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Abstract. 

Infrastructure management system comprises the design, construction, operation, monitoring and maintenance of 
roads and bridges. For roads adjacent to streams and bridges over water, an infrastructure management system should 
also consider issues of flooding and scour hazards. In this paper we present a case study of a new flood early warning 
system as valuable tool for safer management of roads and bridges over water. Besides existing gauges, the new 
hydrological monitoring system also comprised the development and installation of new weather and water level 
gauging stations which provide information on rainfall, soil moisture and air temperature in the area and water level at 
bridges in real-time. The new flood early warning system is developed around the rainfall-runoff model on contributing 
catchments and provides information on the existing and forecasted water levels and discharges on dedicated locations, 
such as bridges and low-laying roads. The deployment of flood early warning system required a calibration of 
hydrological model, automatization of data manipulation to/from hydrological model and forecast verification. The 
resulting water levels and discharges on dedicated locations are obtained for measured rainfall data (flood nowcasting) 
as well as for rainfall predictions (flood forecasting). Information from this system can be seamlessly included in the 
decision processes at different stages of infrastructure management, including the construction stage, operation and 
monitoring stages. One of the key aspects is the dissemination of warnings in advance of potentially hazardous events. 
The study of flood early warning system is given in a case of a new Bandon Flood Forecasting System in Ireland by 
using Delft FEWS platform. The unique feature of the Bandon system is the scour depth prediction at bridges on the 
basis of the flood forecasts. 
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1. Introduction

Flood-induced scour actions play a dominant role in many bridge failures worldwide. A study of bridge failures from 
1989 to 2000 in the United States (Wardhana and Hadipriono 2003) showed that 52.88% (266) cases of all bridge failures 
(503) are due to hydraulic factors. In a later period (2000-2012) a study by Taricska (2014) showed that scour and flood 
accounted for nearly 50% (153) of all bridge failures (341). The reasons behind such a share is that floods are low 
probability events and the total scour on a bridge is a combination of general, constriction and local scour effects. Local 
scour gives an additional complexity to the phenomena due to the interaction between flow patterns around 
piers/abutments and the river bed sediments leading to their removal and formation of scour holes. Because of different 
controlling and interconnected factors it is difficult to develop a reliable deterministic model to estimate and project the 
scour depth at bridges. As a result, different monitoring systems have been utilised traditionally to mitigate scour risks at 
bridges.  

The scour at a bridges can be monitored periodically and/or continuously. The periodic monitoring accounts for a series 
of hydrographic surveys of surrounding river bed (single-beam, multi-beam, ground penetrating radar, side-scan sonar, 
etc.) while the continuous monitoring usually involves installation of device for measuring river bed levels (sonar, time-
domain reflectometry (TDR), magnetic sliding collars (MSC), etc.). Data sets on bridge scour monitoring are usually of 
limited duration because surveys and measurements are often costly and time-consuming. Moreover, periodic campaigns 
collect information on river bed topography on a larger area but are usually performed before or after flood events (during 
dry-weather conditions) and continuous systems provide only spot monitoring of the river bed. Flood early warning 
system provides information on magnitudes and locations of floods in advance of hazardous events and can bring the 
gaps closer in bridge scour management systems. 

Flood early warning system (FEWS) can be generally divided into the flood forecasting and early warning parts. 
Depending on the size of the catchment, availability of data inputs and the requirements of warning system the flood 
flows can be forecasted by using hydrological models (rainfall-runoff models) and/or flood routing models. Hydrological 
models use weather inputs (precipitation, temperature, evapotranspiration), land topography and land-use/soil 
characteristics in the development of the model and subsequent calculations of flood hydrographs. Flood routing models 
determine the time and magnitude of flow in a river system from known/forecasted hydrographs at one or more upstream 
points. Because hydrological models can also include weather and rainfall predictions they are an effective tool in 
generating flood forecasts. 

Fig. 1. Flood warnings and response actions (from WMO 2011). 

