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Abstract 
 

The scale of the impacts associated with climate change has led to the commissioning of 

many research projects looking at how this phenomenon will affect our societies. One 

recently completed project (AUDACIOUS) has investigated the impact of climate 

change on local urban drainage systems, with a view to developing tools to assess the 

effect of extreme rainfall events upon the performance of such systems. AUDACIOUS 

has been a collaborative effort, and this paper concentrates on the work that has been 

undertaken at Heriot-Watt University, which has focussed on drainage within building 

curtilages. The background to the research is described, and case studies are used to 

illustrate the application of the developed tools. Conclusions are drawn regarding the 

overall project and recommendations for future work are detailed. 
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1. Introduction 
 

Building Knowledge for a Changing Climate (BKCC) is a £3m portfolio of research 

projects looking at the effect climate change will have on the built environment. This 

imitative was funded by the UK Engineering and Physical Sciences Research Council 

(EPSRC), and covers topics ranging from risk management through to the impact of 

climate change on historic buildings. One of the recently completed BKCC projects 

(AUDACIOUS: Adaptable Urban Drainage: Addressing Changes in Intensity, 

Occurrence and Uncertainty of Stormwater) aimed to improve understanding of the 

impacts of climate change on roof and local drainage systems, and hence develop tools 

for the assessment and mitigation of such impacts. Successful completion of these aims 

depended primarily on the generation of data describing future rainfall patterns, and the 

development of the numerical models necessary to route this rainfall through urban 

areas. In addition, guidance and a number of non-technical models were also required to 



 

assess the financial implications of suitable adaptation strategies and the health impacts 

associated with flooding.  

 

AUDACIOUS involved four UK universities, a leading UK hydrological research 

institute and numerous institutional stakeholders. The work reported herein focuses on 

drainage within building curtilages; this has included the development of numerical 

models to simulate the performance of roof and local drainage systems, and a whole life 

cost (WLC) model to assess the financial benefits of different adaptation strategies. It 

should be noted that, in the context of this project, the term local drainage refers to that 

within building curtilages, i.e. that connecting the building and local catchment drainage 

to the main sewer network at the curtilage boundary.  

 

 

2. Basic principles and current design practice 
 

Both conventional and siphonic roof drainage systems comprise of three interacting 

components, namely: roof surface, collection gutters and system pipework. The design 

of the roof surface is usually within the remit of the architect rather than the drainage 

designer, highlighting that structural and/or aesthetic concerns often take precedence 

over performance criteria. With respect to gutters, current design methods for 

conventional systems are based primarily on simplistic empirical relationships and the 

assumption of free discharge at the outlet
1
. Little additional guidance is available for the 

design of gutters in siphonic systems, and the onus is firmly on system designers to 

ensure adequate capacity. The relevant UK design standard specifies that downpipes in 

conventional systems should run no more than 33% full, whilst current practice for 

siphonic systems assumes that pipework fills and primes rapidly with 100% water
2
. The 

rainfall data used for design purposes is normally selected on the basis of location and 

consequence of failure, e.g. an eaves gutter on a residential property is designed using a 

far lower return period rainfall than a valley gutter serving a critical medical building.  

 

Local drainage systems may convey foul or stormwater flows separately or together in a 

combined system. Domestic foul flows are determined using the population method or 

the unit discharge method
3
. Any additional non-domestic foul flows (commercial, 

industrial, etc) are normally considered individually, in order to accurately determine 

their effect on water quality as well as water quantity. The rainfall data used to 

determine stormwater inflows may take the form of catchment-specific constant rainfall 

rates, catchment-specific synthetic rainfall profiles or measured rainfall time series. As 

with roof drainage design, the actual rainfall data for design purposes is normally 

selected on the basis of geographical location and consequence of failure. Once loading 

has been determined, a number of different approaches are available to design the 

drainage system. In the UK, these range from simple empirically based methods 

through to fully dynamic models based on the governing St. Venant equations
4
.  

