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ABSTRACT

In Algeria, catchment erosion and siltation rates are high enough to samify reduce the water
volumes that can be used for reservoirs. The total capacity of the mamaged by the National
Agency for Dams and Water Transfers is estimated to be 6.2vBite the silted volume is estimated
at 700 Mni, which is about 12%. A numerical model that can simulate the depositiomseaoir as
a function of the hydrologic regime is detailed. Flow propagation and sedimenitd®posly on two
dimensions shallow water equations coupled to an advection-diffusion equation pEnded
sediment transport. The model was applied to Zardezas reservoir londiithern Algeria for the
period from 1975 to 1986. Because of a lack of some data, the sediment impudiefiveed using a
simplified way while the water inputs are estimated from the peakdischarges of the main floods
and the daily discharges. The calculated elevation of the reservoir botftects a correct trend
although some details cannot be simulated. Then, one can plan using this modesefmoir
management or for the design of new reservoirs.
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1. INTRODUCTION

In Algeria, catchment erosion and siltation rates are bighugh to significantly reduce the useful
volumes of dams. The water mobilisation potential represi by reservoirs decreases by 40°Mm
yearly which is considerable. The total capacity of the dammeaged by the National Agency for
Dams and Water Transfers is estimated to be 6.2 ®hile the silted volume is estimated at
700 Mn?, which is about 12%. This issue is one of the main probteatswater policy makers and
particularly dams’ managers have to face in Algeria (Gareen2009). Therefore, the survey of the
silting process is crucial for assessing its intenaitg for defining later on the right actions that
should be implemented in order to minimize the siltatisk. tOne specific issue is the choice of the
most appropriate sites for new reservoirs. The overall sisalyf the watershed inputs helps to
determine the quantities of sediments that are susceqatiblger the reservoir. A mathematical model
for simulating the deposition in a reservoir is a complaary tool that could help assessing the
guantities actually deposited. Such a tool can also heffefioe the management of the gates and
more generally the management of the water cycle in gerver in order to minimize long term
deposits.

A numerical model for sediment transport is usually defamethe combination of two modules
1. The first module allows the calculation of the water detbth,flow rate and the flow velocity
in each calculation cell for each time increment:
2. A sediment transport module that:
 Ensures sediment mass conservation,
+ Simulates sediment deposition and erosion using eitheiriealpdeposition or erosion
eqguations or using an empirical sediment transport dgpagiiation

236



International Water Technology Journal Vol. 2 - No. 3, September 2012

Then, a sediment transport’s numerical model ainsalaulating the water volume variation and the
elevation of a reservoir's bottom as a function of timeese models should be based on unsteady
equations of water and solid materials motion and comginin recent years, several authors have
proposed models with increasing complexity.

Among existing models, it is necessary to distinguish betweefollowing:

* Budget models which either are one-dimensional and typiaafiimilate and consider
solid flows as strong deformations of the bed (Late#é,1) or are based on an empirical
equation for trapping efficiency of reservoirs (Tamend.eP806),

* One-dimensional (Bouchard, 2001) or two-dimensional models (&agfual., 1999)
based on shallow water equations (liquid phase) as welh éhe laws of convection-
diffusion (solid phase),

* Three-dimensional models based on the Navier-Stokes equaitpid phase)
considering Eulerian (the solid phase is accounted farcamcentration) or Lagrangian
(dynamic equation for the solid particles) transport (Olstai., 2011).

Budget modelsre not appropriate to the event&calethat would enable one texplainthe fine
particles transitThey estimate the long-term evolutionary trends of resenams las a function of
their bed load. Due to their degree of sophistication, atimtels are more or less adaptable to the
studied specific cases. They separately calculatlaweof erosion-deposition and can independently
deal with the specific theological behaviour of giving degodihe design of a whole and complete
sedimentation model for a reservoir would require a tdeensional mathematical representation of
water flow and sediment transport. However, such modelbe&a@onsidered to still remain in the state
of research only (Ruther et al., 2010).