Flood warnings are distinct from forecasts. They are issued when a hazardous event is occurring or is imminent (WMO 
2011). The purpose of flood warnings to infrastructure management company is (a) to bring operational teams and 
emergency personnel to a state of readiness and to take preparatory actions; (b) to warn the public of the timing and 
location of the event; and (c) in extreme cases, to give warning to prepare for evacuation and emergency procedures. 
Beside infrastructure management company a range of other users may benefit from flood warnings, such as county/city 
council, EPA, etc.  
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This paper presents the development of flood early warning system in a case of road network and bridges in the Cork 
County Council in Ireland as part of an EU funded FP7 project BRIDGE SMS (Bekić et al., 2017). The Bandon Flood 
Forecasting System includes (a) the development of a new hydrological monitoring system with the installation of new 
weather and water level gauging stations providing real-time information on rainfall, soil moisture and air temperature in 
the area and water level at bridge locations and (b) the flood forecasting system developed around the rainfall-runoff 
model in HEC-HMS by using Delft FEWS platform. By using flood forecasts, the Bandon system also gives predictions 
of scour depth at selected bridges. The Bandon Flood Warning System will be incorporated in the bridge management 
solution BRIDGE SMS for the Cork County Council. The work provides a case-study example in EU where sensors, 
modelling and consideration of various phenomena on road bridges eventually can lead to the standardization of the 
process, especially where the infrastructure is degrading (Znidaric et al., 2010) and there is not enough resources available 
(Weninger-Vycudil et al., 2015). 

2. Methodology

The hydrological model for flood forecasting is a major element in the flood early warning system. The most challenging 
part in flood forecasting is the deployment of monitoring networks, and the development and calibration of hydrologic 
model of the catchment. In hydrological models the output from catchment (runoff) is obtained through a mathematical 
representation of system response to precipitation event.  

On the basis of the mathematical representation of runoff processes the models can be classified as empirical black-box 
models, conceptual models or physically based models. The data-driven (empirical) models use equations that have been 
obtained from the analysis of observed data alone and include unit hydrograph, linear/multiple regressions, correlations, 
Artificial Neural Networks (ANN), and Genetic Algorithms (GA). Ease of modelling approach, rapid computation time 
and low data demand of empirical models are advantages which may be overridden by their inability to include inputs 
outside the original data set and changes in the river environment. Conceptual models represent catchment as a series of 
storage components and fluxes with semi-empirical type of equations and are reliable in forecasting the most important 
features of the hydrograph. Physical phenomena based models are often the most advanced and enable detailed simulation 
of surface and groundwater flows by utilising conservation lows of mass and momentum/energy. The partial differential 
equations are solved at each grid point in space and time by using a suitable numerical schemes. Although physical 
phenomena based models provide potentially more correct description of the hydrological processes in the catchment, 
they also require large amount of input data and information along with considerable expertise and computation time. 
Depending on the availability of data inputs and the requirements of warning system the flood early warning system will 
be developed around one of the above three hydrological model categories. 

(a) trigger water levels for different warning stages (b) forecasts, triggers, actions 

Fig. 2. Relationship between forecasts, triggers and actions (from WMO 2011). 

Flood warning relies on “triggers” related to water levels that are indicative of flood states approaching or worsening. 

Triggers include the critical water level [m] and/or critical rate of water level rise [cm per hour] which then initiate 

certain actions. Triggers have to be established by careful study of local conditions and can be related for example to: (a) 
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the level at which water flows out of a channel onto the flood plain; (b) the level at which low lying roads become flooded; 
(c) the level of water reaching the soffit of a structure; (d) the level at which depth and velocity combined pose a threat 
of structural damage and danger of loss of life. The triggers must be developed for each individual location (road, bridge) 
respecting local conditions. A schematic of the relationship between forecasts, triggers and actions is shown in Fig 2.  

3. Results

3.1. Description of Bandon FFS 

The required input data for any hydrological model include digital elevation model (DEM), land use, soil maps, other 
physiographic properties, weather stations, hydrological stations, location of roads, bridges and reservoirs, etc. Depending 
on the existing network of weather and hydrological stations and the geographical locations of bridges, a requirement for 
additional gauging stations may emerge and especially if such network of stations is not existing. Besides terrestrial 
gauging stations the remote sensing technology and data are becoming more accessible every year which will overcome 
such limitations on ungauged catchments. Additional requirement at bridge location is obtaining rating curves for stage/ 
discharge and stage/velocity which would normally require development of 1D or 2D hydraulic model. 

The Bandon Flood Forecasting System is an operational and fully automated hydrological forecasting system developed 
on the Delft FEWS platform (Werner et al. 2013). Delft FEWS interface of the Bandon FFS (Fig. 3) is a centralised 
system for monitoring and viewing of the weather and hydrological data in real-time and well as the results of the flood 
forecasts. The hydrological model is the core part of the Bandon FFS system and is built around a lumped HEC-HMS 
model (Kerin et al. 2017). The hydrological model includes 57 river elements with total length of 127.6km. The Bandon 
FFS issues hourly flood forecasts for 94 sub-catchments (591km2) and 58 junctions. The forecast results include flow 
rates, water levels (where rating curve is available), flow velocity (where rating is available) and scour depth (where scour 
model is available). The output from the hydrological model are nowcasts and forecasts of flow hydrograph with a lead 
time of up to 10 days in advance (Fig. 4.). 

