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Abstract

Hydrodynamic modelling is used to analyse the inundation behaviour of Sidi Bel Abbes city (North-West of
Algeria) during extreme flood events. The study reach, 5.4 km in length, is a section of Wadi Mekerra through
Sidi Bel Abbes city. Land and bathymetric surveys were used to create a digital terrain model (DTM) of the river
channel and the floodplain. By coupling the geometry with hydrologic data, a two dimensional hydrodynamic
model was built. The model is based on integrating Saint-Venant shallow waters (depth averaged) equations
through Runge—Kutta discontinuous Galerkin numerical scheme. It was calibrated in terms of roughness coeffi-
cients on measured values of water surface elevation and discharge registered in the Sidi Bel Abbes gauging sta-
tion. The objective is to draw the flood maps under extreme river flood event. The results are helpful for local
authorities in order to take the appropriate defence measures in the future.

Key words: flood, inundation maps, Runge—Kutta discontinuous Galerkin, Saint-Venant equations, Wadi
Mekerra

INTRODUCTION (1/3 of 1541) inhabited areas are recognized as flood-

prone areas at different risk levels [SARDOU et al.

Flood is the most expensive and devastating natu-
ral hazard accounted for 40% of the total number of
natural disasters that occurred around the world be-
tween 1985 and 2009 [DEWAN 2013]. They are re-
sponsible for a third of the overall economic loss and
for over half the fatalities [BERZ 2000]. During the
last decade of the twentieth century, floods killed
100,000 people and affected 1.4 billion people over
the world [JONKMAN 2005]. Algeria experienced sev-
eral flood disasters. According to civil protection, 485

2016]. The flood that affected Bab El Oued district
(Algiers) on 10 November 2001 caused one of the
most unique and worst disasters that leaded to 750
fatalities, 115 missing persons, 30,000 people left
homeless, in addition to net economic damages of
over 250 million euro. Floods in Mekerra Basin,
North-West of Algeria affect more than 200,000 resi-
dents in this region. From 1986 to 2007, floods have
caused extensive damage, 10 dead and 929 homeless
families are reported by ATALLAH et al. [2016].
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Future flood impacts can be limited through
structural flood control measures such as construction
of dams or river dikes and non-structural measures
such as flood hazard and risk management and emer-
gency preparedness and insurance. Modelling and
simulation of flood events are necessary to understand
the mechanisms of the process and therefore play
a central role in the evaluation, selection and in some
cases the implementation of these measures [SCHU-
BERT, SANDERS 2012]. The information provided
from simulations about potential floods must include
such data as (i) time of the flood wave arrival at some
points in a valley or a city, (ii) extreme water levels in
the flooded area, (iii) duration and range of flooding
and (iv) water depths and velocities in the flooded
zones [DELIS, KAMPANIS 2009]. These informations
which can be obtained by solving the SAINT-VENANT
[1871] equations are used to develop the flood inun-
dations maps. These maps can be used as a tool to
picture the most significant vulnerable areas, where
stakeholders, governments, and decision-makers
should focus their investments.

The aim of this study is to analyse the flooding
behaviour of a study area situated in Sidi Bel Abbes
city (North-West of Algeria), for real flood events.
For this purpose, a 2D hydraulic model was set up
with the help of Runge—Kutta discontinuous Galerkin
(RKDG) finite element scheme. In this context, the
objective of the present study is to draw the flood
maps under extreme river flood event. The results are
helpful for local authorities in order to take the appro-
priate defence measures in the future.

METHODS
STUDY AREA

The Wadi Mekerra basin in the North-West of
Algeria (Fig. 1) represents one of the semi-arid re-

gions the most affected by floods and has been always
one of the main concerns of managers in Sidi Bel
Abbes province. A global description and general in-
formation about the study site, flow regime and the
chronology of floods generated at Wadi Mekerra
are detailed in previous study performed by ATALLAH
et al. [2016].

