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ABSTRACT 
 

 

 

ASSESSING OF PERFORMANCE OF STORMWATER CONTROL MEASURES 

UNDER VARYING MAINTENANCE REGIMES 

 

 
 

 Stormwater control measures (SCMs) are being installed worldwide to curb urbanization 

impacts such as flooding, stream degradation, nutrient pollution, and contaminant loading in 

receiving water bodies. Regular inspection and maintenance are important to ensure long term 

effective performance of SCMs over their design life. This study investigates the performance, 

reliability, and time to failure of permeable pavement, a filtration based SCM, as a function of the 

design life and different maintenance strategies. The Stormwater Management Model (SWMM) is 

used to simulate performance of infiltration based SCMs under different climate and operational 

conditions including different maintenance regimes. A probabilistic approach is developed to 

characterize the risk, reliability and vulnerability of the system. Performance data including the 

effects of clogging and maintenance was obtained from comprehensive literature review of 

numerous international studies on performance of SCMs under different maintenance activities 

and strategies. The method of Sobol’ global sensitivity analysis is used to evaluate the predictive 

uncertainty in the estimated surface overflow/bypass flow, runoff, and infiltration to characterize 

uncertainty in the input parameters of SWMM. Risk-based evaluation metrics are defined and 

characterized to assess the performance and probability of failure of the systems. A hazard function 

approach is used to characterize the time to failure of the systems under full, partial, and no 

maintenance regimes. Results indicate that maintenance plays a significant role in the simulated 

flow budgets and the performance of infiltration based SCMs.  The time to failure of the systems 
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is substantially increased by partial maintenance, while full maintenance marginally increases the 

time to failure compared to the partial maintenance regime. The analysis can be used to develop 

effective maintenance strategies for SCMs to ensure longevity and reliability of SCMs over their 

design life.  
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Chapter 1. Introduction

Rapid development of urban areas leads to an increase in impervious surface cover, which 

causes significant changes to the volume and quality of stormwater runoff produced in these areas. 

This results in higher peak runoff, increased runoff volumes, larger runoff velocities, shorter lag 

times, increased water contamination and more frequent downstream flooding (Blecken et al., 

2017; Burszta-adamiak & Mrowiec, 2013; Dreelin et al., 2006; Emerson et al., 2010; North 

Carolina Department of Transportation, 2010; Sadeghi et al., 2018; N. Siriwardene et al., 2007; 

Wang et al., 2018; Xiao & McPherson, 2011). These changes affect the downstream receiving 

bodies in terms of physical, chemical, and biological conditions (Wang et al., 2018; Xiao & 

McPherson, 2011). In the past few decades, filtration-based stormwater treatment technologies 

have been installed across the globe and are commonly used in areas without conventional urban 

drainage systems as useful techniques to reduce the impact of urbanization on receiving waters 

(Dreelin et al., 2006; Kandra et al., 2015). Various nomenclature has been attributed to these 

systems (Blecken et al., 2017) including stormwater best management practices (BMPs), 

stormwater control measures (SCMs), sustainable urban drainage systems (SUDS) and 

implementation strategies such as water sensitive urban design (WSUD), low impact development 

(LID) and green infrastructure (GI). The term stormwater control measure (SCM) is used hereafter 

in this article. 

Like any infrastructure, the assumption is that these SCMs are constructed, operated, and 

maintained properly. However, implemented practices and past studies have shown that improper 

design or lack of periodic maintenance quickly tends to cause these systems to fail resulting in 

poor performance of capturing and treating the urban stormwater runoff. While these systems are 

very effective in managing and treating urban stormwater, over time they tend to lose their 
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permeability and drainage capacity, reducing their performance due to the clogging of 

contaminants of stormwater containing suspended solid matter such as dirt, sand, and debris (Deo 

et al., 2010; Winston, Al-Rubaei, Blecken, & Hunt, 2016). Stormwater infiltration systems have a 

history of failures due to clogging of the system within a short period of performance (Siriwardene 

et al., 2007). The importance of periodic and well-informed inspection and maintenance has been 

raised more frequently in recent studies involving the performance of SCMs across the world in 

the past couple of decades (Blecken et al., 2017; Erickson et al., 2018).  

A number of studies that have been carried out involving the clogging of SCMs, have all 

reported the existence and importance of clogging and maintenance in these filtration-based SCMs. 

(Brown & Borst, 2013; Deo et al., 2010; Emerson et al., 2010; Kandra et al., 2015; Lee et al., 2015; 

Razzaghmanesh, 2018). Dirt and debris can clog underlying layers of an SCM and over time can 

result in complete failure of functionality of the system, stopping the capture, treatment, and 

infiltration of stormwater into the soil. This causes the stormwater coming into the system to leave 

the system as surface overflow or bypass flow.  Some of the most common filtration-based SCM 

technologies in these studies include bio-retention/rain gardens, grass swales, infiltration trenches, 

ponds, and permeable pavement systems. 

In this study, permeable pavement is modelled in SWMM to represent infiltration based 

SCMs to understand effects of clogging and maintenance on performance and reliability of these 

SCM technologies. Permeable pavement systems are very popular structures for management of 

both urban runoff quality and quantity, designed to infiltrate rainfall and stormwater runoff through 

the pavement surface. These are either monolithic or modular systems that can be constructed with 

pervious concrete, porous asphalt, permeable paver blocks, or other manufacturing materials (Lee 

et al., 2015; UDFCD, 2019; Yong et al., 2013). Permeable pavement systems are widely used in 
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urban environments as they can be used to potentially reduce additional expenditures and land 

consumption for conventional stormwater drainage system providing storage and treatment onsite. 

The effective life of a pavement is defined as the number of years it is in service, until which the 

hydraulic performance of the system drops to a level where the drainage ‘design storm event’ is 

unmanageable and maintenance is required. This process is known as “pavement clogging” (Yong 

et al., 2013). It is evident from literature, that clogging of a stormwater infiltration system 

determines the design lifespan of infiltration systems, but a quantitative understanding of the 

clogging process is currently very limited (Siriwardene et al., 2007). 

Clogging can be defined as the processes of reducing porosity and permeability and hence 

decreasing the infiltration rate and hydraulic performance of the system due to physical, biological, 

and chemical processes (N. R. Siriwardene et al., 2007).  The time taken for a SCM to clog depends 

on the impervious areas contributing to stormwater runoff and the capture ratio of the SCM itself 

(N. R. Siriwardene et al., 2007). Clogging of the underlying layers has been identified to be the 

main limiting factor of a SCM and studies have shown rapid exponential decline in the 

performance of these systems (Kandra et al., 2015; Razzaghmanesh, 2018). 

With wide implementation of SCMs in urban and suburban stormwater management plans, 

it is very necessary to understand the process of clogging as impacted by maintenance of these 

systems. Enhanced understanding of clogging enables prediction of performance efficacy over 

design life. As the need arises to enhance longevity of SCMs, the role of maintenance has become 

imperative as it notably influences the performance of these SCMs. EPA’s Stormwater 

Management Model (SWMM; Rossman, 2015) is used in the study to model the SCM. SWMM is 

an open source, dynamic hydrologic-hydraulic water quality model that can model both urban and 

suburban hydrological processes as well as track the quantity and quality of runoff through an 
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SCM (Wang et al., 2018). With the concerning growth for how climate change is affecting the 

urban water infrastructure and the increased interest in adoption of alternative green infrastructure 

strategies as a potentially cost-effective stormwater management option, SWMM is the preferred 

simulation tool for addressing such needs (Niazi et al., 2017) and is arguably the most widely 

utilized stormwater model in the world (Burszta-adamiak & Mrowiec, 2013). 

