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ABSTRACT

Recently, there has been an increasing trend in using state-of-the-art technology for
infrastructure management solutions. Yet, some civil infrastructure systems, such as
stormwater, are currently managed manually. However, this current approach results in data
losses and inconsistencies, which subsequently contribute to inaccurate stormwater
infrastructure management. Building Information Modeling (BIM) offers a promising
platform capable of creating a digital shadow (DS) of infrastructure assets, that can address
these complexities in infrastructure management. An extensive literature review has revealed
that the infrastructure asset management sector is lacking a DS-based model that facilitates

proactive stormwater infrastructure management.

The objective of this study is to develop a DS-based proactive stormwater infrastructure
management system. This study developed a DS-based methodological framework for
proactive maintenance planning of stormwater infrastructure systems. The proposed
framework used Markov Chain approach for simulating the stormwater infrastructure
condition, and Genetic Algorithm (GA) was used for multi-objective optimization. The
optimization was conducted to minimize the lifecycle cost and risk level while maximizing
the physical condition. The proposed framework was developed as a tool in the BIM platform
and was applied as a case study. Then, the proposed framework was compared to the
conventional model of stormwater infrastructure management. The outcome revealed that the
Lifecycle Cost (LCC) of the DS-based model is about 63% less than the conventional
stormwater infrastructure management approach in long-term planning. The proposed
framework enables maintaining an acceptable physical condition while minimizing the risk of
failure and LCC. Unlike the conventional approach, the DS-based model can store data for
easy reference. This will aid asset managers to eliminate data fragmentation in infrastructure
management. Also, it will facilitate collaboration among stakeholders by effectively serving

as a data warehouse for the proactive management of stormwater infrastructure systems.
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1 INTRODUCTION

1.1 Background

Wastewater and stormwater collection and transportation systems are critical components of
the urban water infrastructure. Yet, Stormwater infrastructure systems including storm sewer
pipelines and treatment facilities present a great challenge to municipal asset managers. This
is due to their varied components that have different repair and rehabilitation requirements
(Hahn et al., 2002; Elbeltagi, Elbeltage, and Dawood, 2013; Marzouk and Osama, 2017).
According to the Canadian Infrastructure Report Card (CIRC) (2019), about 30% of the
municipal stormwater infrastructure is rated from fair to poor in condition (CIRC, 2019). A
study conducted by Infrastructure Canada (2016) has indicated that the anticipated repair and
rehabilitation costs of these stormwater infrastructure systems in “fair” and “poor or very
poor” conditions are estimated to be $21 billion and $10 billion, respectively. However, the
funding gap makes it difficult for the proper management of the stormwater infrastructure

systems.

Again, due to urbanization, the permeable surfaces are replaced with impermeable surfaces
which disrupt natural drainage patterns. This change increases the risk of flash flooding and
influences the quantity and quality of stormwater (Barbosa et al., 2012; De Paola et al., 2018).
Aside from urbanization, climate change also poses an adverse impact on stormwater
infrastructure systems (Cook et al., 2020). Various studies involving climate change
predictions have shown that heavy precipitation events are expected to intensify the quantity
of surface runoff (Karl et al., 2008; Davies et al., 2008; Wu et al., 2008). The rise in
urbanization and climate change coupled with declining funds for maintenance results in the
deterioration of stormwater infrastructure systems. As a result, municipal stormwater
infrastructure managers are faced with a challenge of keeping the operation, maintenance, and
rehabilitation of these deteriorating systems under limited funds (Kabir et al., 2018; Abu-
Samra et al., 2020).

The deterioration of stormwater infrastructure systems is caused by several factors including
age, urbanization, lack of maintenance, climate change, physical and chemical properties of
the surrounding soil, and surrounding environment (Ariaratnam et al., 2001). Previously,
challenges caused by aging and deteriorating stormwater infrastructure systems were dealt

reactively, with repair or rehabilitation being attended to only after a pipe had failed (Baah et



al., 2015). These emergency repairs are of extremely high cost (Fenner, 2000). Moreover, the
above failures hinder the service provided to the public. Hence, it is important to implement
predictive asset management practices to ensure cost-effective and reliable service to the
public (Lee et al., 2021).

The ISO 55000 series serves as the basis for asset management standards. The ISO 55001:2014
standard specifies the requirements for an integrated and efficient asset management system,
while the 1ISO 55002:2014 standard directs the implementation of such a management system
(Standardization, 2014). The aforementioned asset management standards comprise
leadership, planning, support, operation and management, performance assessment, and
continuous improvement. The planning, operation and management, and continuous
improvement related to this research. The implementation of this standard enhances decision-
making, manages risk, and improves asset performance. Therefore, the adoption of this 1ISO
standard will enable municipalities and organizations to achieve their aim of managing their
assets effectively. Given that stormwater infrastructure systems lack tools that aid planning,
operation and management, and continuous improvement, it is necessary to develop a digital

tool that integrates this standard to aid plan stormwater infrastructure assets more effectively.

According to Baik et al. (2006), proactive stormwater infrastructure management should take
into account the current and future physical conditions, risk, and performance level of all
system components. A proactive management approach relies strongly on data which is used
for predicting future performance (Harvey and McBen 2014; Van et al. 2013). Proactive
stormwater infrastructure management has many advantages, including asset failure
prevention, risk management associated with asset failure, accurate forecasting of future
expenditure requirements, and improvement of maintenance and rehabilitation strategies
(InfraGuide, 2004). Moreover, there are no comprehensive data management tools or cutting-
edge solutions that aid proactive stormwater infrastructure management (Eggimann et al.,
2017).

A Digital Shadow (DS) can be adopted to resolve these challenges faced by municipal
stormwater infrastructure managers (Callcut et al., 2021; Bello et al., 2021). Bello et al. (2021)
define DS as a combination of an automatic one-way data flow between the condition of an
existing physical asset and a digital asset. A change in the physical object's state causes a
change in the digital object's state but not the other way around. In other words, DS is the

mirror representation of the physical object, mimicking the operation stage in real-time.
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BIM provides the platform for implementing a DS. BIM facilitates handling the operation and
maintenance information of an infrastructure (Cheng et al., 2016). A BIM model contains a
database of all infrastructure components and can be used to coordinate construction and
operational activities in a virtual 3D space (Liao et al., 2012). This research, therefore, seeks
to develop a DS-based approach for predictive maintenance planning of Stormwater

Infrastructure systems.
1.2 Knowledge Gap
The following knowledge gaps were identified based on a comprehensive literature review:

Limited research on stormwater infrastructure management: Recent studies on stormwater

infrastructure management include predictive maintenance of stormwater infrastructure using

Internet-of-Things (1oT) technology (Strauss and Wadzuk, 2022) and Bayesian network-based

methodology for selecting a cost-effective sewer asset management model (Guzman-Fierro et

al., 2020). Mohammadi et al. (2020) conducted a study on predicting the condition of sanitary

sewer pipes with gradient boosting trees. Lee et al. (2021) and Baah et al. (2015) performed a
risk-based prioritization of sewer pipe inspection and asset management. The above literature

has focused on sewer infrastructure management rather than stormwater infrastructure. Also,

most research in stormwater infrastructure management focuses on either predicting the

condition, Life Cycle Cost (LCC), level of service, or risk level of the stormwater

infrastructure without considering effective data management. State-of-the-art data

management strategies have the potential to increase the efficiency, accuracy, and

effectiveness of decision-making.

No standard methodology for predicting the physical condition of stormwater

infrastructure:

Predicting the physical condition of stormwater infrastructure systems is necessary for
proactive asset management (Daher et al., 2021). Elbeltagi et. al. (2013) stated that there are
no standard methodologies for assessing the condition of stormwater infrastructure systems.
Hawari et al. (2020) highlighted various methodologies that can be used in assessing the
physical condition of stormwater infrastructure including, artificial intelligence-based models,
and statistical models. However, the accuracy of the above models and their impact on making

effective decisions remain questionable.



DS adaptation in municipal infrastructure management is in a prenatal stage

Heaton et al. (2019) argued that the operation and maintenance of stormwater infrastructure
systems account for more than half of the total lifecycle cost. Shou et al. (2015) indicated that
BIM adoption and use in infrastructure management is still in its early stages. The role of BIM
technology in stormwater infrastructure operation and maintenance is yet to be determined
(Wang et al., 2021; Kelly et al. 2013). The capabilities of BIM can be effectively used for the

management of stormwater infrastructure.

1.3 Motivation for this Research
The main motivation for this research has stemmed from the above-identified research gaps.

This research tries to address the following questions.

i.  How and when can we intervene to maximize physical conditions and minimize the
risk of failure at the lowest life cycle cost?
ii.  How can we budget for the above interventions?

iii.  How do we eliminate the data fragmentations in infrastructure management?

Current stormwater infrastructure management practices have led to data fragmentation, which
has resulted to significant inefficiencies (Halfawy, 2008). Therefore, resources should be

developed for municipalities to aid in proactive decision-making.
1.4 Research Objectives

The main objective of this research is to develop a DS-based stormwater infrastructure
management framework to predict long-term performance and aid maintenance decision-
making by optimizing the physical condition of infrastructure, life cycle cost, and risk. The
proposed framework was used to develop a user-friendly tool in the BIM platform that
supports asset management decision-making. The above objective was achieved via the

following sub-objectives.

i.  Develop the physical deterioration rate model for municipal stormwater infrastructure.
ii.  Determine the impact of the physical deterioration rate on future asset condition, risk,
and lifecycle cost of stormwater infrastructure systems.
iii.  Develop a multi-objective optimization algorithm to optimize maintenance activities.
iv.  Integrate the optimization algorithm in the BIM platform to create a digital shadow of

a stormwater infrastructure system.



v. Develop Best Management Practices (BMP) and implementation guidelines for

proactive stormwater infrastructure management.
1.5 Research Methodology

To achieve this objective, the research methodology is divided into four interrelated phases.
Figure 1-1 illustrates the four phases of this study.

Phase 1: This phase of the study involved data collection from GIS maps and municipal reports
to determine the physical, spatial, social, and environmental characteristics of the stormwater
infrastructure systems. Furthermore, data on the physical condition of stormwater

infrastructure and different maintenance procedures were collected.

Phase 2: This phase of the study developed the physical deterioration model to determine the
impact of the physical deterioration on future conditions, risk level, and lifecycle cost by using
a Markov Chain (MC) model.

Phase 3: In the third phase, GA was used to develop an optimization model to identify the
optimal maintenance, repair, and replacement option. The algorithm was linked with the

deterioration model to develop a methodological framework.

Phase 4: During the final phase a tool was developed in the Autodesk InfraWorks platform to
optimize infrastructure maintenance planning. A case study was conducted to demonstrate the
capabilities of the proposed tool. Furthermore, best management practices and implementation

guidelines were developed for proactive stormwater infrastructure management.
1.6 Thesis Organization

This thesis is made up of six chapters. Chapter One highlights the background and objectives
of stormwater infrastructure management. Chapter Two reviews relevant published literature
on stormwater infrastructure management. Chapter Three describes the methodological
framework for stormwater infrastructure management. Chapter Four details the DS-based
decision support tool for stormwater infrastructure management. Chapter Five presents a case
study that demonstrates the above decision support tool and comparative evaluation of the
proposed method versus the traditional stormwater asset management approach. Chapter Six
presents the conclusions of this research, limitations, and recommendations for future

research.
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2 LITERATURE REVIEW

2.1 Overview of Civil Infrastructure

Infrastructure refers to the collection of physical systems that enable the delivery of public
services (Grigg, 2012). Civil infrastructure is the bedrock of economic growth (Elbeltagi et
al., 2013). However, Miyamoto et al. (2006) indicated that maintenance, repair, and
rehabilitation (MR&R) of civil infrastructures have been addressed in a reactive manner which
has led to a high maintenance cost. As a result, government agencies, municipalities, and
public sector organizations are increasingly under pressure to develop new strategies for
managing deteriorating civil infrastructures to ensure their long-term sustainability (Selih et
al., 2008). Over the years, government agencies, municipalities have allocated substantial
budgets for the MR&R of civil infrastructure to ensure a performance level that meets user
requirements (Schraven et al., 2011). Given the above investment, it is imperative to develop
a proactive management approach with the available funds.

2.1.1 Asset Management

ISO 55000:2014 defined asset management as a method that “involves the balancing of costs,
opportunities, and risks against the desired performance of assets, to achieve the organizational
objectives” (International Organization for Standardization 2014). Asset management has
emerged as a strategy for achieving greater value with fewer resources in the civil
infrastructure sector (Moon et al., 2009). The asset management procedure should answer the
following questions;

e What assets do you have?

e Where are these assets located?

e What condition(s) are these assets in?

e How will these assets affect your ability to meet performance goals?
This information is utilized to make decisions about investing in new assets and maintaining
the existing ones (Fane et al., 2004). According to Yazdandoost and Izadi (2018), the idea of
asset management was first conceived in New Zealand in the 1980s. Petchrompo and Parlikad
(2019) have stated that asset management evolved from simply managing and maintaining

structures to improving the efficiency and performance of the whole infrastructure system.



2.1.2 The Increasing Significance of Asset Management

The increased interest in infrastructure management has risen due to new governance and
institutional challenges (Lee et al., 2021). Organizations, government agencies, and
municipalities have paid extra attention towards infrastructure maintenance due to budgetary
constraints (Arif et al., 2016). Additionally, infrastructure managers are being challenged to
respond to aging infrastructure by implementing more efficient business practices (TRB,
2006).