 

The simplifying assumptions underpinning most roof and local drainage design 

methodologies mask the complexity of prevailing flow conditions, and can result in 

inflexible design methodologies. It also means that such methods are not particularly 

suitable for diagnostic purposes or for extreme loading scenarios; such limitations can 

lead to system underperformance and/or failure. Although more theoretically based 



 

approaches are available for local drainage systems, these tend to be aimed at larger 

scale sewer systems (e.g. HR Wallingford Infoworks CS), and are therefore not 

particularly suited to the type of system discussed herein. 

 

 

3. Description of research 
 

The main objective of the research was to develop technical models to determine the 

performance of roof and local drainage systems (under both existing and future loading 

conditions), and a WLC model for use as an aid to prioritisation of adaptation strategies. 

The development of the roof drainage model involved an experimental study to assess 

the performance of conventional systems under extreme conditions, as well as 

modifications to an existing siphonic roof drainage model. Similarly, it was originally 

intended that an existing numerical model (DRAINET
5
) would form the basis of the 

local drainage model. However, as DRAINET was developed to simulate conditions 

within internal building drainage, where flow conditions are predominantly free surface, 

its underlying methodology was found to be unsuited to the simulation of the full bore 

events that commonly occur in local systems subjected to extreme rainfall loading. 

Consequently an alternative modelling approach was developed.  

 

The WLC model was to incorporate all parts of the (external) drainage infrastructure 

within building curtilages, i.e. the roof and local drainage system. It should be noted 

that, unlike WLC models for main sewer networks, the model was not intended to 

automatically interact with flow simulation models for system optimisation. This is 

because roof and local drainage systems are not subject to the same type of prescriptive 

performance criteria as main sewer networks, and consequently there are no specific 

limits to act as a trigger for automatic system upgrading.  

 

 

4. Model development 
 

4.1 Roof drainage model 

 

The development of the roof drainage model has been detailed previously
6
. The 

developed model is capable of accurately simulating the flow conditions within all 

elements of a roof drainage system (roof surfaces, gutters and downpipes), for a wide 

range of different flow loading conditions. Model output includes: 

• Roof flow depths 

• Gutter depths, flow rates, velocities, overspilling volumes and overspilling locations 

• Downpipe flow rates and velocities 

 

4.2 Local drainage model 

 

In order to simulate conditions within local systems, it was necessary to develop a 

numerical model incorporating the following elements: 

• A system input module 

• A system inflow module 

• A flow routing module 



 

As the development of a fully dynamic numerical model, capable of accurately 

simulating co-incident free surface and full bore flow conditions, was beyond the scope 

of this project, a simpler routing based approach was developed. 

 

4.2.1 System input module 

Details of the drainage system are entered textually via a spreadsheet, and include: 

• Area contributing flow to system (e.g. impervious area, pervious area, pervious area 

permeability, gully connections, storage connections) 

• Storage within system (e.g. volume, maximum inflow and outflow) 

• Gully data (e.g. size, pipework connections) 

• Roof drainage data (e.g. pipework connections) 

• Pipework data (e.g. length, diameter, roughness, slope, pipework connectivity) 

 

4.2.2 System inflow module 

In addition to system layout and characteristics, the model also requires water inflow 

data. This may include foul flows from internal building drainage, roof drainage flows 

and rainwater runoff from contributing areas within the local catchment. 

• Foul building drainage inflows are calculated using a suitable statistical technique or 

simulation model.  

• Roof drainage inflows are taken directly from the output of the roof drainage model. 

• Runoff from contributing areas are calculated as follows (for each timestep):  

1. The volume of rainfall in each area is calculated from a suitable rainfall data file. 

2. The depth of water in each area within the catchment is calculated using rainfall 

data, area physical characteristics and known data from the preceding timestep. 

3. Gully inflows are calculated using known depths and standard gully equations
3
. 

 

The inclusion of the Horton infiltration formulation
4
 enables the model to simulate the 

basic effects of pervious ground surfaces, i.e. the module calculates the quantity of 

rainfall that infiltrates into a pervious surface rather than running off into a gully. As the 

module assumes uniform soil infiltration, it does not account for evapotranspiration or 

soil moisture variations across the surface; neither of these factors is particularly 

significant during critical urban events, which typically last minutes rather than hours. 

