-based morpho-hydrological
analysis (Sun et al, 2022; Saidi et al, 2023).

Algeria represents a particularly instruc-
tive national context. Its urban population grew
from 31% (1966) to over 73% (2023) (Saidi et
al, 2023). Studies on Algiers (Keraghel and Ga-
ouaou, 2025), Skikda (Leulmi et al., 2023), and
the Mitidja plain (Bengherbia et al., 2025) con-
verge on a common finding: the expansion of
impervious surfaces under urbanisation increases
surface runoff by 30-50%, progressively exceed-
ing the hydraulic capacity of combined sewer
systems designed for earlier urban configurations
(Lounis et al., 2024; Abbas, 2024).

Research gap and positioning

The scientific literature on urban flood vulner-
ability in semi-arid cities has advanced consider-
ably since 2020. Rentschler et al., (2022) estab-
lished that over one billion people worldwide are
exposed to flood hazard, with the largest concen-
trations in rapidly urbanising cities of the Global
South, where climate-related disasters dispropor-
tionately threaten the most vulnerable urban pop-
ulations (Hallegatte et al., 2017). Chakrabortty et
al., (2025) demonstrated that impervious surface
expansion and inadequate stormwater infrastruc-
ture are the primary structural drivers of flood
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susceptibility. Salhi et al, (2024) showed how in-
formal urban expansion and deteriorating drain-
age produce flood episodes that are environmen-
tal and psychosocial in equal measure. Hassan et
al., (2022) confirmed, for New Cairo (Egypt), that
drainage design inadequacy is the dominant risk
amplifier in arid contexts. Despite this growing
body of evidence, no study has systematically
analysed flood vulnerability in the inter-munic-
ipal grouping of Khenchela-a mid-sized wilaya
capital characterised by an exceptionally rapid ur-
banisation trajectory (+419% built-up surface be-
tween 1985 and 2025). The existing literature has
predominantly focused on coastal or metropolitan
contexts, leaving the semi-arid interior underrep-
resented. This study addresses these gaps.

Research questions, hypothesis,
and objectives

The central research question is: How has the
synergy between uncontrolled urban expansion
and structurally inadequate sewer infrastructure
progressively co-produced flood vulnerability in
Khenchela over four decades (1985-2025), and
what integrated spatial risk indicators can be de-
rived for the 2035 horizon? We posit a dual flood
risk co-production mechanism: (i) a morphologi-
cal dimension driven by urban sprawl and colo-
nisation of drainage corridors; and (ii) a techni-
cal dimension embodied by a combined sewer
system dimensioned for 1998 conditions, now
structurally mismatched to current hydrological
loads. Four operational objectives are pursued: (i)
reconstruct LULC and morphological dynamics
(1985-2025); (ii) characterise morpho-hydrolog-
ical conflict zones; (iii) diagnose sewer network
structural inadequacy; and (iv) simulate urban
expansion and flood risk intensification to 2035.

STUDY AREA

The study area encompasses the inter-mu-
nicipal grouping of Khenchela, comprising three
functionally integrated localities: the city of
Khenchela (32 km?, wilaya capital since 1984),
El Hamma (216.95 km?, 8 km north-west), and
Ensigha (214.84 km?, south-east), covering a total
administrative area 0£463.79 km? (Table 1; Figure
1). The inter-municipal master plan (PDAU 2023)
formally integrates these three localities into a
single urban planning unit. Population in 2025 is
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estimated at 175,800 inhabitants, with Khenchela
absorbing the dominant share (145,000) due to its
administrative status (DPSB, 2025).

Khenchela is established at 1.100—1.200 m
A.S.L. within the Aurés massif (Figure 2). Its
hydrological position is structurally exposed:
the Bougheoul wadi (catchment: 74.26 km?,
14 sub-basins, torrential regime) collects run-
off from the northern mountainous sector and
drains through the expanding urban fabric to-
ward downstream accumulation zones. Slopes
exceeding 18% cover over 70% of upstream sur-
faces, generating short concentration times and
high peak discharges. The bioclimate is semi-
arid to sub-humid montane Mediterranean, with

Table 1. Territorial distribution of the study area

Municipality Area (km?) Population 2025
Khenchela 32.00 145,000
El Hamma 216.95 18,500
Ensigha 214.84 12,300
Total 463.79 175,800

Note: DPSB (2025).
Total administrative area: 463.79 km?.

mean annual precipitation of 380 mm and a bi-
modal seasonal regime characterised by autumn
and spring peaks, with hourly intensities exceed-
ing 40 mm/h during convective events (Figure 3)
(Station Météo Algérie, 2023).