The growing awareness of the need for infrastructure asset management is to improve asset
productivity and overall asset performance (Zang and Hudson, 1998). This growing awareness
cannot be underestimated because it will ensure full accountability for the asset’s condition
and performance. As a result, infrastructure asset management firms are motivated to use a
formal and comprehensive approach to infrastructure asset management to deliver services as
cost-effectively as possible (Too, 2012). Moreover, managing the infrastructure asset will
ensure the needs of the stakeholders and clients are met

The primary goal of the increasing significance of infrastructure asset management is to
achieve the required performance level in the most cost-effective way possible by managing
assets for current and future customers (IPWEA, 2006; Gollier 2018).

2.1.3 Need for Stormwater Infrastructure Management

Most municipalities and government agencies have effective management systems for their
visible infrastructure such as roads, bridges, and pavement. Stormwater infrastructure, on
the other hand, is frequently overlooked due to the "out of sight, out of mind" philosophy
(Perrin Jr and Dwivedi, 2006). Stormwater infrastructure system is a system for managing
precipitation-related stormwater runoff and snowmelt (CIRC, 2019). A stormwater
infrastructure system comprises pipes and culverts, open drains, catchment basins,
retention ponds, filters, vegetated swales and roofs, pollution and drainage control devices,
tree boxes, stormwater reuse tanks, and natural watercourses (Wood, 2020). These systems
are available in a variety of sizes, shapes, and configurations. Catch basins and manholes
are typically the first point of contact in a stormwater infrastructure system. A catch basin
is a storm grate that can be found along the side of the road or in people's backyards.
Stormwater runoff enters these grates or manholes and flows into the storm sewer system,
where it is discharged through an outlet. Stormwater runoff frequently finds its way to
bodies of water (Demello, 2017).



Stormwater infrastructure systems are designed to prevent flooding and transport rainwater
to storm drains in communities. Figure 2-1 illustrates a graphical representation of

stormwater infrastructure.
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Figure 2-1: Depicts a graphical representation of stormwater infrastructure
Table 2-1 presents a literature review for infrastructure asset management, and this
indicates the lack of literature on stormwater infrastructure systems. Based on the

significance of the infrastructure asset management framework, it is important to adopt an

asset management framework for stormwater infrastructure.

Table 2-1: A literature review of various infrastructure asset management

Infrastructure Class(es)

References

Building,

Alavi et al. (2022); Elhakeem (2006)

Sewer

Lee et al. (2021)

Road, Water, and Sewer

Abu-samra et al. (2020)

Transportation

Chen et al. (2019)

Road and Water

Abu Samra et al. (2018)




Road, Water, and Sewer

Marzouk and Osama (2017a)

Road, Water, and Wastewater

Shahata and Zayed (2016)

Sanitary Sewer

Baah et al. (2015)

Railway

Rama and Andrews (2013)

Urban Water Systems

Alegre and Coelho (2012)

Water, Wastewater, and Stormwater

Grigg (2012)

Rail, Road, and Water

Haider (2012)

Naval Ship

Frangopol et al. (2012)

Water and Transportation

Schraven et al. (2011)

Urban Wastewater Pipe

Ugarelli et al. (2010)

Highway Infrastructure

Selih et al. (2008)

Culvert

Perrin Jr and Dwivedi (2006)

Bridge Deck

Morcous (2006)

Sanitary and Stormwater, Sewer

Halfawy et al. (2002)

Water and Sewer

Kleiner (2001)

2.1.4 Components of Stormwater Asset Management

Analyzing the current condition of an infrastructure asset, establishing the desired
performance of an infrastructure asset, determining the risk level of the infrastructure asset,
analyzing the life-cycle cost, and developing a long-term funding plan are the five core
components of infrastructure asset management (Harvey and McBean, 2014; Grigg, 2012;
InfraGuide, 2006; IPWEA, 2006). This has been illustrated in Figure 2-2. The study adopted

this framework for managing stormwater infrastructure.
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Figure 2-2: Asset management framework

2.2 Current Stormwater Infrastructure Management Practices

Before an infrastructure asset manager can start managing a portfolio of assets, the manager
must first understand what assets are currently available (InfraGuide, 2004). This includes an
itemized and accurate inventory of a portfolio's infrastructure, and key information such as the
condition, location, expected service life, and replacement cost (Grussing, 2015). A detailed

stormwater infrastructure management practice is presented below:
2.2.1 Stormwater Infrastructure Inventory

An asset inventory, also known as an asset register or catalog, is a list of assets that require
separate identification (Mathew et al., 2011, Jafari et al., 2014). Environmental Finance (2016)
states that the asset inventory entails all information on the current condition of the asset,
including the estimated remaining useful life of the asset, the date the asset was installed,
manufacturer, the manufacturer's suggested maintenance approach, the replacement and
historic value of the asset, and any other important information (Anderson, 2016). In order to
prepare asset inventories, identification numbers must be assigned to the stormwater

infrastructure components (Zhang et al. 1994). As per Grussing (2015), the stormwater
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infrastructure inventory should be reviewed and updated on a regular basis to reflect any

changes to the stormwater assets, such as maintenance and corrective repairs, or renovation.

Moreover, Grussing (2015) indicated that stormwater infrastructure managers must
understand and be familiar with the assets they are responsible for. This will facilitate the
creation of an accurate asset inventory to keep track of all pertinent information.

2.2.2 Establishing Condition Assessment

Several studies have shown that the most vital part of the asset management process is
condition assessment. The outcome of the condition assessment serves as a starting point for
other functions like deterioration rate and repair selection (McDonald and Zhao 2001; IPWEA,
2006; Ahluwalia, 2008). Condition assessment can be established through internal and
external inspections. The internal inspections emphasize the evaluation of the internal
condition of pipes and the expected remedial measures prior to any collapse. Similarly, the
external inspections emphasize the soil surrounding the pipes, that is, the structure of the soil

and its ability to support the pipe (Tran, 2007).

The core strategy of condition assessment focuses on data collection for managing critical
assets and tracking key performance indicators (KPIs) (IPWEA, 2006). A stormwater
infrastructure system condition rating is mainly used to estimate the remaining service life,
assess the probability of failure, or guide inspection planning (Baur and Herz, 2002).
A study conducted by IPWEA (2006) has shown that knowing an asset's current condition and
performance level provides the following advantages:

e Capability to plan for and manage the delivery of the essential level of service.

e Avoid premature asset failure while allowing for cost-effective renovation.

e Risk management is associated with asset failures, as well as the mitigation of failure

consequences.
¢ Enhancement of maintenance and rehabilitation strategies.
e Precise prediction of future expenditure requirements by understanding remaining

asset life and capital investment needs.
2.2.3 Monitoring the Infrastructure Performance Level

Infrastructure performance defines the services that the community expects of the asset
(IPWEA, 2006). It is measured in terms of effectiveness, reliability, and cost (Wu et al., 2014).
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According to IPWEA (2006), asset performance and condition assessment are intrinsically
linked. The terms 'cause’ and 'effect’ can be used interchangeably to describe condition and
performance failure. That is, deterioration of the condition is a cause of failure, and poor
performance is the result of failure (i.e., failure to meet required levels of service).

Ugarelli et al. (2010) suggested that the specific parameters recommended for monitoring the
performance level of stormwater infrastructure systems include the condition of the pipe, the
material of the pipe, age of the pipe, the diameter of the pipe, number of blockages, and
stoppages experienced in a year and per pipe length, the collapses per year per pipe length,
etc. The performance assessment provides a clear framework for decision support in the

diagnosis and rehabilitation of stormwater infrastructure systems (Fenner, 2000).

2.2.4 Establishing the Risk Level of Stormwater Infrastructure

Prioritizing stormwater infrastructure for renewal requires determining the risk of failure. The
risk level is typically estimated by multiplying the consequences of failure (CoF) by the
probability of failure (PoF) (Halfawy et al., 2008). Stormwater collection pipes are closely
connected to buildings and other infrastructure facilities. As a result, a failure of these pipes
can cause massive damage to the city and pose a serious threat to public health and safety.
Therefore, when prioritizing pipe rehabilitation, the severity of failure should be taken into
account along with the stormwater pipe condition (BSI, 2008; Montoya, 2019).

The first step to evaluate an asset's risk is to determine the PoF. The following are the main
questions addressed in this step (Auken et al., 2016);
I.  How likely is the asset to fail?

ii.  What is the asset's current physical state?

iii.  What is the asset's performance capability?
These questions provide answers for records of repairs and replacements, as well as data from
condition assessments. Syachrani et al. (2013) stated that a high PoF asset is old and in bad
shape, or on the verge of failing. Therefore, when estimating the PoF of an asset, the calendar
age should be frequently considered (Syachrani et al., 2013).

The second step to assess an asset's risk is to determine the CoF. This step targets the response
to the question, "What happens if something goes wrong?". Moreover, the word
"Consequence™ connotes a loss (Fares and Zayed, 2010). Losses are estimatable in terms of
direct and indirect costs. Notable examples of direct costs are property damage, human health

damages, environmental damage, loss of production, repair costs, clean-up, and renovation
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costs. On the other hand, litigation and contract violations, customer dissatisfaction, political
reactions, market share loss, and government fines and penalties are all examples of indirect
costs (Bhave and Gupta, 2006: Muhlbauer, 2004).

The CoF score quantifies the likelihood of service disruption and the severity of the impact
(Auken et al., 2016). In terms of quality, determining the CoF of an asset considers the asset's
environmental, financial, and social consequences. In addition, the quantification of the CoF
score is complex because it indicates where failure will have a significant impact if it occurs
(EPA, 2017).

2.2.5 Establishing Life Cycle Costing (LCC)

LCC is defined as the total cost of an asset over its service life, either in present value or
annual value, that consists of the initial costs, maintenance, repair, and renewal (MR&R)
costs (Rahman & Vanier, 2004b). LCC is based on the idea that the value of money
fluctuates over time, so expenditures made at different times are not equal. The time value
of money, as it is known, is the foundation for life cycle cost analysis (LCCA) (Rahman &
Vanier, 2004b).
The Royal Institute of Chartered Surveyors identified three goals of LCC analysis
(Flanagan & Norman 1983):
i.  To make it easier to evaluate investment options;
ii.  To consider all costs rather than just initial capital costs and;
iii.  To make it easier to choose between competing options.

The following parameters must be determined in order to achieve these goals: initial capital
costs, operating and maintenance costs, disposal costs, asset service life, and discount rate
(Ammar et al., 2013). Figure 2-3 presents the life cycle cost stages for an infrastructure asset.
However, LCC can be difficult to establish because it requires the creation of a cost structure
that includes all relevant cost factors (Rahman and Vanier, 2004). Data on these factors are

sometimes difficult to come by (Langston, 2013).
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Figure 2-3: Life Cycle Phases for Municipal Infrastructure

2.3 Current Infrastructure Management Practices

In order to maintain acceptable performance and service levels of municipal infrastructure
assets, municipalities must implement effective renewal strategies that improve network
conditions while reducing the risk of stormwater pipe failure based on the available budget.
Several studies have shown that many tools have been developed to help choose the optimal
stormwater network renewal strategy (Franco-Duran and Mejia, 2016; Halfawy et al., 2008).
Notable examples of these tools are the advancement in geographic information systems
(GIS), dynamic modeling, and high-resolution closed-circuit television (CCTV) which have
made it possible for wastewater utilities to accurately predict when a stormwater pipe will fail
(Boulos, 2010). Although several technologies for stormwater condition assessment and
internal inspection are available, they are costly, time-consuming, and have numerous
drawbacks (Wirahadikusumah et al., 1998). Again, some studies have developed condition
assessment models that use statistical approaches to predict the deterioration of various
infrastructures as a replacement for traditional methods of condition assessment (Baik et al.,
2006; Kleiner, 2001; Madanat and Ben-Akiva, 1994; Madanat et al., 1997; Micevski et al.,
2002; Salman and Salem, 2012; Wirahadikusumah et al., 2012). These approaches have

proven to be of great significance but lack the ability to store the asset inventory.
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Table 2-2 portrays a literature review of current stormwater infrastructure management models
utilized by agencies and municipalities. Most infrastructure management approaches proposed
in the literature are focused on GIS, stochastic, and individual infrastructures asset components
such as risk level, levels of service, condition assessment, and lifecycle cost. These approaches

do not focus on the integration of infrastructure asset components as a complete system.

Although GIS has proven to be of great significance by providing geographical location data,
there is still a big gap between the spatial information technologies that apply at the micro
spatial scale and the macro scale (Castro-Lacouture et al., 2014). To address these
shortcomings, a Building Information Modelling (BIM)-Based approach has been adopted.
BIM has the capability to create, store, manage, share and analyze the lifecycle data of the
stormwater infrastructure (Eastman et al., 2011). Therefore, the implementation of BIM will
help to eliminate the data gap between multiple collaborative enterprises through the use of a

virtual model that is loaded with useful information.
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Table 2-2: Current stormwater management practices

% é E L §
Reference(s) S o g X 'g g GE) é 3 Description
0} O n o @) 1 o 1 O

Strauss and v v Developed an approach for assessing the stormwater system's

Wadzuk (2022) vulnerability using real-time sensors

Appiah (2021) v v Centered on developing a methodological framework for
assessing the level of service of stormwater infrastructure systems

Lee etal. vV |V |V | V Built on a risk-based prioritization of sewer pipe inspection from

(2021) an infrastructure asset management perspective

Leetal (2020) | v v Based on a BIM-Integrated Relational Database Management
System (RDMS) for evaluating building lifecycle costs

Vladeanu and vV | Vv | V Built to improve the consequence of the failure of stormwater

Matthews infrastructure via the use of a weighted-sum- multicriteria

(2019) decision-making approach.