The conception of a numerical model for predicting the&bion and the evolution of fine deposits
in a reservoir requires a critical analysis of avadatdta. Its reliability with respect to the accuracy of
the expected results needs also to be investigated (Basseet al., 1998).

The required data depend essentially on the chosen model déimel @ccuracy the latter is able to
achieve. In general, there are two types of informatonbe dealt with: the topography (or
bathymetry) of the bottom, and the data about liquid andl sioputs (bed load and suspended
sediments). The second type of data can be directlgcted from in-situ measurements at a point in
the hydrographical network. However, it could be also thetresal more comprehensive analysis of
the catchment area (distributed hydrological models or syothigspended sediment hydrographs).

The whole model must meet the following three criteria:

1. Be able to give an operational response for reservoitsundergo siltation. In other words,
the result should be easily and fairly immediately madailable to be used repeatedly in
order to enable the comparison of management strategige fiuture.

2. Be adaptable to various locations in which different e¢linformation are available. In the
Algerian context, only a few reservoirs have enough rea@mdgata or will be surveyed in a
way to record sufficient data and observations thatidvenable accurate modelling to be
performed.

3. Take into account in a sufficiently flexible way the lange between moving particles and
the bed of the reservoir.

Three-dimensional models require a detailed topographyaanideological characterization of
sediments through the different phases of depositiondditian, exchanges of particles between the
liquid phase and the bottom are not yet fully described emem theoretical level. As a consequence,
such a model is too much time consuming for the accurat¢yctirabe expected in the Algerian
operational context.
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A two-dimensional model giving a horizontal field of deptleraged velocity at any point of the
reservoir allows one to determine the location of deposite@s &s a term expressing the exchange
with the bed is defined. This term would include a repngation of the vertical concentration profile
for water as well as the definition of the various layersodied at the bottom of the reservoir. Its use
remains demanding especially in cases where sufficrehtletailed data are not available.

The vertical two-dimensional models and one-dimensional ones daraote information on the
lateral transfer, which in many cases (e.g. Channiidatcan make the use of such models
unsuitable.

Consequently, we have chosen to conceive and work with alrobdlee (horizontal or depth-
averaged) two-dimensional kind that appears the most gerserabnvenient in the Algerian scope.

The present paper details at first instance the themiretodel used, then the model is applied to
Zardezas reservoir, finally, the results of the moderrdezas dam are discussed.

2. THE THEORETICAL MODEL
2.1 Description of the Two Dimensional M odel

Water depths and velocities are obtained from the resolofi the two-dimensional shallow water
equations whereas sediments are represented by a cotioeribrat obeys a convection-diffusion law.
The system of equations to be solved is as follows (Pad@d#0):

@4_ 0 (uh) + o(vh) _ 0 1)

ot ox oy
24, o N
ouh)  2UN*95) o)
ot 0x oy
= —gha_z — gu— “uz+vz + D(i (h@) +i (ha_u)) (2)
ox K2h'/3 ox  ox  ox oy
2
a(vh)  a(uvh) a("zh*ghz)
+ + 3
ot 0x oy
. 0Z wWur+V? 0 ,0v., 0 , 0V
=-gh—— =g~ 55— +D(-- () +—-(h—))
ay K%h gy ox  dy Oy
o(ch) , o(huQ) , W) _ 9 iy 9€) 4 9 mp, 9%) 4 4
ot ox oy l)4 ox’ oy oy
Where E is the sum of the rates of erosion and sedimentation
C the concentration afuspended particlgkg/nT),

Dy & Dy, the dispersion coefficients in the x and y directions (ussalyequal td),
uetv the velocities in the andy directions

h the water depth

Zp the bottom elevatign

g the gravity,

D a diffusion constant

K, The (Manning) Strickler friction coefficient

This suspended sediment modelling classical approach involvegfth#ion of laws of exchange
between the particles in the liquid phase and those presernhe bottom (deposition and re-
suspension). But it must also take into account the evolatideposits (consolidation).
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The current model has been designed based on Cemagref 2RuiBarhydraulic software
(Cemagref, 2001) that uses a finite volume explicit schérhés software is able to perform a
calculation for nearly any hydraulic conditions (e.g. for floadsving in an empty reservoir). The
resolution of the convection-diffusion equation is based on antahecheme of the same type (Van
Leer-type second order finite volume scheme) (Van Leer, 1979).