The objectives of this study are to (1) characterize clogging in infiltration based SCMs  

(2) examine the role of maintenance on the performance of these systems in accordance with 

design life using a probabilistic approach and (3) develop an analytical hazard function for the 

characterization of reliability and mean time to failure of these SCMs.  

This study conducts a global sensitivity analysis to characterize the predictive uncertainty 

of parameters influencing the model outputs such as total runoff and bypass flow that show the 

performance of the SCM. The data showing the performance of SCMs under different regimes of 

maintenance is also included in the sensitivity analysis to understand the clogging phenomenon 

and the effect of maintenance on the performance of the SCMs.  Extreme value analysis is used to 

calculate return period and return levels for bypass flow intensity of SCMs and a hazard function 

is developed to characterize reliability of SCMs under different maintenance regimes. This study 

will help community and city planners to better design SCMs and have a better understanding of 

the functionality of these systems. It can also provide further recommendations and techniques to 

maintain these systems for improved performance over a longer period of time. 
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Chapter 2. Methods 

2.1 General Methodology 

Comprehensive literature review shows that the understanding of clogging and maintenance is 

significant to improve the performance of SCMs over their design life. Assumptions were made 

using clogging data (years taken for SCM to clog) and maintenance activities from 55 studies to 

categorize the clogging data into full, partial, and no maintenance regimes. A rigorous method of 

Sobol’ global sensitivity analysis was conducted to propagate parametric uncertainty of SCM 

outputs in the SWMM model and characterize the role of maintenance in the performance of these 

SCMs over their design life. We developed a hazard function to characterize the reliability and 

determine the failure density of SCMs and calculate the time to failure under full, partial, and no 

maintenance regimes.  

2.2 Characterization of Clogging in Infiltration SCMs 

A detailed literature review of over 55 studies involving clogging and maintenance of 

permeable pavements over the past two decades was carried out. The locations of these systems 

were across the world, predominantly North America and Europe. All these studies included the 

different types of permeable pavement tested for clogging and permeability and had detailed 

observations on the age of the systems during the monitoring period, the maintenance activities 

conducted, and the effect of these maintenance activities on the performance of the permeable 

pavement systems. In these studies, the performance efficiency was reported based on the ability 

of maintenance activity to restore the permeability and infiltration of the permeable pavement. 

Literature showed that over the past decades different maintenance practices were carried among 

these SCMs to help restore their efficiency in performance by increasing their infiltration capacity 
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(Blecken et al., 2017; Drake et al., 2013; Erickson et al., 2018; Razzaghmanesh, 2018). These 

different maintenance activities have shown varying success to restore permeability and infiltration 

capacity of SCMs. 

Some of the maintenance activities conducted on the permeable pavements were vacuum 

sweeping, regenerative air sweeping, pressure washing, and even sometimes replacement of 

underlying layers. It was found that certain maintenance activities were more effective in restoring 

the infiltration capacity of the system for most of the studies. From this observation, assumptions 

were made to group these maintenance activities to categorize the years taken for the system to 

clog and have a significant reduction in functional performance under different levels of 

maintenance. These maintenance activities were categorized into three regimes as no maintenance, 

partial maintenance, and full maintenance. 

No maintenance was where there was no maintenance activity conducted for the permeable 

pavement during the entire monitoring period. Partial maintenance was where periodic 

maintenance activities were conducted either semi-annually or annually and full maintenance was 

where maintenance activities were conducted either monthly or in a more periodic routine even 

including complete replacement of layers of the SCM.    

The assumptions made to categorize the years to clog into different regimes of maintenance 

were: (1) time interval between maintenance activities conducted during the monitoring period. 

(2) the type of maintenance activity and their effectiveness in restoring the permeability of the 

underlying layers of the SCM. (3) Capture ratio of the system and the land use density of the treated 

area.
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Table 1. Clogging Data of Permeable Pavement Systems including the Age and Maintenance Activities 

Region 
Pavement 

Type 

Age 

(years) 
Land Use 

Captur

e Ratio 

Maintenance 

Regime 
Maintenance Activities Reference 

UK PICP 15 HD 1 
Full 

Maintenance 

No Maintenance up to 

15 years; after which 

complete replacement of 

soil and storage layer 

(Pratt et al., 1995) 

FRA PICP 10 HD 1 
Partial 

Maintenance 

Moistening followed by 

sweeping and sweeping 

followed by suction did 

not help restore 

performance but suction 

alone and high-pressure 

water jetting with 

suction provided 

restoration of infiltration 

as preventive 

maintenance and 

rehabilitation 

maintenance. 

(Baladés et al., 1995) 

CAN PICP 2 MD 0.5 
No 

Maintenance 

No Maintenance (Kresin et al., 1997) 

CAN PICP 8 HD 1 
Partial 

Maintenance 

Periodic sweeping and 

vacuuming can help 

regenerate to full 

infiltration capacity 

(James & Gerrits, 

2003) 

USA PICP 6 MD 1 
No 

Maintenance 

No Maintenance during 

monitoring period 

(Brattebo & Booth, 

2003) 

UK PICP 2 HD 0.5 

No 

Maintenance 

 

No maintenance during 

period of study 

(Abbot & Comino, 

2003) 
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CHN PP 4 MD 0.25 
No 

Maintenance 

No maintenance during 

the entire period after 

installation. Estimated to 

completely restore the 

infiltration, replacement 

of layers after 15 years 

(Hou et al., 2008) 

CAN PICP 17 HD  Partial 

Maintenance 

Vacuuming and 

sweeping once every 

three to four years help 

to restore partial or full 

infiltration. Higher 

maintenance frequencies 

may be required in areas 

with greater traffic 

volumes. 

(Toronto Regional 

and Conservation 

Authority, 2008) 

CAN PICP 4 HD 1 
Partial 

Maintenance 

CAN PICP 12 MD 1 
Partial 

Maintenance 

CAN PICP 10 MD 1 
Partial 

Maintenance 

AUS PICP 20 MD 0.5 
Full 

Maintenance 

Recommended 

maintenance including 

sweeping and washing 

and full replacement 

after 20 years. 

(Pezzaniti et al., 

2009) 

CAN PC 1 HD 1 
Partial 

Maintenance 

Power washing can push 

debris deeper into the 

voids of the underlying 

layers. Sweeping may 

remove the debris on the 

surface but does not 

improve permeability or 

infiltration of the 

(Henderson & Tighe, 

2011) 

CAN PC 2 HD 1 
Partial 

Maintenance 

CAN PC 2 HD 0.5 
Partial 

Maintenance 

CAN PC 2 HD 1 
Partial 

Maintenance 
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CAN PC 1 HD 1 
Partial 

Maintenance 

system. Washing the 

surface with large 

diameter hose can 

dislodge debris deep in 

voids and renew 

permeability. Pressure 

vacuuming and 

sweeping can also help 

restore permeability 

significantly. 

USA PA 3 HD 0.25 
No 

Maintenance 

No maintenance done 

throughout the period of 

study. 

(Roseen et al., 2012) 

CAN PICP 7 HD 0.25 
Full 

Maintenance 

Regenerative air and 

vacuum sweeping trucks 

help restore 50% of 

permeability. 

Performing periodic 

sweeping and 

vacuuming annually can 

help improve 

performance of the 

system. Mechanical 

sweeping annually did 

not help in surface 

permeability 

performance. 