Wang et al. v |V Built to enhance the efficiency of underground utility

(2019) administration from the standpoint of utility components and

urban utility networks, as well as to make utility maintenance

decision-making easier.
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(Kabir et al.,

Centered on sewer structural condition prediction integrating

2018) Bayesian Model averaging with Logistic Regression
(Baah et al., Built on a risk-based approach to sanitary sewer pipe asset
2015) management

(Elbeltagi et al.,
2013)

Centered on a framework for condition assessment of Sewer

Pipelines

(Atef et al.,
2012)

Based on a multi-objective genetic algorithm to allocate
budgetary resources for condition assessment of water and sewer

networks

(De Gueldre et

Based on an integrated approach for sewer asset management

al., 2007)

(Baik et al., Built on estimating transition probabilities in Markov Chain-

2006) based deterioration models for the management of wastewater
systems

(Bengassem Centered on fuzzy expert system for sewer networks diagnosis

and Bennis,

2000)
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2.4 Building Information Modelling (BIM)

Sacks et al. (2018) stated that BIM is a shared digital representation of any built object’'s physical
and functional characteristics that can be used to simplify design, construction, and operation
processes to develop a solid decision base. BIM includes a unified information base, which
consists of a Big Data database, providing a building owners' manual, useful support for analysis,
support for emergency response, security management, and scenario planning in infrastructure
management ( Rodrigues et al., 2019; Teicholz, 2012). Shahrour et al. (2017), emphasized that a
BIM model is a knowledge-sharing tool in which building data and information are shared in a

single collaborative model throughout the facility's life cycle.

Several studies have emphasized that BIM has a great tendency to influence people, processes,
technology, and information in the construction sector through its primary principles which are
Interoperability, Parametric Objects, and 3D Modeling. These principles are accompanied by an
incredibly technological Information Management System that allows multi-disciplinary
collaboration (Annex and Rules, 2015; Sacks et al., 2018; Pathirage and Underwood, 2015; Wei
etal., 2017).

2.4.1 BIM for Facility Management (FM)

The operational phase of a building accounts for the majority of the cost of a building's lifecycle
(Won et al., 2013). The lifecycle cost of a facility is estimated to be five to seven times the initial
investment cost and three times the construction cost ( BIM Task Group, 2012; Lee et al. 2012).
The need for efficient management of both new and existing facilities has been immense in terms
of both economics and the environment (Kelly et al., 2013). With the introduction of BIM and the
notion that BIM data captured during the project lifecycle could improve the efficiencies of FM
functions, the industry has now shifted its attention to its adoption (Patacas et al., 2015). FM is a
broad term that encompasses a variety of property and user-related functions that are brought

together for the benefit of the company and its employees as a whole (Spedding, 1994).

The current information handover to the FM phase process is largely manual. As a result, the
information given out is frequently incomplete and incorrect (Patacas et al. 2015). The industry is

investing millions of dollars and tens of thousands of man-hours in re-creating such data and
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working with inefficient workflows (Keady, 2009). Due to the capabilities of BIM and its
implementation in FM, handover data has significantly improved thereby leading to cost reduction
and reworks (Sunil and Pathirage, 2015). Again, BIM Task Group (2012) indicated that BIM will
provide a fully populated asset data set into FM systems, reducing the time spent obtaining and
populating asset information and allowing us to achieve optimum performance, minimize

operating costs, and refine target outcomes faster.

Several BIM software tools are available for infrastructure management and FM. Table 2-3

displays some BIM software used for infrastructure management and FM (Chong et al., 2016).

Table 2-3: Illustrates BIM software for infrastructure management and FM

Organization Software

Autodesk Incorporated series AutoCAD Map 3D; Storm and Sanitary
Analysis; ReCap; InfraWorks; AutoCAD
Civil 3D; Bridge Module; Rail Layout
Module; River and Flood Analysis Module;
AutoCAD Utility Design; Robot Structural
Analysis Professional

Bentley System Incorporated series: Power Rail Track; Power Rail Overhead Line;
Power InRoads; Power GEOPAK;
MXROAD; PowerCivil; RM Bridge; LEAP
Bridge Enterprise; Bentley PowerRebar;
LEAP Bridge Steel; gINT software;
InspectTech; ProjectWise; AssetWise

Tekla and Trimble Incorporated series: TEKLA Structures; TEKLA BIMSight;
TEKLA Field3D; TRIMBLE Feedback;
TRIMBLE Locus; TRIMBLE DMS;
TRIMBLE Eservices; TRIMBLE Webmap;
TRIMBLE Communication Networks.
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Although there are several BIM software available for infrastructure management, its
implementation is only at an average level (Shou et al. 2015). Moreover, Shou et al. (2015)

indicated that BIM adoption and use in infrastructure management is still in its early stages.

2.5 Digitalizing Infrastructure System

According to Callcut et al. (2021), digitalization is a broad term describing the process of
acquiring data from physical assets and transforming it into a digital representation that can be
handled automatically. Further, smart infrastructure is propelled by the digitalization of
infrastructure systems. The development of a digital counter of a physical infrastructure is highly
dependent on accurate data. Kritzinger et al. (2018) stated that the techniques in which data is
produced and handled have evolved considerably. In recent times, new approaches have
streamlined the data creation process by integrating sensors into infrastructure systems, lowering
the cost of digitizing pre-existing data, and providing infrastructure managers with a plethora of
fresh data (Alavi et al., 2018; Callcut et al., 2021). Furthermore, Rosen et al. (2015), indicated
that virtual product and process planning was possible because of the application of digitalization.
Based on these facts by previous researchers, it can be said that digitization has the potential to
promote infrastructure network convergence by enabling cross-sector platforms that integrate
previously uncoordinated activities, hence enhancing infrastructure management effectiveness.
This effectiveness extends beyond day-to-day operations to include infrastructure maintenance,

planning, and development.
2.5.1 Incorporating Digitalization into Stormwater Infrastructure Management

Following the definition of digitalization, a common understanding of Digital Twin as a digital
counterpart to physical items may be identified (Kritzinger et al., 2018). Digital Model (DM),
Digital Shadow (DS), and Digital Twin (DT) are used consistently within these descriptions.
According to Kritzinger et al. (2018), the extent of data integration between the physical and
digital counterparts, however, differs between the aforementioned definitions. Some digital
representations are created manually and have no physical connection, whereas others are fully

integrated with real-time data transmission.

Although much has been said about the level of integration in digitalization, this research focuses

on utilizing digital shadow in managing stormwater infrastructure systems. Bello et al. (2021),
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define DS as a combination of an automatic one-way data flow between the condition of an
existing physical asset and a digital asset. A change in the state of the physical object causes a
change in the digital object's state, but not the other way around. In other words, DS is the mirror
representation of the physical object, mimicking the operation stage in real-time. Moreover, the
digital shadow revolution has revealed new opportunities when it comes to smart operation of
stormwater infrastructure systems and enhances the understanding of the performance of the
infrastructure systems (Kritzinger et al., 2018). Therefore, incorporating digital shadow into

infrastructure management will aid improve infrastructure performance.
2.6 Deterioration of Infrastructure Assets

Asset management systems were established to help asset managers maximize the safety and
serviceability of infrastructure facilities (Hudson & Hudson, 1994). The quality of asset
management systems is heavily influenced by the accuracy and efficiency of the deterioration
models used to forecast time-dependent performance and the remaining service life of
infrastructure facilities (Madanat et al., 1997). Over the previous decades, infrastructure
deterioration has been extensively researched by various researchers (Madanat et al., 1997; Rajani
and Kleiner, 2001; Edirisinghe et al., 2015). The deterioration models proposed in these various
researches are aimed at predicting the deterioration patterns of the infrastructure asset. The
advances in research on materials, structures, and management strategies have resulted in the
development of effective tools for estimating deterioration as a function of design and
construction parameters, usage, and environmental factors (Hessami et al. 2021). For example,
pavement and bridge management systems that have been developed over several decades are
gaining acceptance as management tools (Wu et al. 2014). The sections that follow will discuss

the types of deterioration models used in some infrastructure management:
2.6.1 Deterioration Types

According to Kuhn and Madanat (2005), various models have been developed to predict the
deterioration of infrastructure assets, including deterministic models and statistical or stochastic
models. Furthermore, artificial intelligence and other techniques have also been used to develop
deterioration models (Ens, 2012). The following section will provide an overview of the different

types of deterioration as well as an in-depth look at an example of each type.
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Deterministic Model of Deterioration

Deterministic models are based on regression analysis of condition data and assume that the
infrastructure deterioration process has a predictable trend. These models rely on an empirical
relationship between one dependent variable and one or more independent variables that affect
the infrastructure condition (Ens, 2012). In contrast to non-linear regression models, linear
regression models do not provide enough accuracy for long-term infrastructure performance and
may underestimate or overestimate infrastructure conditions at a specific time (Srikanth and
Arockiasamy, 2020: Ens, 2012).

Multiple Linear Regression

According to Ens (2012), multiple linear regression is one of the simplest methods of a
deterministic model and is utilized when more than one factor influences the dependent variable.
The equation 2-1 is used to estimate the deterioration.

Y = by +byx; + ...+ byx, Equation 2-1

where by, by, ..., by, are the valuations of the regression coefficients, Y is the predicted value of
the dependent variable, and x;, ..., x;, are the values of the independent variables. In the case
of infrastructure deterioration, the dependent variable Y is mostly the condition state of the
asset while independent variables, x4, ..., x; are the factors that affect the asset’s condition (e.g.
age, material, location, etc). To estimate coefficients values, by, b4, ..., by, the least-squares

method is generally used.
2.6.2 Statistical and Stochastic Models

Stochastic models consider the deterioration of infrastructure assets as one or more random
variables (e.g., time, condition state of infrastructure components) and can therefore capture the
deterioration process's uncertainty and randomness (Rajani and Kleiner, 2001). Moreover,
Frangopol and Neves (2004), explain that stochastics models are frequently used to model
infrastructure deterioration, and there are different types of these models. The two types of
stochastic models are state-based stochastic models and time-based stochastic models (Srikanth
and Arockiasamy, 2020).
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Markov Chain Model

The Markov Chain model is the most used technique for modeling infrastructure deterioration.
Some of the authors who have used the Markov deterioration model include Black et al. (2005),
Gharehbaghi and Georgy (2015), Madanat et al. (1997), Wirahadikusumah et al. (2012), Nesbitt
et al. (1993), Edirisinghe et al. (2015), Kleiner et al. (1998), and Kleiner (2001) among others.
According to Madanat and Ben-Akiva (1994), a Markov Chain is a finite-state probability model
for describing a particular type of stochastic process that moves through discrete points in time in
a sequence of phases based on fixed probabilities. The process is stochastic because it changes
unpredictably over time. Future states in this chain are only dependent on the current state and are

unaffected by any previous state.

Markov-Chain models focus on the concept of probabilistic cumulative damage, which forecasts
changes in infrastructure conditions over the transition periods (Morcous and Lounis, 2005). The

following are some advantages of the Markov Chain models:

e have the capability to reveal the uncertainty in the model from different sources like the
uncertainty in the initial condition and inherent uncertainty of the deterioration process

e have the ability to forecast future conditions while accounting for the current condition

e have the capacity to manipulate networks with numerous components due to its high

computational efficiency

Artificial Intelligence Methods

Artificial intelligence (Al) models make use of computer techniques aimed at automating
intelligent actions (Morcous et al. 2002). Natural processes, such as the brain or natural selection,
are frequently used to model soft computing methods. Uncertain, imprecise, and ambiguous data
are no problem for soft computing techniques. Soft computing methods have been used to create
infrastructure deterioration models, as this frequently describes asset inventories and condition
information (Flintsch and Chen 2004). Some Al models include expert systems, artificial neural
networks, fuzzy logic, etc (Morcous et al. 2002). Tran et al. (2007), used a neural network to
predict the deterioration of buried infrastructure (stormwater). Liang et al. (2001) developed a

multi-layer fuzzy method for concrete bridge health monitoring.
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Other Al methods commonly used in infrastructure deterioration modeling include genetic
algorithms (Chang et al. 2008; Raja Shekharan 2000), and fuzzy logic systems (Shen et al. 2019;
Kleiner et al. 2006; Najjaran et al. 2004)

2.7 Challenges of Infrastructure Management

Infrastructure management has emerged as a strategy for achieving greater value with fewer
resources in the public infrastructure sector (Moon et al. 2009). Switzer and McNeil (2004)
highlighted that infrastructure management principles are progressively being incorporated
into the working practices of government agencies and a growing body of practice to provide
models and tools to aid in infrastructure decision-making. Despite the widespread interest in
infrastructure management, little attention has been given to the challenges that agencies face

when attempting to improve the effectiveness of their decision-making processes.

