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Abstract. Numerical simulation models are powerful tools ttam and downstream
valley risk assessment and management, includieag¥#aluation of the impact of floods
due to dam failure events and the valley emergepleyning. Several codes are
available for numerical simulations of floods cadsky dam failures: the most well
known being 1D models. This last type of modelslead to possible errors namely in
the cases where there are important cross-sectibanges (like enlargements or
narrowings) in the propagation river stretch or wiever the flow occupies a flood-
plain. In these cases a 2D model is required. TBeB2PLAN model was developed for
the simulation of dam-break flood waves in valleygh irregular topography whenever
the 1D approach loose validity. This paper concetims use of the 2D BIPLAN model
and of the well-known 1D DAMBRK model for the saioh of the dam-break flood
propagation in a real valley: the Arade River loz&d in the South of Portugal. The
accuracy of both models is presented through a eoatpve analysis of their results
with experimental data obtained in the physical eloaf Arade River valley. Firstly, the
main characteristics of the numerical models areegented and the case study is
described. Next the paper briefly describes thesm®f model of the case study,
constructed in order to validate dam-break floo@pagation models along river valleys
of irregular topography. Finally, the paper alsogsents the results of 2D BIPLAN and
1D DAMBRK models and the comparative analysis d@irtlesults, also involving
experimental data.

1 INTRODUCTION

The main dangerous effect in the downstream vétikgwing a dam failure is the sudden
release of a flood wave and its consequent projegalhe risk assessment in dam
downstream valleys is basically a definition of thetential flood (hazard) consequences
(damages and losses) based on hydraulic analygiscemputational simulations.

There are several codes available for numericallsition of dam-break floods: the most
well known being 1D models. Those can lead to jdsserrors namely in the situations
where important cross-section changes (enlargenoemtarrowings) exist in the propagation
river stretch or whenever the flow occupies a flptain. In these cases a 2D model is
required.
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This paper concerns the use of the 2D BIPLAN maaledl of the well-known 1D
DAMBRK model for the simulation of the dam-breakdtl propagation in a real valley. The
case study presented in this paper concerns FuandoArade dams and their shared
downstream valley, localized in the South of Pamtudhe paper presents both dam break
flood simulation results using 2D BIPLAN and 1D DARRK models. The accuracy of both
models is presented through a comparative anabfsiseir results with experimental data
obtained in the Arade River physical model.

Following this introduction, Section 2 is a presgion of the main characteristics of the
numerical models. Section 3 describes the caseg siudl Section 4, presents the comparison
of the numerical results and experimental dataallinthe paper ends with the main
conclusions which arise from the study, namely ¢hegarding the accuracy of 2D BIPLAN
model results.

2 NUMERICAL MODELS

2.1 1D DAMBRK model

The 1D DAMBRK model simulates the failure of a dasomputes the resultant outflow
hydrograph and simulates the routing of the danadbflood wave through the downstream
river valley. The model is fully described by B&3&MBRK 1991".

The outflow hydrograph in the dam cross-sectioooisiputed, in the general case, by the
addition of the flow through the breach, overtogpihe dam and through the spillways. The
flow overtopping and through the breach is caladatsing a broad-crested weir equation.

The model governing equations in which the roufimgcess is based are the complete
one-dimensional Saint-Venant equations that argleduwith internal boundary equations
representing the flow through structures such assdand also external boundary equations
for the upstream and downstream end of the rougagh. The system of equations is solved
by a nonlinear weighted 4-points implicit finiteHférence method.

The upstream boundary condition is an hydrograph),(@efined by the program user.
Generally the occurrence of a natural flood hydapgrriver is envisaged. It is also the user
that must define the downstream condition. DAMBRKodal allows the following
conditions: a) rating curve Q= Q(h) (single and aiwic loop), b) critical flow rating and c)
water level time series h = h(t).

2.2 2D BIPLAN model

The 2D BIPLAN model was developed for the simulataf dam-break flood waves in
valleys with irregular topography where the 1D a@h looses validity, such as: flood plains
and zones where strong changes of the cross-sestiowr. The physical equations, the
numerical method and the computational descripbiothis model are presented on Table 1.
The model is fully described by Frarico

The model is based on the full 2D shallow wateragigns — the two-dimensional Saint-
Venant equations — solved by the MacCormack-TVDhoet The model uses a Cartesian
computational grid. The topography, i.e. grounclat each node, can be defined by a digital
elevation model (DEM). The output of the model gstzson hydrographs at any point of the
grid (flow depths and velocities) and tables prepato produce, by means of Geographic
Information System (GIS) software, digitalized idation maps and velocities field maps.

