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ABSTRACT

A proper strategic asset management enables one to understand what network performance can
be achieved, at what expense, and with what associated risks. However, the current management
approaches practiced by many cities are very parochial and limited to a single asset type,
justifying a need for an Integrated Asset Management System (IAMS). IAMS provides an
interface on which different assets in a facility get digitally connected. It is a data-centric
strategic asset management system that prioritizes the maintenance and rehabilitation schedule of
various assets based on various factors like the utility, budget, condition, and so forth. This
research project proposes a risk-based reliability-centric asset management approach to combine
the different single asset management strategies into a cross-asset management model using a
case study of the asset database at the City of Sugarland, TX. The model works on the principle
that the risk associated with an asset's failure is the function of the direct and indirect cost of
replacement. While the direct cost of replacement is the unit cost, the indirect cost is the
additional cost related to the failure, which typically is not quantified easily in terms of the
monetary units. The assets are prioritized based on the highest yearly benefit to cost ratio for
replacement, with the benefit being a reduction in the expected monetary consequences of
failure. The outcomes of the designed model are analyzed in terms of a reduction in the network
level expected annual failure rate, an increase in the network level average reliability, and a
decrease in the number of assets in a very high-risk category in the risk matrix. The end product
of the research is a SQL-based quantitative tool that allows the decision-makers to prioritize the
cross-asset replacement under different yearly budget scenarios, allocate the replacement budget

for the assets, and visualize the results using the interface of Microsoft Power-Bi.
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1. INTRODUCTION

1.1.  Research Motivation

The network civil infrastructure systems have a direct impact on the functioning of society. All
the existing civil infrastructure facilities that we see and utilize today are the result of long-term
planning, resource allocation, money spent decades ago. But managing the facilities to maintain
it in a usable condition is a very intricate and challenging task because it involves working with
deteriorating and aging assets, budget constraints, changing customer demands, socio-economic-
environmental considerations. The facilities usually include a combination of assets such as
water mains, lift stations, pavements, parks, aviation, streets, IT, and so forth. These assets
provide necessary services, accommodations, and foster social communication and economic
development, which are the pillars for running a city. Therefore, it is vital to maintain these
assets periodically.

Several organizations ranging from the government to private, are responsible for the
effective maintenance of these facilities. While, at present, a vast majority of these facilities are
built and managed by the government entity, there has been a significant increase in the
participation of private entities over recent years. In this regard, be it a government or a private
entity, these firms use different asset management models with the ultimate objective of
providing a cost-effective, reliable, and resilient maintenance, repair, and rehabilitation of the
facilities. If not completed on time, overall maintenance expenditure will increase significantly
as more costly initiatives will be needed to reinstate these facilities to acceptable standards
(Seyedolshohadaie et al., 2011).

Infrastructure facilities get exposed to increased loading and adverse weather conditions

regularly, resulting in the severe risk of deterioration over time. In addition to the increase in the



utility and environmental conditions, several other reasons act as a catalyst to contribute to their
declining state. These include but are not limited to:

1) A lack of strategic management for planning the new and managing of existing facilities
resulting in a deficiency of investment and interest in the maintenance of existing
facilities.

i1) An ad-hoc over-optimistic approach to repair the structures on the verge of obsolescence
resulting in a budget deficiency for the other facilities.

ii1) A lack of effective asset management models to forecast the upcoming failures and
prioritize the MR&R of the assets based on the benefits of maintaining the facilities to the
future economy (Jamal, 2017).

Several literature reviews reveal that there has been a significant amount of work performed
in the field of infrastructure management, more specifically the transportation and water
infrastructures, over the decades. However, these twin mandates do not exist for other types of
assets; thus, there lies a demand for an interface that can support a decision-maker prioritize
different categories of assets into a unified system (Seyedolshohadaie, 2011). Furthermore,
limited budgets add more problems to existing infrastructure management issues.

Industries in the United States claim to have progressed a noteworthy advancement in
implementing risk management with multi-criteria analysis principles to promote their industry
exercises. However, their claims remain uncorroborated because of the lack of documentation
and developed applications to delineate their practices. Besides, the stakeholders would ideally
want a robust module that can unionize different categories of assets into a single system and
prioritize the preventive maintenance under a given budget scenario. As such, one cannot

establish a module without knowledge, analysis, and execution of system reliabilities, benefits,



uncertainties, and risks associated with the different assets. Thus, this research attempts to mark

these concerns and connect the dots over the existing gaps.

L

ii.

iii.

More specifically, the following observations are the motivating factors for this research:

Constantly aging infrastructure facilities:

The infrastructure facilities keep aging over time, reaching or exceeding their useful life.
The decision-makers need to systematically account for the effective management of the
risk and uncertainties associated with these aging facilities.

Demand for a model to combine assets of different categories into a single system for
decision making:

The infrastructures in a facility usually do not have the same monitoring, failure, and
maintenance conditions. At present, the available systems model these conditions only
for an asset of a specific type. Thus, there lies a demand for a model that can provide a
common interface for modeling different asset categories into a unified system and
determine their current and future MR&R needs.