The main challenge with infrastructure assets has always been the difficulty to observe and
measure the present condition of the infrastructure. It is during recent times that new technology
for remote sensing, non-destructive measurement, pattern recognition, statistical inference, and
the like has started to allow for sufficiently sophisticated data collection (Halfawy et al., 2002).
In spite of these challenges, most municipal agencies continue to look for more efficient ways of
allocating their municipal infrastructure resources (Jha et al., 2010). Funding is a major area of
concern when it comes to stormwater infrastructure management (Marzouk and Osama, 2017).
Upadhyaya (2013), stated that the deficits in funding have an impact on the maintenance and

renewal of aging stormwater infrastructure systems.

In 2007, the Federation of Canadian Municipalities conducted a nationwide survey, estimating a
$31 billion deficit in stormwater infrastructure across the country (InfraGuide, 2006). The cost of
maintaining and upgrading water infrastructure, which includes stormwater management systems,
is factored into the estimate (Davila Aquije 2016; Mirza 2007). Davila Aquije (2016), presented
that municipalities are forced to delay infrastructure maintenance due to stiff budgets and funding
cuts. However, other infrastructure development such as roads and bridges that can be seen and
appreciated by all is of political interest. Carlson et al. (2015) stated that stormwater infrastructure

systems do not get the same attention as other types of infrastructure. The aforementioned
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concerns indicate some of the challenges municipalities are facing in managing their infrastructure

systems.
2.8 Decision-Making for Stormwater Infrastructure Management

Asset managers in government and private agencies are tasked to make technical and financial
decisions daily about "what, how, and when" to maintain, repair, or renew municipal assets. This
is done to maintain acceptable levels of infrastructure performance, given that infrastructure
efficiency is closely linked to social and economic implications within a local community (Sivo
and Daniela, 2011). Grigg (2012) suggests that it is significant to decide on a maintenance policy
that could substantially improve the stormwater infrastructure. To accomplish this goal, it is
important to prepare and execute a variety of activities, including identifying the qualitative and
quantitative characteristics, determining the deterioration state, defining alternative technical and

economic policies, evaluating risks, and determining priority maintenance actions.

According to Chen and Bai (2019), decision-making (DM) is an important component of
stormwater infrastructure management because it determines the intervention plan for the
infrastructure asset. Furthermore, Chen and Bai (2019) stated that management outcomes such as
managing infrastructure costs and conditions differ when different management plans are
generated. A study conducted by InfraGuide (2018), suggests that decision-makers must
formulate a management strategy that meets stormwater infrastructure management's objectives.
That notwithstanding, in present-day society, DM is difficult due to a variety of obstacles,
including large infrastructure asset networks, limited resources, a wide range of outcomes,
competing goals, and uncertainty (Haghighi and Bakhshipour, 2012). As a result, optimization is

used, and it has gained popularity in DM in recent years.
2.8.1 Optimization of Infrastructure Assets

There are many potential selections for maintenance activities such as repairing and replacing an
infrastructure asset in a municipality. The applicable selection procedures depend on their
efficiency and economic analyses due to a limited budget (Swamee and Sharma, 2013). To choose
the best set of maintenance activities, the implementation of an optimization model is required

(Marzouk and Osama 2017). The use of optimization methodologies for infrastructure assets
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management has received increasing awareness in the last few decades due to more stringent
budgets, increasing demands, and stricter accountability in civil infrastructure investments and
policy-setting decisions (Wu et al. 2012). Moreover, optimization-based tools have been included
in many engineering management systems for individual infrastructure asset classes such as

pavement management systems (PMS) and bridge management systems (BMS).

According to Wu et al. (2012) the use of mathematical programming techniques like linear and
non-linear programming is the fundamental bedrock of the optimization approach. However, these
approaches are capable of handling single objective optimization (SOO) problems. Wu et al.
(2012) posited that real-world decision-making in infrastructure asset maintenance and renewal
often comprises more than one objective. Therefore, multi-objective optimization (MOO) is
required to handle multiple objectives problems. Chen and Bai (2019) argue that MOO is a
program that optimizes multiple objectives while adhering to optimization constraints. It aims for
Pareto solutions, where each produces the best objective values that cannot be improved without

lowering the value of another.

In contrast to the linear and non-linear optimization algorithms, heuristic algorithms based on
evolutionary strategies like Genetic Algorithms (GA), simulated annealing (SA), and tabu search
(TS) are suitable for practical infrastructure maintenance scheduling problems (Grefenstette,
1993). Most importantly, GAs are general-purpose stochastic search-based optimization
techniques that can provide a comparable level of accuracy while being more efficient than
traditional optimization techniques (Chow et al. 2004). GA techniques appeared to be appropriate
and robust search techniques given the enormous size and combinatorial nature of the solution
space, as well as the complexity of the defined objectives and constraints. GAs have been used
for several maintenance scheduling purposes in stormwater infrastructure due to its capability of
providing efficient Pareto optimal solutions. Several studies have utilized GAs to develop optimal
maintenance and renewal planning for stormwater infrastructure systems (Marzouk and Omar
2013; Haghighi and Bakhshipour 2012; Halfawy et al. 2008)

2.9 Summary

The relevance of stormwater infrastructure management will grow as aged stormwater systems

and pressing adaptation considerations become more prevalent. As a result, most municipalities
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are embracing more proactive and optimal approaches to managing stormwater infrastructure and
planning for their short- and long-term renewal in a more sustainable manner. These approaches
are largely aimed at maximizing the return on investment through budget allocation optimization.
The aforementioned features of stormwater infrastructure management were identified through a

comprehensive literature review. This review aided in identifying the research gap for this study.
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3 AFRAMEWORK FOR PREDICTIVE MAINTENANCE PLANNING
FOR STORMWATER INFRASTRUCTURE MANAGEMENT

3.1 Introduction

Conventional decision-making in infrastructure management has been based on a subjective
condition assessment. Maintenance decisions made solely on the basis of physical condition may
not obtain the best value (Frangopol and Liu, 2007). In recent times, innovative maintenance
management techniques have been developed to maintain civil infrastructure. Some of these
maintenance techniques include predictive, preventive, and corrective maintenance (Strauss and
Wadzuk, 2022; Frangopol and Liu, 2007; Morcous and Lounis, 2005). Traini et al. (2021)
indicated that the predictive maintenance approach enables detecting trends, anomalies, and
deterioration of infrastructure assets. This enables identifying potential failures in advance and
facilitates planning for repair and maintenance activities strategically (Pech et al., 2021).
Moreover, predictive maintenance forms the basis for a proactive infrastructure management

system.

Lee et al. (2021) stated that the implementation of a proactive infrastructure management system
could prevent the failure of stormwater infrastructure systems. Ruwanpura et al. (2004) revealed
that proactive infrastructure management is a cost-effective approach for stormwater
infrastructure systems. Strauss and Wadzuk (2022) developed a predictive maintenance model for
stormwater infrastructure systems using loT. This study proposed a vulnerability assessment
model for stormwater systems with real-time data acquisition. Although previous research looks
at predictive maintenance, digitalization of the stormwater infrastructure has been overlooked.

This chapter presents a methodological framework for predictive maintenance planning of
stormwater infrastructure. The proposed framework includes a deterioration model that combined
a risk model, an LCC model, and an optimization model. This framework will aid in developing

a comprehensive stormwater infrastructure management tool.
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3.2 Methodology

A comprehensive literature review was used to collect the municipal reports, condition data and
GIS shapefiles on stormwater infrastructure systems. These data on the stormwater infrastructure
were collected from the Windsor Municipality. The data collection step involves building a
comprehensive dataset on stormwater infrastructure. This includes information such as
stormwater pipe data (e.g., material and diameter), deterioration data (for developing transition
probability matrices) cost data, and risk data. This information serves as the central database for
computational models. The above data were used for developing the deterioration model, LCC

model, and risk model. Figure 3-1 illustrates the methodology framework.
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Figure 3-1: Methodology Framework
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3.2.1 Methodological Framework

A methodological framework was formulated by using the above data. The methodological
framework comprises of three steps; thus (1) segmentation model, (2) deterioration model, and
(3) multiobjective optimization model. Figure 3-2 represents the methodological framework.
Details of each component are explained in the following sections.
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Figure -3-2: DS-Based Methodological Framework

3.3 Step 1: Establishment of Stormwater Infrastructure Segments

With linear infrastructure systems, it is common to break the network into smaller, more
controllable components (Shahata and Zayed, 2016). To best describe this smaller unit, the term
segments has been used. The segmentation of a stormwater line primarily consists of the pipe
length (links) and manholes (nodal). Shehata and Zayed (2016) stated that many municipalities in
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recent times split their stormwater pipes into a segment, based on manhole-to-manhole separation.
Therefore, this study adopted the manhole-to-manhole approach in defining the stormwater
segments. Further to the manhole-to-manhole segmentation approach, this study factored in pipe
material, pipe diameter, and year of installation. Equation 3-1 and Equation 3-2 define how the

segmentation will be done.

First, the algorithm identifies the upstream and downstream manholes ID and filters through it to

aid identify the pipe segment ID

Manhole types = filters (manhole ID)  Equation 3-1

Second, the algorithm then identifies the external id of the pipes between the manholes and assigns
the pipe segment ID for reference.

If { External ID of pipe = N and
Distance between upstream and downstream manhole = M then

Pipe segment ID = K} Equation 3-2
External ID: Pipe network External ID in the BIM model
N;: First column in the database (Pipe Segment ID)
M: Distance between upstream and downstream manhole defined in the BIM model
K;: segment id in the database

i: Number of iteration of the total number of pipes in the model

3.3.1 Establishment of Stormwater Infrastructure Condition Rating

Municipalities currently follow different management practices for their stormwater infrastructure
systems, which causes inconsistent condition assessments (Zhao et al., 2010). Due to this
challenge some municipalities have carried out extensive work to assess the condition of their
stormwater infrastructure systems of Saskatchewan municipality is no exception. This study
adopts an ordinal condition rating system currently used by the Ministry of Municipal Affairs of
Saskatchewan where the asset condition is described in terms of integers (Table 3-2)
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(Saskatchewan Ministry of Municipal Affairs 2006). The best condition state is defined as C,;,q,=

5. The worst condition state is C,,,;,, = 1.

Table 3-1: Condition rating adapted for stormwater infrastructure system

Condition | Linguistic Condition Description Action Required
Rating Condition
5 Excellent Very good condition Normal maintenance required
4 Good Only minor defects More maintenance required (5%)
3 Fair Maintenance required to Significant maintenance required
return to an acceptable level (10-20%)
of service
2 Poor Renewal required Significant renewal/upgrade
required (20-40%)
1 Critical/failed Unserviceable assets Over 50% of asset needs
replacement

3.4 Step 2: Deterioration Rate Model

The Markov Chain is the most widely used stochastic technique for predicting the future condition
of various infrastructure classes (e.g., highways, bridges, sewer pipes, and water pipes)
(Edirisinghe et al., 2015). The Markov Chain is a stochastic process that moves from one state to
the next in state space. This property of the Markov Chain states that the next state is determined
solely by the current state and not by the preceding state's sequence (Ens, 2012). This property
can be expressed for a discrete stochastic process X: with a discrete state space as illustrated in
Equation 3-3

P(Xt+1 = ii+1 | Xt = it’Xt—l = it_l, ...,Xo) = P(Xt‘l'l = it+1 | Xt = Lt) Equathn 3-3
where it = state of the process at time t; and P = conditional probability of any future event given
the present and past events.
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Markov Chains are used as performance prediction models for infrastructure components by
defining discrete condition states and accumulating the probability of transition from one
condition state to another over multiple time intervals (Madanat et al. 1997). The transition
probabilities are embodied by a matrix of order (m x m) called the transition probability matrix P,
where m is the number of possible condition states. Each element P;;in this matrix embodies the
probability that the condition of an infrastructure component will change from state i to state j
during a certain time interval called the transition period. According to Madanat et al. (1997), the
transition probability should satisfy the following constraints:

Pij > 0 and Z Pl] <1 Equation 3-4

If the initial condition vector C( that describes the present condition of an infrastructure

component is known, the future condition vector C(ij) at any number of transition periods, P! can

be obtained as shown in Equation 3-5,
C(ij) = Cqy X P* Equation 3-5

Where the transition probability matrix (TPM) is defined as:

Pl-j(t) is the probability of the asset with a condition rating, C; (fori=1, 2, 3, 4, 5) after t years.
Condition rating of a component/system at time t is expressed as a condition state vector (C(;))

(Cey) = [Crey Coqeyr Caceyr Caqeyr Csco)) Equation 3-6

Condition rating at the early state is defined as the initial condition state vector (C(o)) for a new

stormwater infrastructure system (Karunarathna et al., 2013).

(Coy) =[10000] Equation 3-7
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When the initial condition states vector (C(,)) and TPM are known condition states, after time t

(C(t)) can be obtained by the Chapman-Kolmogorov formula (Equation 3-8).

Cy = Ciy X P*

Equation 3-8

Because the conditions of stormwater systems have been divided into five different states for this

study, the Markov Chain model from state i to state j is represented by a 5 x 5 transition probability

matrix. A one-year condition rating was utilized for developing the transition probability matrices.