(J. Drake et al., 2012) 

CAN PC 4 HD 1 
Partial 

Maintenance 

CAN PC 18 Unspecified 1 
Partial 

Maintenance 

Pressure washing, 

Vacuum sweeping and 

combination of pressure 

washing, and vacuum 

sweeping was 

introduced to improve 

(Chopra et al., 2010) 

CAN PC 18 Unspecified 1 
Partial 

Maintenance 

CAN PC 16 Unspecified 1 
Partial 

Maintenance 
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CAN PC 14 Unspecified 1 
Partial 

Maintenance 

the infiltration 

performance of the 

system. Vacuum 

sweeping did not 

produce significant 

improvement in 

infiltration. Pressure 

washing helped in 

partial improvement of 

performance and 

combination of pressure 

washing and vacuum 

sweeping helped restore 

complete permeability of 

pervious concrete. 

CAN PC 14 Unspecified 1 
Partial 

Maintenance 

CAN PC 13 Unspecified 1 
Partial 

Maintenance 

CAN PC 10 Unspecified 1 
Partial 

Maintenance 

CAN PC 9 Unspecified 1 
Partial 

Maintenance 

CAN PC 6 Unspecified 1 
Partial 

Maintenance 

CAN PC 6 Unspecified 1 
Partial 

Maintenance 

CAN PA 1 MD 0.5 
Partial 

Maintenance 

Vacuum sweeping 

maintenance on the PA 

did not significantly 

improve the 

permeability of the 

system. Repeated 

wetting and vacuum 

sweeping can help 

restore the permeability 

of the system 

(Duin et al., 2008) 

CAN PICP 2 LD 1 
Partial 

Maintenance 

Hand sweeping 

regenerative air 

sweeping did not help 

restore infiltration and is 

not a recommended 

maintenance practice to 

improve the long-term 

performance of the 

(J. A. P. Drake et al., 

2013) 

CAN PICP 4 MD 0.5 
Partial 

Maintenance 

CAN PICP 8 MD 1 
Partial 

Maintenance 

CAN PICP 13 MD 0.5 
Partial 

Maintenance 
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CAN PICP 2 MD 0.25 
Partial 

Maintenance 

system. Low suction or 

high suction vacuuming 

and pressure washing 

can be an effective 

maintenance treatment 

to rejuvenate 

permeability of the 

system. 

CAN PC 2 LD 1 
Partial 

Maintenance 

USA PICP 2 HD 1 
No 

Maintenance 

No maintenance during 

period of study 

(Brown & Borst, 

2014) 

USA PC 4 HD 0.25 
No 

Maintenance 

USA PICP 1 MD 0.25 
Partial 

Maintenance 

Regenerative air 

sweeper truck including 

a combination of 

vacuuming and 

mechanical sweeping 

helps to restore only 

partial infiltration of the 

system. Compressed air 

treatment only provides 

short term infiltration 

restoration and not long 

term. Vacuum head with 

hydro pressure washing 

and vacuuming 

improved long-term 

effective performance of 

the system. 

(Kazemi et al., 2017) 

USA PICP 1 MD 0.25 
Partial 

Maintenance 

NZ PICP 2 HD 0.5 
No 

Maintenance 

No maintenance done 

throughout the period of 

(Fassman & 

Blackbourn, 2010) 
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NZ PICP 2 HD 1 
No 

Maintenance 

study. Pressure washing 

is not recommended for 

maintenance but can 

help recover 

permeability of the 

system. 

NZ PICP 1 MD 0.25 
No 

Maintenance 

NZ PICP 1 HD 1 
No 

Maintenance 

ND PICP 4 LD 1 
No 

Maintenance 

 
(Boogaard et al., 

2014) 

AUS PICP 12 HD 1 
No 

Maintenance 

 

AUS PICP 8 LD 1 
No 

Maintenance 

 

USA PICP 2 HD 0.5 
Full 

Maintenance 

Mechanical street 

sweeper or regenerative 

air sweeper did not help 

restore permeability 

except a little for PICP 

but either vacuuming or 

pressure washing, or a 

combination of 

vacuuming and pressure 

washing can help restore 

permeability. Pressure 

washing is not 

recommended for a 

continuous period of 

time as it can cause the 

debris particles to go 

into the underlying 

layers and can restrict 

infiltration. 

(Winston, Al-Rubaei, 

Blecken, Viklander, 

et al., 2016) 
USA PICP 1 HD 0.5 

Full 

Maintenance 

USA PICP 1 HD 0.25 
Full 

Maintenance 

SWE PA 21 HD 1 
Full 

Maintenance 

SWE PA 28 HD 1 
Full 

Maintenance 

SWE PICP 4 HD 0.25 
Full 

Maintenance 

SWE PICP 9 HD 0.25 
Full 

Maintenance 
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2.3 Model Development in SWMM 

Infiltration-based SCMs can be modeled in SWMM as low impact development (LID) 

controls (UDFCD, 2019; Wang et al., 2018) such as rain gardens/bio-retention, permeable 

pavement, grass swale, infiltration trench, and sand filter. SWMM is an open source, dynamic 

hydrologic-hydraulic water quality model that can model both urban and suburban hydrological 

processes as well as track the quantity and quality of runoff through an SCM (Wang et al., 2018). 

A 1-acre, single-unit sub-catchment was delineated in SWMM as the drainage area. Urban 

Drainage Flood Control District (UDFCD, 2019) describes that modeling a LID practice in 

SWMM is based on the four-component land use model that is used by the Colorado urban 

hydrograph procedure (CUHP) and SWMM. This conceptual model typically represents a 

drainage area by four components as follows: (1) Directly Connected Impervious Area (DCIA), 

(2) Unconnected Impervious Area (UIA), (3) Receiving Pervious Area (RPA) and (4) Separate 

Pervious Area (SPA) (Figure 1). DCIA is the impervious area that drains to the storm drain system 

or stream without flowing over surfaces that would allow for infiltration. UIA is the impervious 

area that drains to a receiving area, where there is an opportunity for infiltration. RPA is the 

pervious that receives runoff from UIA and allows for infiltration and SPA is the pervious area 

that does not receive any runoff from impervious surfaces. 

Typically, an SCM is designed to capture and infiltrate the water quality capture volume 

(WQCV), which is a design parameter for sizing these systems (Park et al., 2013). WQCV 

corresponds to the runoff volume produced from storm events such as the 80th percentile of runoff 

producing storms and this volume varies depending on local rainfall data  (UDFCD, 2019).   
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Figure 1. Four component land use model used to represent the functioning of a LID Unit in 

SWMM 

 

The purpose of designing SCMs based on the WQCV is to both improve the water quality 

and reduce hydro-modification and the associated impacts on receiving waters. According to the 

UDFCD design criteria manual, the WQCV disregards storm events with no anticipated runoff, 

which are precipitation events with the depth of 0.1 inches and smaller. The depth of 0.6 inches is 

the optimal target for the WQCV which corresponds to the 80th percentile of runoff-producing 

storms. Hence, we are interested in the storm events greater than 0.1 inches to assess the 

performance of the SCM in capturing and treating the WQCV. 

In this study, according to the runoff reduction method (Piza & Rapp, 2018; UDFCD, 2019) 

to capture and treat the WQCV, the sub-catchment was modeled to function as an UIA:RPA pair 

that includes both the impervious drainage area that contributes stormwater runoff and the 

receiving SCM. This simple model was developed to conduct a multi-parametric, Monte Carlo 

simulation that mimics the hydrology of any typical watershed to characterize the critical input 
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factors that control or influence the output and performance of SCMs. LID is a distributed method 

of runoff source control, that uses surface and landscape modifications located on or adjacent to 

impervious areas that generate most of the runoff in urbanized areas. For this reason, SWMM 

considers LID controls to be part of its subcatchment object, where each control is assigned a 

fraction of the subcatchment’s impervious area whose runoff it captures (Rossman & Huber, 

2016).  