Account for benefits of M&R activities.

Typically, the representation of failure, consequence, and risk varies between assets to
assets and management to management. As a result, it is extremely difficult to account
for the benefits of the applied MR&R strategies in terms of the monetary units.
Therefore, there lies a need for a framework that can support the decision-makers to
effectively use their available resources to prioritize MR&R activities and analyze their
trade-offs/benefits in monetary units.

In order to resolve the concerns discussed above, this research proposes a risk-based,

multi-criteria, strategic asset management framework that supports an enterprise to monitor and



manage their multi-category assets using a data-driven systematic approach. The framework
accounts for the risks and uncertainties, forecasts the performance over time, prioritizes the
cross-asset replacement, and evaluates the benefits of replacement in monetary units. If executed
effectively, there are endless perks of this method, which range from improvement in the

network level condition of the facility to an increase in their return on investment.

1.2.  Research Objectives

The main aim of this research is, therefore, to access and model the risks and plan the
maintenance of a wide array of assets present at any facility. More specifically, the primary
objective of this research is to develop a risk-based reliability-centric model that can predict the
failure of various assets, prioritize their cross-asset maintenance, allocate the maintenance funds,
and mitigate the consequence associated with their failure. The end product research is focused
on the development of a quantitative tool that compares the risks of one asset with another using
the yearly benefit to cost ratio and prioritize the cross-asset replacement under the different

budget scenario.

1.3.  Our Contributions

When it comes to facility management, it involves the cumbersome task of working with a
multitude of assets that may be of different kinds. It is also difficult because it requires the
management to develop a common interface that provides a linkage among the assets. At present,
the existing practices for most asset management firms include representing the consequences of
failure and the likelihood of failure in terms of indexes or ordinal numbers. These numbers are
then used to determine the risks and plan the maintenance. However, the numbers may vary
according to the assets and the inspectors. As a result, the resultant risk obtained from the

consequences and likelihood may be measured in the different units for the different assets.



Moreover, the indexes or numerical scorings to represent the condition of failure of the assets
may not have the same definition and measure of failures within the same city. For example, the
criteria of failure in pipelines may not necessarily define the failure in the pumps and vice-versa.
Therefore, a risk of 5 in pipes may be completely different than that of the pumps. Furthermore,
these indexes are also used to determine the benefits of the replacement of the asset. The
replacement costs, however, are in terms of the monetary units, whereas the indexes are in terms
of the numerical scores. This difference in the measurement units makes the approach analogous
to comparing the apples with the oranges.

This paper, therefore, attempts to create that much-needed interface to make a comparative
analysis between the assets by:

1. Representing the likelihood of failure in terms of the probability of failure over time.
ii.  Representing the consequences of failure in terms of monetary equivalence of failure (the
ordinal number for consequence times the cost of replacement).

The product of the LOF and COF now provides the expected risk, or the monetary
consequences associated with the asset failure. The benefit of preventive maintenance is the
avoidance of the expected monetary consequence for the following year. For example: Suppose
an asset with a useful life of 10 years has the failure probability or LOF in the first year = 0.1,
COF =5, and cost of replacement = $5. Assuming that the direct cost of replacement remains
constant, the benefit of preventive maintenance of asset in the 1st year is that the asset will have
an expected monetary consequence of the failure of $0.25 while if done in the 10th year, the
consequence will be $25. Therefore, it is now equivalent to comparing oranges with oranges.

The term preventive maintenance used in this research can be slightly misleading. Typically,

in the field of infrastructure management, preventive maintenance of an asset does not add



anything significant to its useful life but only decreases its current rate of deterioration. On the
other hand, rehabilitation and replacement increase the useful life of the asset significantly. In
this research, the terms preventive maintenance and replacement are used interchangeably
because whenever the prioritized assets are considered for replacement, their replacement does
not mean that the entire facility gets replaced. For example, a typical lift station facility consists
of several assets such as pumps, SCADA, generators, pipes, control units, and so forth. For the
SCADA panels replaced in the first year, the maintenance strategy is a replacement, but it is just
preventive maintenance for the lift station facility. This example is analogous to replacing the oil
filter in the car during its periodic maintenance. The maintenance strategy is again a replacement

for the oil filter component but is just preventive maintenance for the car system.

1.4.  Outline

This research paper consists of the following: Chapter II provides an overview of the background
of infrastructure management and the management approaches practiced globally. Chapter III
discusses risk and uncertainty in general, the concept of risk management, system reliability &
point process, and ways to quantify risk in asset management for the decision-maker. Chapter IV
presents the methodology to combine multitude of assets into a system to plan their preventive
maintenance. Chapter V presents the case study where the proposed model was applied to the
existing facilities at the City of Sugarland, TX. Chapter VI provides the discussion and
interpretation of the results. The summary of findings, conclusions, and suggestions for future

research are presented in Chapter VII.