Two external boundary conditions must be imposeé: a the upstream river zone of the
simulated area and another at the downstream zovee. 2D BIPLAN model only computes
the routing of hydrographs, i.e., it does not clamithe failure of the dam and the resultant
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outflow hydrograph. Therefore, the model user niiust define, as data input, the hydrograph
to impose in the upstream boundary. In this cdsebbundary hydrograph was obtained with
the 1D DAMBRK numerical model and was next linkedcording to BIPLAN upstream
boundary algorithm, to a characteristic equationalowing the calculation of flow depths
and velocities at the boundary, along the axish&# thannel. At this section the uni-
dimensionality of the flow is admitted and the \@ies are considered zero on the normal
direction of the channel axis. At the downstreanurutary a radiation condition is used
linked to the characteristic equatiori. @t this section the uni-dimensionality of thevilds
also admitted.

Description
Physical The 2D full Saint-Venant equations in the conseovat
equations form

The friction term is calculated with the Manning-
Strickler formulation

Time Second order explicit, mixed forward and backward
discretization finite differences, fractional two steps scheme
Space Finite difference two steps scheme (predictor and
discretization corrector steps)
Regular and rectangular computational grid
Numerical flux TVD limited

Local linearization with Roe method: Roe
Entropy condition: Harten and Hyrfan
Flux limiter formula: Van Leer

Source terms Explicitly integrated
Time step Variable in each time step calculatethiyCourant-
Friedrichs-Lewi (CFL) number
CFL condition Equal to 0.9
Numerical Walls - fictitious points considering symmetric
treatment of reflection
boundaries Downstream channel - characteristic C

Table 1: General characteristics of 2D BIPLAN model

To ensure the numerical model capacity to simufedes in domains with general
irregular topography and to recognize possible pafithe flow in each time step, a special
treatment imposing internal boundaries conditiorss weveloped. These boundaries, which
are temporary and mobile, are generated dependintheo water levels values and ground
surface elevations in the adjacent computationaleao Three situations were envisaged
where the direct application of the Saint-Venaniagmpns is not allowed and, for each one,
additional conditions were defined, in order toedetine the intercell fluxes, namely the
followings: i) dry cell, ii) high point and iii) kv point.

In the first situation — dry cell — the model sdethere are wet cells in the neighbouring
of the grid pointi(j) under calculation, verifying if the water depthsts adjacent grid points
are lower thare , value almost equal to zero. If this conditiorcurs, the model imposes
flow depth and velocities equal to zero in gridmdi,j) and the Saint-Venant equations are
not applied. The algorithm is, for example, in tase of the predictor step with progressive
difference in the x direction:
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where h = water depth; u and v = velocity composi@hbng the x and y directions and the
superscripts P denotes the predictor steps.

The second situation — high point — is guarantédéukei water depth in the grid pointjJ
is zero and the ground surface elevationj ¥(s greater than the water level in the adjacent
grid point (Figure 1). For example, in the casetlo¢ predictor step with regressive
differences for the x direction, the model verifiesh,; =0 and Z,; >Z,,; +h,,; . If

i-1,j
those conditions are guaranteed, the Saint-Venamatens are also not applied and the
variables predictions are:

h? =uf =vP =0 (2)
] 1] L]
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Figure 1: Definition sketch of the internal tempgrhoundaries.

The third situation — low point — is defined whére twater level at the grid pointjf is
lower than the ground surface elevation at the himgring grid point, i.e., in the case of
Z,,+h <7, , the model generates a reflection boundary folignthe methodology

presented by Fennema and Chaudland a fictitious point is created i+1,j). In the case of
using progressive difference in the x directiong(ffe 1) the following conditions are
imposed:
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Zi+Lj = Zi,j )
i1 Zi—l,J + hi—l,j - Zi,j

Uinj = Ui

Viaj = Viaj

With these values in the fictitious grid poini+1,j) it is possible to apply the
MacCormack-TVD method and solve the Saint-Venantaggns, obtaining the prediction
for the water depth value at grid poimj)( hfj , and imposing, in the x direction, a null

. P _ . - . . .
velocity (u; ; = 0,0). At the end of this computational step, theables values at grid point

(i+1,)), that have been altered during the previous stepreturned to their normal and initial
values.

3 CASE STUDY

3.1 General characteristics

The Arade River is situated in the South-westem paPortugal in the Algarve region
and has a total length of 45 km, until the riverutig at the Atlantic Ocean. Its basin has an
ENE-WSW orientation and a surface area of 80F.kArade River is one of the most
important Algarve surface water resource, and kp#t apart by 5.7 km, two dams in
cascade: first, the Funcho dam (km 4.7) and, tthenArade dam (km 10.4) - Figure 2. The
river stretch downstream of Arade dam has a tetaith of 23.6 km.
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Figure 2: Funcho and Arade dams downstream valley.
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Funcho dam is a concrete arch dam, built in 19%h, avheight of 49 m and a crest length
of 165 m. The reservoir has a gross capacity of H87. Arade dam is an earthfill dam, built
in 1955, with a height of 50 m and a crest lendtB46 m. The reservoir has a gross capacity
of 28.0 hn.