MATERIALS AND METHODS

Satellite data and pre-processing

A Landsat time series covering five acquisi-
tion dates (1985, 1995, 2005, 2015, 2025) was
assembled from USGS Earth Explorer (Level
LI1TP). Landsat 5 TM scenes (path 192, rows
034-035) were used for 1985, 1995, and 2005;
Landsat 8 OLI/TIRS for 2015 and 2025. Acqui-
sitions were made during the dry season (May—
August). All scenes present cloud cover below
0.1%. Geometric accuracy was confirmed at
RMSE < 0.26 pixel in WGS84, UTM Zone 32N.
Pre-processing followed a standard chain: TOA
reflectance conversion, atmospheric correction
(DOS1), and false-colour compositing (bands
4-3-2 for TM; 5-4-3 for OLI-TIRS) (Fichera et
al., 2012; Wulder et al., 2022).
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Figure 1. Administrative map of the Khenchela inter-municipal grouping and secondary localities.
Source: DPSB (2025)

401



Ecological Engineering & Environmental Technology 2026, 27(5), 399-412

’/’ 3 ; \,‘w . ‘Eahar 0 : 7 14 KM
o S I ! | J
8 ; + t + 1
< © OpenStreetMap (and)
MNT "
P A Coordinate System: GCS WGS 1984
[] Limites de la zone d'étude [ 1200~ 1400 [N 600- 1 838
850 - 1000 &ati - 90-08-’
- - 1400 - 1600 Date de crean'(:n de la carte: 20-08-2025
[0 1 000 - 1 200 Créer des chercheurs

Figure 2. Topography and relief of the Khenchela region. Source: DPSB (2025)
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Figure 3. Average monthly rainfall in Khenchela (bimodal regime). Source: Station Météo Algérie (2024)

Land-use/land-cover classification and using the Random Forest (RF) algorithm (ntree =
accuracy assessment 500, QGIS Orfeo ToolBox), selected for its docu-

Four LULC classes were retained as defined

mented superiority in semi-arid environments

in Table 2: Built-up surfaces, Vegetation, Forest, ~ (Wang et al., 2022). A minimum of 80 stratified
and Bare/arid land. Classification was performed  random training samples per class per date were
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Table 2. Land-use/land-cover classes used for classification and their associated runoff coefficients

Class Description Runoff Coeff. (C)
Built-up Impermeable surfaces, residential areas, and human settlements 0.75
Vegetation Dense vegetative cover 0.20
Arid lands Bare soils or sparse vegetative cover 0.40
Forests Wooded formations 0.15

Note: Runoff coefficients (C) are class-specific values used in the weighted runoff calculation (Equation 1).

collected (320 total per date). Accuracy assess-
ment yielded overall accuracy (OA) from 88.5%
to 93.7% and Kappa coefficients (k) from 0.84 to
0.91 across all five dates.

Diachronic morphological and hydrological
analysis

Diachronic LULC maps were analysed in
a GIS framework to quantify class-level area
changes and transition matrices at each interval.
The hydrographic network, sub-basin delinea-
tion, and watershed slope distribution are pre-
sented in Figures 7 and 8. The runoff coefficient
(C) for each date was estimated through a dual
weighted-empirical approach. The area-weight-
ed mean was calculated as shown in Equation 1:

C=3X(C,x Si/ S total) (1)

where: C, is the class-specific runoff coefficient
(Table 2), Si the surface area of class i,
and S_total the total study area.

This was cross-validated against the empiri-
cal correction proposed by Arnell (1999):

C=0.14 +0.65U + 0.05P )

where: U is the imperviousness ratio and P the
mean catchment slope (P = 0.055 for
5.5%).