2. INFRASTRUCTURE MANAGEMENT

2.1. Background of Infrastructure Management

As per the ASCE Infrastructure Report Card 2017, the cumulative grade for the infrastructure in
the United States is 'D+', where 'A' represents the excellent condition, and 'F' represents the
failure state. Total funding of $4,590 billion would be required between 2016 to 2025 to bring
the infrastructures to a 'C+' or 'adequate' category. However, estimated available funding would
be around $2,526 billion leading to a funding deficit of $2,064 billion, and if failed to be
addressed, it would result in almost $4 trillion of GDP lost (ASCE, 2017). Thus, the poor
condition of existing infrastructure, along with the lack of sufficient public investment, has
produced a significant increase in rehabilitation backlogs. As a result, these backlogs induce a
hurdle for the decision-makers who attempt to maintain infrastructure safe and operable. If we
look at the historic data on the infrastructure grades (Table 1), we can clearly see the trend of

decreasing grades from 1998 to 2017.

Table 1: ASCE Report Card Grades ( adapted from ASCE, 2017)

Infrastructure 1988 1998 2001 2005 2009 | 2017
Aviation B- C- D D+ D D
Bridges - C- C C C C+
Drinking Water B- D D D- D- D
Hazardous Waste D D- D+ D D D+
Inland waterways B- - D+ D- D- D
Roads C+ D- D+ D D- D




Table 1: Continued

Infrastructure 1988 1998 2001 2005 2009 | 2017
Schools D F D- D D D+
Solid Waste C- C- C+ C+ C+ C+
Transit C- C- C- D+ D D-
Wastewater C D+ D D- D- D+
Overall C D D+ D D D+

In 2000, the expenditure by the government entity (local, state, and federal) was $64.6
billion. As per the estimation by the Federal Highway Administration (FHWA), for the
transportation system (pavement), in particular, there needs an increment of 17.5% in the
expenditure by the government entity only to reach the projected $75.9 billion, and by 65.3% to
reach $106.9 billion, to properly maintain and improve the condition levels of existing
transportation assets in the United States (ASCE Infrastructure Report Card). Assuming that the
essential funding is available, which is rare, the government would still require a proper asset
management system to exercise its plans.

A proper asset management enables one to understand what network performance can be
achieved, at what expense, and with which associated risks. The asset management systems are
crucial because they assist the industrial practitioners in the assessment of the current condition,
prediction of the future deterioration, selection of maintenance and repair strategies, projected
condition after a repair, asset prioritization, and fund allocation (Elhakeem and Hegazy, 2012).
An effective asset management system can be divided into three parts, strategic, analysis, and

decision making (Cambridge Systematics et al., 2002). It is strategic because the management



needs to focus on the efficiency and cost of assets to balance the priorities between the policies
and objectives of the entity. It is analytic because the management needs to devise an action plan
considering the historical and current data prior to making any decisions. As a result, aligning
with these three principles would eventually allow the entities to accomplish their goal of
effective and efficient asset management (Seyedolshohadaie, 2011).

The decision-makers are vested in optimizing the resources spent in the maintenance of
the facility. For this, the decision-makers undertake the analysis at four different levels: strategic,
network, project selection, and project level. The strategic level is focused on the investment
analysis, fund allocations, and communicating with the funding authorities. The network-level
analysis is more detailed than the strategic level and limited within an infrastructure. It answers
the basic questions like what, when, where, how the infrastructure management should plan
through the use of impact, need, and gap analysis. The project selection and project level are
very detailed and limited to a specific project within the grand scheme of projects. This paper
focuses on network-level analysis and maintenance programming for infrastructure management.
At the network level analysis of a single infrastructure facility, the biggest questions that need to
be answered are: a) what assets require replacement, b) when should be the replacement, and c)
how much is the required expenditure? The questions get further complicated when we look at
the network of infrastructure facilities, where there are assets of different kinds subjected for the
replacement in the same year. Ideally, given an unlimited budget, everything would be replaced
whenever needed; however, due to the limitation in the budget, the decision-maker needs to be
very careful about prioritizing between the assets that need replacement and that can be
backlogged. A typical infrastructure life cycle has six phases that can be divided into two stages:

construction and maintenance. The construction stage begins with planning, which is followed



by designing and ends with building the infrastructure. The maintenance stage, on the other
hand, starts with monitoring, and is followed by rehabilitation and reconstruction. The
infrastructure management focuses on the second stage of the life cycle as is often called the
performance monitoring phase. It is a cyclic process where the organizations first monitor the
condition of the infrastructure and then plan for the repair and rehabilitation, followed by the
same procedure for the rehabilitated infrastructures. A standard asset management system,
therefore, aims to provide firm grounds to monitor the infrastructure system, optimize the
security, upgrades, and timely rehabilitation of facilities through cost-effective management,
programming, and resource allocation decisions. In other words, it connects the engineering
principles with rational management exercises and economic theories and renders the tools to
promote a systematic and logical approach to decision-making. Therefore, a typical

infrastructure management framework consists of 8 steps, as shown in the figure 1.
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Figure 1: A typical asset/infrastructure management framework
It starts with developing goals and policies, collecting and creating the asset inventory data,

quantitative condition and performance measures of the asse