The model was developed to run a continuous simulation for a period of 30 years from 

1989 to 2018. The daily rainfall and evapotranspiration data for this period were obtained from the 

(NOAA) national center for environmental information for the Fort Collins Area. The Horton 

infiltration method was used in SWMM to obtain the soil characteristics of the drainage area. A 

graphical user interface of SWMM was developed to conduct the Monte Carlo analysis by 

selecting randomly generated input parameters sets, running the model, and recording the output 

variables for each of the parameter sets. 

2.4 Representation of SCMs in SWMM 

SCMs can be represented as LID control units in SWMM (Wang et al., 2018). In this study, 

permeable pavement is modeled as a low impact development (LID) control unit to represent an 

infiltration-based SCM. A typical permeable pavement consists of either pervious concrete, 

asphalt, or permeable interlocking pavers as the surface layer, a subsurface layer consisting of an 

optional non-native soil or sand layer and a gravel storage layer in the bottom which contains an 

underdrain system (UDFCD, 2019). A cross-sectional representation of the permeable pavement 

LID unit in SWMM is shown in Figure 2. The surface layer receives both the direct rainfall and 

runoff captured from the drainage area. It loses water through the infiltration into the soil layer 

below it, evapotranspiration of ponded surface water, and the remaining water goes off as surface 
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runoff or bypass flow. The infiltrated water percolates into the storage layer which loses the water 

either by exfiltration into the underlying natural soil or is collected through an underdrain system.  

 

Figure 2. Cross-sectional representational model of a permeable pavement LID unit in SWMM 

The various layers of a permeable pavement are represented as: 

Surface Layer;    

����� = � +  	
 − �
 − �
 − 	
     Equation (1) 

 

Pavement Layer;     

��(1 − ��) ����� = �
 − �� − ��     Equation (2) 

 

Sand Layer;     

�� ����� = �� − �� − ��     Equation (3) 

 

Storage Layer;      

φ� ����� = �� − �� − �� − 	�     Equation (4) 
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Where, d1 = depth of water stored on the surface [ft]; θ2 = Soil layer moisture content [volume of water / 

total volume of soil]; d3 = depth of water in the storage layer [ft]; θ4 = Moisture content of the permeable 

pavement layer; i = Precipitation rate falling directly on the surface layer [ft/sec]; q0 = inflow to the surface 

layer from runoff captured from other areas [ft/sec]; q1 = surface layer runoff or overflow rate [ft/sec]; q3 = 

storage layer underdrain outflow rate [ft/sec]; e1 = Surface ET rate [ft/sec]; e2 = soil layer ET rate [ft/sec]; 

e3 = storage layer ET rate [ft/sec]; f1 = infiltration rate of surface water into the soil [ft/sec]; f2 = percolation 

rate of water through the soil layer into the storage layer [ft/sec]; f3 = exfiltration rate of water from the 

storage layer into the native soil [ft/sec]; f4 – exfiltration rate of water from the pavement layer into the sand 

layer [ft/sec]; φ1 = Void fraction of any surface volume [fraction of freeboard above surface without 

vegetation]; φ2 = Porosity of the soil layer; φ3 = Void fraction of the storage layer; D1 = freeboard height for 

surface ponding [ft]; D2 = thickness of soil layer [ft]; D3 = thickness of storage layer [ft] 

Stormwater-runoff surface inflow is the inflow to the surface layer of the SCM, that comes 

from both direct rainfall and runoff from impervious drainage area captured by the SCM unit. 

Exfiltration would normally depend on the depth of the stored water and the moisture profile of 

the soil beneath the SCM unit or can be assumed as the user-supplied saturated hydraulic 

conductivity of the native soil beneath the SCM. Due to clogging, over time, the SCM is 

susceptible to ponding on the surface as the infiltration into the ground decreases and any ponded 

surface water in excess of maximum freeboard or depression storage height becomes immediate 

overflow. This immediate overflow also known as surface outflow or overflow runoff is the bypass 

flow that leaves the system. This bypass flow represents the output from the system that is 

produced due to clogging in the SCM. This output is evaluated to characterize the performance of 

SCMs under the application of different maintenance regimes and to develop an analytical 

procedure for characterization of reliability and time to failure to be able to make predictions on 

the design life of these systems.  
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2.5 Representation of Clogging and Maintenance in SWMM 

The hydraulic conductivity of the underlying layers of SCM decreases over time as a 

continuous function of the cumulative sediment mass load passing through it. Cumulative sediment 

mass can be replaced by cumulative inflow volume by assuming a long-term average sediment 

inflow concentration. This inflow volume can be adjusted for void space in the relevant LID layer 

so that hydraulic conductivity reduction becomes a function of the number of the layer’s void 

volumes processed by the LID unit. If clogging factor is defined as the number of layer void 

volumes treated to completely clog the layer and assumes a linear loss of conductivity with number 

of void volumes treated, then the conductivity K at some time t can be estimated as:  

�(�) = �(0) �1 − �(�) !"#$%& '      Equation (5) 

 

where, K(0) = initial conductivity of media; ()*+�= volume of void space per unit area in the LID 

layer; Q(t) = cumulative inflow volume per unit area to the LID unit through time t; CF = clogging 

factor of pavement. 

Because clogging is a long-term process, it would only apply to continuous time series 

simulations of several months or more duration. The clogging rate constant or clogging factor (CF) 

can be computed from the number of years ,-.*/ it takes to fractionally reduce an infiltration rate 

to a degree �-.*/ .  Clogging factor for a permeable pavement is estimated in SWMM using: 

0� = 12(
34567)89:";<=(
>&)&9:";      Equation (6) 

 

where ,-.*/ = number of years to reduce the infiltration rate to a degree of �-.*/; ?@= annual rainfall 

over the site [in]; AB1= = pavement capture ratio; φ = porosity of pavement layer; D = thickness of 
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pavement layer [in]; f = fraction of surface area covered by permeable pavement; �-.*/= degree of 

clogging [fraction]. 

In this study, the data observed are under the assumption that the system is completely 

clogged and therefore the degree of clogging Fclog is 1. The data collected from literature includes 

the number of years taken to completely clog an infiltration SCM, Tclog for each level of 

maintenance. This Tclog is a key parameter in characterizing the role of maintenance in the 

performance of infiltration based SCMs. 

2.6 Identifying Uncertain Input Parameters 

Initially, a total of 26 input parameters of SWMM were considered for the sensitivity 

analysis. Based on literature, these 26 parameters contribute to the outputs of the SCMs in SWMM. 

SCMs in SWMM are complicated models that contain a large number of random inputs whose 

uncertainties have a significant influence on the model outputs, however, only a few inputs play a 

critical role in the model (Feng et al., 2019). From these 26 input parameters, the insensitive 

parameters can be removed to reduce the computation expense (Wang et al., 2018) and provide 

relevant space to look at the significant and most sensitive parameters influencing the model and 

their interaction with other parameters. Since it was a hypothetical model not representing any 

specific location, recommended ranges for each parameter were obtained from various literature, 

studies and design manuals. Table 2 shows the 26 different parameters that were taken into 

consideration for the initial sensitivity analysis. All the parameters were assumed to be of uniform 

distribution for random sampling in generating input parameter sets. From the clogging data of 

permeable pavements, the number of years to clog for the three regimes of maintenance were found 

to best fit a gamma distribution.  
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Table 2. Uncertain input parameters included in SWMM model, the ranges for the parameters 

and the assumed distribution of parameters. 