The floods are stronger and more frequent during
autumn months than any other season. Figure 2 shows
the peak annual discharges of historic floods meas-
ured at Sidi Bel Abbes gauging station between 1942
and 2006. The annual instantaneous peak discharge
values vary considerably from one year to another due
to the irregularity of the annual rainfall intensity also
influenced by the type of climate in our region (semi-
arid). An increase in the magnitude of flood has been
observed between 1990 and 2006. The Wadi Mekerra
emerges downstream in the alluvial plain of Sidi Bel
Abbes with a very weak slope (0.3-0.8%) generating
floods and therefore, causing extreme damage in Sidi
Bel Abbes city. Table 1 summarizes the major floods
occurred between 19862000 that caused flooding in
Sidi Bel Abbes city.

Wadi Mekerra is an ephemeral river [ATALLAH et
al. 2016; KORICHI et al. 2016]. Flow occurs only for
a short period during and after rainstorms. During
flood, the average multiannual Wadi flow (1942—
2006) measured at Sidi Bel Abbes gauging station is

Table 1. Human losses related to flood events occurred at
Sidi Bel Abbes city (1986-2000)

Number of casualties | Maximum recorded
Date homeless discharge
dead families s
October 4, 1986 1 200 104
April 30, 1990 2 130 not given
September 29, 1994 2 22 215
September 27, 1997 1 — 170
October 23, 2000 1 7 161.8
Source: own elaboration.
Europe
s ¥
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0 250 500 1000
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Kilometers

Fig. 1. Location of the Wadi Mekerra River basin; source: own elaboration
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Fig. 2. Peak annual discharges of historic floods measured between 1942 and 2006 at Sidi Bel Abbes gauging station;
source: own elaboration
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Fig. 3. Location map of the studied reach shown in WGS84
decimal geographical coordinates system;
source: own elaboration

4.53 m*s! with a maximum value of 215 m’-s ' (reg-
istered in September 27-30, 1994) and a minimum
value of 0.083 m’-s' (registered in February 11, 1999).

The studied reach is a section of Wadi Mekerra
River through the city of Sidi Bel Abbes. Figure 3
represents the reach location on a photo from Google
Earth and the limits of the mesh area used in the cal-
culation. This figure was created using the composite
of multiple downloaded Google Earth images that
were georeferenced in QGIS 2.14 (free; http://www.
qgis.org), using the World Geodetic System of 1984
(WGS84) geographic coordinate system (the same
geographic coordinate system used in Google Earth).
The reach with a length of approximately 5380 m
contains several meanders, the width varying from 13
to 142 m with low slope of 0.3%.

EQUATIONS

The governing equations of flow processes are
the two-dimensional Saint-Venant equations for shal-
low water flow which are obtained by integrating the
Navier—Stokes equations over the flow depth with the
following assumptions: incompressible fluid, small
bottom slope, uniform velocity distribution in the ver-
tical direction and hydrostatic pressure distribution.
These equations can be written in conservation, vector
form as [YING et al. 2009]:

aU | GE(U) , 8G(U) _
E ox ay =S (1)
where
T
U= (h' qx qy) ()

is the vector of conserved variables,

B(U) = (g, %, 202" 3)
2 T
G(U) = (q,, 22, L) @)

are flux vectors in the X and y directions respectively,
and

9z 9z T
s =(0,—ghZ - ghsp,, —gh3: - ghSpy) ()

is the source terms vector.

Where: h = the water depth, Z = the water surface
level, 0y and gy = the unit width flow rates in the X and
y directions, respectively, U and v = the velocity com-
ponents in the X and y directions, respectively, g = the
gravitational acceleration, t = the temporal coordinate;
Sy and Sy are the slope friction terms in the X and y
directions, respectively.
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nhdx /q§+q§ nhay |ai+aj ©

h10/3 ' Ofy — K10/3

Spx =

and n,, is the Manning’s roughness coefficient.

Equation (1) can be written in a vector form as

ou

i VF=S§ @)
Where: F = (E, G) is the flux function matrix.

In this paper, the Saint-Venant equations were
solved by a Runge—Kutta discontinuous Galerkin
(RKDG) finite element scheme. The hydrodynamic
modelling code is written in the Scilab 5.5.2 pro-
gramming language (free; http://www.scilab.org).
A brief description of the RKDG method for the
Saint-Venant equations is given below. Further details
can be found in the book of KHAN and LAI [2014].

The computational domain is first divided into
triangular elements. Inside an element, the variation
of the conserved variables, fluxes, and source terms
can be approximated by (the summation notation is
assumed)

U~U0=NU,F=F(0),S=5(0) ®)

Where: N; = a diagonal matrix of interpolation (trial)
functions, U; = the approximations of the conserved
variables at vertices.