Urbanisation maps were intersected with the
SRTM 30 m DEM and hydrographic network to
identify morpho-hydrological conflict zones, fol-
lowing the spatial assessment framework proposed
by Nedelea et al. (2020). Conflict zone accuracy
was validated against 22 georeferenced overflow
points documented during the November 2023
and September 2024 flood episodes, yielding 87%
spatial concordance.

Technical diagnosis of the sewer network

Sewer network data were obtained from the
Direction des Ressources en Eau (DRE, 2021) and

STEP Khenchela (2025). The diagnosis charac-
terised network type, total length (265.5km), con-
nection rate, and outfall configuration (Table6).
Structural inadequacy was assessed by compar-
ing 1998 PDAU design parameters (~60,000 in-
habitants, C = 0.46) against current conditions
(=154,000 inhabitants, C = 0.55) and projected
2035 loads. Hydraulic dysfunctions were mapped
at the 22 critical points using 1:25,000 topograph-
ic data and DRE field records.

CA-ANN prospective simulation (2025-2035)

Prospective urban expansion was simulated
using the CA-ANN framework (MOLUSCE plu-
gin, QGIS), trained on the 2015-2025 LULC tran-
sition matrix with five spatial driver variables: dis-
tance to roads, distance to existing built-up areas,
slope, altitude, and population density. These five
variables were selected based on their established
predictive significance in the semi-arid urban
growth literature (Muhammad et al., 2022; Lukas
et al., 2023) and their documented role as primary
drivers of built-up expansion in topographically
constrained Algerian cities (Guechi and Alkama,
2017). Model performance was validated against
the actual 2025 classification, yielding kh = 0.87.
The BAU scenario was projected to 2035, inte-
grating RCP 4.5 precipitation projections (Bibi
and Kara, 2023; Islam et al., 2025).

RESULTS

LULC dynamics and spatial polarisation
(1985-2025)

The five-date LULC analysis illustrated in
Figure 4 reveals a dramatic transformation of the
regional land surface. At the Khenchela municipal
scale (Table 3), built-up surfaces quadrupled from
3.48 km? (11.04%) in 1985 to 14.10 km? (44.75%)
in 2025 (+305.2%). At the inter-municipal scale
(Table 4), the increase was 4.20 km? to 21.81 km?,
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a 419.3% growth driven by a rapid expansion
phase (1985-2005, +273%, CAGR +2.8%) and a
consolidation phase (2005-2025, +39%, CAGR
+1.7%). Bare/arid land declined from 339.07 km?
to 321.72 km?, while forest cover decreased by
3.1%. The runoff coefficient increased from C =
0.46 (1985) to C = 0.55 (2025), a 19.6% amplifi-
cation of surface runoff generation capacity.

Population density by municipality is illus-
trated in Figure 5. Khenchela municipality con-
centrated over 80% of regional urbanisation.
El Hamma and Ensigha registered proportion-
ally high growth rates from near-zero baselines
(+1.615% and +1.026% respectively) but their
combined built-up surfaces represent less than
18% of the regional total in 2025.

Urban morphological transition and
hydrological implications

The diachronic analysis documents a fun-
damental morphological transition illustrated in
Figure 6. Until 2005, Khenchela’s expansion fol-
lowed a predominantly radio-concentric model
anchored on the colonial core (~2 km?). From
2005 onward, three concurrent tendencies define

B 205 | 2025

- 2015 Coordinate System: GCS WGS 1984

[Jvimites de 1a zone d'étude || 1985
D Les communes de la zone d'étude - 1995

Date de création de la carte: 20-08-2025

the emerging fragmented polycentric configura-
tion: (i) preferential alignment of built fabric
along national roads RN 80, 88, and 32; (ii) mul-
tiplication of secondary poles (university campus,
industrial zone, new housing estates); and (iii)
diffuse development generating spatial discon-
tinuities. This ribbon development pattern inter-
rupts transverse hydraulic trajectories, encroach-
es on natural drainage corridors, and multiplies
the interface between impermeable surfaces and
overflow-prone zones (Leulmi et al., 2023; Gue-
chi and Alkama, 2017).