System 

Component 
Parameter 

Range of 

Values 
Unit Distribution 

Subcatchment 

Surface Width 100-600 feet Uniform 

Surface Slope 2-10 % Uniform 

Impervious 0-100 % Uniform 

Impervious Manning's 

n 
0.005-0.05   Uniform 

Pervious Manning's n 0.01-0.5   Uniform 

Impervious Depression 

Storage 
0.1-0.3 inches Uniform 

Pervious Depression 

Storage 
0.2-0.3 inches Uniform 

Impervious area with 

Zero Depression 

Storage 

50-80 % Uniform 

Infiltration 

Maximum Infiltration 

Rate 
1.96-8.5 inches/hour Uniform 

Minimum Infiltration 

Rate 
0-1.2 inches/hour Uniform 

Decay Constant 2-7   Uniform 

Drying Time 2-14 Days  Uniform 

LID 

Component 
Parameter 

Range of 

Values 
Unit Distribution 

Surface Layer Ponding Depth 6-12 ft Uniform 

Soil Layer 

Thickness 8-12 ft Uniform 

Field Capacity 0.15-0.25 volume fraction Uniform 

Wilting Point 0.05-0.1 volume fraction Uniform 

Saturated Conductivity 5-30 inches/hour Uniform 

Suction Head 2-4 inches Uniform 

Porosity 0.25-0.35 volume fraction Uniform 

Storage Layer 
Thickness 6-36 ft Uniform 

Porosity 0.2-0.4 volume fraction Uniform 

Pavement 

Layer 

Thickness 3-8 inches Uniform 

Porosity 0.15-0.25 volume fraction Uniform 

Permeability 28-1750 In/hr  Uniform 

Capture Ratio 0-5   Uniform 

Maintenance 

Regime 
Parameter 

No 

Maintenance 

Partial 

Maintenance 

Full 

Maintenance 

Gamma 

Distribution 

Shape  2.119 1.3518 1.0455 

Scale 1.7865 5.5125 10.33 
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2.7 Global Sensitivity Analysis – Method of Sobol 

A multi-parametric sensitivity analysis (MSPA) was conducted to characterize the 

uncertainty and sensitivity of uncertain parameters influencing the outputs of the model. Global 

sensitivity analysis (GSA) is one of the methods in MSPA that is developed to identify the 

contributions of uncertainties present in the inputs to the outputs and can identify important inputs 

and quantify their significance (Chan et al., 1997; Feng et al., 2019; Read & Vogel, 2016; Rosolem 

et al., 2012). The variance-based method also called the method of Sobol’ is a versatile and 

effective method among a vast variety of available techniques in GSA (Feng et al., 2019; Lamboni 

et al., 2013). This method has high dimensional model representation (HDMR) and analysis of 

variance (ANOVA) decomposition which can decompose the variance of a model output 

depending on each input and their interactions (Feng et al., 2019; Saltelli et al., 2004, 2008). It 

considers the Sobol indices to express the decomposed variance as being due to variations in a 

single model input in isolation such as first order index and up to variations due to all possible 

interactions called the total order index (Link et al., 2018).  

Significant features such as model independence, capacity to capture the entire variation range 

of each input parameter, and the ability to determine the interaction effects among input factors 

makes the method of Sobol one of the most versatile, effective and robust methods among other 

available techniques in global sensitivity analysis (Feng et al., 2019; Saltelli et al., 2008) and has 

been preferred across different applications including hydrological and land surface modelling 

(Ganji et al., 2016; Rosolem et al., 2012; Wan et al., 2015).  

The method of Sobol assumes that input factors are orthogonal, where the conditional 

variances can be seen as a general variance decomposition scheme proposed by (Sobol, 1990).  

The total output variance V(Y) for a model with k input factors can be decomposed as 
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((C) = ∑ (++ + ∑ ∑ (+EEF++ + ⋯ + (
�…I     Equation (7) 

 

Where the conditional variance  VK = V(E(Y|XK)) is the first order effect of input Xi on V(Y), 

VKP = V QERYSXK, XPUV − VK − VP represents the second order interaction effects of inputs Xi and Xj 

on V(Y), and so on and k represents the number of input factors (Saltelli et al., 2004). 

The first order (main effects) sensitivity index represents the main effect contribution of each 

input to the output variance and is represented by (Saltelli et al., 2004, 2008). 

W+ =  (XRCSY+U) (Z)      Equation (8) 

 

The total effects indices determine the interaction effects that are not captured by the main effects 

indices and is represented by: 

W8# =  (Z)> (X(Z|[\#) (Z) = X( RCSY>+U) (Z)      Equation (9) 

 

The total order sensitivity index represents the total contribution of (+ to the total variance V(Y) 

by including both direct and indirect effects also known as main and interaction effects. 

SimLab 2.2 (Saltelli et al., 2004) is a didactical software designed for global uncertainty 

and sensitivity analysis. These analyses are based on performing multiple model evaluations with 

probabilistically selected input factors and then use the results of these evaluations to determine 

the uncertainty in model predictions and the input factors that gave rise to this uncertainty. Initially, 

about 14000 random sample sets of input parameters were generated for each of these three 

maintenance regimes and the model was simulated using the Monte Carlo method to record and 

evaluate the outputs of the model such as total runoff and bypass flow for their parametric 
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uncertainties. In general, a Monte Carlo analysis involves five steps: (1) select a range and 

distribution for each input variable or input factor which will be used in generation on samples. 

(2) Generate a sample of elements from the distribution of the inputs previous specified. (3) Feed 

the model with the sample elements and produce a set of model outputs where these evaluations 

create a mapping from the space of the inputs to the space of the results which is the basis for 

subsequent uncertainty and sensitivity analysis. (4) The results of the model evaluations are used 

as the basis for uncertainty analysis. (5) The results of model evaluations are used as the basis for 

sensitivity analysis. The framework of SimLab involved three frames: (1) The Statistical Pre-

Processor module which generates a sample in the space of the input factors. (2) The Model 

Execution module which executes the model for each point in the sample of input factors and (3) 

The Statistical Post Processor module which performs the uncertainty and sensitivity analysis. 

Once the significant parameters were identified, the analysis was conducted again by only varying 

the significant parameters and keeping the remaining parameters constant to evaluate the bypass 

flow characteristics to understand the role of maintenance in the performance of SCMs. 

2.8 Bypass Ratio and Design Life Level 

As mentioned earlier, SCMs are designed to capture and treat the water quality capture 

volume (WQCV) which corresponds to the runoff produced by storm events that have a 

precipitation depth greater than 0.1 inches also known as runoff-producing events.  The total 

number of runoff-producing storm events for each year were identified and only the corresponding 

bypass flow events were also recorded. This was recorded to characterize the bypass ratio of SCMs 

over time.  Bypass ratio is defined as the ratio of the number of bypass flow events to the number 

of runoff-producing events in any given year. This helps to understand the frequency response of 

bypass occurrences under different maintenance regimes. 
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As the frequency and intensity of bypass flow will change from year to year based on 

several factors including climate, maintenance, and design, return level plots were developed to 

understand the performance of the SCM under different maintenance regimes.  Design Life Level 

proposed by (Rootzén & Katz, 2013) was adopted which is used to predict the output response of 

a design value corresponding to given reliability during a design life period (Yan et al., 2017). In 

the 30-year simulation period, daily averages of bypass flow intensity (inches/hour) were recorded 

for the days that had runoff-producing storm events. To determine the DLL, the expected value of 

bypass intensity produced by the runoff-producing storms under different maintenance regimes 

were calculated. 