In the case of erosion, one can assume that at vergoiogentrations, suspended particles would be
transported without settling. Conversely, at high conceatrstthere would be a deposit that should
be proportional to the concentration C such that:

E=-aw(C-C,) (5)

*  C.equilibrium concentration
» o calibration parameter (m/s)
* wsthe sediment particle falling velocity.

2.2. Calculation of the Equilibrium Concentration

The calculation code Rubar 20 offers the chacealculating the equilibrium concentration. To d
so, we have chosen the use of the Van Rijn mettetdg detailed below.
This method is based on (Van Rijn, 1984) in whiuk scientist defines the transport parameter T
1 2
u,) —lu
T= ( ) ( ZD.CI‘)2 (6)
Uper
Where: u'; is a friction velocity that is specific to theagh and calculated from a Chézy coefficient
related to grain€’ given by:

(7)

C‘:lSDbgﬂélZDRHJ

90

Where R, represents the hydraulic radius of the considseetion and & the diameter of the
particle for which 90% of the mass has a smallemgiter.

u‘D:@\/u2+v2 (8)

Van Rijn then suggests the calculation of arezfee concentration at the bottom. However, as the

bottom is not smooth due to the grains’ presereeréference is suggested to be recorded at a head
‘a’ such as:

a=k, with a minimuma,,,, = 001[h

With: k, being the roughness of the bed.

The concentration in heagdwould thus be equal to:
C,=0015F° 3— 9)
a
( ) 1/3
Where: D. = ds{sg}
V2
dso is the median sediment diameter, s: the sedimeityandv: thewater viscosity

239



International Water Technology Journal Vol. 2 - No. 3, September 2012

Sediment transport is also described by the fArpeter, which is the ratio between downward
gravitational forces and upward turbulence forces:

w

= Ak aj (10)
O
2
B is a coefficient that is related to the diffusmfrparticles: =1+ Z{WS} (1)
ug

k, is Von Karman constant. It is in fact a fuanotof the head averaged concentration, the particl
falling velocity and the critical friction velocityl hese effects are taken into account by intrauygi

_ % 08 & 04
p-osf]" g5 -

With Co = 0.65 (maximum concentration)
Then:

Z'=2+¢

F:{zTE{ETZ (13)
P—zrhz—ﬂ

One will finally end up with an equilibrium conceation as follows:

C.=FC, (14)

By putting:

2.3 Principles of the whole theor etical model:

The two-dimensional model requires that the whedmes its initial conditions and its boundary
limits.

a) Initial conditions

These conditions are the following:

1. Initial head or water head.
2. Flowrate or water velocity.
3. Concentration.

b) Boundary limits

These limits are as follows:

1. Calibration law at the downstream of the damofder tomodel the discharges through the
spillway and the sluice gates)

2. The flood hydrograph, either from the recorded dataderived from the QdF method
(flow-duration-frequency) to represent typical filso Owing to its appropriateness for
watersheds located around the Mediterranean retlieradopted QdF model is that of Florac.
This is indeed applicable for a watershed locatatbrthern Algeria.

