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Introduction
Hydraulic Modelling of Open Channel Flows is an essential tool to assess the propagation
of flood waves and to estimate the corresponding flooded areas. Within the scope of this
project, basics of the application of numerical flood routing models in open channels are
imparted. To this end the one dimensional hydraulic model HEC-RAS developed by the US
Army Corps of Engineers will be applied to the river Aare between Thun and Bern.
Stationary and transient simulations are carried out to disclose the characteristics of the
numerical solution of the Saint-Venant equation. The influence and implications of varying
boundary conditions, initial conditions, temporal discretisations, numerical damping and
different roughness coefficients on the simulation results are explored. The primary goal is
thus not to reproduce a particular flood event as accurately as possible, but rather to learn
about the background, the possibilities and the limitations of numerical flood routing on a
hands-on project.

River and discharge data
The simulation is carried out for the river Aare between Thun and Bern. Its long term mean
discharge is assumed to be 110 m3/s. A chosen flood event in 2008 1 is used for the unsteady simulations. The corresponding hydrograph is shown in Figure 1. The required geometry data for the river bed was also provided as cross sections which could directly be
imported into HEC-RAS.
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Figure 1: Hydrograph at Thun for the chosen flood event (#2)

1

Flow hydrograph # 2 (flow_hydrographs.xls)
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Part I | Steady State Simulations
Preparations ________________________________________________
In order to get started with HEC-RAS, a
new project first needs to be created and
the geometry data must be imported.
Additionally, an orthophoto was extracted from map.search.ch and loaded
into the project for illustrational purposes.
Having adjusted the unit system to meters, one may begin with setting up a
simulation, either a steady or an unsteady flow analysis. The discharge, the
boundary conditions and initial conditions need to be defined before starting
the computation.

Figure 2: Cross-sections shown for the river Aare near
Heimberg together with the orthophoto from map.search.ch

1. Rating Curve for steady state conditions ___________________________
 Specify the boundary condition (downstream, normal depth)
The boundary condition was set in the dialogue shown in Figure 3 to: Downstream: Normal
Depth; Slope=0.002. This boundary condition is needed because of subcritical flow conditions along the whole river (see Froude number plot in Figure 5)

Figure 3: Steady Flow Boundary Conditions and Steady Flow Data dialogue. The number of profiles, their constant
flow rate and the boundary conditions can be set.

 Enter five different steady flow rates for all profiles
The steady flow rates can be set in the dialogue shown in Figure 3. The following flow rates
were chosen for the steady flow simulation:
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Table 1: Flow rates in m3/s used for the steady state simulations

PF 1
110

PF 2
50

PF 3
80

PF 4
200

PF 5
300

W.S. Elevation [m]

 Run a steady state simulation and look at the plotted rating curves (Q-H relationship) at a
couple of cross sections. Save this run to compare later on with the rating curves for unsteady flow in Exc. 2.3.
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Figure 4: Rating curves at different cross-sections for different Q (Name stands for distance from Bern [km])

2. Influence of the roughness coefficient n ___________________________
 Conduct two simulations with altered roughness coefficients for the whole river reach. Be
careful that the roughness values still lie within realistic bounds. Rename and save the adjusted geometric profile.
The roughness coefficients have globally been increased by 50 % and decreased by 20%.
The adjusted geometric river profile aare_th_be09rough15 and aare_th_be09rough08 has
been stored in the file \\01\steadystate.g03 and \\01\steadystate.g04 respectively.
 Compare flow velocity, Froude number and flow depth along the river reach as well as the
rating curves at selected cross sections. Discuss the sensitivity of the computed discharge
with respect to varying roughness coefficients. What errors and consequences could arise
from false assumptions about the roughness of the river bed?
The flow velocity and the Froude number can directly be exported from HEC-RAS. The Flow
depth was calculated by subtracting the river elevation from the water surface.
The computation resulted as expected. In Figure 5 it can be seen that the larger the roughness, the smaller the velocity and therewith the higher the flow depth (continuity). At
roughly 5.5, 12.5 and 23.2 km, the Froude number becomes around one ( Frmax = 1.008 ). Set
the case the flow actually becomes supercritical, an upstream boundary condition is
needed for the calculation (i.e. slope, normal depth). In this exercise, the assumption of
subcritical flow was accepted as sufficient.
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Figure 5: The effect of altered roughness coefficients on flow velocity, Froude number and flow depth. Whereas
the yellow line shows the default case, the blue stands for the rougher and the red for the smoother regime.