Equation (7) is multiplied by the weight func-
tions, N;, taken to be the same as the trial functions,
N, for the Galerkin method and the resulting equa-
tions are integrated over an element.

[y, Ne22da+ [, Nv-Fda = [, NSdQ (9)

Substituting the approximation of U and applying
the divergence theorem

ou;

Qe

Jo, NiSdQ — [ N;(F-n)dr + Jo, VNi - FdQ (10)
Where: F - n = the numerical intercell flux, calculated
using the HLLC (Harten—Lax—van Leer contact wave)
approximate Riemann solver (see the work of ESKILS-
SON and SHERWIN [2004] for further details); n = (n,
ny)T = an outward unit normal vector at an element’s
boundary, Q. = element area, and I', = the perimeter
of the element.

The integral on the left hand side of equation (10)
constitutes the components of the 3x3 mass matrix M.
Obviously, M is symmetric. The right hand side is not-
ed as R. Therefore, equation (10) can be rewritten as:

)

The major problem that has to be involved in
flood inundation modelling is the handling of drying
and wetting zones. If no special attention is paid, the

U ; ad
MY _Ror U-—MI1R=L
ot at

numerical scheme may cause undesirable numerical
instabilities and may produce an unrealistic water
depth (infinite or negative) and/or spurious velocity
generation. The drying-wetting treatment presented
here consists of imposing a sufficiently small depth,
hary, (€.8., 10°) and zero velocity at the dry nodes
[KHAN, LAI 2014; YING et al. 2004].

Water surface gradients in the source term are
evaluated using the same procedure described by
YING et al. [2009]. The numerical solution is ad-
vanced from time step n to n + 1 by the second-order
total variation diminishing (TVD) Runge—Kutta
scheme [GOTTLIEB, SHU 1998] as:

{ Ul = ym 4+ AtL(UM)

12
U™t = 2yn 42Ul 4 AL (ult) (12)
2 2 2

The time step, At, is controlled by the CFL
(Courant-Friedrichs—Lewy) conditions, C, as follows
[FAGHERAZZI et al. 2004]:

Lmin

max(\/u2+v2+\/ﬁ)max(1,p2)> (13)

Where: L, = the smallest element edge length, p =
the order of the basis function.

At<C<

In this paper, the modified slope limiter of JA-
WAHAR and KAMATH [2000] used by several re-
searchers (e.g. KHAN, LAI [2014]; LEE [2014]) in two-
-dimensional shallow water flows computations is
used for achieving oscillation free solution. This slope
limiting procedure is very suitable for meshes discre-
tized by triangular elements. The procedure for apply-
ing this slope limiter is described by LEE [2014].

INPUT DATA

The selected area is the most affected part of the
city of Sidi Bel Abbes by Wadi Mekerra River flood-
ing (Fig. 3). For the terrain part of the study area, re-
cent topographic survey data were coupled with exist-
ent data from detailed topographic maps in order to
obtain the digital elevation model with a 10 X 10 m
grid cell using QGIS (Fig. 4). The horizontal grid is
comprised of unstructured triangular elements which
were prepared by using the data preparation, analysis
and visualization software Blue Kenue (free;
http://www.nrc-cnrc.gc.ca). The bathymetric data was
loaded in Blue Kenue (as ASCII file with x, y, z coor-
dinates where x and y are in meters and not in decimal
latitude/longitude degrees) and mapped (through an
interpolator) onto the grid so that each node was as-
signed with an elevation data. The grid consisting of
8 960 nodes and 17 434 triangular elements is provid-
ed in Figure 5. In this figure the x and y coordinates
are transformed in decimal degrees to standardize the
presentation of all figures. The studied zone has two
areas: the channel area and the flood plain (overbank)
area. For the channel area, the mesh is taken as 12 m
and for the other area: 24 m. The edge growth ratio is
1.2 to ensure a smooth size transition.
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Fig. 4. Topography of the studied reach shown in WGS84 decimal geographical
coordinates system; source: own elaboration