Reinforced Concrete Pipe

098 002 0 0 0

0 058 042 0 0}
0 0 079 021 0

|l0 0 0 099 0.01J|
0 0 00 1
Concrete Pipe

084 016 0 0 0

0 072 028 0 0

0 0 051 049 0
0O 0 0 082 018
0 0 00 1

Asbesto Cement

080 020 0 0 0

[ 0 070 030 0 0 }
0 0 060 040 0

|l0 0 0 010 0.90J|
0 0 00 1
Vitrified Clay

075 025 0 0 0

[ 0 086 014 0 0 }
0 0 067 033 0

|l0 0 0 080 0.20J|
0 0 0 0 1

After the TPM was built, it was then utilized to predict the future condition for 20 years. Table 3-

2 shows an example of the Excel-built future condition assessment model for 20-year period for

a segment (RCP) in this study for illustrative purposes.
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Table 3-2: Depicts a condition assessment model

TIME 5 4 3 2 1 FUTURE ROUNDED
CONDITION | CONDITION
0 1.00 0.00 0.00 0.00 0.00 5.00 5.00
1 0.75 0.25 0.00 0.00 0.00 4.75 4.00
2 0.56 0.40 0.04 0.00 0.00 4.53 4.00
3 0.42 0.49 0.08 0.01 0.00 4.32 4.00
4 0.32 0.52 0.12 0.04 0.00 4.12 4.00
5 0.24 0.53 0.15 0.07 0.01 3.92 3.00
6 0.18 0.51 0.18 0.11 0.02 3.72 3.00
7 0.13 0.49 0.19 0.14 0.04 3.52 3.00
8 0.10 0.45 0.20 0.18 0.07 3.33 3.00
9 0.08 0.41 0.19 0.21 0.11 3.14 3.00
10 0.06 0.37 0.19 0.23 0.15 2.96 2.00
11 0.04 0.34 0.18 0.25 0.20 2.78 2.00
12 0.03 0.30 0.17 0.26 0.25 2.62 2.00
13 0.02 0.27 0.15 0.26 0.30 2.46 2.00
14 0.02 0.23 0.14 0.26 0.35 2.31 2.00
15 0.01 0.21 0.13 0.25 0.40 2.18 2.00
16 0.01 0.18 0.11 0.24 0.45 2.05 2.00
17 0.01 0.16 0.10 0.23 0.50 1.94 1.00
18 0.01 0.14 0.09 0.22 0.55 1.84 1.00
19 0.00 0.12 0.08 0.21 0.59 1.74 1.00
20 0.00 0.10 0.07 0.19 0.63 1.66 1.00

3.4.1 Development of Risk Assessment Model

Risk has been used as the basis for the prioritization of infrastructure components for MR&R
(Halfawy et al., 2008). InfraGuide (2006) defines risk as the combination of Probability of Failure

(PoF) and Consequences of Failure (CoF). The risk assessment model formulated for this study

is illustrated in Equation 3-9

Risk = Probabilty of Failure (PoF) X Consequenceof Failure (CoF)

Equation 3-9

The approach used to develop the PoF and the CoF of the stormwater infrastructure management

is explained below.
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3.4.2 Determining PoF

The PoF of the stormwater infrastructure system is determined based on the condition of the
infrastructure asset at the period of transition. Thus, the PoF is defined as the inverse of the
condition rating (Ruparathna, 2017). Table 3-3 shows the range of PoF scores from 0.20 to 1
based on the condition rating. The PoF model formulated for the study is illustrated in Equation
3-10

1
condition rating

Probability of Failure (PoF) = Equation 3-10

Table 3-3: Range of probability of failure for stormwater infrastructure system

Asset POF POF Remaining life
Condition (description)
5 0.20 Rare This means there is no minor defect, and

failure is unlikely.

4 0.25 Unlikely This means there is a minor defect, and the
pipe may deteriorate or fail in (20 +) years.

3 0.33 Likely This means there is a moderate defect, and the
pipe is likely to fail between 10 to 20 years

2 0.5 Highly likely This means there is a severe defect, and the
pipe is likely to fail between 5 to 10 years

1 1 Almost certain | This means that failure has occurred or is likely

to happen in a few years

3.4.3 Determining CoF

The failure of stormwater pipes can cause massive damage to a municipality and endanger the
health and safety of the public because the stormwater pipes are closely connected to buildings
and other critical infrastructure (Baik et al., 2006). A qualitative and quantitative technique was

used to assess the CoF of stormwater infrastructure. A scale was used to linguistically rate the
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CoF in Table 3-4 based on Shahata and Zayed (2016). Five (5) was used as the highest CoF score

which indicates a catastrophic impact while one (1) was used as the lowest CoF score which

indicates an insignificant impact.

Table 3-4: Adapted scale for the consequence of failure

Score | Consequence Description
level

1 Insignificant There is no noticeable impact. There has been little or no public
exposure. There is no risk to one's health. It is tolerable
indefinitely.

2 Minor There has been little public exposure. Minor health risks exist. Can
be tolerated for a reasonable period

3 Moderate Minor public exposure. A small portion of the population faces
health risks. Can be tolerated for a short period (i.e., sufficient to
plan and take action)

4 Major A large proportion of the population is at risk. To address this,
expeditious and/or emergency measures are required.

5 Catastrophic A large proportion of the population is at risk, which has a
significant impact. Complete system failure Extreme emergency
measures are required.

The combination of the qualitative and quantitative factors forms the basis of the CoF for this

study. Table 3-5 indicates the modified impact factors considered to determine the CoF (Baah et

al., 2015). This study evaluates the distance between the stormwater pipe and the land use type to

ascertain the CoF.
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Table 3-5: CoF assessment of stormwater infrastructure

o Consequence
Land-use Proximity
level

Proximity to hospital Pipe distance <20 m

Pipe distance > 20 <50 m

Pipe distance > 50 <80 m

Pipe distance >80 <100 m

Pipe distance > 100 m

Proximity to school Pipe distance < 500 m

Pipe distance >50 <100 m

Pipe distance > 100 <150 m

Pipe distance > 150 <2000 m

Pipe distance > 200 m

Proximity to buildings Pipe distance <5 m

Pipe distance >5<10m

Pipe distance > 10 <15 m

Pipe distance > 15 <20 m

R N W B O N W B O] NN W B ot

Pipe distance > 20 m

Proximity to parks or recreational areas | Pipe distance <80 m

Pipe distance >80 <100 m

Pipe distance > 100 <120 m

Pipe distance > 120 <150 m

Pipe distance > 150 m

Proximity to river body Pipe distance <100 m

Pipe distance > 100 <125 m

Pipe distance > 125< 150 m

Pipe distance > 150 <175 m

| N W B O N W B o

Pipe distance > 175 m
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3.5 Life Cycle Cost (LCC) Model

The LCC model focuses on the operational stage of stormwater infrastructure systems. For this
study, LCC is defined as the costs that arise after post-construction. The LCC of a stormwater
infrastructure system depends on the selected MRR options (Nesbitt et al. 1993). The cost of a
stormwater segment primarily consists of the link (segment length) costs and nodal (manhole)

costs. Hence, the initial cost is defined as shown in Equation 3-11 (Swamee and Sharma, 2013).
Cp = X(C; x1j) + (kpi X dj) Equation 3-11

Where, C, is the initial construction cost of the stormwater pipe length and stormwater manhole;

C; is the cost of the pipe per unit; and [; is the length of the pipe to the next manhole; k;; =
cosy of the manhole per unit depth; ky; is the co-efficient of the manhole; and d; is the depth
of the manhole; The coefficient k;,; depends on the d; and the maximum stormwater pipe diameter
D connecting the manhole as there will be two or more pipes connected at a manhole.

Given the uncertainty of future costs, interest rates, and even future events, predicting the
operational and maintenance costs can be challenging (Rahman and Vanier, 2004). However, an
accurate prediction approach of the future condition can be used to estimate the operation and
maintenance cost. Hence, this study used the Markov Chain model to predict the future condition
in order to determine the maintenance requirement. The deterministic discounted rate method was
used to convert all the future cost to the present value. This was based on the economic analysis
of time value of money. In this study, the operation and maintenance cost has been defined as
(Equation 3-12)

: ] Equation 3-12

a+in
Equation 3-13 was used to calculate the net present value of the total LCC (Riggs, 1977): Thus,

the initial cost is summed with the operation and maintenance cost.

NPV =C, + [L] Equation 3-13

(1+i)n

Where,
NPV: net present value

Cp: initial cost or construction cost;
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Ct: sum of maintenance activities that is repair and replacement /rehabilitation
i: discounted rate
n: asset service life
The LCC is defined as the sum of the NPV for all segments of the stormwater infrastructure
system (Equation 3-14).
LCC =Y NPV Equation 3-14

The initial cost values for the installation of the pipe network were ascertained from RS Means
cost data book (R.S.Mean, 2007). Table 3-6 presents the initial cost for four separate pipe
materials of about 1.4 km long installed in the study area.

Table 3-6: Initial installation cost

Pipe material | Reinforced concrete Polyvinyl Concrete Vitrified Clay
chloride
Cost ($) CAD 20,000 CAD 16,500 CAD 18,500 CAD 20,000

According to Wood (2020), the routine inspection cost, minor repair cost, major repair cost, and
replacement cost are 10%, 25%, 50%, and 100% of the initial cost, respectively.

3.6 Step 3: Optimization Model

This study uses an evolutionary genetic algorithm (GA) technique to find Pareto fronts and
identify a set of feasible renewal solutions for the MOO problem. The optimization model was
built in a programming environment. Standard operating conditions were assumed, and four
different maintenance options were considered (do nothing, minor repair, major repair, and
replace). Regarding the maintenance action data, TPM from Morcous and Lounis (2005), thus the
minor repair and major repair, replace were adopted. The do-nothing is considered regular

deterioration.

Do-Nothing: A do-nothing policy means that no significant rehabilitation is carried out on the
stormwater, and its condition deteriorates until it is abandoned. The stormwater pipes will be

inspected on a regular basis.
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Minor and Major Repair: The stormwater pipes will be improved as a result of the repair options,
which will result in a better condition rating lower than the highest condition rating. The minor
repair options target stormwater flushing and root cutting. The flushing is usually done to clean
out materials that have been deposited in the stormwater pipe. Similarly, major repair options
target pipe defects such as leakages and repair of property damages associated with flooding
Replace: The stormwater will be replaced as part of the replacement policy, which takes the
stormwater pipes to its pristine state. This maintenance action includes excavation and total

overhaul of the pipe material.

Therefore, the following TPMs for the maintenance actions were used in the MOO algorithm

during the study.
Minor Repair Major Repair Replace
[1 0 0 O 0] [1 0 0 0 0] [1 0 00 0]
(1 0 0 0 Of [T 0 0 0 O [T 0 0 0 Of
0 1.0 0 O 1 0 0 0 O 1 0 0 0 O
0 01 0O 010 00 1 0 0 0 O
0 0 0 1 0 0 01 0O 1 0 0 0 O

Three opposing objectives were considered in the optimization. The first and second objectives
were to minimize the LCC and risk level, while the third was to improve the condition rating for

the stormwater system. Equation 3-15 to 3-16 presents a mathematical representation of the MOO

formulation:
Min LCC = Y;(NPVgiormwater) Equation 3-15
Min RI = fj(m) x COF Equation 3-16
Max Physical Condition = Yj; TPM x CR  Equation 3-17
Subject to;

Maintenance CoStsegment ij < Annual budget for stormwater

1 < Preferred retrofit action for stormwater network < 4

CRij > Acceptable condition rating for stormwater network,

Rlij > Acceptable risk level for stormwater network,

Where NPV segment ij IS the net present value for the stormwater network

Rlsegment ij IS the risk level for the stormwater network
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CRsegment ij IS the condition rating for the stormwater network.
3.6.1 Overview of the optimization

Figure 3-4 depicts the algorithm for the optimization. Deterioration rate models are used to predict
the physical condition of segments of the stormwater infrastructure system. The optimization was
programmed by using a macro-driven program to translate the TPMs of the various segment into
a format that allows the assignment of rehabilitation solutions to each segment of the stormwater
network. This program undertakes the process by selecting the upstream manhole and
downstream manhole and evaluating the distance between them. In this study, the distance
between the two manholes is defined as the pipe segment. The algorithm starts at a defined
manhole and observations are reported until the end manhole is reached, or the algorithm is
terminated. The objective function formula which is embedded in the optimization environment
then updates itself to encompass the cell ranges for each segment length. Thus, permitting the
evaluation of the objective function(s) at the segment level, that is, improving the condition and

minimizing the lifecycle costs and risk of failure per individual segment length.

The optimization model sorts out the numerous rehabilitation solutions within the optimization
environment using a multiobjective GA. Upon establishing the optimization environment, the GA
assigns an initial random population of solutions, as a string of 1’s and 0’s, against each segment.
These 1’s and 0’s become the decision variables in the problem which represent the rehabilitation
action; either rehabilitate (minor and major repair or replace) (1) or do nothing (0) based on the
available budget. After an initial random population of decision variables is assigned, the GA
evaluates the fitness of each solution based on the objective function scores which are calculated
dependent on the decision variable values. If the fitness of the solution meets the stopping criteria
for the algorithm, then the optimal solution is said to be found. However, if the solution falls short
of the criteria then the following GA operators are performed: selection, cross-over, mutation, and
the new solutions are re-evaluated (Ward and Savi¢, 2012). The main advantage of this approach
is the ability of a GA to find a set of Pareto-optimal (trade-off) solutions in a single run of the
algorithm.
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Figure 3-3: GA Optimization Algorithm

3.6.2 Integration of Renewal Activities

Integrating a renewal planning model will allow for a specific planning perspective that would

optimize the allocation of the renewal budget by improving the stormwater network’s condition
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and minimizing both lifecycle cost and risk of failure. This problem is tackled by adopting a
prioritization approach for the network. For a given year, renewal planning approach would be
established for each segment based on the condition score and risk level. This planning approach
would further be used to update the stormwater segment (i.e., manhole to manhole) according to
the most appropriate and cost-effective renewal action if any for subsequent years. At the
beginning of each planning period, stormwater segment condition ratings are re-evaluated using
the deterioration model, taking into consideration any renewal actions that have been planned in
previous years. Further, the risk level is estimated, then in combination with the current condition,
a prioritization approach of the various segment is planned for renewal action implementation.
For each stormwater segment on the priority list, the most cost-effective and feasible renewal
actions are selected.