The expected value of bypass was obtained from a normal distribution with a mean, ]^ and 

a standard deviation of  
_`√b of the daily averages of bypass intensity. This is given as: 

C~d Q]^, _`√bV     Equation (10) 

 

where Y is the expected value of bypass, ]^ is the mean of daily average bypass intensity, e^ is the 

standard deviation and n is the number of sample element sets. 

Extreme Value analysis (EVA) was adopted to characterize the expected value of bypass 

to determine return periods and return levels. EVA is commonly used to characterize extreme 

events with two primary methods for selecting extremes: Peak over threshold (POT) and block 

maxima method (e.g. annual maxima). The block maxima method only considers one event per 

block (e.g., a year) (Coles, 2001) but since bypass can occur multiple times in a year, we used the 

peak over threshold method to consider all the bypass events occurring in the period of analysis. 

POT approach is applied in several studies involving flood frequency analysis, which consider 
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minor flooding events with multiple occurrences per year (Sweet et al., 2014; Saeed Far & Abd. 

Wahab, 2016; Yan et al., 2017; Ghanbari et al., 2019, 2020). 

In the operation of SCMs, the extreme event of failure is the bypass flow or surface 

overflow. A bypass flow event occurs when the SCM cannot capture the corresponding runoff 

volume according to the WQCV and is lost from the system as surface outflow. These events can 

occur multiple times in a year depending on the cumulative inflow of runoff depending on the 

contributing impervious runoff areas (Lee et al., 2015; Siriwardene et al., 2007; Yong et al., 2013). 

Thus, 0 in/hr. of surface outflow for runoff-producing events was taken to be the threshold and 

anything above 0 in/hr. was considered as bypass flow exceedance. 

Generalized Pareto distribution (GPD) was identified to provide the best fit for intensity of 

bypasses and the p-values of the Kolmogorov-Simonov Goodness-of-Fit test was larger than 0.05 

which supports the validity of the assumed distribution (Gharib et al., 2017). The cumulative 

distribution frequency for the GPD is given by (Coles, 2001): 

�f(g) = hi(Y − j < g|Y > j) = m1 − Q1 + n(^>f)_ V\�o  �� p ≠ 01 − �gr Q− (^>f)_ V  �� p = 0      Equation (11) 

 

where x is the daily average bypass intensity in inches/hour, u is the location parameter also knows 

as the threshold, which here is 0, p is the shape parameter and e is the scale parameter. The 

maximum likelihood estimation (MLE) was used in MATLAB (MathWorks®) was used to 

estimate parameters of the GPD model for the bypass response for the different maintenance 

regimes and their corresponding confidence intervals were also obtained to characterize 

uncertainty. 
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2.9 Hazard Function Analysis  

In the final step, we propose an analytical hazard function to characterize the reliability of 

SCMs and calculate the mean time to failure of SCMs under different maintenance regimes. Time 

to arrival of a certain magnitude or time to failure of systems in excess of a design threshold has 

become a matter of significant concern among many disciplines (Read & Vogel, 2015, 2016). 

Hazard function analysis (HFA) also known as survival analysis is primarily to describe the 

functionality and changes in exceedance probability of an event over time (Read & Vogel, 2016). 

Time to failure or failure density analysis is a part of HFA that deals with the time that a system is 

functional until it experiences a failure (Read & Vogel, 2015), in this case, a bypass overflow event 

due to clogging in an SCM. 

The failure rate for many systems generally takes a bathtub shape also known as the bathtub 

curve in which three distinct life periods can be identified described by (Kapur & Pecht, 2014). 

They are the early-life period, useful-life period, and wear-out-life period. In the early-life period, 

the failure rate tends to be high and is caused primarily due to design or construction failures. 

Useful-life period has a constant failure rate determined by overall functional failure and in the 

wear-out-life period, after a specific time period, the failure rate increases rapidly caused by aging 

and degradation which can be due to normal wear of the system or due to poor operation and 

maintenance (Tung et al., 2006).  

The hazard function or failure rate function h(t) is defined as the conditional probability 

that a bypass flow event occurs in a given time interval and is derived as, 

ℎ(�) = tu (vw(x�)  �� � > �
0               �� � ≤ �
      Equation (12) 
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where a and b are the model coefficient estimates of the hazard function,  

where x = 
�z and ℎ(�
) = 0. 

The reliability of the system, r{(�)  is defined as the probability that no bypass event occurs in the 

given time interval and can directly be computed from the failure rate function as: 

r{(�) = �gr �− | ℎ(�) }���z '     Equation (13) 

 

and the failure density function �8(�) can be expressed in terms of the failure rate as: 

�8(�) = ℎ(�) �gr �− | ℎ(�) }���z '     Equation (14) 

 

Therefore, the reliability of the SCM from equation 8 can be derived as: 

r{(�) = t�gr~−u� vw(x�)� �gr~u(� − �
)�     ��i � > �
1                                                              ��i � ≤ �
      Equation (15) 

 

Similarly, from equation 9, the failure density function for the SCM can be derived as: 

�8(�) = tu vw(x�) �gr~−u� vw(x�)� �gr~u(� − �
)�  ��i � > �
0                                                                           ��i � ≤ �
      Equation (16) 

 The hazard function was developed and was used to determine the reliability and time to 

failure of SCMs under different maintenance regimes. 

The time to failure is an important parameter in reliability analysis as it represents the 

length of time during which a system remains operational (Tung et al., 2006), in this case an SCM. 

The mean time to failure is the random variable to measured reliability of the system. The mean 
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time to failure is the expected time to failure of a system under a given condition. The mean time 

to failure is denoted as MTTF and can be derived from the failure density function by: 

�,,� = | ��8(�) }���z      Equation (17) 

 

And can be expressed in terms of reliability as,  

�,,� = | r{(�) }���z      Equation (18) 
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Chapter 3. Results 

3.1 Clogging and Maintenance 

 Boxplots were created to visualize the clogging data which shows the age of permeable 

pavements categorized under no, partial, and full maintenance (Figure 3). Under no maintenance, 

SCMs tend to clog in less than 5 years whereas as maintenance is introduced, it is quite evident 

that the performance of SCMs improves, and the tendency to fail due to clogging decreases. Under 

partial and full maintenance, it can take up to 13 and 20 years respectively for the SCMs to 

completely clog. This clearly implies the necessity to understand the nature of clogging and shows 

the importance of appropriate inspection and maintenance to enhance the performance of SCMs. 

 

Figure 3. Boxplots of clogging data of permeable pavement under no maintenance, partial 

maintenance and full maintenance. 

Figure 4 shows the empirical cumulative distribution and the gamma distribution of the 

clogging data for the three maintenance regimes. Here it is important to note that the introduction 

of maintenance reduces the probability of the SCM clogging. Under no maintenance, there is more 
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than an 80% probability that the SCM will fail in 5 years of functioning. Ideally, the design life 

for SCMs is expected to be 10-15 years (UDFCD, 2019) and it can be seen that as maintenance is 

introduced, there is significant variability in performance and the probability that the SCM will 

clog significant decreases. 

 

Figure 4. The cumulative distribution function of the clogging data fitted to a gamma 

distribution for a permeable pavement under no maintenance, partial maintenance, and full 

maintenance. 