Both typology and the concept of the hydrologiemime are essential and should prevail when
trying to apply the model. The definition of thedhglogical regime and most particularly the dunmatio
of the floods have enabled us to complete someobyaphs for which only the peak flows and/or the
daily flow rates were available.
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3. APPLICATION TO ZARDEZAS RESERVOIR

Zardezas dam is located on the wadi Saf Saf, $ki&da in the eastern part of Algeria, 40 km from
the sea (figure 1). The upstream basin area iské#5 The mean annual water input is 45 fm
Zardezas reservoir had initially a capacity of 3#ian of m® but presently it has been reduced to half
of that figure namely: 17 Min

Let us try to simulate the sedimentation cyoleZardezas dam. The adopted principle is simple. |
consists of coupling a series of floods with theamcentrations to the hydraulic module namely
Rubar 20 developed by Cemagref and then obsertimgdlume of deposit sediments after a given
duration of time. Having data on bathymetry for tdiferent years 1975 and 1986, we thought it
would make sense to take 1975 as a reference pedr986 as a result of the calibration of the model

Taking 1975 as a reference, we would inputtadl floods that were recorded between 1975 and
1986 with their respective concentrations. Fromeltend on, we would have a new configuration for
the bottom of the riverbed. At this point, we v able to compare the geometry of the bed found
through the simulation, and the real recorded lra#tsic data. Doing so would allow the validation of
the model.
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3.1. Test of the Hydrodynamic M odelling: Effect of One Single Flood

In order to achieve the modelling for the tineipd 1975-1986, the required different tasks hee t
following:

1. Make a detailed description of the topography efrilier (figure 2) that feeds the reservoir along
the various cross-sections for the two years (E3b1986).

2. Proceed with the complete meshing of the reservoir.

3. Establish a calibration rule that accounts forttiiel volume of water discharged through the
dam from both the spillway and the sluice gates.

4. Review in detail the hydrological regime, i.e. logdising on the majority of floods that are likely
to input significant volumes of water and sediment.

5. ldentify and deal with the different levels of watkat was stored in the reservoir throughout the
study period on a monthly basis (1975-1986).
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Fig. 2: Typical upstream section in Zardezas r eser voir

Initial conditions and boundary limits:

The dam is equipped with five sluice gates whiosttom is located at elevation=481 m. The
central one has on its upper part, a spilling campbthat may be operated when required in order to
evacuate flood.

In order to model this hydraulic structure, waevé chosen a classical law for the gates and the
following one for the spillway, expressed by:

Q=ulBL/209(Z,-Z))0 (15
We then get the calibration law such as illustratetthe table 1 below:
Table 1: Calibration law

Zy (m) 18C | 181 19C 194 19€ |199.07(199.14|199.4:| 199.6¢| 200.0¢
Q (/s) 0 0 0.7¢ | 0.8¢ | 1.04¢ |2.050¢|11.05¢|51.062|200.7¢| 201.1¢

Furthermore, given the heterogeneity of rairfathe region and in order to determine the upsire
boundary limits and initial conditions, we were @adile to reconstruct the whole precipitation higtor
which seems much too long. Then, we choose a fewesentative floods to work with. The
representative floods are provided by means of & @uthod based upon probabilities. Nine
representative floods whose properties are presdigow (Table 2) were then modelled using the
two dimensional hydrodynamic model:

Table 2: Simulated floods char acteristics
Flooc Qu(m’s) Q,(m7s) Zo(m) C (kg/m) Dy(h)

1 10 10t 18¢ 10 48
2 10 10t 19¢ 10 48
3 35 20C 18¢ 5 24
4 35 20C 18¢ 10 24
5 20 16C 18¢ 20 48
6 20 16C 194.¢ 10 48
7 20 21C 191.5¢ 10 48
8 40 37C 194.1¢ 10 48
9 157.¢ 157.¢ 19% 10 48

Where:
e Qq: Initial flow rate
* Qp: Peak flowrate
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» Zo Initial water level in the reservoir
» C: Concentration during the flood
e D,: Duration of the flood in hours

The flowrate evolves with time starting initialit Q, to reach the value fafter 4 hours. It then
decreases to get back to the original ragdd a flood duration R It is to be noted that we have
chosen to use a constant concentration througheuvhole duration of the flood, which is in fact an
approximation. Indeed, the concentration genefallpws the same law as the flowrate (figure 3);, bu

its signal is recorded either in advance or aftégelay with respect to that flow rate.
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Fig. 3: Measurements recor ded during November 3, 1982 flood.