The plans are further evaluated according to the budget constraints. Then, a feedback loop was
built on the risk constraint, condition rating, and the annual budget available for undertaking a
maintenance action. The following mathematical formulation details how the feedback loop
works:

IF{

Result Rlsegment i > - ... RI threshold

Result CRsegmenti < ***..CR threshold

Then select segment with highest RI and lowest CR value for maintenance
} Equation 3-18

Subject to this constraint:
MC, < Annual budget.
Where Rl and CR are the risk level and condition rating of the various segment under
consideration respectively. MC; is the maintenance cost at time t, i-n represents the number of
segments in the network.
The decision-maker then carries out several iterations to evaluate the various alternatives through
the GA model until the renewal plan meets the objectives. Moreover, in multi-year planning
scenarios, this process is repeated for each period in the planning perspective.
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3.7 Benefits of the methodological framework

The benefits of the proposed framework are as follows:

It is capable of predicting the condition and optimizing the performance of the stormwater
infrastructure: Infrastructure management relies on accurate and precise data. Given that
most municipalities have several condition monitoring approaches adopted, there is yet the
difficulty in the acquisition of quality data for developing condition assessment of their
infrastructure (Bukhsh and Stipanovic, 2020). To resolve this, a predictive tool that can
forecast the condition of the infrastructure based on the available data is required.
Therefore, the proposed methodology makes use of the Markov Chains model to develop
a deterioration model that can predict the current and future condition of the infrastructure
for infrastructure management. Moreover, it helps in optimizing the infrastructure
performance by indicating the deterioration pattern of the asset which can be used to
develop a renewal plan.

It is capable to forecast the Life Cycle Cost (LCC) for a planning period: The significance
of LCC in infrastructure management is recognized worldwide by several standards and
guidelines, such as the 1SO 5500x series and the British Institute of Asset Management
(1SO, 2014). The proposed methodology, therefore, incorporated the 1SO 5500x series in
developing the LCC model for the management of stormwater infrastructure by
discounting the future cost to the present.

Implementation of Optimization model: Stormwater infrastructure management has
multiple conflicting objectives. Therefore to obtain a balance, there is the need to
implement an optimization model (Chen and Bai, 2019). This study makes use of a Genetic
Algorithm (GA) to optimize the multiple objectives that are physical condition, risk level,
and LCC. Thus, GA optimization allows the search for the decision variable that needs to
be optimized and also satisfies all the constraints.

Linked with a digital model of the stormwater infrastructure: The data obtained from the
municipality was used to develop the digital model of the stormwater infrastructure. Thus,
a mathematical model was developed to reflect the physical properties of the stormwater
infrastructure. The digital model allows for visualization of the stormwater infrastructure

and enhances collaboration among stakeholders.
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3.8  Summary

This chapter presented a methodological framework for Stormwater infrastructure management.
This framework includes a deterioration model, risk model, LCC model, and MOO model. In
order to define, evaluate and predict the probability of stormwater failure, a stormwater
deterioration model was first developed. The deterioration model was then utilized to investigate
the impact of the deterioration on future conditions, risk level, and lifecycle cost. Furthermore, a
MOO was used to optimize the future condition, risk level, and lifecycle cost to improve the

performance of stormwater infrastructure.
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4 A DIGITAL SHADOW (DS)-BASED DECISION SUPPORT TOOL FOR
STORMWATER INFRASTRUCTURE MANAGEMENT

4.1 Background

Proactive management is a strategic approach to minimizing the LCC of infrastructure.
Furthermore, this will enable reducing the risk of failure, prolonging asset life, increasing
reliability, and ensuring the stakeholder's satisfaction (Teicholz, 2012). To develop a proactive
management approach, infrastructure managers need to collect key infrastructure performance
data. Grigg (2012) stated that the key to successful stormwater infrastructure management is

accurate information management.

DS provides a platform for a thorough examination of an infrastructure system. A DS can serve
as the foundation for proactive stormwater infrastructure decision-making. A DS can be used to
predict past, present, and future condition of the asset thereby aiding to resolve the data challenges

in infrastructure management.

Previous researchers have used BIM to address the operation and maintenance of buildings
(Heaton et al., 2019), subways (Marzouk and Abdel Aty, 2012), and airports (Neath et al., 2014).
The advent of BIM technology has provided a new platform for information management during

the operation and maintenance stage (Eadie et al., 2013).

This chapter presents a DS-based predictive maintenance planning tool for stormwater
infrastructure maintenance. The proposed DS is developed in the BIM platform. The proposed

DS provides an asset management information system for the municipalities.
4.2 Methodology

The methodological framework developed in chapter 3 was used in creating the DS-based tool.
This study has identified Autodesk Infrawork software as a BIM software for managing
stormwater infrastructure projects. The Autodesk Infrawork software has some unique in-built
features like javascript for application programming interface (API) and ArcGIS component that

allows handling and analyzing geographic information through the OpenStreet Maps.
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The collected condition data, cost data, and maintenance data were processed ina.CSV file which
was later linked to the BIM platform. These data were obtained with the help of an expert from
the City of Windsor. The data collected were used to develop the tool and also investigate its
capability through the case study.

4.2.1 Linking the methodological framework with BIM

The javascript programming language in Autodesk Infraworks provides a user interface for
scripting. This inherent programming language of the tool was used to import the data from the
.CSV file, and a mathematical algorithm was written for the optimization of the results. The
mathematical algorithm was used to execute the methodology framework proposed in Chapter 3.
The code used here is presented in the Appendix. The specific methods used for obtaining specific

data for the methodological framework are explained below.
4.2.2 Data flow of the tool

This study uses the InfraWorks model to create the digital counter of the stormwater
infrastructure. Figure 4-1 illustrates the data flow chart for the DS-based model. To do this, the
following steps were followed:

Step 1: Create a BIM map: In this phase, a map is created using the model builder in the
Infraworks to serve as the platform to host the stormwater pipes for analysis.

Step 2: Create extended attributes: In this phase, the stormwater condition, stormwater retrofit
action, stormwater risk level, and stormwater lifecycle cost was created as an add-on tool kit using
the extended schema function in the InfraWorks platform.

Step 3: Import the GIS shapefiles into the BIM platform: During this phase, the GIS shapefiles
comprising the stormwater pipes and stormwater manholes are imported. The imported shapefiles
are configured for analyzing the various segments.

Step 4: Start scripting: In this phase, the code for running the programming is written in the
InfraWorks environment using the in-built javascript. The code is then run-in order to investigate

the stormwater parameters for decision-making.
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Step 5: Optimization of results: In this phase, a GA optimization algorithm is used to obtain Pareto
optimal results for decision-making in the InfraWork environment. The final output of an

optimized condition, risk, and lifecycle cost is obtained.

Start Script
in
InfraWorks

Filter Pipe Segment

External Data Create BIM Define Extended
GIS shapefiles
Pipe Material
Pipe condition
Pipe Cost

Import GIS shapefiles
to InfraWorks

—> Map Attributes

y

GA Optimization Model

A

Stormwater Infrastructure Management

Output

: : . I

Condition Risk Level Retrofit Action Lifecycle Cost

Figure 4-1:Depicts the data flow of the DS-based model
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4.3 Overview of the DS-Based Decision Support Tool
The proposed DS-based decision support tool will enhance the decision-making process regarding
stormwater infrastructure management. The general overview of the DS-based decision support

tool is presented in the following sub-sections.

The user initially starts by creating a BIM map using the Autodesk InfraWorks software. The
model builder in InfraWorks was used to create the Map for the case study area as shown in Figure
4-2.

1 Model Builder [m} X

Model Name @

Viscount Melville Sound

Coordinate System @

If unsure, select

Amundsen Guif

Foxe
Basin

NUNAVUT

UKON TERRITO NORTHWEST 2
YUKON TERRITORY 'EFP"C\R s Nuuk

“’\r Hudson Bay

Gulf of Alaska CANADA

Labrador Sea
ALBERTA MANITOBA

11 SASKATCHEWAN ONTARIO

200 miles. 250 km

B* Microsoft Bing rL—\ 82022 TomTom. € 2022 Microsoft Corporation Jerms.

Figure 4-2: Illustrates a BIM map creation

Figure 4-3 displays how the extended attribute function was created. The addition of extended
attributes was possible because the Infraworks software has such a unique feature as an add-on
kit.
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Figure 4-3: Illustrate the creation of the extended schema process

After the creation of the extended attributes, the .shp files are uploaded and configured, and all
the pipe segments in the model shall be linked with the external databases and then exported to
their respective parameters as defined in the extended attributes. In order to select the appropriate
parameters, the tool will loop through the algorithm several times. The tool will then use the
segment ID and stormwater manhole ID as filters to investigate the various stormwater segments
for the decision-making process. Figure 4-4 presents a pictograph of the developed code for

assessing the KPIs for decision making.
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Figure 4-4: lllustrates assessment of KPIs for decision-making

4.3.1 Guidelines for DS-based tool
User Information

Figure 4-5 presents the detailed information required for decision-making. To obtain the required

user information, the following steps were followed:

Step 1: The user shall import the TPMs of the various segment, stormwater shapefiles, and
stormwater manhole shapefiles into the model as indicated in section 4.2.2. The TPMs are used
to develop the deterioration pattern and facilitate the decision-making process. Also, the .shp files
allowed the user to visualize, analyze the patterns, and monitor the changes that occur in the

various pipe segments.
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Step 2: The user shall run the developed script/ code to investigate the necessary information
needed for the decision-making as indicated in Figure 4-5. This information is required to indicate
the state of the municipal stormwater and also inform the municipality of the required action to
be undertaken in the year of inspection and the proceeding years.

Extended Attributes

Sewer_Condition

Sewer Cost

Sewer Refrofit_Action

Sewer Risk

Sewer_Segment_ID

Figure 4-5: Stormwater information for decision-making

Furthermore, the result will indicate the segment's properties such as the condition score, risk
level, maintenance action required, and LCC of the stormwater. Figure 4-6 demonstrates an

example of a selected segment and its properties at the time of assessment.
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Figure 4-6: Depicts DS-Based results

4.4 Unique Features of the proposed tool

Unique features of the proposed decision support tool are as follows:

Predicts the maintenance requirements at the lowest life cycle cost: This study
proposed a DS-based tool that can forecast the maintenance action required to keep the
stormwater infrastructure at the expected condition before the asset fails. The proposed
DS-based tool uses the Evolutionary GA algorithm in conjunction with the Markov Chain
model in a holistic manner to address the short-and long-term budget planning of
stormwater infrastructure which aid in minimizing the LCC of the stormwater
infrastructure over its planning horizon.

Enhance infrastructure decision-making: The proposed DS tool improves the decision-
making for the stormwater infrastructure network. As the stormwater infrastructure ages,
the condition score, and risk of failure level need to be assessed. Upon the assessment, a
budget must be allocated to implement any retrofit action required to keep the condition
and the risk level of the infrastructure at an acceptable level. Therefore, the DS tool
developed has the capability to address these challenges thereby ensuring efficient and
effective decision making.
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e Easy to use: The DS-based tool is a user-friendly decision support tool for infrastructure
managers in the stormwater domain. There is a lack of digitalization in stormwater
infrastructure which hinders DS-based decision-making. Therefore, developing a DS-
based tool will make it easy for infrastructure management. This tool, however, allows
experts and non-experts in the construction industry to investigate the condition, risk, and

LCC of their stormwater infrastructure through the implementation of DS.

45 Summary

Most municipalities in Canada are looking for a tool that aids in a proactive infrastructure
management approach. Therefore, the proposed DS-based tool has the capability of catering to
such demand. In this chapter, a javascript was used to write a script in InfraWorks. This tool
enables identifying the best maintenance plan by considering each component of the stormwater
infrastructure system. This information can be used for capital budget planning in municipalities.
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5 ACASE STUDY FOR DS-BASED STORMWATER
INFRASTRUCTURE MANAGEMENT

5.1 Introduction

Digitalization of infrastructure enables the management of an infrastructure project from
conception to completion (Tchanaet al., 2019). The emergence of smart information technologies,
such as digital shadow, loT, machine learning, and BIM have been accelerating the digital

transformation of the AEC sector.

Several studies have developed tools for the proactive management of civil infrastructure systems.
As an example, Sanchez et al. (2014) used BIM to develop a tool for entire sustainable lifecycle
management for transportation infrastructure, Vitasek and Maté&jka (2017) utilized BIM to
develop an automatic tool for quantity takeoffs and cost estimation in transport infrastructure,
Neves et al. (2019) utilized BIM to develop a tool for the implementation of rail track
rehabilitation., Wang et al. (2019) used BIM and GIS to develop an integrated decision support
tool for underground utility management, (Oreto et al., 2021) developed a BIM-based pavement
management tool for scheduling urban road maintenance. Although previous researchers have
developed a proactive management tool for the above civil infrastructure classes, stormwater

infrastructure has been overlooked.