It can also be seen that even under full maintenance, SCMs tends to clog over a given period of 

time and this can be due to issues with technicality of design, construction, change in climate 

patterns and various other factors (Blecken et al., 2017). For any SCM, due to various highly 

influential factors contributing to cumulative load, clogging can lead to irreversible decreases in 

permeability (Blecken et al., 2017; J. A. P. Drake et al., 2013). Regular or periodic maintenance 
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can significantly restore the infiltration capacity of these systems and improve their performance 

over their design life. 

3.2 Sensitivity of Input Parameters 

The output variables of interest for the sensitivity analysis were total runoff of the system and the 

bypass flow leaving the system as overflow due to clogging. Clogging of an SCM is dependent on 

the impervious areas contributing to stormwater surface runoff. Therefore, the total runoff of the 

subcatchment and the bypass flow of the SCM were evaluated to conduct sensitivity analysis.  

 Figure 5 shows the variance decomposition of the first order indices of the 26 input 

parameters for (1) as total runoff and (2) as bypass flow. For the three maintenance regimes, only 

a few parameters have high sensitivity index and the remaining parameters have small indices that 

can be considered insignificant. For total runoff, the parameters that have higher sensitivity index 

are percentage of imperviousness, capture ratio, minimum infiltration rate and the maintenance 

regime. These are the input parameters that affect the total stormwater runoff of the subcatchment 

and it can be seen that the minimum infiltration rate does not influence the bypass response of the 

SCM. For bypass flow, the significant parameters include percentage of imperviousness, capture 

ratio and the maintenance regime. 

 For both total runoff and bypass flow, imperviousness is the most important 

parameter and as maintenance is introduced, the significance of this parameter decreases. It can 

also be seen that the significance of capture ratio is greater for the bypass flow when compared to 

total runoff. Introduction of maintenance also significantly influences the total runoff and bypass 

flow of the system and it can be seen that for bypass flow, the significance of the maintenance 

regime is twice as much as it is for total runoff. All the other parameters that were less than 1% 
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have a sensitivity index of either zero or almost zero having no importance at all and therefore do 

not influence the performance of the SCM. 

 

Figure 5. Variance decomposition of the first order sensitivity indices for 1. Total Runoff of the 

system and 2. Bypass Flow of the SCM under A. No maintenance, Partial Maintenance and C. 

Full Maintenance. 
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The first order Sobol indices were then plotted against the total order indices to produce 

the sensitivity index plots. Figure 6 shows these plots for each of the maintenance regime for total 

runoff and bypass flow. In these plots, when a 1:1 linear line is drawn, all the parameters are shown 

above the linear line. The significant parameters are scattered across the top 95% of the space 

while the non-significant parameters all fail below the 5% space.  

 

Figure 6. Interaction effects plot of first order vs total order sensitivity indices of 1. Total Runoff 

of the system and 2. Bypass Flow of the SCM under A. No maintenance, Partial Maintenance 

and C. Full Maintenance. 

This shows that the insignificant parameters fall in the 95% confidence intervals. The 

remaining parameters outside the confidence intervals are the sensitive significant parameters and 

need to be carefully considered while designing an SCM. Here we see similar results to that of the 
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variance decomposition charts, we can see that the significant parameters are percent impervious, 

capture ratio, maintenance regime and the minimum infiltration rate for the total runoff and for 

bypass flow the important parameters are percent impervious, capture ratio and the maintenance 

regime. Percent impervious and capture ratio are very important parameters to consider while 

designing the SCM as they determine the runoff and the load of pollutants of debris coming into 

the system as stormwater runoff. In SWMM, the clogging potential is determined by the 

cumulative load of pollutants coming into the system. This also can be attributed the cumulative 

volume of stormwater runoff produced by the contributing impervious areas.  

Previous studies have shown that cumulative inflow of stormwater runoff contributes to the 

maximum clogging substances (Deo et al., 2010; Lee et al., 2015; Yong et al., 2013). It is very 

necessary to carefully take into consideration the amount of area being treated by an SCM. Most 

of the studies reviewed showed that due to improper design in capture ratio where the SCM was 

not big enough to treat the incoming load of stormwater runoff tend to clog rapidly (Blecken et al., 

2017; Siriwardene et al., 2007). Sometimes this also can be due to not having enough storage 

capacity in the underlying layers. Thus, most of the water is lost from the system untreated and 

completely violates the purpose of place an SCM. 

After identifying the most significant and important parameters, the Monte Carlo simulation 

was performed again by generating new sample sets. New sample set were generated by keep the 

non-significant parameters constant for the study region and only the significant parameters such 

percent impervious, capture ratio, level of maintenance, minimum infiltration rate and surface 

layer ponding depth were varied. Monte Carlo simulations were run again with 3072 newly 

generated sample sets and their corresponding outputs were recorded to characterize the response 

of bypass flow and the role of maintenance over the design life of SCMs. 
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3.3 Bypass Ratio of SCMs over Time 

Figure 7 shows the bypass ratio of the SCM over the entire 30 years under no, partial and 

full maintenance. It can be seen that the frequency of bypass occurrences increases over time due 

to clogging for each maintenance regime. For the first three years of functioning, the system has 

similar performance and between 3 and 5 years, it can be seen that the bypass ratio for the SCM 

under no maintenance increases rapidly and there is an exponential increase in the frequency of 

bypass occurrence. This implies that as maintenance is introduced, the frequency of bypass 

occurrence decreases significantly.  

 

Figure 7. Bypass ratio for no maintenance, partial maintenance, and full maintenance for the 

assessment period (1989-2018) of 30 years. 

 Literature suggests that infiltration-based SCMs have the tendency to exponential 

decrease in the ability to infiltrate the stormwater runoff coming into the system. This mainly 

occurred between 3 to 5 years of the system being in operation. 15 to 20 years is the general life 

expectancy for any given SCM. Under no maintenance, the bypass ratio tends to be around 0.85 
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in just about 10 years. The bypass ratio under partial and full maintenance has a very similar trend 

and increases gradually over time. The expectation was to see much lesser bypass frequency 

response under partial and full maintenance. This would help in clearly differentiating the effective 

response of different maintenance activities, but this result is primarily due to the assumptions 

made while creating the clogging data based on the type of maintenance activities, land density 

and the capture ratio. 

3.4 Return Level of Bypass Flow 

The return levels of bypass intensity (in/hr) and their corresponding return periods were 

calculated using the GPD. Figure 8 shows the return level as bypass intensity of the SCM for the 

three different maintenance regimes with their corresponding return period in years. There is a 

significant difference in the return level between no maintenance, partial maintenance and full 

maintenance as the return period increases. For the 10-yr return period, the bypass intensity is 

around 70 in/hr, 85 in/hr and 95 in/hr for no maintenance, partial maintenance and full 

maintenance, respectively. This shows that there is nearly a 75% decrease in bypass flow intensity 

of the system between no maintenance and full maintenance. As the return period increases, the 

difference in intensities of bypass only increases among the different levels of maintenance.  

The confidence intervals show the uncertainty for each of the maintenance regimes. There 

is higher uncertainty under full maintenance and the uncertainty is much lesser for no maintenance. 

These increased uncertainties under partial and full maintenance shows that there is high variability 

in the performance of the SCMs and it can be difficult the predict to bypass response for a given 

return period compared to no maintenance. This corresponds to the assumptions made to 

categorize the clogging data. Higher uncertainty under full maintenance show that there is reduced 

bypass overflow and it does not occur as often as it does under no maintenance. This return level 
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plot can be used to make predictions on the reliability of the performance of the SCM based on the 

bypass response for a given design life period. 

 

Figure 8. Return Level plot with Return Period in years on the x-axis and the corresponding 

bypass intensities on the y-axis for the three levels of maintenance with confidence intervals. 

