TWO-DIMENSIONAL HYDRAULIC COMPUTATIONS
AS AN ENGINEERING DESIGN TOOL
HALVOR ØVERLAND
MATTHIAS BLECK
Dr. Blasy - Dr. Øverland Beratende Ingenieure GbR
Moosstr. 3; 82279 Eching am Ammersee; Germany
www.blasy-overland.de
The determination of water surface elevations is one of the basic tasks in planning any river engineering measures. This computations can be made by simple engineering design tools e.g. by application of the Manning’s formula or by using special flow calculation software packages. In the last decades one dimensional flow calculation has developed into a common tool in engineering
practice. Due to increased computational power and better accessibility of land elevation and use data in the last years twodimensional models are no longer for scientific use only. A very user friendly software package for two dimensional flow calculations based on the depth averaged shallow water equations has been applied to a broad range of design projects by the authors.
This paper describes briefly the basics of the model before showing it’s possibilities by means of example applications.

1.

Introduction

One-dimensional hydraulic models are quite common for the calculation of water level elevations in hydraulic
engineering problems. A shortcoming of one dimensional models is that the interaction of the main flow in the
river bed and the flow component on the river banks is not explicitly considered. The user has to define so-called
ineffective flow areas to account for these effects which requires a lot of experience. Especially for very small
rivers that break out of their banks quite early, this might lead to inaccurate results. Also the integration of river
side branches and confluences needs to be defined by complex sets of boundary conditions. Other twodimensional effects like the skewed water surface along curved river sections are also not covered by a onedimensional model.
Due to increased computational capacities and advanced computational routines two-dimensional hydraulic
models are no longer for scientific use only. The problems of one-dimensional models no longer exist in twodimensional models. Nevertheless other problems arise when applying two dimensional models, one of the being
the adequate generation of a finite element mesh. Also many routines accounting for structures like weirs and
culverts which are not covered by the assumptions of the underlying two-dimensional equations are not as sophisticated as the routines in the one-dimensional models which have been constantly improved during the last
decades. Finally two-dimensional models are an improvement for various kinds of flows especially where several flow components interact. Nevertheless a lot of experience is required in the application of two-dimensional
models. As always in applying a numerical (or physical) model, attention has to be payed to checking the models
accuracy and the plausibility of the results.
A standard application of two-dimensional models is the floodplain mapping by hydraulic computations and
subsequent intersection of the calculated water levels and a digital terrain model. In the planning of flood protection shemes hydraulic computations using two-dimensional models are a very valuable tool for the planning
engineer because the often quite complex impacts of a local measure are captured by these models. Flow gages
can be calibrated by the use of two-dimensional models. Especially in situations where the flow is not concentrated in the river bed this is very useful, because usually the flow band covered and secured by measurement is a
mean flow, which is then extrapolated to extreme flows. The latest development in the application of twodimensional models is their implication in flood prediction models. Normally flood prediction models account
for flood routing using a kind of Manning’s formula. To improve accuracy of these models this run-up process
should be calculated by the use of a two dimensional hydraulic model, which results in the coupling of hydrological and hydraulic models.
The authors have been involved in various projects concerning the described applications of two-dimensional
models. After a brief description of the model used and the underlying equations, each field of application is
described by an example.
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2.

Numerical Model

The numerical model is based on the depth averaged shallow water equations which can be derived from the
more general Navier-Stokes-Equations. In vector notation, these shallow water equations may be written:
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Thereby H = h + z is the water level beyond a given reference level (Figure 1). The rvelocity components in xr
and y-direction (u and v) are comprised in the
r velocity vector v . The source term S describing energy
r losses
and energy inputs consists of friction terms I R (with components IRx and IRy ) and the bottom slope I S , components being ISx and ISy.
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Figure 1: Hydraulic System

The bottom slope is defined by the gradient of the bottom elevation:
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The friction term is evaluated by the Darcy-Weisbach-Equation:
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with:

λ = 6.34 ⋅

2 ⋅ g ⋅ n2
h1 / 3

- friction coefficient following Manning’s equation,
n being the Manning’s coefficient.

This set of equations is solved by the Finite-Element-Method. The applied solver (NUJIĆ; 1998) allows a finite
element mesh consisting of triangles and quadratic elements. The advantage of this combined mesh is the better
adaptation to topographical and hydrodynamic characteristics of the engineering problem.

3.

Example Applications

Beside the standard application of two-dimensional models, the floodplain mapping, two dimensional hydraulic
models are a very valuable tool for the planning engineer in the planning of flood protection schemes because
the quite complex impacts of local measures can be transposed by these models. Flow gages can be calibrated by
the use of two-dimensional models. This is very useful especially in situations where the flow is not concentrated
in the river bed, because usually the flow band covered and secured by measurement is a mean flow, which is
extrapolated to extreme flows. The latest development in the application of two-dimensional models is their
implication in flood prediction models. Normally flood prediction models account for flood routing using a kind
of Manning’s formula. To improve accuracy of these models the flood routing process should be calculated by
the use of a two dimensional hydraulic model, which results in the coupling of hydrological and hydraulic models.
3.1

Floodplain Mapping

Floodplain mapping is the standard application of hydraulic models. Based on a finite-element mesh, specified
flows are investigated and the associated water depths at each mesh node are calculated to derive the potentially
flooded areas.
Basic source in generating the finite-element mesh for two-dimensional hydraulic computation are digital terrain
models, mostly based on aerial photogrammetry. These data are complemented by terrestrial surveys mainly of
the river bed and special hydraulic structures. The mesh of the river bed is mainly based on cross section data
because the area below the water surface is not covered by photogrammetry.
Informations from on site inspections and plans of hydraulics structures are included to model special hydraulic
structures like e.g. bridges, weirs, culverts, mills and power plants. Figure 2 shows a part of a computational
mesh covering the river Sempt in the proximity of the Bavarian town of Erding. One can see smaller mesh elements near the river and in areas with rapidly changing geometry. Farther away from the river the elements are a
larger. Also the contours are shown.