Fig. 3. Layout of the Bandon Flood Forecasting System. 

Fig. 4. December 27th 2017 showing observed water levels and discharges showing three models. 
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For the development of the Bandon FFS the new weather and hydrological stations were developed and installed in 
addition to the existing gauges. The Bandon hydrological monitoring system collects and stores real-time information on 
rainfall, soil moisture and air temperature in the area and water level at two bridges (Michalis et al, 2017). Besides the 
recorded rainfall the Bandon FFS collects the rainfall predictions and calculates flood forecasts which increases the lead 
time for dedicated locations. The input rainfall dataset for each flood forecast includes: (a) 14-day rainfall recordings 
from two new weather stations in the catchment (WILD 1 and 2); (b) 52-hour rainfall forecast issued every 6 hours by 
MetÉireann with a time step of 1 hour (HARMONIE NWP) with grid cell size of 2.5km; and (c) 10-day rainfall forecast
issued every 6 hours (00, 06, 12 and 18 UTC) by Global Forecast System (GFS) of National Centers for Environmental 
Prediction (NCEP) with a time step of 3 hours and relatively coarse grid cell size of 28km. On the basis of recorded 
rainfall data the flood nowcasting is performed and presented on dedicated locations (bridges, low-laying roads). An 
example of rainfall input datasets for 27th December 2017 is shown in Fig. 5. 

a) schematics of input rainfall

b) example of input rainfall for 27th Dec 2017

Fig. 5. Input rainfall for the hydrologic forecast (note that “0 days” represents the date and time when the simulation is computed).

4.2. Scour Depth Model within FEWS 

The Scour Depth Model (SDM), although robust, makes the Bandon FFS unique in the way scour model in embedded 
within the Flood Warning System. The SDM needs be set for each bridge as it requires specific information on bridge 
geometry, rating curves, flow velocity ratings and river bed material. Water levels and flow rates are correlated to the 
flow velocity which provide the basis for the prediction of scour depth model. Flow velocities for a range of flows are 
obtained from a 2D hydraulic model. 

Fig. 6. Scour Depth Model for the Meelon Bridge (Bridewell River) on 27th Dec 2017. 

Currently, within Bandon FFS, SDM model is set-up for an arch bridge Meelon over the Bridewell river (Tributary of 
Bandon River) and uses empirical equations for abutment and pier scour depth calculations recommended by CIRIA 
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(2015). The SDM model results for 27th December 2017 forecast are shown in Fig. 6. At the Meelon bridge the scour in 
monitored by periodic monitoring of the river bed change. The Digital Terrain Model (DTM) from one of the periodic 
surveys is shown in Fig. 7. This information is useful and cost-effective, but the preferred system would provide 
measurements of scour depth on the daily or even hourly interval in order to test developed Scour Depth Model. 

Fig. 7. Digital Terrain Model for Meelon (Bridewell river) from periodic survey (Gilja et al. 2017). 

5. Conclusions

In the absence of a reliable model for bridge scour estimation the introduction of flood early warning system and research 
in this direction can bring the gap closer. The FEWS system consists of two interconnected systems: the flood forecasting 
and warning system. The forecasting system is developed around hydrological model which is developed and calibrated 
for a specific catchment and infrastructure system. Warning system is developed around dedicated “triggers” which then 
issue certain actions. The triggers may include specific water level, the rate of water level rise, flow rate, etc. The paper 
presents the development of flood early warning system for the road network of the Cork County Council in Ireland. The 
system is built around HEC-HMS model on the Delft FEWS platform in the Bandon river catchment. The main reason 
for the FEWS in Bridge Management Systems is providing information for timely decisions on road and bridge including 
emergency cases. Besides the FEWS also enables support for ongoing works in the river; planning of bridge works and 
bridge inspections; and coordination of resources in cost-effective way. The closures of roads and bridge before flood 
events are rare, but with an increased accessibility of FEWS system this practice may change. The implementation of 
Scour Depth Model in the Bandon FSS provides information on the potential scour depth at the bridge. By providing 
timely information on floods the FEWS enables proactive approach in the decision processes for flood and scour 
management. With potential increase of extreme weather events the implementation of FEWS in BMS could provide a 
cost-effective solution for mitigation of climate change effects on infrastructure linear (road) and point (bridge) elements. 
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