The rating curves for Thun and Bern presented in Figure 6 also show the decrease of the
flow depth when the river bed is less rough. The decrease in Thun is slightly larger than in
Bern (0.22 m at a flow rate of 300 m3/s). This possibly is due to fact that energy is lost proportionally to the increased velocity. Therefore, the difference is smaller at Bern than at
Thun. The influence of the change of the roughness coefficient turns out to be relatively
strong (at 300 m3/s, doubling of the roughness coefficient an increase of the flow depth of
1.75 m in Thun and 1.32 m in Bern). This fact makes it necessary to determine the roughness accurately in the field and to take care in situation in which the coefficient needs to be
estimated. Particularly when carrying out a simulation of a flood predicting inundated areas, an overestimated roughness coefficient will induce higher water surfaces which may
lead to false or too large flooded areas and vice versa.
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Figure 6: Rating curves at Thun (left) and Bern (right) for varied roughness coefficients.

Part II | Unsteady State Simulations
1. Influence of initial conditions and warm up time _____________________
The model needs some time at the beginning of the simulation to level out, i.e. to adjust to
initial and boundary conditions. In the following you should determine an appropriate warm
up time for your simulations.
 Determine the long term mean discharge [m3/s] of the Aare at Thun from the hydrologic
yearbook of Switzerland (website of BAFU: http://www.hydrodaten.admin.ch).
The long term mean discharge was found to be 110 m3/s.
 Carry out a stationary simulation with the long term mean discharge. Here you should use
the unsteady flow tool of HEC-RAS, but enter a flow hydrograph which doesn’t vary with
time.
The stationary hydrograph unsteadyconst110 is stored in \\01\unsteady01.u05.
 Conduct two additional stationary simulations of the long term mean discharge with varying initial conditions, i.e. the initial flow condition doesn’t match the flow hydrograph of the
upper boundary condition (e.g. ± 50% of the long term mean).
As suggested, the initial discharge was varied between 55 and 165 m3/s.
 Compare the results and settle on an appropriate “warm up” time of the model for the following simulations. Comparison can for example be based on stage- and flow-hydrographs
(H(t)- or Q(t)-graph respectively) of the different runs. Briefly discuss the importance and
the influence of the warm up phase on the simulations.
In Figure 7 and Figure 8 the initial discharge and the water stage are shown for Bern. It is
seen that the discharge converges pretty fast to the steady flow of 110 m3/s so they calculation gets stable after eleven hours. Therefore, the further calculations will be carried out
using a warm up time of eleven hours.
If the warm up time is neglected, the results for the first few hours may be affected with
huge errors. The warm up time may increase for even a larger discrepancy between initial
and boundary conditions.
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Figure 7: Influence of the initial condition on the discharge (Q=110 m3/s) at Bern and warm up time
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Figure 8: Influence of the initial condition on the stage (Q=110 m3/s) at Bern and warm up time

2. Determination of the required temporal discretisation _________________
This and the following Exercises should be carried out with the hypothetical flood event
which was assigned to you. One way to estimate the appropriate time step for your simulations is to consider the Courant-Friedrich-Levy (CFL) criterion. The criterion is usually applied to explicit numerical schemes. HEC-RAS uses an implicit scheme to solve the discretized equations, but the criterion may nevertheless serve as a guideline:

Δt
≤ 1.0
Δx
Δx
Δt ≤
,
v max

CY = v max ⋅

(1)

(2)

where v max is the highest velocity observed in the system (= flood wave speed), Δt is the
computational time step and Δ x is the distance between cross sections.
The manual of HEC-RAS lists another, usually less strict, criterion to select an appropriate
temporal discretisation (see also Chapter 8 in the Users Manual):

Tr
,
20
where Tr is the time of rise of the hydrograph to be routed.
Δt ≤
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 Determine v max for a stationary simulation with the observed peak flow of your inflow hy-

drograph. (Again, the HEC-RAS manual states an alternative way to derive v max , compare!)
The maximum velocity is found equal to v max = 4.61m s for a maximum discharge of
Q=590 m3/s.
 Estimate ∆t with the two approaches listed above and conduct simulations of your flood
event with the different time steps. Adjust the Hydrograph Output Interval accordingly to
ensure that the more detailed results are actually displayed in the graphs.

For Δ x , 26.6 m was assumed because it was the shortest distance between two cross sections found throughout the entire river reach.
According to Equation (2), a Δt = 5.77 s is found for Δ x = 26.6 m. When using equation (3)
for the estimation of Δt , a time step of 9 minutes results for Tr = 3h .
 Carry out additional simulations for different ∆t.

Figure 9 and Figure 10 show the flow hydrograph at Thun and Bern for different calculation
timesteps. The chosen time steps are 5 sec, 6 min, 30 min, 1 hour and 6 hours.
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Figure 9: Flow Hydrograph at Thun for different time steps
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Figure 10: Flow Hydrograph at Bern for different time steps
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 Discuss the influence of the temporal discretisation on the simulation results. In particular address the influence on the variability of the flood wave, the timing and the magnitude
of the flood peak, the required computation time and the stability of the model. What time
step do you use for your future simulations? Why?