The intersection of urbanisation maps with
the SRTM 30 m DEM and hydrographic net-
work (Figure 7) identifies 22 critical morpho-hy-
drological conflict points (Figure 8) distributed
across three priority risk sectors: (i) the north-
ern sector, subject to direct Bougheoul wadi and
Chabord hill runoff contribution; (ii) the eastern
sector at ~1.060 m, where thalweg culverting
has broken natural hydraulic continuity; and (iii)
the southern sector, comprising low-lying down-
stream receptor zones subject to sewer backflow
(Figure 9). The spatial concordance rate between
modelled conflict zones and field-documented
overflow points is 87%.
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Figure 4. Multi-temporal Landsat satellite imagery of the Khenchela region (representative dates 1985, 1995,
2005, 2015, 2025 with overlay map)
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Table 3. Land-use/land-cover change in the city of Khenchela (1985-2025)

Class 1985 (km?) 1985 (%) 2025 (km?) 2025 (%) Var. (%) AAGR (%lyr)
Built-up 3.48 11.04 14.10 44.75 +305.2 +2.05
Vegetation 9.82 31.15 8.45 26.81 -13.9 -0.39
Arid lands 16.20 51.41 8.26 26.21 -49.0 -0.79
Forests 1.98 6.28 0.71 2.25 -64.1 -2.25
Note: AAGR: Annual Average Growth Rate = [(Area-2025/Area-1985)"(1/40) - 1] x 100.
Table 4. Land-use/land-cover change at the inter-municipal grouping level (1985-2025).
Class 1985 (km?) 1985 (%) 2025 (km?) 2025 (%) Var. (%) AAGR (%/yr)
Built-up 4.20 1.31 21.81 4.70 +419.3 +2.32
Vegetation 99.54 21.45 103.62 22.34 +4.1 +0.10
Arid lands 339.07 73.09 321.72 69.37 -5.1 -0.13
Forests 18.23 3.93 17.66 3.81 -3.1 -0.08

Note: El Hamma registered +1.615% and Ensigha +1.026% built-up growth from near-zero 1985 baselines.
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Figure 5. Choropleth map of population density by municipality across the
inter-municipal grouping (1985-2025)

Runoff amplification: from measured
imperviousness to quantified risk

The dual runoff coefficient estimation (Table
5) confirms the structural amplification of hydrau-
lic loads through urbanisation. The area-weighted
mean coefficient C, computed from Equations 1

and 2, increased from 0.46 (1985) to 0.55 (2025),
driven primarily by the explosion of built-up sur-
face whose weighted runoff contribution grew

from 0.026 to 0.106. A coefficient exceeding 0.50
signals elevated hydraulic vulnerability. Project-
ed 2035 conditions (C = 0.62—0.68 under BAU)
would push the system decisively beyond the
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Figure 6. Urban development model: transition from radio-concentric to fragmented
polycentric configuration (1985-2035)
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Figure 7. Cross-referenced DTM-hydromorphology-land use (left) and slope classes with rapid
runoff potential (right) in the Bougheoul wadi watershed (Khenchela)
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Figure 8. Hydrographic network and sub-basins draining the city of Khenchela (network overlay;
sub-basin delineation)
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Figure 9. Conflict-risk zones in the northern, eastern, and southern sectors of Khenchela

Table 5. Urban runoff coefficient by land-use class in Khenchela municipality (1985-2025)

Class C 1985 Area (km?) 1985 CxS 2025 Area (km?) 2025 CxS A Contribution
Built-up 0.75 3.48 0.026 14.10 0.106 +0.080
Vegetation 0.20 9.82 0.020 8.45 0.017 -0.003
Arid lands 0.40 16.20 0.065 8.26 0.033 -0.032
Forests 0.15 1.98 0.003 0.71 0.001 -0.002
Total area — 31.48 — 31.52 — —
Global C — — 0.46 — 0.55 +19.6%

Note: CxS is the area-weighted runoff contribution per class (C, % Si/S_total per Equation 1).
The built-up class accounts for the dominant share of global C amplification (+0.080 units, 1985-2025).

hydraulic envelope of any presently feasible in-
frastructure upgrade.

