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Introduction

• Traditional vs. Modern Urban Drainage

• Asset Management of Grey and Green Infrastructure

Our research:

• Performance assessment of Green Infrastructure

• Failure analysis of Green Infrastructure

• Inspection of Green Roofs
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Traditional vs. Modern Urban Drainage

• The management of urban drainage and the urban water cycle has seen significant 
change over the past decades (Fletcher et al. (2015))
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Figure adapted from:

Fletcher, T. D., Shuster, W., Hunt, W. F., Ashley, R., Butler, D., Arthur, S., Trowsdale, S., Barraud, S., Semadeni-Davies, A., Bertrand-Krajewski, J.-L., Mikkelsen, P. S., Rivard, G., Uhl, M., 

Dagenais, D., & Viklander, M. (2014). SUDS, LID, BMPs, WSUD and more – The evolution and application of terminology surrounding urban drainage. Urban Water Journal, 12(7), 525-542. 

https://doi.org/10.1080/1573062x.2014.916314 
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Traditional vs. Modern Urban Drainage

• Structural

• Immediate effect of rehabilitation

• Similar components

• Managed by one department

• Mix of structural and natural elements

• Natural elements are time-dependent

• Variety between types and components

• Require collaborative management

Green Infrastructure (GI)Grey Infrastructure

Pictures are from:

Toronto and Region Conservation Authority (TRCA). (2016). Low Impact Development Stormwater Management Practice Inspection and Maintenance Guide. Prepared by the Sustainable Technologies Evaluation Program. Vaughan, Ontario. 



5

Green Infrastructure (GI)

Green Roofs

Pictures are from:

Toronto and Region Conservation Authority (TRCA). (2016). Low Impact Development Stormwater Management Practice Inspection and Maintenance Guide. Prepared by the Sustainable Technologies Evaluation Program. Vaughan, Ontario. 

Green infrastructure uses filtration, infiltration, and evapotranspiration to treat and soak up

rainwater where it falls. It can deliver multiple environmental, social, and economic benefits

beyond stormwater management alone.
(https://www.epa.gov/green-infrastructure/about-green-infrastructure)

Bioswales Rain Gardens
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Asset Management

Asset Management: 

Optimal use of infrastructure during their optimal 

service lifetime (ISO 31000)

Figure adapted from:

• Yang, Y., Ng, S. T., Xu, F. J., & Skitmore, M. (2018). Towards sustainable and resilient high density cities through better integration of infrastructure networks. Sustainable cities and society, https://doi.org/10.1016/j.scs.2018.07.013

Develop asset inventory

Assess asset value

Define target level of service

Monitor condition/ performance

Determine service life

Identify risks

Formulate O&M

Evaluate lifecycle costs

Optimize investments

Process

What do you own?

What is it worth?

What is the condition?

What is the remaining service life?

What needs to be done and when?

How much investment needed to 
ensure sustainability?

AM question addressed

https://doi.org/10.1016/j.scs.2018.07.013
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Asset Management of Grey and Green Infrastructure

 Asset Management is widely applied ꭓ Only the critically important GIs are monitored

 Widely accepted operation and 

maintenance techniques

 Proactive and predictive maintenance 

based on deterioration modeling and risk 

analysis supported by years of data

ꭓ The variety of types and compositions 

makes them difficult to manage

ꭓ Neglected, lack of financial support, lack of 

data, etc.
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Studies on the long-term performance of GIs

• Variations in hydraulic performance and infiltration rates

• GIs can be a source of stormwater pollution

• Concerns about GI’s long-term financial and operational 

sustainability

GIs need dedicated Asset Management methods to ensure their continued 

performance

Image from:

Toronto and Region Conservation Authority (TRCA). (2016). Low Impact Development Stormwater Management Practice Inspection and Maintenance Guide. Prepared by the Sustainable Technologies Evaluation Program. Vaughan, Ontario. 
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How to define performance?

Function Indicators

To date, assessing the holistic performance 
of GIs through a composite indicator-based 
model remains a major challenge (Langeveld 
et al., 2022).

Figure downloaded from:

https://www.stormwatershepherds.org.au/articles/green-infrastructure-naturalised-solutions-to-stormwater-treatment/



A review of GI functions

Function 1 Sub-function 1

GI functions and co-benefits were gathered from publicly available literature: 

Functional response 
(level 1)

PI1

Functional response 
(level 2)

Function N Sub-function M

Dimensions

PIN

Performance indicators (PIs) are:
• A measure of advantages provided by GI
• Track the performance of the system
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How to define performance?

• How can we evaluate GI performance for the 

desired functions?

• Which GI type is suitable for a desired function? On 

what scale assessing the performance is 

meaningful?

• What resources are needed to measure and 

evaluate GI performance?