Comparing the flow hydrograph for Thun (Figure 9) to the one for Bern (Figure 10) it Is
seen that the influence of the temporal discretisation is much smaller. Only the far to large
time step of six hours doesn’t represent the true hydrograph whereas the peak flows diminish at Bern the rougher the discretisation. It can be said that the whole hydrograph gets
planished the larger the time step is chosen and therewith the underestimation of peaks
gets more important. This is obvious because less information is available to represent the
real peak discharge. As for this flood event, a time step of six minutes almost provides the
same results as a resolution of five seconds whereas the discretisation of 30 minutes still
reproduces considerably accurate results. Therefore and particularly with respect to the
computation time (proportional to the resolution in time; 5 seconds resolution needed
roughly 45 minutes at a 1.6 GHz CPU), 30 minutes was assumed to be sufficient. In order to
even ease the handling in Excel of the produced data, a time step of 1 hour was used for
further calculations. The error arising by reason of such a large time step is assumed to be
acceptable in context of this exercise.

3. Rating Curve for unsteady state conditions __________________________
 Run an unsteady flow simulation and compute rating curves (Q-H-graph) at different
cross sections.
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Figure 11: Rating curves for the unsteady flow simulation at different cross sections. The series’ names stand for
the distance [km] from Bern.

 Compare the rating curves to the ones derived at the same locations in the steady state
simulation in Exc 1.1. Is there a significant difference between the two curves? Discuss possible reasons for deviations in the Q-H relationship between the steady and unsteady flow
simulations. Furthermore analyse the temporal evolution of the stage-discharge function for
the unsteady flow simulation. Is the function constant throughout the event, i.e. is there a
one to one relationship of Q and H or can you observe a hysteresis loop?
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The rating curves at different cross sections for the steady and the unsteady case are
shown in Figure 12. It is seen that the unsteady analysis predicts a lower water stage elevation for small discharges (<100 m3/s) than the steady simulation. The underestimation
even gets larger the closer we come to Bern. The bends in the rating curves at 50 m3/s
(steady) and roughly 110 m3/s (unsteady) indicate the lowest simulated discharge. Therefore, the curve is completely interpolated between the lowest discharge and zero. Results
above the bend are very similar. Hysteresis cannot be observed but another problem. When
calculating the rating curve with a five seconds time step, systematic jags are visible when
plotting the data (see Figure 13). These jags are neither logical nor plausible and assumed
to arise from a numerical computation problem of the software.
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Figure 12: Rating curves for the steady (solid line) and the unsteady flow (dashed line) simulation at different
cross sections
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Figure 13: Closeup of the rating curve for Thun calculated from the unsteady analysis (5 seconds time step).

4. Numerical Damping __________________________________________
 Analyse and discuss the implications of reducing the implicit weighting factor from 1 to
0.6 on the simulation results and the model stability. To this end conduct a couple of simulations with varying time steps ∆t and a value for Θ of either 1 or 0.6.

In Figure 14 the hydrographs for the different variations of ∆t and Θ are shown. Figure 15
shows a closeup of the maximum peak from Figure 14.
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Figure 14: Numerical Damping: Hydrograph for the flood event at Bern calculated with different time steps (6
min, 30 min, 1 h, 6 h) and different θ (0.6, 1)
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Figure 15: Closeup of the maximum flood peak shown in Figure 14

Looking at Figure 15, it is clearly seen that the Θ influences the discharge more the larger
the time step is chosen. So for small computation steps, the deviation caused by the value
of Θ is relatively small whereas already for a ∆t of 30 minutes a significantly different peak
flow is modelled. When comparing the 30 minutes simulation with a Θ equal to 0.6 to the
simulation with a time step of six minutes, it is seen that a Θ of 0.6 improves the accuracy
of the simulation with 30 minutes (represents the “six minutes hydrographs” much better
than when a Θ of 1 is chosen).
Comparing the six hours hydrographs (Figure 14), it is seen that they extremely differ in the
prediction of the time the maximum peak flow occurs. It is therefore assumed that the stability of the model is at risk whereas for the other time steps, the model still provides reliable results.

5. Influence of downstream boundary condition ________________________
 Analyse the influence of the location of the lower boundary condition (normal depth condition) on the simulation results. Copy the last cross section and reinsert at a distance x further downstream to extend the river reach. Adjust the elevation of the new cross section to
set up the same river bed slope as further upstream. Rename and save the adjusted geometric data. Implement the lower boundary condition at this newly-created last cross section.
Conduct a simulation run and adjust distance x if necessary. Discuss the results. Have a look
at the flow and stage hydrograph as well as the rating curve of the cross section of Bern (=
the original end of the simulated reach).