T
-0.615

ing the onerous description of the
r river-bed geometry in 2D and,
consequently, achieving a reduc-
- tion in the computation time [AU-
RELI et al. 2006].
- The one-dimensional model
based on Saint-Venant equations
L was solved by the same scheme
(RKDG). The model was verified
L by comparing the computed dis-
charge hydrographs with observed
ones at Sidi Bel Abbes gauging
station [ATALLAH et al. 2016].
The flood event occurred in Octo-
ber 11, 1995 was used for the cal-

T T
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Fig. 5. Finite element mesh developed for the studied reach shown in WGS84
decimal geographical coordinates system; source: own elaboration

The channel and the flood plain are initially dry
and the channel flow rate is assumed to be zero. The
boundary condition is created based on the generated
mesh. Boundary conditions consisted of a discharge
hydrograph at the upstream inflow and the derived
rating curve at the downstream outflow (Fig. 6).

MODEL CALIBRATION

For the development of hydraulic models, Man-
ning’s roughness coefficients are adjusted using rec-
orded water levels and discharges. Stage and flow
discharge are measured at Sidi Bel Abbes gauging
station located 4.9 km downstream of the study area.
However, the nearest upstream gauging station is lo-
cated at Sidi Ali Benyoub (42 km upstream from the
study area). Therefore, the calibration of Manning
coefficient was performed using a hybrid methodolo-
gy. In particular, we used a one-dimensional (1D)
approach to simulate flows into the Wadi, between
Sidi Ali Benyoub and the entrance of Sidi Bel Abbes.
The obtained hydrograph at the entrance of Sidi Bel
Abbes is then adopted as the inflow boundary condi-
tion for the 2D model of the flood-prone area. The

ibration. The hydrograph of this
flood event is presented in Figure
7. The maximum discharge rec-
orded during this event was 155
m’s”'. The topo-bathymetry of
the 52 km reach of Wadi Mekerra
River, from Sidi Ali Benyoub to
Sidi Bel Abbes gauging stations,
was described by using 25 cross-
-sections [ATALLAH et al. 2016].
The cross-sections used in the
computation are interpolated from
the available data. For the bound-
ary conditions, we used the ob-
served flow hydrograph at the
upstream end of the reach (Sidi
Ali Benyoub) and the derived
rating curve at the downstream
end of the reach (Sidi Bel Abbes).
We set the Manning coefficient values considering the
results of previous studies [ATALLAH et al. 2016;
ATALLAH, HAZZAB 2013] and according to the indica-
tions reported in the scientific literature (see e.g.
CHOW [1959]) on the basis of the physical character-
istics of the Wadi (0.01 to 0.1 s'm"?). The obtained
hydrograph at the entrance of flood-prone area is
shown in Figure 7.

The 2D model was then used to simulate the flow
in the flood-prone area. The mesh was extended down
to Sidi Bel Abbes gauging station. With the aim of
calibration, water level and liquid flow discharges
calculated by the 1D model and water level and liquid
flow discharges measured at Sidi Bel Abbes gauging
station during the event happened in autumn 1995
were used. Different values of the Manning non-
homogeneous roughness coefficient were tested in the
2D model calibration process: 0.025-0.035 s-m " for
the Wadi Mekerra channel and 0.06-0.1 s-m '* for
the areas with houses. After simulation and error cal-
culations (between simulated and measured varia-
bles), Manning’s coefficients were chosen to mini-
mize the errors. The optimal values obtained for the

1
-0.615 -0.61 -0.605

© PAN in Warsaw, 2018; © ITP in Falenty, 2018; Journal of Water and Land Development. No. 37 (IV-VI)