This chapter describes how the proposed DS-based decision support tool was applied to the
stormwater infrastructure system in the Ward 3 area of the Canadian city of Windsor. The
proposed proactive infrastructure management method was compared with the conventional

approach.
5.2 Methodology

The City of Windsor does not maintain digital models of its civil infrastructure. Hence, required
data was collected for creating the digital shadow. The properties of stormwater pipe design such
as the pipe material, pipe diameter, length, and storm manhole diameter were identified and
further formulated for simulations and calculations purposes during the study. Table 5-1 illustrates

the stormwater pipe data used for preparing the digital shadow. Once these preliminary design
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parameters were identified, the layout of the 2D model of the stormwater pipes was generated as
shapefiles from the Windsor mappmycity webpage “opendata.citywindsor.ca”. These data were
exported into the InfraWorks software. The 2D shapefile format was refined into 3D models in
the BIM platform for instinctive purposes as shown in Figure 5-1. Moreover, shapefiles in the
form of 2D are graphical entities only, such as lines, arcs and circles while the 3D models define
objects in an intelligent contextual semantic manner such as the space, size and the depth. The
extended attributes created using the extended schema function were used to integrate the
stormwater condition, stormwater retrofit action required, stormwater risk level, and stormwater

lifecycle cost into the digital shadow model.

Table 5-1: Sample condition assessment data

Segment_Id Pipe Material Pipe Size Condition
934 200 5
935 200 5
945 G 5
946 - 200 3
954 Vacuum Insulated Tubing (VIT) 200 1
960 Vacuum Insulated Tubing (VIT) 300 1
7145 200 4
6511 300 5
7150 300 5
1065 Concrete Pipe (CONC) 500 4
1116 300 3
1114 675 4
1118 675 5
1108 300 3
1115 300 4
1117 300 2

10001 Vacuum Insulated Tubing (VIT) 300 2
6511 Vacuum Insulated Tubing (VIT) 150 5
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Figure 5-1: depicts a 3D representation of the stormwater infrastructure

Figure 5-2 displays a map of the study area as well as a BIM model of Ward 3. The research area
covered a total area of 6.27 km?2. McDougall street was chosen as a specific network for the study.
The network was delineated into a catchment of three land-uses, that is buildings,
recreational/parks, and river body. Given that stormwater pipe network is constructed with
reference to zoning to in the vicinity. For the buildings, a sub-catchment was created and grouped
into two types, that is, commercial and residential buildings. The commercial buildings include
hospitals, factories and schools. The stormwater pipes in this area were built over a range of years,
from 1910 to 2012. The digital model included actual land use in this area. Google maps were
used to identify and indicate the specific land use in the digital model.
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Figure 5-2: A graphical representation of Ward 3

As indicated in Chapter three of this study, the Markov Chain was used to forecast the future
condition of the stormwater pipes. Mailhot et al. (2000) and Wirahadikusumah et al. (1999)
developed a 20-year condition prediction model for stormwater pipes. Marzouk & Omar, (2013)

endorsed a condition prediction model for stormwater should be 20 years. Hence, this study

establishes a 20-year evaluation period for the stormwater pipes to predict condition. The current

physical condition of each of the four segments during the time of study has been displayed in

Table 5-2. This information was obtained after consulting engineers from the municipality.

Table 5-2: indicates the current physical condition of each stormwater segment

Segment Current Physical Condition
943 4
944 )
945 4
946 5
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InfraWorks model has an in-built measure tool that is capable of measuring point-to-point

distance. This feature will be used in automating the distance measurement in the algorithm. Table

5-3 presents the distances to main land use types in the study region.

Table 5-3: lllustrates samples of 10 different segment distances measured to the land use

Storm sewer ID

Land Use Type

Distance of Pipe (m)

943 Building 11.50
944 Building 11.40
945 Building 11.70
946 Building 10.70
954 Building 10.60
960 Building 2.60
7145 Commercial Building 64.90
6511 Commercial Buildings 50.20
7150 Commercial Buildings 14.90
1118 Commercial Building 9.80
1108 Commercial Building 4.0

5.2.1 Benchmarks for stormwater systems

To determine the physical condition of stormwater pipes, a set of constraints were defined after

consulting an engineer from the City of Windsor. Table 5-4 presents the constraint sets for this

study. A retrofit action is implemented before/after the threshold for repair have been met.

Table 5-4: Benchmarks for each criterion

Criteria Threshold Target
Condition 3.5 5
Risk 0.80 0.10
Annual budget CAD 5,000 N/A
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5.3 Results

Table 5-5 and Table 5-6 present the recommended maintenance actions and optimal solutions for
4 selected segments in the research area. With respect to prioritization in the DS-based model, the
tool predicted the maintenance actions to be undertaken by the decision-maker. Figure 5-3 shows
the prioritization based on the risk and condition of the various segment as well as the cost of
budget constraint for decision making. Table 5-6 presents the minimum condition rating,
maximum risk level, and minimum LCC for each segment for the 20-year horizon. For segment
943, the minimum condition rating was 4.21 maximum risk was 0.71, and the minimum LCC was
CAD 30,500. For segment 944, the minimum condition rating was 3.58, a maximum risk level of
0.83, and LCC is CAD 57,800. In addition, a minimum suggested condition rating for segment
945 was 357 whilst the maximum risk and minimum LCC were 0.84 and CAD 65,200
respectively. Again, for segment 946, the minimum condition rating is 3.51, a maximum risk level
is 0.85, and LCC is CAD 45,400

Table 5-5: DS-based maintenance plan for the 20-year planning horizon

Year Segment Segment Segment Segment
943 944 945 946
1 DO_NOTHING DO _NOTHING DO _NOTHING DO _NOTHING
2 MINOR REPAIR DO _NOTHING MINOR_REPAIR DO_NOTHING
3 DO_NOTHING DO _NOTHING DO_NOTHING DO_NOTHING
4 DO_NOTHING DO _NOTHING DO _NOTHING DO _NOTHING
5 DO_NOTHING DO _NOTHING DO_NOTHING DO_NOTHING
6 DO_NOTHING REPLACE DO _NOTHING DO_NOTHING
7 DO_NOTHING DO _NOTHING REPLACE MAJOR_REPAIR
8 DO_NOTHING DO _NOTHING DO_NOTHING DO_NOTHING
9 DO_NOTHING DO _NOTHING DO_NOTHING DO _NOTHING
10 DO_NOTHING DO _NOTHING DO_NOTHING DO_NOTHING
11 DO_NOTHING | MAJOR_REPAIR DO _NOTHING DO _NOTHING
12 DO_NOTHING DO _NOTHING DO_NOTHING DO_NOTHING
13 DO_NOTHING DO _NOTHING MAJOR_REPAIR DO _NOTHING
14 DO _NOTHING | MINOR REPAIR DO _NOTHING MINOR _REPAIR
15 DO_NOTHING DO _NOTHING DO _NOTHING DO _NOTHING
16 DO_NOTHING DO _NOTHING DO _NOTHING DO _NOTHING
17 DO _NOTHING DO _NOTHING DO _NOTHING DO _NOTHING
18 DO_NOTHING DO _NOTHING DO _NOTHING DO _NOTHING
19 DO _NOTHING DO _NOTHING DO _NOTHING DO _NOTHING
20 DO_NOTHING DO _NOTHING DO _NOTHING DO _NOTHING
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Table 5-6: DS-based optimal result for the 20-year planning horizon

Segment _ID Minimum Condition Maximum Risk Minimum LCC
Rating Level (CAD)
943 4.21 0.71 $30,500
944 3.58 0.83 $57,800
945 3.56 0.84 $65,200
946 3.51 0.85 $45,400

As shown in Figure 5-3, the segment with the initial highest risk is given priority before the other
segments. A notable example is segment 943 and segment 945. These two segments have been
selected for maintenance since they have the highest risk level in year 1 and year 2 respectively.
However, in years 3 and 4, all the segments were within the acceptable limit, hence, no retrofit
action was implemented. The DS-based does the prioritization based on the annual budget
available while considering the risk level and condition rating. The DS-based tool forecast the
cost associated with each maintenance action thereby informing the decision-maker about the
funds required should any decision be taken. As result, the proposed DS-based model makes

prioritization in stormwater asset management decision-making easy and quick.
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Figure 5-3: Illustration of the prioritization approach for the DS-based tool

Figure 5-4 illustrates how the optimized physical condition and risk of failure changes for the
different segments over the years for the stormwater infrastructure. As illustrated in Figure 5-4,
physical condition (Figure 4-5(a)), and risk (Figure 4-5(b)), of stormwater infrastructure systems
change annually based on the constraints set for the algorithm. Thus, a threshold of 3.5 was set
for the physical condition and 0.80 for the risk level. However, the relative risk levels remain the
same despite the scenario. This is due to the assumption that the consequences of failure do not
change with time for the various segments. Hence, in a budget-constrained scenario, it is important
to identify stormwater infrastructure systems with the highest risk at a specific period to prioritize

the systems which require urgent interventions.
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Figure 5-4: Physical condition and Risk of failure states of optimal DS-based model result

5.3.1 Conventional Method of Stormwater Infrastructure Management

Table 5-7 and Table 5-8 present the recommended maintenance actions and optimal solutions for
4 selected segments in the research area for the conventional model respectively. This model was
developed in an excel platform to enable the comparison with the DS-based model in this study.
A replacement of the asset is recommended as the maintenance action for the various segment
upon failure of the pipe as shown in Table 5-7. Therefore, depending on the implementation of
the recommended maintenance action within 20 years, Table 5-8 results suggested the minimum
condition rating, maximum risk level, and minimum LCC that the various segments experienced.
The results indicated that segment 943 experienced a minimum condition rating of 2.01, a
maximum risk level of 1.49, and a minimum LCC of CAD 36,900 throughout the 20-year
planning horizon. Similarly, a minimum condition rating of 2.07, a maximum risk level of 1.45,
and a minimum LCC of CAD 29,800 was suggested for segment 944. Again, the suggested
minimum condition rating for segment 945 was 2.54 whilst the suggested maximum risk and
minimum LCC were 1.18 and CAD 21,300 respectively. For segment 946, a minimum condition

rating of 2.60, a maximum risk level of 1.15, and a minimum LCC of CAD 23,000 was suggested.
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Table 5-7: Conventional maintenance plan for the 20-year planning horizon

Year Segment Segment Segment Segment
943 944 945 946
1 DO_NOTHING DO_NOTHING DO_NOTHING DO_NOTHING
2 DO_NOTHING DO_NOTHING DO_NOTHING DO_NOTHING
3 DO_NOTHING REPLACE DO_NOTHING DO_NOTHING
4 DO_NOTHING DO_NOTHING DO_NOTHING DO_NOTHING
5 DO_NOTHING DO_NOTHING DO_NOTHING DO_NOTHING
6 DO_NOTHING DO_NOTHING DO_NOTHING DO_NOTHING
7 DO_NOTHING DO _NOTHING DO_NOTHING DO_NOTHING
8 DO_NOTHING DO _NOTHING DO_NOTHING DO_NOTHING
9 DO_NOTHING DO_NOTHING DO_NOTHING DO_NOTHING
10 DO_NOTHING DO_NOTHING DO_NOTHING DO_NOTHING
11 DO_NOTHING DO_NOTHING DO_NOTHING DO_NOTHING
12 REPLACE DO_NOTHING DO_NOTHING DO_NOTHING
13 DO_NOTHING DO_NOTHING DO_NOTHING DO_NOTHING
14 DO_NOTHING DO_NOTHING DO_NOTHING DO_NOTHING
15 DO_NOTHING REPLACE DO_NOTHING DO_NOTHING
16 DO_NOTHING DO_NOTHING DO_NOTHING DO_NOTHING
17 DO_NOTHING DO_NOTHING DO_NOTHING DO_NOTHING
18 DO_NOTHING DO_NOTHING DO_NOTHING DO_NOTHING
19 DO_NOTHING DO_NOTHING DO_NOTHING DO_NOTHING
20 DO_NOTHING DO_NOTHING DO_NOTHING DO_NOTHING
Table 5-8: Conventional method result for a 20-year planning horizon
Segment _ID Minimum Condition Maximum Risk Minimum LCC
Rating Level (CAD)

943 2.01 1.49 $ 36,900

944 2.07 1.45 $ 29,800

945 2.54 1.18 $ 21,300

946 2.60 1.15 $ 23,000

Figure 5-5 illustrates how the physical condition changes for the different segments over the years
for the stormwater infrastructure without intervention. As illustrated in Figure 5-5 (a), the physical
condition deteriorates without any intervention until the asset fails. Based on Figure 5.5 (a),
segment 943 failed in year 12 while segment 944 failed in year 14. Similarly, Figure 5-5 (b)

presents a scenario where interventions are implemented for segment 943 and segment 944,
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leading to an improved physical condition. Thus, it takes the physical condition from 2 which is
the failed state to 5 which is the pristine state. However, such an approach to managing stormwater
infrastructure systems can lead to disruptions like flooding, sudden collapse, and damage to
businesses and stakeholders. Therefore, it is recommended to adopt a proactive way that can keep

the stormwater operational without such disruptions.
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Figure 5-5: Routine inspection with/out intervention of the Conventional model
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5.3.2 Cost of Damage of Conventional Model

Defective stormwater pipes may lead to flooding and contamination of drinking water sources
(Baah et al., 2015). Flooding mostly occurs when a pipe network fails. Flooding is one of the
most expensive risks for Canadian municipalities, which recently surpassed fire and theft as the
leading causes of property insurance claims (KPMG, 2014). According to the Insurance Bureau
of Canada (2022), the average cost of repair of an average flooded basement is CAD 43,000. For
this study, a pipe segment was considered to cover 5 lots, indicating that 5 properties are within
the segment. Segment 943 and segment 944 failed at year 12 and 14 respectively. Since, flooding
is mostly associated to pipe failure, it implies that an extra cost of damage would be incurred upon
the pipe segment failure. The total cost of damage used in this study was CAD 430,000. This was

calculated as a product of the damage cost and the 10 properties within the two-pipe segment.