Arade River spreads throughout six districts, SijMeortim&o, Loulé, Monchique Lagoa
and Almodovar. The total population downstreamdams is concentrated in two main poles
— Silves and Portiméo cities. Silves city, whichlasalized 9.6 km downstream of Arade
dam, has 10 674 inhabitants, according to 2001 yepulation census. Further downstream,
in the river estuary, 21.6 km downstream of Aradmdlies the city of Portim&o, with 33 468
inhabitants.

The Arade River margins are sloppy and narrow & Rancho dam section. Maximum
elevation there is 486 m. Overall medium elevabérthe downstream subsection is 73 m.
The Arade reservoir is a transition zone to a npdaén terrain. Downstream of Silves city,
the river gives place to the estuary, where therbed becomes much wider.

3.2 Arade river physical model and tests

A reach of the Arade River valley, immediately detveam of the Arade dam (km 10.4)
was chosen for the construction of the physical ehdtlis a non-distorted model at a scale of
1:150 and reproduces a stretch of 6000 m of thez xialley.

Over the initial 1.7 kilometres, the modelled rivea narrow and straight valley, with 1D
flow behaviour. At the end of this stretch, a ttdny - the Baralha Creek - enters from the left
margin. The following second stretch of the modelier is 3.7 km long. It is an area where
2D effects prevail, mainly due to the existence o¥ide plain with several singularities such
as two consecutive river bends and a narrowingopedd by a bridge. Over the final
modelled river stretch, the cross-sections narrgammaand the flow practically occurs in the x
direction; due to this topography, critical flowllaccur at the downstream boundary.

The physical model is 40 m long and 20 m wide (Fag8) and is fully described in
Viself. The discharges are modelled by a closed loop@asistem for reproducing selected
flood hydrographs in the upstream boundary of tisggal model.

-

] Joetar

Figure 3: General view of the Arade River valleysibal model.

A set of 20 rectangular metallic plates are sithaieer the model, each one equipped
with submersible transducers (pressure sensorsheasure the time evolution of water
depths. This paper presents the record data fee thi them — transducers,l Tmaand Tye.
The placement of these sensors, which signal igigetjand registered in a second computer,
is shown on Figure 4 and was chosen to illustrae results of the most important
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singularities of the model. Starting at the upstrdaoundary, at (km 0.0), and proceeding
downstream, the transducers are the following:
e Tm, located in the first narrow river stretch, hatliywetween the upstream boundary and
the confluence with the Baralha Creek tributary (2x0);
* Tms, located just upstream the existent bridge (kr)14.
* Tms, located in the floodplain, just upstream the sdawver narrowing (km 15.4).

Both tests in steady and unsteady flow regimes wadertaken. As it was important to
characterize the flow behaviour for very high fleo@torresponding to dam failures), the
minimum value tested was set equal to 50&(Qnysica= 1.8 I/s, being Qysicaithe value of
discharge in the physical model). This value cqoesls to the spillway design discharge of
Arade dam and yet leads to important flood levelthe downstream valley. The maximum
discharge tested was the one allowed by the latmyréastallation: 27557 fits (Qhysical =
100 I/s).

In what concerns unsteady flow regime, four danakrecenarios (Scenarios A through
D) have been defined for the failure of Funcho Aratle dams, for the following conditions:

e Scenario A: single and total failure of Funcho dam;

* Scenario B: “domino” failure of both the dams; tdtlure of Funcho dam and partial
failure of Arade dam;

e Scenario C: single and total failure of Arade dam,;

* Scenario D: “domino” and total failures of both thems.

This paper presents the results for Scenario D.

3.3 1D DAMBRK simulation conditions and domain

In what concerns the domain for the simulationg EIMAMBRK model was applied
along the 34 km river reach, between a first sectio the Funcho reservoir, localized
4.7 km upstream this dam (km 0.0), and the estnagr the city of Portim&ao (km 34.0).
This river reach was characterized by 32 basic sBextions, obtained from
topographical maps at the scale 1:25 000. Only hliz@grograph correspondent to a
“domino” failure of both dams is used in this papeuncho dam was considered to have
a total and instantaneous failure and Arade daimatee a total and gradual failure. The
dam break flood propagation ended in the sea aadltod hydrograph in the second
dam cross section was used as boundary conditiothé2D BIPLAN simulations.

The 1D DAMBRK simulations were carried out considgra Manning-Strickler

coefficient for Arade River roughness equal ta1¥d/ s. This coefficient translates not
only the roughness of the river bottom and banks dso the roughness due to the
irregularity of the cross sections along the rivafley as well as the local losses, both
very important for the dissipation process.