Figure 2: Computational Mesh
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Following the general mesh generation materials are assigned to each element. In the computation, the materials
represent a certain roughness which is accounted for by the Strickler coefficient kst which is the inverse of the
Manning’s coefficient n. Special attention should be paid to the buildings which are modeled as disabled elements, which means there is no flow through the buildings. By accounting for the buildings in this way the flow
situation especially in cities is much more precise then the usual modeling by increased roughness. Figure 3
displays an extension of Figure 2 showing the material data.

Figure 3: Assigned Materials

Special points in the hydraulic computations are bridges, weirs and culverts. Bridges are model by special node
boundary conditions, limiting the water surface elevation at a certain level representing the bridge’s lower edge.
The pillars are modeled comparable to buildings as disabled elements. Weirs and culverts are modeled by onedimensional elements applying empirical formulae (Poleni, Toricelli, etc.) because the assumptions of the underlying equations are violated (weirs) or the mesh has the be discretized too much (culverts). Mills, power plants,
siphons and other special structures are accounted for by a mixture of the described modelling methods.
Preceeding the final computations an extensive verification of the model is carried out, preferably by comparison
to a documented flood event. If no flood event is document, a sensitivity analysis and a plausibility check have to
replace this comparison in order to ensure the accuracy of the final results.
Figure 4 shows the results of the computation for a flood event having an annuality of one hundred years. Based
on this result, potentially flooded areas can be recognized. E.g. in Germany these areas are excluded from further
building development. Also flood protection shemes can be planned based on the known status quo.

4

Figure 4: Results of Hydraulic Computation

3.2

Flood Protection

In planning hydraulic engineering measures, two-dimensional computations are a valuable tool in estimating the
impacts of these measures. For example the village displayed in the upper right of Figure 5 is threatened by water approaching the village as a concentrated stream from the lower left. North of the village a larger channel is
located. The village should be protected from flooding by a dam which is modeled by disabled elements so the
water can not pass the dam. This allows the evaluation of the required height of the dam. In addition a trench
illustrated by its contours is located in front of the dam to guide the water to the channel.
As a second hydraulic engineering measure, an example of a river management sheme should be displayed. As
two dimensional hydraulic computations do not only have water level elevations and water depths as their result,
each point has a value for velocity and bottom shear stress. In the example displayed in Figure 5 the results for
bottom shear stress were utilized to estimate the grain size needed to secure the river bed.
In a actual project, the spillway of a smaller basin is planned by means of two-dimensional hydraulic computations. Especially wether the integrated overfalls are complete or incomplete is of special interest.

Figure 5: Computational Mesh Covering Flood Protection Sheme
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Figure 6: Calculated Bottom Shear Stress in a Flow Regime

3.3

Flow Gage Calibration

Many flow gages in Germany (e.g. Figure 7) were set up to account for minimum discharges in order to allow a
maximum possible inflow from water treatment plants. For the maximum discharges, the flow is no longer concentrated in the river bed but also on the river banks. The discharge curves were mostly determined by onedimensional computations which do not account for the complex interactions between the flows in the river bed
and on its banks. Discharge measurements were only taken for means flows. Thus these curves are often not
reliable and the high water discharges derived from gage statistics are questionable, which are important in planning flood protection measures. For example the gage associated to the curve displayed in Figure 8 is located
downstream from a bridge. For higher discharges the water level extends above the lower edge of the bridge. As
a result the flow becomes super-critical, and effect not covered by the official curve.

3.4

Flood Prediction

Flood prediction models are usually based on a hydrologic modeling system. Based on area properties, rivers and
meteorological data, the discharges at discrete points are evaluated. Applying forecasted weather data (mainly
rain but also temperature and wind), these discharges can be estimated several days in advance in order to alert
the affected people and to organize evacuation and other measures in case of potential hazards.
The flood routing in most hydrologic modelling systems is evaluated by means of an empirical Manning’s equation. By replacing the flood routing systems with a two dimensional computation, natural retention of a river
system is accounted for, resulting in more accurate results. In addition not only discharge time series’ are predicted but also water level elevations and potentially flooded areas now not shown directly. Nevertheless, this
information is very valuable for the authorities responsible for civil defense.
A pilot project the authors are involved in is currently in development, aiming to improve the flood prediction on
the Isar River in Bavaria.
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Figure 7: Flow Gage at a River
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Figure 8: Official and Calculated Discharge Curve for a Gage Downstream a Bridge
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4.

Summary

As two-dimensional hydraulic models and their application has increased during the last years, the potentials of
these kinds of models should be presented to a broader public. After giving a brief overview of the utilized
model and its underlying equations several example applications were shown. Beside the usual floodplain mapping the ongoing capabilities of two-dimensional models in the whole range of hydraulic engineering have been
demonstrated. The planning of flood protection measures and river management shemes are also included as the
design of single hydraulic constructions and river flow gage calibration. As an outlook the incorporation of a
two-dimensional hydraulic model into a hydrologic modeling system, which is currently in progress, has been
mentioned.
During their professional career the authors have been involved in many projects utilizing two-dimensional hydraulic models covering all of the mentioned applications. In addition the development of these models rapidly
improves. Further applications and possibilities might arise as the computational powers increase and the quality
of the accessible land data improves.
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