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Much of the U.S. petrochemical infrastructure is heavily concentrated along
the western coast of the Gulf of Mexico within the impact zone of major
tropical cyclone events. Flood impacts of recent tropical disturbances have
been exacerbated by an overall lack of recognition of the vulnerabilities to
process systems from water intrusion, as well as insufficient disaster mitigation
planning. Vulnerability assessment methods currently call for the aggregation of
qualitative data to survey the susceptibility of industrial systems to floodwater
damage. A means to quantify these consequences is less often employed,
resulting in a poor translation of the threat of flood hazards to a crucial element
of the economy. This paper reviews flood damage assessment for industrial
facilities and presents a component-level conceptual methodology to assess the
consequences of flood events. To more effectively communicate loss potential
from flood events, the proposed methodology utilizes synthetic estimation to
calculate repair requirements, shutdown time, and direct cost.

KEYWORDS

industrial facilities, flood damage, vulnerability assessment process (VAP), component-
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1 Introduction

Flood vulnerability assessments are fundamental to optimal decision-making for flood
mitigation strategies (Mostafiz et al., 2022a), but little academic attention has been devoted to
improve assessment of industrial infrastructure vulnerabilities (Merz et al., 2010; Ryu et al.,
20165 Girgin et al., 2019). Insurance companies and others dedicate significant economic
resources toward damage modeling, but the focus of these studies is generally an overall risk
assessment of the landscape, rather than a specific facility-level vulnerability study to identify
and mitigate components and systems vulnerable to flood damage. Current loss evaluations
are based on qualitative estimates (Changnon, 2003; Li et al., 2019; Figueiredo et al., 2021)
leaving a gap in translation from descriptions to numerical calculation of waterborne threats.
The quantification of loss potential is essential for understanding and communicating the
inherent liabilities of the constructed environment in response to natural hazards (Downton
and Pielke, 2005; Scawthorn et al., 2006; Yildirim et al., 2022).
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The U.S. Gulf Coast is an industrialized landscape marked
by an array of process facilities extending from Alabama to
the Texas/Mexico border (Harris et al., 2020). This area faces
flood threats both from riverine flooding in the spring as well
as coastal surges accompanying the Atlantic hurricane season’s
storms (Needham et al., 2012). Bolstering the U.S. oil and gas
industry’s resilience to coastal hazards has the promise to decrease
an estimated $350 billion in expected hurricane reconstruction
expenditures over the next two decades, an amount nearly three
percent of the regional GDP (Entergy, 2010). It is estimated
that ~95% of flood losses can be mitigated by following proper
flood protection techniques (Rose et al., 2007; Sun et al., 2020),
thereby increasing the impetus for developing appropriate means
to understand flood damage within the confines of individual
industrial sites. A more resilient infrastructure capable of resisting
the impacts of flood hazards would reduce the risks of materials
release following a major event (Pine, 2006; Stout et al., 2007;
Ebad Sichani et al., 2020; Méndez-Lézaro et al., 2021). Therefore,
risks posed to the surrounding community and environment due
to infrastructure failure can be reasonably lessened by refining
flood damage assessment and developing prevention strategies.
Local communities that are economically tied to the operation
of plants would similarly benefit from better understanding and
mitigation of flood hazards by reducing plant shutdowns and
outages, providing more stable employment for workers.

Flood damage is most often conceptualized either through
historically- or synthetically-derived depth-damage functions,
in which flood consequences are calculated as a function of
inundation depth (Mostafiz et al,, 2021a). The variability of
components in process plants, however, creates an obstacle for
the implementation of a standard vulnerability assessment (Seifert
et al., 2010; Schoppa et al., 2020). This fact results in a scientific
necessity to develop a vulnerability assessment process (VAP) that
can appropriately quantify industrial flood losses for individual
facilities through the application of synthetic estimation practices.
Awareness can then be focused on developing anticipative, rather
than reactive, disaster mitigation strategies; and resiliency may be
better achieved by modifying a facility’s tolerance to loss or failure
(Klein et al., 2003; Aoki et al., 2017; Van Veelen et al., 2018).