The lower boundary condition was shifted 100 m downstream in order to test its influence.
The resulting flow and stage hydrographs are compared to the default situation in Figure
16 and the rating curves are shown in Figure 17. In Figure 16 it is seen that the stage increases (roughly 20 centimetres ≈ 10% of flow depth) when the lower boundary condition
is shifted downstream whereas the discharge is not affected at all. This effect is also reflected by the rating curve in Figure 17. This difference is based on the fact that for the deRené Kaufmann Pascal Wanner
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fault situation, normal depth (water stage slope is equal to the slope of the river bed) is assumed for Bern. This isn’t the case anymore when the lower boundary condition is shifted
downstream and this setup additionally may represent the actual conditions for Bern more
realistically when the cross section is kept constant. When analyzing the influence for locations further upstream, it is found that the influence of the lower boundary condition decreases steadily so that at Thun, no more effects are evident.
As a conclusion, it may be applicable to introduce a cross section below the lower boundary of the examined river reach in order to get more accurate results for the lower part of
the river.
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Figure 16: Flow and stage hydrograph at Bern for the default situation and calculated with an identical cross section shifted for 100 m downstream
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Figure 17: Rating curve at Bern for the default situation and calculated with an identical cross section shifted for
100 m downstream
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Paper Assignments
Bathurst ___________________________________________________
What are the main elements governing flow resistance in natural channels?

Due to the fact that “uniform flow conditions” were examined, the flow resistance is solely
governed by the grain roughness of the river bed. This means, that the resistance due to
the form roughness like bedforms and larger scale bed features, bank and vegetation effects and the changes of the planform and cross sections along the river are neglected in
order to reduce the complexity of the model. Additional parameters which influence the
flow resistance are the flow depth, the bed material size and its size distribution and the
slope.
Is the river roughness constant in space and time?

That would be an extremely rough assumption! Obviously, it is not the case. The quality of
the river bed, the vegetation along the river, its slope as well as the cross section varies
along the river reach. The roughness may change because of seasonal variability of vegetation and in case of a flood event the river bed may also change.

Wohl ______________________________________________________
How can you estimate the roughness coefficient? Which parameters influence the roughness in a channel? How do they influence the roughness?

The roughness coefficient can be estimated by the four following methods:
1. Jarrett’s equation (1984) for high-gradient channels. The equation is for natural channels
with stable bed and bank material like boulders and without bedrock.
n = 0.32 ⋅ S 0.38 ⋅ R −0.16

(W-1)

S stands for the channel gradient and R for the hydraulic radius (m).
2. Limerinos equation (1970) for natural alluvial channels:
n=

0.0926 ⋅ R 0.17

(d)

1.16 + 2 ⋅ log R

(W-2)

84

R is the hydraulic radius (ft) and d84 is the size of the intermediate particle size that
equals or exceeds that of 84% of the streambed particles (ft)
3. Visual estimation of n- values with Barnes (1967) as a guideline.
4. The Cowan (1956) method for estimation of n for specifically to account for floodplain
resistance:

René Kaufmann Pascal Wanner
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n = ( nb + n1 + n2 + n3 + n4 ) ⋅ m

(W-3)

nb is the base value of n for the floodplain’s natural bare soil surface, n1 is a correction factor for the effect of surface irregularities, n2 is a value for variations in shape and size of the
cross section, n3 is for obstructions, n4 is for vegetation and m a correction factor for sinuosity.
Which parameters influence the roughness in a channel?

The hydraulic radius R, the channel gradient S and the intermediate particle diameter d84
influences the roughness in a channel.
How do they influence the roughness?

The hydraulic radius is the ratio between the cross section area and the wetted perimeter.
The hydraulic radius is responsible for friction losses along the river bed and on the banks.
This parameter will be important for small values, i.e. for small rivers. The channel gradient
influences the roughness only indirectly due the possibility to hold bed material. The main
parameter to roughness is the particle size. Particles are barriers which will increase the
energy losses due turbulences, eddies and flow separation. The channel gradient influences
the size of the particles. In steep channels one can find coarse particles, the fine particles
will be moved away. The hydraulic radius is responsible how much particle can accumulate
on a place.
What is the influence of a varying roughness coefficient on the river flow? Can you make a general
statement?

Wohl found that for changes of the roughness of 10% does not have an effect to the discharge. By changing the roughness of 25% the discharge changed by 10 to 12%. Those
statements are not true for every river. Wohl found also some exceptions where the change
in discharge was smaller or higher respectively.
A general statement of Wohl is that the discharge is associated with varying roughness values. The change of discharge is inversely proportional to the channel gradient and to the
width/depth ratio and it is proportional to roughness. For rivers with steeper gradients and
small width/depth rations the change of discharge will be large while changing the roughness coefficient.

page ii

René Kaufmann, Pascal Wanner