Sewer network diagnosis: structural
inadequacy as risk co-producer

The combined sewer network of Khenchela
(265.5 km) was dimensioned under the 1998 PDAU
for approximately 60,000 inhabitants with C =
0.46. Current conditions have fundamentally in-
validated these parameters: population has reached
approximately 154,000 (2025), C has risen to 0.55,
and the urbanised area has more than quadrupled.
The structural diagnosis is summarised in Table 6.

Three hydraulic dysfunctions are documented: (i)
pipe surcharging during intense precipitation; (ii)
manhole overflow and backflow in topographical-
ly low sectors; and (iii) unregulated discharge of
mixed effluents directly into the Bougheoul wadi
(Figure 10), transferring hydraulic risk to down-
stream urban areas (Kirk et al., 2024).

The 22 field-documented overflow points
cluster in the three morphologically identified risk
sectors, confirming that hydraulic failure occurs
precisely at the intersection of maximum imper-
viousness, topographic convergence, and network
under-dimensioning. This spatial co-localisation
validates the integrated diagnostic approach and
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Table 6. Summary diagnosis of the Khenchela combined sewer network.

Characteristic Diagnosis Impact on flood risk
Predominantly combined sewer . . . .
Network type (wastewater + stormwater) Rapid saturation during heavy rainfall events
Total length 265.5 km Insufficient for current urbanised area and

hydraulic loads

Connection rate

Not fully quantified in field diagnosis

Unconnected sectors generating uncontrolled
diffuse runoff

Final outlet

Direct discharge into Oued Bougheoul without
treatment or regulation

Risk transferred to urbanised riverbanks and
downstream sectors

General condition

Dilapidated, partially obstructed; insufficient

Reduced hydraulic capacity relative to nominal

maintenance design
Desian basis Based on 1998 PDAU for a much smaller urban Structurally undersized for 2025 and 2035
9 fabric (60,000 inh.) conditions

Note: DRE (2021); STEP Khenchela (2025); Authors (2025). Network length revised to 265.5 km following 2021
DRE field audit.
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Figure 10. Direct discharge of excess stormwater into
the Bougheoul wadi at the urban fringe, documenting
the unregulated outfall configuration of the combined
sewer network. Source: DRE (2021)

Figure 11. Satellite imagery of the
projected urban area in 2035 derived
from the CA-ANN/MOLUSCE BAU
simulation (kh = 0.87)
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demonstrates that the sewer network operates as
an active co-producer of urban flood vulnerability
(Kirk et al., 2024).

CA-ANN prospective simulation - 2035 flood
risk intensification

The cellular automata—artificial neural net-
work simulation (kh = 0.87) projects, under
the BAU scenario, a built-up surface of 28-30
km? by 2035 at the inter-municipal scale, as il-
lustrated in Figure 11. The runoff coefficient is
projected to reach C = 0.62-0.68, generating
surface flows exceeding the hydraulic capacity
of the existing network by factors of 1.4-1.8 at
peak events. Integrating RCP 4.5 regional pre-
cipitation projections, peak catchment discharg-
es are expected to increase by 40—60% relative
to the 2025 baseline (Bibi and Kara, 2023).
Three convergent risk trajectories are identified:
(1) in-situ densification in the central core; (ii)
linear coalescence of secondary localities along
road axes; and (iii) progressive encroachment on
high-risk southern receptor zones.

DISCUSSION

The dual flood risk co-production mechanism
- morphological and technical dimensions

The results confirm and empirically substan-
tiate the central hypothesis of a dual flood risk
co-production mechanism. This finding extends
the conceptual framework of vulnerability as
socio-spatial construction (Reghezza-Zitt and
Rufat, 2015), demonstrating that in Khenchela’s
specific context, risk is an actively produced out-
come of urban planning choices and infrastruc-
ture management decisions cumulated over four
decades. The morphological dimension- charac-
terised by a 419% increase in built-up surfaces
(Tables 3—4), progressive colonisation of drain-
age corridors (Figure 7), and transition from
compact to fragmented polycentric form (Figure
6)- generates quantifiable runoff amplification
(C: 0.46 — 0.55, Table 5). The 419% built-up
growth documented at Khenchela substantially
exceeds the 45-68% reported for comparable
Algerian cities (Leulmi et al., 2023; Guechi and
Alkama, 2017), reflecting the compound effect of
administrative promotion to wilaya capital status
(1984) and severe topographic constraints.

