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Abstract

• We develop a network-based model of a catchment basin that 
incorporates the possibility of small-scale runoff attenuation 
features (`leaky dams') being incorporated into each of the edges of 
the network. The model is forced by a prescribed runoff to each 
node and predicts the time series of discharge throughout the 
network. It can be used to analyse the benefit and risk associated 
with adding dams at specific network locations.

• We demonstrate the model using idealised one-dimensional and 
two-dimensional networks, and explore the risk of cascade failure. 
We discuss the formulation of an optimisation problem to decide on 
the best dam placements for a given catchment, and give 
suggestions for future directions.
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Nature Based 
Solutions: 
WWNP NFM 
NWRM

‘Working with natural 
processes means taking 
action to manage fluvial 
and coastal flood and 
coastal erosion risk by 

protecting, restoring and 
emulating the natural 
regulating function of 
catchments, rivers, 

floodplains and coasts’ 



Introduction

• Growing interest in the use of “nature-based” flood risk management 
measures, which include:

– Small-scale runoff attenuation features (RAFs), which are typically “leaky” 

dams or barriers made from wood that allow low flows to pass through, but 

that hold back high flows, thus providing temporary storage of flood water.

– The hope is that a large collection of such RAFs deployed in small stream 

channels may hold back enough flood water so as to mitigate flood risk 

downstream, where communities and people are at risk.



The challenge

• The challenge is in understanding the performance and optimization of 
a system comprising a collection of individual ‘Runoff Attenuation 
Feature’ (RAFs), in this case ‘leaky barriers’, distributed spatially 
throughout a connected stream network in a river catchment.

• This is a difficult problem that JBA Trust has been involved in tackling in 
recent work (see, for example http://www.jbatrust.org/news/reducing-
flood-risk-by-working-with-nature/). 

• Within a network analysis, we wish to generalise each as an object that 
intercepts runoff within a flow pathway, and then releases the flow more 
slowly. Such features can be envisaged in hydrological models as 
conceptual storage elements or slow-pass filters (where the flood flow is 
a “signal” that is attenuated by the RAF).

http://www.jbatrust.org/news/reducing-flood-risk-by-working-with-nature/


The crux

• The crux of our challenge lies in representing arbitrary collections of 
RAFs as a whole system, within a stream network analysis.

• Ultimately, we wish to account for the performance and potential 
failure modes of a system of RAFs, including issues such as:

– propagation of flood “waves” (i.e. peaks in runoff) through the network, 

– possible synchronization or de-synchronization of peak flows, 

– cascade-like failure modes (i.e. a collapse of one leaky barrier triggers 

further collapses downstream) 

– dynamic utilization of the potential storage created by leaky barrier (i.e. 

testing whether the system of barriers operates optimally over the 

network, versus situations where only a few barriers are effective and 

others are redundant)

• A network analysis should prove useful in future to support 
optimisation of deployment and maintenance strategies.



Insight for real systems

• We want to bring in some of the complexity of a real system 

– Although some level of abstraction may be required, the network 

should be characterized by realistic data such as variable stream 

slopes, flood wave speeds, friction and “inflow” boundaries. 

• We are seeking to explore whether there is a mathematical 
strategy to give insight (and basic rules) into assessing the 
effectiveness and resilience of many small-scale nature-based 
flood risk management interventions in complex river networks. 

• This will help us to describe distinctive deployment and 
maintenance strategies, e.g. concentrated on headwaters, 
concentrated on lower reaches, maintain every 1/2/10/50 years 
etc. (leading to different performance profiles through time).



Performance of a system of NFM

• More detailed issues for discussion could include:

– Optimizing spatial distribution of nature based flood risk management 

interventions considering:

– Synchronization issues (superposition of flood waves unhelpfully)

– Under-utilization issues (storage uptake before flood peak)

– Failure of in-stream storage features such as leaky dams

– Cascade failure of in-stream features

– Spatially variable rainfall fields inputs (different inflow conditions)

– Sedimentation/erosion

– Backwater effects

– Can the model be generalized to a treatment of 2d surface runoff from a 

complex terrain, where blanket rainfall is used to expose network pathways



Utilisation of storage

Most barriers in 

upper reaches 

never used…. 

... whilst many of those 

further downstream are 

overflowing.



After: Adding 40 barriers has 

synchronised the flood peaks!

…need to be strategic

Consider confluence of un-named 

tributary with main channel of Ing Beck

Synchronisation

Before: Main channel peak arrives 

after tributary



Failure
– (evidence from Beaver Dam)

• Hillman, G.R., Flood Wave Attenuation by a Wetland Following a 
beaver dam failure on a second order boreal system. WETLANDS. Vol. 
18 No. 1 March 1998. The Society of Wetland Scientists.p21



Modelling of Failure with HEC-RAS
(breach development in large RAF)

• Breach failure – single embankment

Large 

storage area 

with 

embankment 

Failure of 

embankment 

through 

development 

of breach



Ensemble modelling – Where are NFM 
measures best on average?



Setting up the problem



Conservation of volume

• Conservation 

• Flow (h) depends on shape of 
channel and parameterisation of 
turbulence and friction  

• More generally when dams included 



Leaky Barrier



Overall equations

• Area as a function of length varies when there is a dam



What does this look like?



Dimensional Analysis

• Dimensionless parameters: a~0.08; b~0.17; c~0.6. 

• Key is second one – ratio of depth to elevation change across segment

• The smallness of b is problematic; it indicates that the capacity to hold 
back a significant volume of water behind the dams is very limited. This 
is a  first indication of why a large number of dams may be required to 
have even a noticeable effect on the discharge downstream.