Unfortunately data are not sufficient to extdap®an equation linking concentration and floverat

The obtained water lines (figure 4 for instareepear to be correct even if the plan view of libth
water head and the velocity gradient, reflect hetatomplex flow. However, there remain water cells
in the mesh that seem to be disconnected fromvtbeal water flow, mainly near river banks and in
the right part of specific section No. 15 (figure Bhese are thought to result from an inapprogriat
definition of the initial conditions for which theilis water in the right part.

From these results, it clearly appears that fireferable to define the initial conditions agigen
water elevation in the minor riverbed and to sirteilthe whole period as one single run to avoid
problems at initial conditions.
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Fig. 4: Longitudinal prdfile (flood No.1)

3.2. Hydrodynamic M odelling of the period 1975-1986

For the sake of obtaining more reliable resutts, meshing was simplified and the calculation was
then repeated for an entire period of time.

Em

wrm

-£Dm anm Inm nm anm

Fig. 5: Specific dwns;;m section No.15in Zar dezas r eservoir
3.2.1 Definition of the Inputsfor the Calibration of the Simulation

To simulate for the whole 1975-1986 period, tiee of ‘realistic’ hydrographs thought to best
express the field observed events was preferredieier, except for some cases full details of site
recorded hydrographs were lacking. Consequentish $iydrographs were reconstructed using data
collected from recorded peak flows and mean dadghérges on the basis of 24 hour multiples flood
durations. Finally, we ended up with the flood fes(one flood per year on average) for the whole
period 1975-1986 as illustrated in Table 3 below.

The deposited sediments are relatively coaessdésand silts), but their characteristics varyelyid
over the whole extent of the reservoir. In addititve general trends of their evolution are noaidie
identified. It was therefore decided to use onlg gnade of sediment whose average evolution was
estimated based ondg, of 0.1 mm, adg, of 1 mm and a deposit porosity of 50%. Suspendatiem
concentr:?ations are estimated from available inféionaand may reach a maximum value of
140 kg/m.
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Table 3: Smulated floods char acteristics (version 2)
Peak flowrate Duration Initial devation Z,

Date (m’/s) (days) (m)
November 18, 197 95 1 19C
April 16 197¢ 10¢ 3 19C
September 12, 19 127 1 194
March 6, 198 56 1 19C
September 11, 19 23¢€ 1 18¢
March 7, 198 53 3 192
November 3, 19¢ 255 1 19C
November 11, 19¢ 147 2 19C
February 3, 19¢ 99¢ 2 192
December 30, 19! 75¢ 6 18¢
March 8, 198 26€ 3 192

It is to be noted that a clear relationship eetwflood flow rates and concentrations does nigt.ex
Therefore, a value of 100 kgfris retained for peak flows and an average of abOukg/nd is used
for flood periods. Such values could also be usesimulate future evolutions. It appears clearbt th
this parameter is indeed a key-parameter for thmeilation. This statement is reinforced by the fact
that, when high concentrations are recorded béfar@eak flowrate occurs, they are followed by-a re
deposition of unconsolidated sediments.

3.2.2. Implementation of the Hydrodynamic M odel

The boundary limits are in the upstream area: hijidrograph and the concentrations. For the
downstream, they consist of a calibration law cponding to the operation of the dam with sluice
gates open.

For the 1975-1986 period simulation, the initigter line is the water level estimated basechen t
monthly records of floods arrival. The initial camtration is assumed to be the equilibrium
concentration. This is consistent with the hypathes a slow flood event occurrence. For the sdke o
simplifying the implementation, a single simulatibnking the various floods is carried out. This
allows having a baseline for each flood which cspands to a low flowrate (10%s) with realistic
concentrations (10 kgfn

Dam area

Upa1feunl

anm.

Fig. 6: Mesh for thé model and dam topography isolinesfor 1975.