 

4.2.3 Flow routing module 

With reference to the simple system layout shown in Figure 1, the flow routing module   

simulates flow conditions within local drainage systems as follows: 

1. The inflow hydrographs for pipes 1 and 2 [ ]
21

Q(t) ,Q(t)  are calculated by summing 

the known inflows (foul, roof drainage, contributing area).  

2. The full bore (not pressurised) capacities of pipes 1 and 2 are calculated from the 

well known Manning equation
4
. 

3. Inflow hydrographs are modified to ensure they do not exceed the relevant full bore 

capacity; where flows exceed full bore capacity, excess flow is subtracted from the 

hydrograph and assumed to be expelled from the system (causing surface flooding). 

4. Mean discharges in pipes 1 and 2 (Qmi) are calculated from the modified inflow 

hydrographs [ ]
2

'

1

' (t)Q ,(t)Q .  

5. The corresponding flow depths within pipes 1 and 2 (hi) are calculated by assuming 

steady flow conditions and by using an iterative solution of the Manning equation.  
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Figure 1 - Simple system layout 

 

6. Mean velocities in pipes 1 and 2 are calculated using the Manning equation
 
and the 

known flow depths. 

7. The mean travel time (tmi) of the hydrographs in pipes 1 and 2 are calculated using 

the mean velocities and known pipe lengths. 

8. The modified inflow hydrographs [ ]
2

'

1

' (t)Q ,(t)Q  are translated to junction 1 (J1) 

using the mean travel time, i.e. add tmi to the time base of hydrograph i. 

9. The flows conjoining at junction 1 are summed, and form the inflow hydrograph to 

pipe 4 [ ]
4

Q(t) . 

10. Following a similar approach, the inflow hydrographs from pipes 3 and 4 

[ ]
43

Q(t) ,Q(t)  are routed to the next downstream junction (J2). 

11. The flows conjoining at junction 2 are summed, and form the inflow hydrograph to 

pipe 5 [ ]
5

Q(t) . 

12. The inflow hydrograph from pipe 5 [ ]
5

Q(t)  is routed to the system exit following a 

similar approach, yielding the system outflow hydrograph [ ]
exit

Q(t) . 

 

4.2.4 Developed model 

The developed model is capable of simulating flow conditions within a local drainage 

system, for a wide range of different flow loading conditions. Model output includes: 

• Indicative pipe depths, velocities and flow rates 

• Indicative system surcharge volumes and locations  

• Indicative catchment inundation depths 

 

4.3 Whole life cost model (WLC) 

 

The development of the WLC model consisted of two phases, namely data collection 

and model development.  

 

4.3.1 Data Collection 

Data was required for the costs associated with the maintenance and modification of 

roof and local drainage systems (system costs), and the costs associated with the failure 

of such systems (damage costs). As such costs are considered commercially sensitive, 

actual data was not available. Therefore, recourse was made to a number of general cost 

databases, namely: 



 

1. System costs 

• BMI Building maintenance price book
7
 (updated annually) 

• Laxtons building price book
8
 (updated annually) 

2. Damage costs (buildings, contents and other) 

• Dundee tables
9
  

• Multi-coloured manual
10

 

 

Each database has its own unique format and ideal application scenario, e.g. Laxtons 

data is suited to the costing of medium/large scale remedial works whilst BMI data is 

more suited to the costing of maintenance programmes. The original data was recast 

into lookup tables, with each entry identified by a unique alphanumeric reference code.  

 

4.3.2 Model development 

The model methodology was based on the concept of net present value (NPV), whereby 

all costs and benefits occurring at different times are related to a common datum, i.e. 

present day value. As is customary in WLC analysis, all incurred costs were subdivided 

into a number of different categories, which were then used to form the analysis 

framework. System and damage costs were divided into the following categories: 

• System costs  

o Labour costs  

o Materials and equipment costs 

• Damage costs 

o Residential buildings costs 

o Residential contents costs 

o Commercial buildings costs 

o Commercial contents costs 

o Other costs, e.g. alternative accommodation whilst damage is rectified 

 

The spreadsheet model was then set up with three different types of worksheet, thus: 