www.czasopisma.pan.pl P N www.journals.pan.pl

N
24 M. ATALLAH, A. HAZZAB, A. SEDDINI, A. GHENAIM, K. KORICHI
ar Sidi Bel Abbes gauging station are displayed in Fig-
35l ure 8. The results show that the simulated hydrograph
was very close to that registered in Sidi Bel Abbes
3r gauging station. The maximum error with these coef-
e 25k ficients is less than 1% for total water discharges were
- found acceptable.
g s RESULTS AND DISCUSSION
=
Ir After the calibration of the model for the first
0s event of October 11, 1995 (through adjustment of the
- Manning coefficients), the model was used to analyse
ol \ : : - \ the inundation behaviour of Sidi Bel Abbes city dur-
0 S0 1000 150 200 0 2503000 330 jng the second flood event occurred between 27 and
Water discharge, m”:s .
30 September 1994. The recorded peak discharge for
Fig. 6. Rating curve at Sidi Bel Abbes gauging station; this flood event at Sidi Ali Benyoub gauging station
source: own elaboration was about 236.6 m’-s”' (Fig. 9). For the same event
period, the recorded peak discharge at Sidi Bel Abbes
180 S gauging station was about 215 m*-s™' and it was the
160 - jgg:;:ﬁfc‘;":ysﬁi]'(g'é?g"“b maximum value measured during the period between
1942 and 2006 (Fig. 2). The simulation was per-
140y formed using the same hybrid methodology described
7, 120 in model calibration.
qu; 100 250 350
=) —— Water discharge (SAB)
I 80 s |==-=- Calculated discharge | 300
z T 200 % |- - - Water depth (SAB)
8 60 m; ' 250 §
o150 <
40 L_E‘; | 1200 .§
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Time, h = D 50
Fig. 7. 1995 autumn flood event: measured hydrograph 0t oo o v """"""""""""" 10
at Sidi Ali Benyoub and computed hydrograph 2 2 2 2
at the entrance of the study area; source: own study B 2 ES ES
= =3 = S
140 i i ‘ i Date
— Measured at Sidi Bel Abbes Fig. 9. Water discharge and stage (water depth)
120 -~ - -Computed at Sidi Bel Abbes | hydrographs of the 1994 autumn flood at Sidi Ali Benyoub
(SAB) gauging station and calculated discharge
100 - at the entrance of the study area; source: own study
‘U)
E 80t The simulation is run until the waves had passed
S out of the domain. The model results of maximum
S 6of water depths were transformed into inundation maps
a through QGIS. By superposition of the inundation
407 maps over the city maps one may see inundated hous-
es. This result of the model is very useful for local
207 authorities in order to draw flood risk maps and in-
N ‘ . . . : form the population. Figure 10a shows the areas that
o s 1w 15 20 25 30 35 40 45 are likely to be inundated under the recorded flood.

Time, h

Fig. 8. 1995 autumn flood event: comparison of measured
and computed hydrographs at Sidi Bel Abbes gauging
station; source: own study

Manning roughness coefficient were 0.028 s-m " for
the channel and 0.071 s-m™"* for the areas with hous-
es. Computed and recorded outflow hydrographs for

The slope of the studied section over the upstream
reach is about 0.45%, which is steeper than the slope
over the downstream reach, which is about 0.15%.
Consequently, the inundated area and depth of flow
over the upstream reach are relatively lower than cor-
responding values over the downstream reach. The
most affected areas were El-Houria, Sidi Djllali,
Houari Boumediene and Boumelik (Fig. 3). The
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flooding of El-Houria, Sidi Djllali
and Houari Boumediene areas is
caused by the high velocity flows, the
narrowing of the flow cross-section
and the curvature of the Wadi chan-
nel. Naturally, when water flows
around a bend, due to centrifugal
force, the water level increases near
the outer bank than the inner bank.
The flow velocity is also faster at the
outer bank of the Wadi than the inner
bank. This leads to a greater increase
in water level towards the outer bank.
The velocity distribution map (Fig.
10b) shows that the event is charac-
terized by very high velocities espe-
cially in the first 2 km. The flooding
of Boumelik area is due to the in-
crease in water level due to the nar-
rowing of the flow cross-section. The
narrowing of the flow cross-section
from about 142 m to about 21 m
would also cause an increase in the
velocity of the water. The maximum
of water depth in the channel, just
upstream of Boumelik area, can reach
123 m which can cause serious
damages.

The threat to personal safety and
to gross structural damage caused by
floods depends largely upon the speed
and depth of floodwaters. The greater
these factors become, the greater the

danger to people and property. In order to produce the
river flood hazard maps for studied area which is
combination of river flood depth and river flood ve-
locity, NSW [2005] flood development manual was
applied. As shown on Figure 11 hazard categories are
broken down into high, medium and low hazard for
each hydraulic category [DERDOUS et al. 2015; NSW

2005].