Barriers to the development of industrial infrastructure
vulnerability assessment methodologies to flooding have been
identified by several scholars. The foremost of these barriers is the
wide range of systems and components within the broad industrial
structure classification (Booysen et al., 1999; Sultana et al., 2018).
Building use is the key difference between the evaluation of
industrial facility susceptibility and other occupancies. It is not
possible to define industrial facilities within the same taxonomic
systems used for residential and commercial structures. Standard
damage may be assessed for the latter in terms of loss per
unit area (Blong, 2003; Gulzar et al., 2021) due to the lack of
material and construction variance across the landscape. However,
production processes vary significantly (e.g., textile mills, breweries,
oil refineries), precluding the implementation of a standardized
approach across all industrial structures. Moreover, the effort
required to detail object behavior and aggregate flood performance
metrics into a standard approach for the entire industrial landscape
of a region would be too great (Merz et al., 2010).
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In spite of these previous findings, the economic value of
industrial process facilities, their importance to national security,
and the potential economic and environmental consequences of
flood damage to those facilities are so great that development
of methodologies to estimate the shutdown and economic
impacts of flood events is an imperative. By taking advantage of
computational power and relational databases, it is possible to
construct component-based depth-consequence relationships for
specific facilities, which can be later extended to the network level.
As the predecessor to the conceptualization of industrial flood
vulnerability analysis, Kates (1963) proposed the use of synthetic
flood functions to clarify the benefits of alternative adjustments
to structures and land use change through the use of a five-step
process that crudely quantified impacts within the entire industrial
flood zone. Of particular interest is his fourth point, the focus of this
research, which is to design a matrix in which appropriate stage-
unit functions are applied to the specified structure, contents, and
production components.

Although a keystone in the development of modern flood
vulnerability assessment techniques, Kates (1963) noted that his
system was lacking, and that the ideal synthesis of information
would grow from individual facilities, with inventories being
developed, and consequence functions realized. Perhaps it may be
“science fiction of the highest order” (Kates, 1963, p. 26), but by
anticipating failures in the system before they develop, mitigation
can be proactive in preventing possible future disruptions.

This proposed process reconciles the barriers identified by
previous scholars with the aims of Kates (1963) to synthesize
a holistic method for the identification and quantification of
the vulnerabilities of not only individual plants, but also of an
industrialized region as a total system. Foremost, by combining the
noted weaknesses detailed throughout the existing literature, the
assessment commences at the component level and is extended on
a systems basis only to the boundaries of the facility. By analyzing
the effects of inundation starting with the most basic elements of
plant functions, a better means to understand and mitigate flood
damage is not only realized through this ground-up approach, but
a general template is also constructed for application to all elements
of the industrial built environment.

As a step toward achieving this goal, this paper details
VAP
shutdown/outage time (i.e., schedule), and economic cost

a conceptual to estimate the repair requirements,
consequences for petrochemical facilities using a component-
based approach. A conceptual framework is proposed and
includes the identification and definition of flood parameters,
facility and construction information, flood impact assessment,
restoration action assessment, and vulnerability cost assessment.
A simple case study is presented to demonstrate the
methodology and concluding remarks and future extensions
of this research.

This paper presents a valuable contribution to the field
of industrial sector by introducing a novel VAP to increase
the understanding of inundation threats to process systems.
The primary contribution of this paper is the component-
based approach that focuses on the vulnerability of individual
components of industrial facilities, the indirect impact of damage

from one component to others through the relationship matrix,
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and the development of a more comprehensive understanding of
the potential economic losses caused by flooding. Therefore, the
proposed VAP enhances the quality of information used by plant
managers in determining the benefits of mitigation techniques
in light of mitigation costs. The methodology presented in this
paper is developed generally to be flexible with regard to the input
data associated with flood depth functions, industry types and
components, and cost data. Therefore, as improved input data are
developed, the framework will accommodate their use and generate
improved results.

2 Development of VAP framework

2.1 Concept of vulnerability

Vulnerability generally refers to the degree to which a system
is likely to experience harm due to exposure to a hazard (Brooks,
2003; Turner et al., 2003; Dewan, 2013; Mohd Fadzer et al., 2017;
Miranda and Ferreira, 2019; Pathak et al., 2021). For flood hazards,
it can therefore be understood to mean “susceptibility to damage”
posed by floodwaters, with the inundation level acting as the
independent variable. Additionally, floodwater type (e.g., saltwater,
freshwater, contaminated water) and duration of inundation are
also key parameters in the ultimate effects of flooding (Ngo
et al., 2022). In turn, a thorough vulnerability assessment involves
examining system elements and design, as well as identifying
component failure modes in response to a given set of threats
(Baker, 2005; Peterson et al., 2019). This comprehensive facility
vulnerability assessment establishes the framework to organize
a system of components with associated damage functions and
failure modes in response to hazard impacts. The database formed
from consequence risk matrix (Peace, 2017; Lietal., 2018; Bao et al.,
2022) that serves as the foundation for the synthetic estimation
analysis proposed in this paper.