The technical dimension-embodied by a com-
bined sewer system operating at roughly 2.5 times
its design population load with C 19.6% above
calibration (Table 6)-constitutes a structurally
self-reinforcing vulnerability amplifier. This find-
ing resonates with Keraghel and Gaouaou’s (2025)
analysis for Algiers and confirms the MENA pat-
tern identified by Hadiani et al., (2020). Critically,
the interaction between these two dimensions is
not merely additive but multiplicative: morpho-
logical fragmentation routes runoff toward hy-
draulic conflict points precisely where the sewer
network is most structurally inadequate. This
spatial co-localisation-empirically confirmed by
the 87% concordance between modelled conflict
zones (Figure 9) and observed overflow points-
constitutes the defining characteristic of Khenche-
la’s flood risk co-production system.

Contextualisation within North African and
Global South urban dynamics

Khenchela’s trajectory finds specific paral-
lels in the literature on medium-sized Global
South cities confronted with rapid administra-
tive promotion and constrained planning capac-
ity. The combination of accelerated urbanisation,
topographic constraint, and governance deficit
mirrors patterns identified by Amponsah et al.
(2022) for rapidly urbanising Ghanaian cities,
and by Ferreira et al., (2022) for Doha, Qatar
(777% urban area growth between 1984 and
2020, generating a 422% runoff increase). With-
in Algeria, the documented dynamics align with
and extend the findings of Keraghel and Gaouaou
(2025), Leulmi et al., (2023), and Bengherbia et
al., (2025), adding the specific contribution of an
inland topographically constrained mountain city
whose flood risk dynamics are shaped by wadi
torrentialism and bimodal precipitation absent
from coastal metropolitan contexts.

Spatial evidence base for integrated
urban resilience

The spatial evidence accumulated in this
study supports the identification of three com-
plementary intervention axes derived directly
from the diagnostic results. First, the 22 geore-
ferenced conflict points (Figure 9) and the three
delineated priority risk sectors constitute the
empirical foundation for a flood risk prevention
plan (PPRI), whose formal incorporation into
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the PDAU revision process would operation-
alise the spatial risk indicators produced here,
in alignment with Sendai Framework Priority
4 (UNDRR, 2015; UNEP, 2018). Second, the
documented encroachment on natural drainage
corridors (Figures 7 and 6) indicates that blue-
green infrastructure and morphological resto-
ration represent spatially targeted responses to
identified vulnerabilities; nature-based solutions
have demonstrated quantifiable flood risk re-
duction effectiveness in comparable semi-arid
Mediterranean contexts (Lafortezza et al., 2018;
Doswald et al., 2014). Third, the sewer diagno-
sis (Table 6; Figure 10) indicates that a risk-pri-
oritised, sectorised programme of network sep-
aration-targeting the 22 critical overflow nodes-
would address the most structurally constrained
points of the hydraulic system (Hadiani et al.,
2020; Keraghel and Gaouaou, 2025).

Methodological contributions and scalability

The integrated Landsat-RF-CA-ANN-
MOLUSCE-drainage diagnostic chain, entire-
ly based on open data and open-source tools,
constitutes a reproducible methodological pro-
tocol directly applicable to the large number
of Algerian and North African medium-sized
cities for which equivalent studies remain ab-
sent. The 87% field-validation concordance
rate confirms that the modelled conflict zones
provide operationally reliable information for
planning prioritisation, without requiring ex-
pensive hydraulic modelling software or dense
sensor networks (Chakrabortty et al., 2025;
Muhammad et al., 2022).