• Data input sheets 

These enable four types of data to be entered into the model, namely; 

o Global data (i.e. macro factors relevant to the analysis) 

- Start date, duration and accounting periods of analysis 

- Discount rate, to relate all costs to their NPV 

- Materials discount rate, to account for bulk buying discounts  

- Overheads and profit margins 

- Regional multiplier to reflect cost variations throughout the UK 

- Inflation rates to bring costs up to date (underlying cost data in 2005 prices) 

- Inflation rates to apply during the period of analysis  

- Significant additional tax parameters, e.g. VAT 

- Multiplier to specify additional damage costs, e.g. when dealing with 

extremely short or long duration flooding events  

o Existing damage data (i.e. what flood damage currently occurs) 

- Number, type and estimated value of the building(s) being considered 

- Predicted depth, frequency and duration of flooding 

o System data (i.e. work undertaken to alleviate existing flood damage) 

- Repair of system elements 

- Removal of existing system elements 



 

- Installation of new system elements 

- Maintenance of system  

- Frequency of regular work (e.g. maintenance programmes) 

o Future damage data (i.e. what flood damage occurs following remedial work) 

- Number, type and estimated value of the building(s) being considered  

- Predicted depth, frequency and duration of flooding 

• Data Calculation Sheets 

These interact with the lookup tables (derived from the data sources) to determine the 

costs associated with the measures specified in the data input sheets. 

• Data Output sheets 

These illustrate model output in both graphical and tabular format.  

 

4.3.3 Developed model 

The developed model is capable of accurately assessing the financial costs and benefits 

associated with different maintenance and renovation options for building drainage 

systems. Model output includes: 

• Detailed system cost data (itemised by cost category)  

• Detailed damage cost data (itemised by cost category) 

• Cumulative, total cost benefit data for the whole analysis period 

 

 

5. Case study 
 

5.1  Introduction 

 

A factory located in Keighley (West Yorkshire, UK) was chosen for the case study as 

its drainage systems (roof and local) have been observed to surcharge during periods of 

heavy rainfall; a scenario which may have exacerbated the flooding problems associated 

with a school located a short distance downhill from the factory. As shown in Figure 2, 

the factory consists of a series of interconnected buildings, thought to be constructed in 

two different periods; the three roofed structure at the back of the factory pre-dating the 

two roofed structure at the front. 

 

 
 

Figure 2 – Case study factory site: photograph (left) and elevation view (right) 

 

5.1 Systems modelled 

 

The necessary data (roof, building and collection network) was determined by reference 

to available drawings, on site observations and estimates. As no definitive gutter/gully 

data was available, details were estimated using the relevant British Standards
1,3

. The 

modelled systems are shown in Figure 3. The rainfall conditions selected to represent 

current conditions were taken from the Flood Estimation Handbook
11

, and comprised of 



 

3 different event return periods (10, 30 and 100 year RP) and two different event 

durations (15 and 30 minutes); resulting in a total of six different rainfall events. The 

short event durations were selected to represent the worst case flow loading for the 

small area under consideration. Future rainfall conditions were represented by applying 

“uplifts” (multipliers) of 1.2 and 1.4 to the original FEH event data; this approach was 

based on previous research
12

. For the purposes of the case study, it was assumed that the 

prevailing wind direction was from the south east, which was considered to represent 

the worst case scenario for the roof drainage system. In reality this would also represent 

the worst case scenario for the local drainage system, although the local drainage model 

does not account for wind driven rain onto surrounding areas. 

 

 
 

Figure 3 – Case study systems modelled (scale approximately 1:1500) 

 

5.2 Simulation Results 

 

Dealing first with the performance of the roof drainage system, Figure 4 illustrates the 

poorest performing gutters. As shown, even under the lowest flow loading (10 year RP, 

no uplift), gutters 4, 5 and 7 were predicted to overtop. Examination of the system 

schematic in Figure 3 highlights the reasons behind the relatively poor performance of 

these gutters, namely: 

• Gutters 4 and 7 drain roof surfaces on the windward side of the building, resulting in 

higher exposure to the wind driven rainfall. 