2.2 Flood vulnerability assessment and
management

The approach to flood management has evolved from earlier
practices employed by land developers, which primarily focused
on containing the hazard through flood control structures such
as dikes and levee systems. However, with the expansion of built
environments in flood-prone areas, there is now a greater need
to consider the performance of at-risk elements exposed to flood
hazards, rather than just mitigating the flood risk (Merz et al,
2010; Yildirim et al., 2022). Contemporary practices acknowledge
the significance of system elements and layout, and aim to assess
their failure modes in the context of natural threats in order
to determine the overall vulnerability of the system to flooding.
These practices tend to identify “critical” components where a
loss of function would immediately lead to downstream failures
within the process system. However, the failure to recognize
the importance of “non-critical” elements on overall system
performance may have devastating consequences. For example,
an oil spool piece has flange gaskets that, should they fail in a
flood event, will allow contaminated water to enter the lubrication
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system, potentially causing damage to the efficiency and alignment
of rotating machinery, thus transforming a seemingly non-critical
element into an essential component within the function of the
total system. To account for this, the operation, design, and
interrelationships of the plant (i.e., plant subsystems and subsystem
components) are detailed within the proposed VAP to determine
failure modes and system repair requirements. From this point
of view, the importance of individual process subsystems is
recognized and recommendations can be made to reduce the
vulnerability of the subsystem, and in turn the total facility system
(Baker, 2005).

2.3 Damage estimation

The contemporary approach to determining costs associated
with natural hazards is economic estimation of direct damage
(i.e. monetary loss) by applying depth-damage functions
(Krzysztofowicz and Davis, 1983; Dutta et al., 2003; Van der
Sande et al., 2003; Merz et al., 2004; Apel et al., 2006; Pistrika and
Tsakiris, 2007; Friedland, 2009; Mostafiz et al., 2021b; Rahim et al.,
2021; Gnan et al., 2022a; Mostafiz, 2022; Al Assi et al., 2023a).
Rather than using the term “depth-damage;” this paper utilizes
a more appropriate “depth-consequence” conceptualization to
characterize inundation impacts. The depth-consequence function
integrates the idea of physical damage with an estimate of facility
loss to define the quantifiable effects of flooding within a single
plant. To clarify disparity between the terms within the context of
the framework, the following distinction between damage, loss,
and risk is incorporated.

e Damage is a direct consequence, expressed as a physical
attribute that can be directly measured in terms of a level of
degradation, spoil, removal or destruction (Friedland, 2009).

e Loss is an indirect consequence, measured as the monetary
obligation required to return a physically damaged condition
to its full, undamaged state, expressed in absolute or relative
economic terms and its consequences (Friedland, 2009).

e Risk is the product of the probability of event occurrence and
its consequences. Recent studied tend to quantify the average
annual loss to represent the flood risk (Quinn et al., 2019;
Gnan et al.,, 2022b,c; Mostafiz et al., 2022b; Rahim et al., 2022;
Wing et al.,, 2022; Al Assi et al., 2023b,¢; Friedland et al,,
2023).

Messner and Meyer (2006) emphasized the importance of
spatial scale for flooding characteristics, differentiating macro-
, meso-, and micro-scale approaches. As this VAP focuses on
an individual facility, and more specifically, components and
subsystems within that facility, a micro-level approach is taken, “as
small-scale analyses tend to use more accurate methods” (Messner
and Meyer, 2006, p.13). Further, absolute depth-loss functions, in
which increased inundation is directly correlated with increased
consequences (Penning-Rowsell and Chatterton, 1977; Penning-
Rowsell et al., 2003), are disregarded in favor of a relative depth-
consequence function so that Kates' (1963) adaptation option
function can be incorporated.
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2.4 Failure modes