3.5 Reliability and Time to Failure  

Figure 9 shows the hazard function for the bypass overflow of the SCM under varying 

maintenance regimes for the assessment period of 30 years. The rate for each level of maintenance 

follows a bathtub curve which is more skewed to the wear-out-life period. The failure rate tends 

to go to the wear-out stage in just around 5 years of operation. Under no maintenance, the rate of 

failure goes over 50% in 7-10 years of operation and this indicates the necessity and importance 

of appropriate maintenance. For partial and full maintenance, the rate of failure has a more gradual 

increase, but it can be clearly seen that the failure rate increases exponentially over time. This also 

shows that under maintenance, the life of the system is prolonged, and the rate of failure is much 

less rapid when compared to systems with no maintenance at all. 
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Figure 9. Hazard function of the SCM for the three levels of maintenance assessed for the period 

of 30 years 

Figure 10 shows the hazard function, reliability function and the failure density function 

for the bypass of the SCM under the three levels of maintenance. The reliability of the SCM under 

no maintenance drops below 50% in 5 years whereas under partial and full maintenance, there is 

75% reliability. The reliability is almost zero under no maintenance in less than 10 years. Partial 

and full maintenance’s reliability drops below 0.5 between 7-8 years of operation and these two 

scenarios tend to be very close to each other in performance. 
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Figure 10. Representation of A. Hazard function or failure rate function, B. Reliability function 

and C. Failure density function for the three levels of maintenance. 

 The failure density function which is also the probability density function shows that under 

no maintenance, the SCM tends to failure in less than 5 years and for partial and full maintenance, 
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the SCM fails in just over 5 years. The mean time to failure or the expected time to failure of the 

SCM was calculated to be 3.9 years, 5 years and 5.5 years under no maintenance, partial 

maintenance and full maintenance, respectively. This clearly implies the importance of 

maintenance, but it is also concerning to understand that even under full maintenance, the SCM 

has a MTTF of less than 10 years where a SCM is generally designed to perform efficiently for at 

least 10 to 15 years. 
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Chapter 4. Discussion 

Observing the clogging data of permeable pavements from the last two decades, we can 

see that the role of maintenance has also become significantly important for better performance of 

the SCM. Appropriate design and sizing of low impact developments are critical to ensure the 

system functions according to design. Studies have shown that there have been multiple cases 

where systems have clogged prematurely due to improper design or depending on the contribution 

impervious areas (Lee et al., 2015; N. Siriwardene et al., 2007; N. R. Siriwardene et al., 2007).  

The bypass ratio shows that introducing maintenance to a SCM can significantly reduce 

the frequency of bypass occurrences. Significant differences were seen under different 

maintenance regimes in the return level plot which can help in making prediction of the bypass 

intensity response of the SCM for a given design life period. One important observation from the 

analysis was that the response for partial maintenance and full maintenance were very close to 

each other while no maintenance varied by a significant magnitude. The probable explanation for 

this could be the assumptions made while characterizing the clogging data. Certain assumptions 

had to be made based on the capture ratio, land density, and the maintenance activity involved to 

categorize the age of permeable pavements to no maintenance, partial maintenance, and full 

maintenance. This can produce a certain amount of uncertainty in the results and while this is true, 

studies have also suggested that over a period any system is susceptible to irreversible clogging. 

This can be due to several factors such as wet and dry flows, climate, design issues, and so on.  

The rate of failure and time to failure analysis shows that failure or clogging in this case in 

the SCM follows an exponential trend, especially under no maintenance. A number of studies have 

shown that any given infiltration-based stormwater system starts to fail somewhere between 3 and 

6 years after which there is an exponential decrease in the performance of these systems (Emerson 
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et al., 2010). There is a widespread increase in implementation of SCMs across the world and 

therefore it is important to guarantee the adequate function of the SCM in both the short and long-

term (Blecken et al., 2017). 

 The idea of implementing SCMs and low impact developments are that they mimic natural 

hydrologic cycle, reducing the peak runoff volume, providing storage to reduce flooding and the 

provide water quality benefits by serving as a treatment for stormwater runoff pollutants. But when 

maintenance is neglected, the investment capital in the design and construction of these systems is 

wasted. Moreover, failed systems can potentially further damage the existing hydrology of a given 

watershed. Some of the future options and critical considerations to favor the implementation and 

use of SCMs have been suggested by various studies.  

Recommendations have been made to make sure that SCMs are properly designed by 

understanding the need in context of the watershed features and the type of runoff treated by these 

systems (Emerson et al., 2010; Kandra et al., 2015). Necessary attention should be provided while 

designing and constructing these systems to pore size of underlying aggregates along with the 

materials used for these aggregate layers as clogging start with these pores capturing untreated 

pollutant coming into the systems in the stormwater runoff (Deo et al., 2010). A SCM should be 

designed, constructed and maintained with a factor of safety, for example providing larger surface 

areas. This can provide additional space for natural physical processes that can allow for partial 

failure of the SCM should something go wrong (Blecken et al., 2017; Emerson et al., 2010; N. 

Siriwardene et al., 2007). Implementing these SCMs in locations where is a constant water level 

have shown to improve the performance and prolong the life of these systems (Siriwardene et al., 

2007) and studies have shown that systems that are sized only according to the upstream 
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impervious are may clog prematurely. Most importantly, periodic inspection and regular 

maintenance is very critical in maintaining the longevity of these stormwater infiltration systems.  

One of the limitations of this study was the bias in the assumptions made during collecting and 

categorizing the clogging data. Over the entire study, the performance of the SCM under partial 

and full maintenance are relatively close and this is limited mainly by the clogging data collected 

from previous studies. A larger number of data will provide space for more stringent conditions 

which categorizing the data which will produce significantly improved results. Future work could 

include more parameters that might affect the model for example, the influence of climate change. 

This can be conducted by running the simulations across various climate regions to understand the 

influence of climate on the performance of SCMs. 
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Chapter 5. Conclusion 

Rigorous global sensitivity analysis identified the important parameters of design to be 

percentage of imperviousness, capture ratio, and the maintenance regime which are part of the 

clogging factor parameter in SWMM. It was clearly identified that maintenance directly influences 

the bypass flow frequency and intensity response of any given SCM. Clogging and maintenance 

is a major determinant in the performance of a SCM over its design life as suggested by previous 

studies (Deo et al., 2010; Kandra et al., 2015; Kia et al., 2017; N. Siriwardene et al., 2007). 

Introduction of maintenance to the SCM show decrease in the frequency of bypass occurrences 

and an increase in the uncertainty of bypass intensity over their design life. Subsequently, the 

hazard function analysis shows that failure due to clogging occurs exponentially over time and the 

reliability of the system increases with introduction of maintenance. The mean time to failure was 

found to be less than 10 years for the SCM under full, partial and no maintenance regimes. 

Significant improvement in the performance of SCMs were seen with the introduction of 

maintenance, comparing no maintenance and partial maintenance regimes. As the interest towards 

new SCM technology and practices increase among cities and communities, it is important to 

provide long-term functionality as some of these systems require high capital for construction and 

maintenance. Regular inspection and maintenance including cleaning components of the SCM, 

trash and debris removal, vegetation condition, sediment accumulation and standard monitoring 

of the treatment capacity of these systems are critical in ensuring that these SCMs perform as per 

design for longer periods of time.  Long term maintenance over the design life of the system has 

to be further researched, especially for onsite practices to be able to advise better on effective 

design and maintenance of these systems to ensure that they are preserving the hydrological 

balance and improving the lifestyle of communities.  
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