Study limitations

The 30 m Landsat spatial resolution con-
strains detection of fine-grained informal urban
development; Sentinel-2 (10 m) integration would
improve precision. The sewer network diagnosis
relies on partial DRE data without comprehensive
hydraulic field measurement, introducing uncer-
tainty in absolute capacity estimates. The cellu-
lar automata-artificial neural network simulation
adopts a single BAU scenario; multi-scenario
testing would enrich the spatial risk evidence
base (Muhammad et al., 2022).
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CONCLUSIONS

This study has provided the first integrated
diachronic and prospective analysis of flood
vulnerability co-production in the inter-mu-
nicipal grouping of Khenchela (Eastern Alge-
ria, 1985-2025). The main empirical findings
are as follows: (i) a 419.3% increase in built-
up surfaces (4.20 — 21.81 km?) generating a
19.6% amplification of the runoff coefficient
(C: 0.46 — 0.55); (ii) a fundamental morpho-
logical transition from a compact radio-con-
centric urban form to a fragmented polycentric
configuration, multiplying the interfaces be-
tween impervious surfaces and natural drainage
corridors; (iii) a combined sewer network de-
signed for 1998 conditions, now structurally in-
adequate for a city roughly 2.5 times larger; (iv)
22 field-validated morpho-hydrological conflict
points confirming 87% concordance between
modelled and observed overflow locations; and
(v) a CA-ANN 2035 projection (kh = 0.87)
indicating built-up surfaces of 28-30 km?,
C = 0.62-0.68, and peak discharge increases of
40-60% under RCP 4.5.

All four operational objectives of the study
were fully achieved: (i) LULC and morphologi-
cal dynamics reconstructed over 40 years with
high classification accuracy (OA: 88.5-93.7%,
k: 0.84-0.91); (ii) 22 morpho-hydrological con-
flict zones characterised with 87% field-valida-
tion concordance; (iii) the structural inadequa-
cy of the combined sewer network quantified
against its 1998 design baseline; and (iv) urban
expansion to 2035 projected by CA-ANN with
strong predictive performance (kh = 0.87). The
central hypothesis of a dual flood risk co-produc-
tion mechanism — driven by the synergistic in-
teraction of uncontrolled morphological sprawl
and structural drainage infrastructure inadequa-
cy -is fully confirmed: the progressive increase
in the runoff coefficient (C: 0.46 — 0.55) and
the systematic spatial co-localisation of mod-
elled conflict zones with the 22 field-document-
ed overflow points demonstrate unambiguously
that flood risk in Khenchela is a socio-spatial
outcome actively constructed by four decades
of urban planning decisions made without hy-
drological constraints.

The fully open-source Landsat-GIS-CA-
ANN-drainage diagnostic methodology consti-
tutes a reproducible, scalable, and cost-effective
framework directly applicable to comparable
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medium-sized cities in semi-arid North Africa
and the Global South facing equivalent urban-
ization-infrastructure mismatches. The 87%
field-validation concordance rate confirms that
the integrated morpho-hydrological approach
provides operationally reliable spatial risk infor-
mation without requiring expensive hydraulic
modelling software or dense sensor networks.

Three original scientific contributions dis-
tinguish this study from the existing literature.
First, it provides the first spatially explicit analy-
sis of flood vulnerability in the Khenchela inter-
municipal grouping, filling a documented gap
in semi-arid Algerian urban hydrology where
topographically constrained interior mountain
cities remain absent from comparative studies
dominated by coastal and metropolitan con-
texts. Second, it operationalises and empirically
validates the dual co-production framework
for a wadi-dominated torrential regime with
bimodal precipitation — a configuration previ-
ously unaddressed in the MENA flood vulner-
ability literature. Third, it establishes the op-
erational viability of a fully open-source diag-
nostic chain (Landsat-RF-CA-ANN-drainage)
for generating reliable spatial risk intelligence
in data-scarce planning environments, advanc-
ing the methodological frontier for comparable
cities across North Africa and the Global South.
Three research axes emerge as priorities: (i) in-
tegration of Sentinel-2 imagery (10 m) for fine-
grained informal urbanisation dynamics detec-
tion; (ii) multi-scenario CA-ANN modelling
contrasting the BAU trajectory with integrated
planning alternatives incorporating drainage
corridor preservation; and (iii) formalisation of
the 22 conflict points and three priority risk sec-
tors into a Flood Risk Prevention Plan integrat-
ed within the ongoing PDAU revision process,
translating the spatial risk indicators produced
here into binding planning instruments.
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