Rinaldi et al. (2001) proposed a hierarchy of terms for a
taxonomic identification of plant components, which is modified
here with specific examples for oil and gas process facilities.
Parts are individually identifiable components (e.g., a length of
pipe or a bearing within a motor). Units are a collection of
parts (e.g., insulated piping assemblies and complete motors).
A subsystem refers to an entity of interdependent units (e.g.,
the oil house for a gas turbine containing motors, pumps,
electrical systems, and piping). The system is an aggregation
of all subsystems fulfilling a common task (e.g., a mechanical
starting package, a generator, a gas turbine, and a boiler, with
all auxiliary subsystems, produce the steam supply for an oil
refinery). Infrastructure is understood as the complete network
of systems within a particular field (e.g., an oil refinery’s process
systems are fed by steam created from a cogeneration system, which
also supplies surplus electricity to instrumentation and control
systems). Descriptions of failure modes allow separation of the
characteristics of impact upon the system through the failure of
parts, units, and subsystems (Rinaldi et al., 2001). A cascading
failure is a disruption affecting each downstream process from
the initial failure (Braun et al, 2018) (e.g., a water-permeated
gasket in one unit results in a water intrusion into the lube oil
subsystem, leading to damage in the mechanical function of the
entire gas turbine system). An escalating failure is a disruption
in one system that causes a failure in a second, independent
system (Rehak and Hromada, 2018) (e.g., an unscheduled outage
resulting from water intrusion in the gas turbine system forces
a refinery to shutdown coker processes due to decreased steam
feedstock). Finally, isolated failures are those disruptions that
do not affect production processes or other elements of the
system. Cognizance of the interactions within the infrastructure
is vital to recognizing the scope of potentially small threats to
overall resiliency.

3 Component-level vulnerability
assessment process

The component-based approach for assessing industrial
flood vulnerability assessment is outlined in Figure 1. While
traditional flood loss assessment methods (e.g., Kates, 1968;
Sangrey et al, 1975; Penning-Rowsell and Chatterton, 1977;
Su et al, 2005) and recent implementations such as Hazus
(FEMA, 2021) involves the use of depth-damage curves to
determine facility-level damage based on an input flood depth,
the component-based approach here involves a three-phase
process. In Phase 1, flood parameters are identified, and facility
and construction information are collected and loaded into
databases. In Phase 2, data processing occurs, and in Phase
3, synthetic damage and economic loss modeling is conducted.
This approach provides a more detailed and comprehensive
analysis of flood vulnerability by examining the vulnerability of
individual components of industrial facilities rather than just
inventory losses.
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3.1 Flood parameters and facility and
construction databases

3.1.1 Flood parameters

The determination of flood model parameters is achieved
through various approaches, such as analyzing past or projected
events, or using a combination of probabilistic events within a
comprehensive risk modeling framework. The key parameters that
need to be identified as per USACE (2006) guidelines include
floodwater elevation (FE), which is crucial in determining the
components most likely to be impacted by flooding (Ahmadisharaf
et al, 2015). Additionally, the type of floodwater (FT), such
as saltwater, freshwater, brackish water, or contaminated water,
must be considered as different types of floods can have varying
causes and potential impacts on components. For example,
saltwater intrusion would increase corrosion rates of pipes made
of corrodible metals or alloys (Tansel and Zhang, 2022). Lastly,
the duration of the flood (FD) should also be taken into account
as the extent of restoration required can depend on the length
of exposure to floodwater. Longer-duration floods may cause
more severe damage and long-lasting effects (Ahmadisharaf et al.,
2015). The Flood Parameters Matrix (FPM) is comprised of an
Sx3 matrix with S flood scenarios that will be considered by
FE, FT, and FD (Equation 1), with column values defined by
Equations 2-4.

FE, FT, FD;
FE, FT, FD,

FPM = | =~ = (1)

FEg FTg FDs
FPM;,; = Flood Elevation for scenario s (FE;),
s=1,2...8 (2)
FPM;, = Flood Type for scenario s (FT5),
s=1,2...S (3)
FPM;3 = Flood Duration for scenario s (FDs),
s=1,2...8 4

3.1.2 Facility database

In the first phase of the infrastructure VAP, the site
is thoroughly analyzed by utilizing 3-D models, facility
documents, or digital copies of plant information. Piping
and instrumentation (P&ID) diagrams and equipment drawings
are carefully examined to compile a comprehensive inventory of
all components.

The complete component inventory from the facility
is recorded into a database, and the Facility Data Matrix
(FDM) is created. The FDM is an Nx6 matrix with N
components (Equation 5), with column values defined by
Equations 6-11. To proceed with this matrix, obtaining
direct input from the

all the necessary data requires
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Phase 1

Flood Parameters
* Flood Elevation
* Flood Type

* Flood Duration

Facility Database

* Component ID

* Component Description
* Component Unit

* Component Elevation

* Component Material

* Component Elevation

* Component Relationship

Construction Database

* Restoration Action Type
* Manhour Factor

* Labor Rates

* Material Cost per Unit

* Equipment Cost per Hour

Flood Parameters and Facility and Construction Database

FIGURE 1
Component-based methodology.