• Although gutter 5 drains a leeward roof surface, it serves a relatively large area and 

has only two downpipes along its length. 
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• Although gutter 6 drains the largest roof area, and almost half is on the windward 

side, it is a valley gutter and has hence been designed with a much higher implicit 

factor of safety than the overtopping eaves gutters (4, 5 and 7). 

 

It is also interesting to note that the predicted order (in terms of magnitude) of gutter 

overtopping is dependent on the precise intensity of the rainfall event (described by the 

event return period and event uplift) and its interaction with specific gutters. Hence, 

although gutter 5 is predicted to overtop more than gutter 7 for a 30 RP event with no 

uplift, the reverse is true if the event uplift is 1.4. This “order alteration” illustrates the 

complexity of the prevailing flow conditions and the need for accurate models.  
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Figure 4 - Variation in overtopping with RP and uplift (15 minute event) 

 

Figure 5 illustrates the effect, on predicted overtopping volumes, of a 50% increase in 

the gutter depth dimension. As expected, this modification resulted in a significant 

decrease in predicted overtopping rates; comparison of Figures 4 and 5 illustrates that 

use of deeper gutters totally offsets the effect of climate change (represented by a 

change in uplift from 1.0 to 1.4). Figure 5 also shows the effect of an alternative 

approach to the minimisation of gutter overtopping; that is, replacing the existing 

impervious roof surfaces with a pervious or green covering. As shown, this results in an 

even more dramatic effect than the installation of deeper gutters, to the extent that 

virtually no overtopping is predicted with a 30 year RP event and an uplift of 1.4. 

 

Turning now to the performance of the local drainage system, Figure 6 shows the 

surcharging (excess water volume discharged to surface) predicted to occur under a 

number of different scenarios. With reference to this Figure, it is interesting to note that 

increasing the uplift has a disproportionately low effect on surcharging at pipe 69 (P69), 

where two major branches of the system combine (refer to Figure 3), compared to total 

system surcharging. This is because the upstream pipes have a finite capacity, and no 

more water can be conveyed downstream once this maximum capacity is reached; the 

slight increases evident are due to the extended time during which surcharging occurs. 

One solution to system surcharging is illustrated in Figure 6, which shows the effect of 

connecting a small offline storage cell to each gully (volume of 3m
3
, operational only 

when the connected pipe is surcharging). As shown, the inclusion of these storage cells 
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had no effect on the predicted surcharging during the 10 year RP event (as the two 

curves are identical, the “with” storage curves are obscured). This is because, at these 

relatively low rainfall intensities the gully inflows are not sufficient to induce full bore 

flow in the connected pipework, and hence the storage facilities do not become 

operational; all of the surcharging occurs further downstream, where system branches 

and flows combine. However, the effect of the storage cells on total surcharging is 

evident as the event return period increases, i.e. as the pipes connected to the gullies 

become surcharged and spill over into the connected storage facilities. It is interesting to 

note that, as all of the storage facilities are located at “source” (gully inlets), their 

presence has no effect on the surcharging volumes predicted further downstream at pipe 

69 (as the two curves are identical, the “with” storage curve is again obscured). 
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Figure 5 - Variation in overtopping with RP, gutter depth and roof type (15 minute 

event duration, 1.4 rainfall uplift) 
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Figure 6 - Variation in surcharging with uplift, RP and storage (15 minute event) 

 

Figure 7 shows example output from the developed WLC model, and illustrates the 

financial implications of installing storage cells; in this example, the introduction of the 

cells is assumed to halve the frequency of flooding at the downstream school (depth ~ 
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0.5m) from every 5 years to every 10 years. As shown, the relatively low initial capital 

outlay (approximately £35k) and additional maintenance costs (approximately £500 per 

annum) are far outweighed by the predicted financial benefits associated with this 

adaptation strategy. It is interesting to note that the irregular, time varying variation in 

net benefits is due both to the different flood frequencies assumed, and the different 

rates employed within the analysis (NPV discount rate = 0.35, inflation rate = 0.5). 
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Figure 7 – Cost benefit of installing storage cells 

 

 

6. Conclusions and recommendations for future work 
 

The technical models developed during the research enable assessment of the 

performance of roof and local drainage systems under both existing loading conditions 

and the type of extreme loading associated with different climate change scenarios. 