Figure 12 presents the hazard map resulting from
the 1994 flood event. This map was produced in the

Velocity, m-s™
5
|

1.0+

1
0204

08 10 1.2 20

Depth of flood at site, m

Fig. 11. Flood hazard classification;
source: NSW [2005]
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Fig. 10. Distributions water characteristics for the 1994 flood event shown
in WGS84 decimal geographical coordinates system: a) maximum water
depth, b) maximum flow velocity; source: own study

QGIS by combining depth and velocity maps accord-
ing to the diagram presented in Figure 11. The gener-
ated river flood hazard in this procedure reflects the
effects of both water depth and flow velocity during
the flood event. Figure 12 depicts that the largest area
is related to high hazard class while the low hazard
class has smallest area. The pattern of the river flood
hazard maps in Figure 12 proves that the topography
of the Wadi and floodplain is an important factor. At
the downstream area of the study reach where the
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+
tad
s
I~
A

+35.190:

o
-.615

i
0610 -0.605

0630 -0.625
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Fig. 12. Flood hazard map for the 1994 flood event shown in WGS84
decimal geographical coordinates system source: own study
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floodplain is relatively lowland the hazard of the Wa-
di flood is higher than the other locations. During
flood event, flood flow exceeds the river banks and
overflows to the floodplain.

CONCLUSIONS

In this study, a section of Wadi Mekerra through
Sidi Bel Abbes city was studied by exploiting land
and bathymetric surveys and data on liquid flows dur-
ing two events on October 11, 1995 and September
27-30, 1994 measured in Sidi Ali Benyoub and Sidi
Bel Abbes gauging stations. By using the data of the
first event (flood of October 11, 1995), the calibration
of Manning coefficient was performed using a hybrid
methodology; the 1D model in the Wadi to compute
stage and discharge hydrographs through the reach,
and the 2D model to describe the inundation in the
flood-prone area. The simulation of the second flood
event was performed using the same hybrid method-
ology. Computed hydrodynamic parameter values
(maximum water depths and velocities) are used to
draw flood risk maps. The analysis of these maps led
to the following conclusions.

1. The flooding of some areas is caused by the
high velocity flows, the narrowing of the flow cross-
-section and the curvature of the Wadi channel.

2. The topography of the Wadi and floodplain is
an important factor of river flood hazard mapping. At
the downstream area of the study reach where the
floodplain is relatively lowland the hazard of the river
flood is higher than the other locations. During flood
event, flood flow exceeds the river banks and over-
flows into the floodplain.

3. The generated river flood hazard pattern distri-
bution is more influenced by water depth and flow
velocity.

For the first time, local authorities may use such
a model as a prognosis tool in developing contingency
and flood emergency plans and take the appropriate
defence measures.
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Mapy zasiegu w przypadku ekstremalnych powodzi: przyklad miasta Sidi Bel Abbes w Algierii
STRESZCZENIE

Wykorzystano modelowanie hydrodynamiczne do analizy zasiegu ekstremalnych zjawisk powodziowych
w miescie Sidi Bel Abbes w potnocnozachodniej Algierii. Teren badan stanowil odcinek okresowej rzeki
Mekerra dlugosci 5,4 km plynacej przez miasto. Badania naziemne i batymetryczne wykorzystano do
zbudowania cyfrowego modelu terenu (DTM) koryta rzeki i obszaréw zalewowych. Laczac geometri¢ z danymi
hydrologicznymi, zbudowano dwuwymiarowy model hydrodynamiczny. Model oparto na integracji rownan
Saint-Venanta (o usrednionej glebokosci) poprzez nieciagly schemat liczbowy Galerkina wg metody Rungego—
Kutty. Model byt kalibrowany na wspolczynnik szorstkosci dla zmierzonych wysokosci poziomu wody i na
odptyw rejestrowany w posterunku pomiarowym Sidi Bel Abbes. Celem pracy byto sporzadzenie map powodzi
w warunkach ekstremalnych zjawisk powodziowych. Wyniki moga by¢ przydatne wladzom lokalnym w
podejmowaniu odpowiednich zabiegéw ochronnych przed powodzig w przysztosci.

Stowa kluczowe: mapy zalewow, metoda Rungego—Kutty, nieciggly schemat Galerkina, powodz, rownania
Saint-Venanta, Wadi Mekerra
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