The breach formation process for both dams has beeunlated and the correspondent
discharge outflow hydrographs calculated, for allrf scenarios, using 1D DAMBRK
model. Figure 4 shows, for the four dam-break sdemaconsidered, the calculated
outflow hydrographs in the upstream boundary ofghgsical model (km 10.4).
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Figure 4: Dalculated dam-breakflow hydrographs wsedpstream boundary conditions for unsteady flow
regime tests and 2D numerical simulations.

3.4 2D BIPLAN simulation conditions and domain

The domain of the 2D BIPLAN simulations is equaltte physical model domain.
The upstream boundary (km 10.4) is localized justvistream the second dam (the
Arade Dam). The downstream boundary is localizedhs second river narrowing (km
16.4).

The topographic characterization in the 2D simolagi is no more undertaken using
cross-section of the river valley but is based iregular and rectangular computational
fully and dense grid extended to the entire domaAidigital terrain model was developed
including not only the river valley but also thersaunding system, defining an external
boundary with the general dimension of 5025 x 4860 This area was discretized into
uniform square grid elements (202x181 nodes); sagciare beingx= Ay=25m. Figure 5
shows the simulation grid and the points where wager levels were calculated (T
until Trye), which correspond to the same localization of sawh the used submersible
transmitters in the physical model.

To each element was assigned a location (x,y) chenaed by a terrain elevation (2)
and by a Manning-Strickler coefficient. This lastried between 20 and 30"°/ <. Most
important values of roughness are expected to thibwied to 1D models (note that Ks =
20 m” /s was assumed to the DAMBRK model) because in 1D et®othe resistance
must translate not only the bottom and river bankrgy losses but also the geometry
losses that are automatically represented in 2Dais0

Simulations were performed for steady flow reginoesresponding to hypothetical
floods where the maximum discharge value, varietiveen 500 n¥s and 27 557 fis.
Four simulations were performed for unsteady flagimes corresponding to different
hypothesis of dam failure. For all four scenaridee tupstream dam-break flood
hydrograph in a river section just downstream Ardden was obtained by 1D DAMBRK
computational model, which has simulated the brefmimation processes and has
calculated the correspondent discharge outflow dydiphs. Only the hydrograph
correspondent to a “domino” failure of both damsisgd in this paper to present results.
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1 - Dam flood hydrograph ( Arade river)
2 - Baralha creek tributary inflow
3 - Outflow

B Tmx - Submersible transducers position

Figure 5: Computational grid for the River Araddleyanumerical simulations with submersible transetu
positions.

4 RESULT ANALYSIS

A comparative analysis of the results associatedatth numerical models and of the
experimental data is presented in Figure 6 and ewrscflow depths hydrographs in three
points of the computational domain.

The following conclusions are achieved from thelgsia of Figure 6:

e in cross section (km 12.0), a general good agreemsenbserved between the three
hydrographs; in this zone, the modelled river igsowa and straight, having a preferential
1D flow behaviour and the 1D model reproduces rately the flood characteristics;

* in cross section (km 14.1), the front wave is sligmore abrupt in the measured and 1D
DAMBRK hydrographs and the 2D BIPLAN model smootkkghtly the peak flow;

* in cross section (km 15.4), level measurementsbateer predicted with 2D BIPLAN
model; in this zone the modelled river is basicallffood plain, having a preferential 2D
flow behaviour and the 2D model shows a bettereagest with the experimental data.

» the results concerning time of flood arrivals shahat the velocity of the 2D BIPLAN
numerical flood wave is smaller than the corresponhtb the experimental flood.
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Figure 4: Comparison of the results obtained by 4aD 2-D computational models and experimental: data
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5 CONCLUSIONS

In this paper, numerical simulations performed flyinvith both 1D and 2D numerical
models, showed that the dam-break flood propagationg a downstream valley with
irregular topography can present significant défezes when a comparison between 1D
and 2D numerical results and experimental datandertaken.

The systematic comparison performed between cordprgsults with 2D BIPLAN
and 1D DAMBRK models and measured data in the mlaysmodel of Arade River
valley showed that the first numerical model preésesimilar water levels to those
obtained with experimental data. The second moeleins to overestimate this variable.

Despite the good results, in what concerns wateel$ée the times of flood arrival
computed with 2D BIPLAN model are generally hightian those measured in the
physical model. Surely those differences are imgodrin the process of risk mitigation: a
smaller time of flood arrival has consequences fon, example, warning population
remaining in the downstream valley, compelling tefide additional practices for
emergency planning.

Finally, the physical model of Arade valley provécit physical models are important
tools in the validation process of numerical modeBsmely in what concerns dam-break
floods propagation in valleys with irregular topaghy, whenever the 1D approach is not
valid.
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