The time at low flow rate can help to decredse water level to values close to those actually
observed. During these low flowrate phases, reteatsediment are considered virtually nil, which
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corresponds to the actual situation. The meshr@igl was simplified and consists of only 1005scell

It is based on profiles across surveys and guigeljnining the most characteristic points of these
cross-sections. The cell size varies from 10 ton@fers. A Strickler coefficient equal to 48'#s was
chosen because of the reservoir bottom topograpiopthness that is due to sediment deposition.

4. RESULTSOF THE CALCULATION ON ZARDEZAS RESERVOIR

Thea coefficient was taken equal to 0.02, a value thatd times lower than the one estimated in
previous calculations with Rubar 20 (Paquier, 1998)is is done in order to avoid excessive
accumulation of sediment upstream of the investijatrea. Figure 7 shows the longitudinal profile
after calibration. The calibration has been perminbased on this single parameter, as it is
presumably considered unchanging with time becduseather related to sediment features than to
another property.

This small value and the remaining underestiroatgeposition may be attributed to the inaccurate
approximation of the currents intensity in the wity of the dam where vertical velocities are not
anymore negligible. Moreover, the effect of the mabdelled smaller floods, or the influence of
particle size can extend the list of other possibleses.

205

200

- 1975
— 19856 measured
------ 1985 calculated

195

Bottom elevation (m A.S.L.)

1?0 T T T T T T T T T T T T T T T T T T T T T T T T T
0 1000 2000 3000 4000 5000
Distance from upstream (m)
Fig. 7: Longitudinal prdfile of thereservoir bottom

Figure 7 illustrating a cross-sectional reserpoofile located in the first quarter at 1300 ratdnce

upstream from the dam body, shows clearly thabtitained transverse picture of the deposits is not
accurate.
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Fig. 8 Transverse profile 1300 m upstream of the dam

In effect, the calculation roughly gives a tna&rsely uniform deposition phenomenon such that
except when the branch is cut, the deposit is dlfady horizontal. That discrepancy could be
attributed to the mode of distribution of the defsowithin the computer code of the model itselhieT
latter assumes a uniform distribution within thdl eed does not account for the elevation or far th
slope. A finer meshing on the reservoir banks atherosteep slope areas would partially solve this
problem.

5. CONCLUSION AND RECOMMENDATIONS

The numerical simulation performed for Zardezas deservoir in Algeria, making use of a two-
dimensional horizontal hydraulic model, gave altetdume of deposit sediments that was fairly close
to the actual volume measured in the reservoil8#5-1986 operation time range. With the setting
and the calibration of one and unique parameteés, thlume could be on average appropriately
determined within the reservoir.

The local discrepancies in thickness and in dbposits’ distribution are clear evidence of the
difficulty inherent in any sediment transport modalibration. It is therefore a requirement to mefi
the mesh as much as possible in order that itdesland accounts for local topographical singugerit
and steep slopes banks.

A further research effort is to be devoted ® assessment of the laws of exchange with therhotto
for such dam reservoirs. Nevertheless, it is aettzat the essential part of the observed uncéytain
the results is mostly due to that of the input

The application of such a proposed approach fwotthe management of existing reservoirs or for
the choice of new dams’ potential sites, is tedihicpossible. It would rely on the generation of
scenarios consisting of a succession of floods witten return periods. Their input hydrographs
would be developed from a synthetic representaiifotme local hydrology through QdF models and
its translation into MFSH (Mono-Frequency Synthéfigdrographs)These data are supplemented by
the assumption of a small change in mean sedinwgraentration from a major flood to another. This
will only make sense if, enough hydrometric datatéw and sediment) are recorded upstream, are
properly stored and reliably processed. In addittbe validation of the hydraulic model on several
existing reservoirs occurring in similar hydrocliicasettings is required for the sake of obtaining
better results.
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Although our study is based on quite incomplddta sets, we were hopeful to better know how
sediment transport operates in its whole and tdebeinderstand the different stages of the
sedimentary cycle. Another very important poinhtde is that making use of such a numerical model,
it is possible to forecast reservoir sedimentati.a result of such an informative simulation, one
will become able to estimate the useful life okaarvoir.
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