Whilst the roof drainage model employs sophisticated modelling techniques, the local 

drainage model routes system inflows rather than precisely simulating flow conditions. 

However, both models give an indication of system performance under a wide range of 

different flow conditions, and hence may assist in the identification of future problems 

and the formulation of appropriate adaptation strategies. The complex flow interactions 

within such systems illustrate the very real need for the type of integrated modelling 

methodologies presented herein. The WLC model developed enables the financial 

assessment of adaptation strategies to the problems associated with different climate 

change scenarios. As the model incorporates a number of different system and damage 

cost databases, it is applicable to any type or scale of building application.  

 

In addition to the work detailed herein, ADADICIOUS has also led to a number of 

further advances, including the development of an improved hydrology model for urban 

runoff estimation and the formulation of flooding related health assessment techniques. 

Taken as a whole, AUDACIOUS outputs offer stakeholders the tools necessary to adapt 

to the challenges presented by climate change.  

 

In terms of future work, it is clear that additional research is required to further develop 

flow simulation techniques for local drainage systems; at present, the potential for co-

incident free surface and full bore flow conditions renders the use of the fully dynamic 



 

governing equations computationally problematic and often necessitates the use of the 

type of routing approach outlined herein. In more general terms, the Sustaining 

Knowledge for a Changing Climate (SKCC) imitative has been funded to preserve and 

extend the community of researchers and end users assembled for BKCC. It is 

anticipated that this will place the UK in a stronger position to adapt in a timely and 

efficient way to the challenges of climate change, and will also encourage continued 

engagement between the academic community and stakeholders. 

 

 

Acknowledgements 
 

The researchers remain grateful for the assistance given by EPSRC, UK Climate 

Impacts Programme, AUDACIOUS stakeholders and Marley Plumbing and Drainage.  

 

 

References 
 
1  BSI (2000). BS EN 12056-3:2000 Gravity drainage systems inside buildings. Roof drainage, layout 

and calculation. British Standards Publishing Limited. 

2  Arthur S. and Swaffield J.A. (2001). Siphonic Roof Drainage: The State of the Art. Urban Water. Vol. 

3, No. 1, pp. 43 - 52. 

3  BSI (1996). BS EN 752 Drain and Sewer Systems Outside Buildings. British Standards Publishing. 

4  Chow V. T. (1959). Open Channel Hydraulics. McGraw-Hill. 

5  Wise A.F.E. and Swaffield J.A. (2002). Water, sanitary and waste services for buildings. Butterworth. 

6  Wright G.B., Jack L.B. and Swaffield J.A. (2005). Investigation and numerical modelling of roof 

drainage systems under extreme events. Building and Environment.  Vol. 41, No. 2, pp 126-135. 

7  Building Maintenance Information (2005). BMI Building Maintenance Price Book. BMI/BCIS. 

8  Johnston V. B. and Partners (2005). Laxtons Building Price Book. Elsevier. 

9  Black A. and Evans S. (1999). Flood Damage in the UK: New Insights for the Insurance Industry. 

University of Dundee. 

10  Penning-Roswell E. et al (2006). The Benefits of Flood and Coastal Risk Management: A Manual of 

Assessment Techniques. Middlesex University Press. 

11  CEH Wallingford (1999). Flood Estimation Handbook. Wallingford, UK, 1999.  

12  Ashley R.M., Blanksby J.R., Cashman A., Jack L., Wright G., Packman J., Fewtrell L., Poole A. and 

Maksimovic C. (2007). Adaptable Urban Drainage - Addressing Change In Intensity, Occurrence And 

Uncertainty Of Stormwater (AUDACIOUS). Journal of Built Environment. Vol. 33, No. 1, pp 70-84. 

 

 

Presentation of Author 
 

Grant Wright is an academic fellow within the School of the 

Built Environment at Heriot-Watt University. Wright specialises 

in the numerical simulation of unsteady flows within piped 

drainage systems, particularly those associated with mixed flows 

within roof and local drainage systems.  

 

 