5.3.3 Analyzing DS-based Model and Conventional Model Results

Table 5-9 presents the various LCCs of the selected segments for a 20-year planning period for
both approaches. Further, the total network’s LCC was calculated. Based on the result presented
in Table 5-9, the total LCC of the selected stormwater segment for the DS-based model was CAD
198,900 while the conventional model was CAD 111,00. However, since segment 943 and
segment 944 failed, the extra cost incurred was added to the conventional network LCC. Therefore,
the total LCC for the conventional model network is CAD 541,000. This indicated that the DS-
based model is about 63% more cost-efficient than the conventional approach.

Table 5-9: Analyzing LCC of DS-based model and Conventional model

Segment_ID LCC of DS-Based Approach LCC of Conventional Approach
943 $30,500 $36,900
944 $57,800 $29,800
945 $65,200 $21,300
946 $45,400 $23,000

Damage Cost - $430,000

Network
Total CAD 198,900 CAD 541,000
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Based on the recommended solutions, the DS-based outperformed the conventional model. This
was because maintenance actions were implemented only when the asset had failed. Thus, it does
not consider periodic maintenance during the planning horizon. Moreover, the recommended
solution for the conventional model has the condition rating and risk level below the acceptable
limits. Hence, the poor condition rating and low-risk level indicate that the various segments might
not meet the stakeholder’s requirements. Additionally, the conventional model which represents
a reactive approach to the management of infrastructure is fading out and it is much recommended
to tackle such a problem from proactive management. Thus, it is best recommended to keep the

infrastructure system at an acceptable threshold where the asset will meet the user's demand.

54 Summary

The proposed DS-based predictive maintenance planning tool for stormwater infrastructure was
demonstrated using a case study. This assessment was conducted on selected stormwater pipes
located in Ward 3, City of Windsor. The physical condition inspection report and maintenance

data were initially used to develop the digital shadow of the stormwater infrastructure.

The outcome of the DS-based model had an average condition rating of 3.72 and an average risk
level of 0.81 during the planning period. Unlike the DS-based model, the conventional model had
an average condition rating and risk rating of 2.31 and 1.32 respectively. The result has shown
that the DS-based model maintains an acceptable condition rating and risk level throughout the
planning horizon while the conventional model does otherwise. However, due to the periodic
maintenance occurring in the DS-based model the total network LCC was about 63% less than a
conventional model. Although the DS-based LCC is moderately low, the condition rating and risk

level of the pipe network were within acceptable limits.
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6 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Proactive stormwater infrastructure management is an integrated data-driven decision-making

process. This research developed a methodological framework and a DS-based decision support

tool for stormwater infrastructure management. The proposed method was demonstrated by using

a case study where traditional and proposed methods were compared. The main conclusions of

this research are as follows:

The proposed methodological framework and decision support tool can predict the
maintenance requirements of stormwater infrastructure systems. A case study was
conducted to verify the proposed methodological framework’s capabilities. The case study
revealed that the DS-based model was more cost efficient than the conventional approach.
Moreover, the DS-based model prevented the extra damage cost that was incurred in the
conventional model due to it preventative maintenance schedule.

The following conclusions can be made based on the comparison of the DS-based proactive
asset management method versus the traditional infrastructure management method.

o The LCC of the DS-based method is about 63% less than the conventional
stormwater infrastructure management in long-term planning. This can be
attributed to the fact that the DS-based model keeps the asset in a good condition
all the time based on the timely implementation of the maintenance action thereby
avoiding the cost of damaged incurred in the conventional model.

o The physical condition of the DS-based model was better than the conventional
method. Similarly, the DS-based model was capable of maintaining an average
condition rating of 3.72 when implementing the recommended maintenance
actions.

The DS-based model kept the average risk of failure at a 0.81 rating. The reduction in risk
of failure by the DS-based model boosts the stakeholder's confidence compared to the
conventional approach where the risk of failure is high. Also, research has shown that a
high risk of failure results indicates a sudden interruption in the infrastructure asset
performance. Hence, the conventional model would be experiencing intermittent flooding

or collapse due to the high risk of failure level.
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e Unlike the conventional approach, the proposed DS-based approach can simulate the
planning, design, construction and operation of an infrastructure by using computer
generated models. This will aid municipal asset managers to eliminate data fragmentation
challenges in infrastructure management. Other operational benefits of the proposed
approach are as follows:

o The DS-based model also provides a digital visualization (3D) of the stormwater
infrastructure system as compared to conventional practice.

o The DS-based model provides long-term maintenance data for the planning
horizon.

o The DS-based model provides data on the risk level and LCC for the planning
horizon

o The DS-based model aids in maintaining the physical condition of the infrastructure

while ensuring its performance.

6.2 Contributions

The main contributions of this research are as follows:

Using a digital shadow for proactive stormwater infrastructure management: In the context of
smart infrastructure management, predictive maintenance planning is vital. Previous researchers
have developed various predictive maintenance tools that have used GIS data. The proposed study
uses a digital shadow for a predictive maintenance planning approach that facilitates proactive
management of the stormwater infrastructure. The implementation of the proposed tool will
answer the questions: which should be the maintenance strategy? What funds are required to
maintain the infrastructure system? The outcome of the model can help capital budget planning
for stormwater infrastructure and boost stakeholders’ confidence. Furthermore, the proposed DS-
based tool advocates and promotes the digitalization of stormwater infrastructure.

An automated tool for proactive infrastructure management: Literature has revealed the lack of
automation in the construction industry. Although there have been several tools developed for the
management of stormwater infrastructure, these tools are yet to be automated. However, the
proposed DS-based model was developed to function as an automated tool that can automatically
forecast the maintenance action required, future conditions, and risk level throughout the

estimated lifecycle of the stormwater infrastructure.

71



The proposed tool is a user-friendly decision support tool for proactive management of stormwater
infrastructure and other linear infrastructures. Moreover, the integration of DS with the BIM
model provides the users with a visualization feature that makes infrastructure analysis easy. This
makes the DS-based model more comprehensive for proactive management strategy compared to

the conventional approaches.

6.3 Limitations

The following are the limitations of the deliverables of this research:

Data unavailability and uncertainty: There was a lack of physical condition data to develop the
TPMs of the various segment. Hence, literature-based data was used for TPM. Therefore, the
simulated TPMs may not have accurately represented the local context of the study. Moreover,
the data unavailability could have affected the optimal maintenance plan.

Limitations with risk assessment: Due to the data unavailability, the study ignored some factors
that can influence the risk assessment such as the catchment area, hydrological flow, and rainfall
intensity within the area of study. It is necessary to incorporate such parameters into the model
and determine the potential consequences of flooding.

Interoperability issues in the BIM platform: Given that the GIS shapefile was not developed as
Industry Foundation Classes (IFCs) or XML spec, importing it into the BIM environment resulted
in some data fragmentation. Therefore, it is recommended to create the stormwater shapefiles in

the IFCs and XML formats to allow for data exchange in the BIM model.
6.4 Recommendation and Future Research

The following research will further enhance the DS-based tool and the methodological framework
proposed in this research:

e Several factors that affect the deterioration of stormwater pipes were ignored due to data
unavailability. It is recommended to investigate the various factors that affect the
deterioration of stormwater infrastructure with a suitable mathematical method.

e It is recommended that an uncertainty analysis approach such as fuzzy set theory should
be utilized to investigate the impact of data uncertainties on the results. This approach can

help resolve data ambiguity in this research.
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e |t is recommended that the level of the service of stormwater infrastructure be integrated
into the model. This will enable ensuring a satisfactory service level.

e The study ignored watersheds in the study area. It is recommended to include a watershed
in the research area since it influences the volume of water that runs through the stormwater
pipe thereby impacting the deterioration rate and risk.

e It is recommended to collect condition data of infrastructure to enhance the accuracy of

TPM. This will increase the accuracy of the predictive maintenance plan.
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APPENDICES

Appendix A Transition Probability Matrices for testing the initial parameters in the DS-

based tool

Segment (943) Segement (944)

Asbesto Cement Reinforced Concrete Pipe
0.98 0.02 0 0 O 0.80 0.20 0 0 O
0 0.58 042 0 O 0 0.70 030 0 O
0 0 0.79 0.21 O 0 0 0.60 040 O
0 0 0 0.99 0.01 0 0 0 0.10 0.90
0 0 0 0 1 0 0 0 0 1

Segement (945) Segment (946)

Concrete Pipe Vitrified Clay
[0.84 0.16 0 0 O 1 [0.75 0.25 0O 0 O
| O 0.72 028 0 0 | | 0 0.86 014 0 0 |
[ 0 0 0.51 0.49 0] 0 0 0.67 033 0
llO 0 0 082 0.18J| 0O 0 0 080 020
0 0 0 0 1 0 0 0 0 1

C1- Code for Importing data into Infraworks

db = app.ActiveModelDb;
sset = app.ActiveSelectionSet;

formSewer_Segment_ID = ui.LoadForm(*Ward_3 Thesis_Project 1 Ul.ui");
formSewer_Segment_ID.findChild("Sewer Segment_ID").clicked.connect(Sewer_Segment_ID);
formSewer_Segment_ID.show();

Sewer_Segment_ID() {
val=[J;
val.push(parseFloat(formSewer_Segment_ID.findChild(“Sewer SegmentID").text));

vall = (val -1)

tableName = "USER_Ward_3_Storm_Sewer";
filter = sset.GetFilter(db.Tablelndex("USER Ward 3 Storm Sewer"));
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var table = db.Table("USER_Ward_3_Storm_Sewer");
var extent = table.QueryExtent(filter);

table.StartQuery(filter);
table.BeginWriteBatch();

var read;
var write = table.GetWriteRow();
while (read = table.Next()) {
var coords = file.ReadFile("c:/Users/Grad student/Desktop/AKANA RESEARCH/WARD
3_STORM_SEWER.csv");
var coordsa = coords.split("\n");
for (var i = 0; i < coordsa.length; i++) {
var txta = coordsa[i].split(",");
if (txta.length < 5)
continue;
if (read. EXTERNAL_ID == (txta[0])) {
write. USER_Storm_Sewer_Condition = (txta[1]);
write. USER_Storm_Sewer_Risk = (txta[4]);
write. USER_Storm_Sewer_Cost = (txta[3]);
write. USER_Storm_Sewer_Retrofit_Action = (txta[2]);
table.UpdateFeature(write, read.ID);
write.Invalidate();

var tablePipes| = db.Table("USER_Ward_3 Storm_Sewer");
var filter = "EXTERNAL ID";
table.StartQuery(filter);
var read;
var id;
var idArr = [J;
while (read = tablePipesl.Next()) {
id = read. EXTERNAL _ID;
idArr.push(parseFloat(id))

}
table.EndQuery():

var tablecondition = db.Table("USER_Ward_3 Storm_Sewer");
var filter = "USER_Storm_Sewer_Condition";
table.StartQuery(filter);

var read;

var cond;




var condArr = [];

while (read = tablecondition.Next()) {
cond = read.USER_Storm_Sewer_Condition;
condArr.push(cond)

}
table.EndQuery();

var tablerisk = db.Table("USER_Ward_3_Storm_Sewer");
var filter = "USER_Storm_Sewer_Risk™;
table.StartQuery(filter);
var read;
var risk;
var riskArr = [J;
while (read = tablerisk.Next()) {
risk = read. USER_Storm_Sewer_Risk;
riskArr.push(risk)

}
table.EndQuery();

var tableretrofitaction = db.Table("USER_Ward_3_Storm_Sewer");
var filter = "USER_Storm_Sewer_Retrofit_Action™;
table.StartQuery(filter);
var read;
var retrofitaction;
var retrofitactionArr = [J;
while (read = tableretrofitaction.Next()) {
retrofitaction = read. USER_Storm_Sewer Retrofit_Action;
retrofitactionArr.push(retrofitaction)

}
table.EndQuery();

var tablecost = db.Table("USER_Ward_3 Storm_Sewer");
var filter = "USER_Storm_Sewer_Cost";
table.StartQuery(filter);
var read;
var cost;
var costArr = [J;
while (read = tableretrofitaction.Next()) {
cost = read.USER_Storm_Sewer_Cost;
costArr.push(cost)

¥




alert(condArr[vall] + ", " + riskArr[vall] + ", " + retrofitactionArr[vall] + " , " + costArr[vall]);
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