Social Economic

Environmental

Catchment
sustainability

Water 
Quality
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Site (individual asset)

District

City

Which GI type is suitable for a desired function? On what scale assessing the performance is 

meaningful?



What resources are needed to measure and evaluate GI 

performance?



Under Review
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Modeling GI performance

Figure downloaded from:

https://sdg.minneapolismn.gov/design-guidance/boulevards-and-furnishings/green-stormwater-infrastructure

Two barriers exist for modeling GI performance 

(Langeveld et al., 2022):

1. GIs are complex 

 - Mix of green and grey components

 - Interacting with the city and its 

habitants

2. Each GI is unique

- Unique size, composition, form,

 and functions
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Required data for different levels of Asset Management

Scheduled

Condition-based

Predictive

Corrective

Maintenance
Deterioration 

process

Maintenance
Deterioration 

process

Monitoring

Failure 
detection

Maintenance
Deterioration 

process

Monitoring

Failure 
detection

Reliability
Operating
conditions

Figure adapted from:

Pinciroli, L., Baraldi, P., & Zio, E. (2023). Maintenance optimization in industry 

4.0. Reliability Engineering & System Safety, 234. 

https://doi.org/10.1016/j.ress.2023.109204 
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Failure Analysis

In short:

1. We need to understand the interactions between GIs their components and their environment.

2. We need information (data) on their performance, conditions, deterioration process, failures, etc.

Failure

Component 
1 fails

…

Component 2 fails

…

Fault Tree Analysis

1. Simplicity and similarity to binary logic analysis

2. No requirement for mathematical equations

3. Could be a practical method even if it’s just qualitative
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Common components

Bioswale Rain Garden Green Roof



https://mbahrami9264.github.io/FaultTreeAnalysisGI/

https://mbahrami9264.github.io/FaultTreeAnalysisGI/
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Inspection guidelines for GIs
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Inspection of Green Roofs in Trondheim
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Inspection guidelines for GI
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The next step

Homet, K., Kremer, P., Smith, V., Ampomah, R., & Strader, S. M. (2022). Mapping 
Predicted Areas of Common Maintenance Impacts to Green Stormwater Infrastructure in 
Philadelphia, Pennsylvania. Journal of Sustainable Water in the Built Environment, 8(3). 
https://doi.org/10.1061/jswbay.0000986

1. Identifying the types of data required for 
modeling the impact of external activities

- such as winter road maintenance, 
construction activities, deterioration of 
nearby infrastructure

2. Develop a risk based assessment method for 
maintenance needs of GIs 

- GIS method for developing risk maps

https://doi.org/10.1061/jswbay.0000986
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Key takeaways

GIs are part of the sustainable urban water management, and in order to
have multifunctional systems, we need GIs to perform as intended

> GIs need their dedicated asset management

GIs need holistic guidelines that provide decision makers with tools to assess 
their performance, and measure their effectiveness.

 How to evaluate GI performance?

 What resources are needed for performance evaluation?

GIs lack maintenance guidelines that provide operators with detailed information 
based on local context.

> GI Monitoring data should be collected (such as failures, deterioration 
processes, and maintenance activities should be collected)
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THANK YOU!

Mahdi Bahrami
PhD candidate
NTNU, Norway
mahdi.bahrami@ntnu.no

Contact Info
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Key takeaways Performance Indicators

• EU and USA proposed indicators for a wider range of GIs’ benefits

• China, Colombia, and NSW of Australia focused on some specific aspects

Differences may come from:

 Philosophies regarding GIs applications

 Guideline perspective: "Federal (e.g EU or USA)", "National (e.g.
Colombia or China)", and "State (e.g. NSW)"

Important common shortcomings:
- Instructions on evaluation and interpretation of measured PIs are not provided

- The scale of applicability of PIs

- Resources required for measurement and evaluation
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Key takeaways Fault Tree Analysis
Some events were identified as recurring causes of failure in different 
components of all three types of GI:

• Clogging from sediment accumulation, Trash accumulation, Overly dense 
vegetation

Human activities near GIs, like winter road maintenance or construction, can 

cause failures especially to the vegetation or filtration layers.

Such events can also disrupt higher number of GI functions

Component failures can spread and affect other parts of the GI, so it’s 
important to focus on those key areas for inspections and repairs
- Vegetation
- Filter media
- Irrigation components


	Asset Management of Green Infrastructure
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Studies on the long-term performance of GIs
	How to define performance?
	A review of GI functions
	How to define performance?
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Modeling GI performance
	Required data for different levels of Asset Management
	Failure Analysis
	Common components
	Slide Number 20
	Slide Number 21
	Inspection guidelines for GIs
	Inspection of Green Roofs in Trondheim
	Slide Number 24
	The next step
	Key takeaways
	THANK YOU!
	Key takeaways Performance Indicators
	Minimal Cut Sets
	Key takeaways Fault Tree Analysis