Trapezoidal channel 

• Modified Area for trapezoidal channel o introduce greater storage 
behind barrier

• For this geometry, the 
overflowing cases 
become:



1d network

Inflow – forced 

with a Gaussian



Effect of dams for 1d network with double 
peak inflow



2d network

For different sized 

floods, the optimal 

arrangement can vary, 

and unfortunately 

there does not appear 

to be a clear rule for 

the most effective dam 

placement, even in 

this simple example.



Fragility + Cascade failure

• One of the potential risks of installing many dams in a catchment is the 
possibility that they all collapse at once, creating a flood surge that is 
larger than would have occurred if no dams had been installed at all.

• Provided each dam stores only a small reservoir of water, the collapse 
of one dam on its own should not be too catastrophic

• We can investigate 
the effects of failure 
by either randomly 
or deterministically 
assigning each dam 
a failure depth hc 
based on the 
probability 
distribution in the 
fragility curves



Cont’d

• But if the collapse of one dam causes others further downstream to 
collapse too there is the obvious danger of the surge escalating. 

• This risk may be an important factor in deciding the best placement of 
dams (perhaps outweighing the efficiency of peak-flow reduction under 
`normal' operating conditions).

• As an example of cascade failure in the network model, we return to the 
1d. We impose a regular storm inflow as before into the upstream node 
of the form given, and examine an ensemble of 50 runs. 

• Each of the dams is assigned a critical water depth hci such that when hi 
> hci the dam collapses; the critical depth is sampled from a normal 
distribution with mean 3:5 m and standard deviation 0:5 m 

• The top of the dam is at 1:5 m so dam collapse usually occurs when the 
dam is already submerged.



Ensemble runs with failure
The pattern of failure in this 

1d model, including the 

likelihood for cascading 

failure, depends heavily on 

the assumed dam sizes, 

critical water depth

distribution, and the 

magnitude of rainfall events.



Time series



2d sensitivity of 
cascade to 
configuration



Erosion

• A possible model for scouring beneath the dam is to say that there is an 
eroded depth d that evolves according to a prescribed erosion rate that 
depends upon the flow ratebeneath the dam.

• Equations modified

• As erosion occurs, the dominant effect is to increase the gap beneath 
the dam, which allows an increased  flux to pass before the dam comes 
into operation.

• Of course another effect of the scouring is to loosen the foundations of 
the dam which increases the chances of failure. Such dam collapse was 
considered in the previous section, and the gradual weakening could be 
accounted for by reducing the critical water depth hc over time.

• One possible law for the bed erosion rate under the dam is to base it on 
a modification of the well know Meyer-Peter and Muller equation



Optimisation

• The goal was to reduce the peak water level at some particular location, 
which we take to be the most downstream node of the network (node N, 
say). 

• Given that water depth is related to discharge in our model, we can 
equivalently think about reducing the peak discharge there. In order to 
provide a well-posed optimization problem we must also introduce some 
element of cost associated with each dam.

• There are two complementary ways to frame the optimisation problem. 
In one formulation, we attempt to minimise the peak water depth for a 
given amount of resources. In this case, the cost is the constraint, and 
the objective to be minimized is the water depth hN. 

• Alternatively, we could decide on a maximum allowable water level 
hflood (or discharge) and attempt to minimise the cost required to 
ensure that this constraint is achieved. Most discussion at the study 
group followed the latter approach.



optimisation



Conclusions



Summary

• The team formulated a network model for a catchment area that allows 
for simple exploration of the effectiveness of different dam placements 
and designs, and is sufficiently cheap to solve that it may be useful in 
analysing risks that require a large ensemble of simulations. 

• The formulation treats each reach of the stream as a lumped element (a 
node and an edge), with a discharge-area relationship that can be 
modified to account for the design of a dam on that reach. The model 
amounts to a system of ordinary differential equations representing 
mass conservation at each node.

• Example solutions of the model illustrate its potential for understanding 
the behaviour of different dam placements. 

• An immediate conclusion from analysing the scales involved is that a 
large number of dams are needed to have any signicant effect on the 
peak discharge downstream. 



Summary 

• The dams should be located in places with the potential to store a large 
volume of water (at and wide reaches of the channel). 

• Simple back-of-the-envelope calculations are sufficient to estimate the 
amount of storage required (the stored water volume must equate to the 
difference between integrals of the inflow hydrograph and the desired 
discharge hydrograph). 

• We have also explored possible methods to account for the failure of a 
dam, and for the degradation over time due to erosion. 

• These confirm that cascade failure is a risk when dams are placed 
along a main artery and the risk may be lessened by spreading dams 
around tributaries. 

• In all cases, the effectiveness of a design must be tempered with the 
costs, and we have suggested a strategy for setting up a formal 
optimisation problem that could be used at the planning stage.



New research, and further work

• NERC Effectiveness of NFM – Lancaster Uni – Task 6 investigation will 
be primed by this work. Barry and Rob key researchers involved.

• Further direction:

• Using a two-dimensional surface elevation model to construct real 
channel networks and to calculate individual catchment basins for each 
segment that can be used to provide estimates of runoff to each node

• Using real rainfall records or reanalysis products to force the model with 
realistic runoff estimates (in particular, with appropriate statistics for storm 
events)

• Investigating the use of different sizes of dams so that individual dams 
are not under- or over-used. 

• Using a large ensemble of simulations to quantify the risk of cascade 
failure for any given design.

• Further developing the optimisation problem, to account for the expected 
spectrum of runoff forcing and for realistic costs.