Phase 2

Flood Impact Assessment
* Flood Direct Impact
* Flood Indirect Impact
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Restoration Action
Assessment
* Restoration Action

Matrix (RAM)

i g &
| Vulnerability Cost « E i
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i Total System Cost (TSC) |7’ ‘E i

CIM; ,= FDM;,
CIM; .= FDM; .
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CIMg ¢= 0

RAMy, .= 0
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RAMg ; o= 0
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P(RA;) C(RA;)
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TSC=3N_, CIMk ¢

L 2

Print TSC

FIGURE 2
Vulnerability assessment process flow.
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industrial sector.

ID, DES; Q
ID, DES; Q

Uy M, CE,
U, M, CE,

M = | S 5)

IDNy DESy Qn Uy My CEn

FDM,; = ComponentID (ID,), n=1,2... N (6)
FDM,,; = Component Description (DES,,), n=1,2... N (7)
FDM, 3 = Component Quantity (Q,), n=1,2... N (8)
FDM,, 4 = Component Unit of Measure (Uy),

n=1,2...N 9)
FDM,, 5 = Component Material (M), n=1,2... N (10)
FDM, ¢ = Component Elevation (at which damage occurs, CE,),

n=12...N (11)

The primary objective of this matrix is to provide essential
information for every component that can potentially contribute
to flood risk and aid in creating efficient emergency response
plans in case of an actual flood. For example, the site plans
of the facility are used to determine the elevation of each
component at which flood damage would occur (CE) for synthetic
modeling. Additionally, identifying the quantity (Q) and material
type (M) of each component helps estimate the material cost of
flood damage.

The interdependencies are examined to understand whether
potential failures are isolated or have a cascading effect through
the system, and escalating effects can be determined by further
implementation of the same process in neighboring systems
throughout the infrastructure. This step of the methodology
necessitates obtaining direct input from the industry to access all
required data, whether in hardcopy or electronic format.

The process involves identifying and documenting system
interdependencies, which are then organized and stored in a matrix
format referred to as the Relationship Matrix (RM), describing the
effect of part inundation on other parts of the analyzed system.
RM can be created for all the components of the system based on
the technical specification of the system. If N is the number of the
components of the system, the RM is an N x M matrix in binary
format (i.e., either 0 or 1), where N = M. RM,, ,,, is the element of
the RM in row n and column m, illustrated by E,, .., (Equation
12), and it represents the effect of component n on component .
Each matrix element equal to zero if component m is not affected
by faulty component #, and it would be one if component m is
affected by faulty component n, for each n and m from 1 through N
(Equation 13).

i 1 ECIZCZ E C1:CM—1 ECIZCM ]
ECz:Cl 1 ECZICMfl ECz:CM
RM = (12)
Eeov v By - - - 1 Eey_yien
L ECN:q ECN:CZ . E CN:CM—1 1 -
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1 if component m is affected by faulty
componentn,n=1,2... Nyom=1,2... M
0 if component m is not affected by faulty
componentn,n=1,2... Nyom=1,2... M

(13)

RMy;m =

3.1.3 Construction database

The construction database serves as a valuable source of
productivity and cost data, including the required manpower
for restoring equipment to production. This encompasses
general labor, specialty services, and management resources
needed to complete the task. Historical invoices from
previous maintenance activities can be used as references to
establish typical productivity rates and labor costs for part and
unit repairs.

The database

information on all components required for an industrial

construction provides  comprehensive
contractor to restore the subsystem to processing capacity.
The complete elements inventory is recorded into a database,
which primarily relies on historical data or expert knowledge.
The Construction Database (CM) is an Nx4 matrix with N
components (Equation 14), with column values defined by

Equations 15-17.

ID, LT MF; MC,
ID, LT, MF, MC,

CM = (14)
IDy LTy MFy MCy

CM,, = Labor Type (LT,), n=1,2... N (15)

CM, 3 = Manhour Factor (MF,), n=1,2... N (16)

CM,4 = Material Cost (MC,,), n=1,2... N (17)

A manhour is used as the measuring unit, each part
is assigned a total number of manhours necessary for each
restoration action. Additionally, the labor rates, equipment types,
and the equipment rental rates are required as a part of the

construction database.

3.2 Data processing

3.2.1 Flood impact assessment

In order to determine the restoration requirements, flood
parameters are compared with individual entries in the FDM. The
component level VAP starts with the initial system and progresses
sequentially through each part of that system before moving on
to the next system. The first evaluation is to determine if the
FE is greater than the CE. Flood direct impact for component
n (FDI,) is equal to one if component elevation (CE,) is less
than or equal to FE, and is equal to zero if CE, is more than
FE (Equation 18).

1if CE, <FE,n=1,2... N

FDI, =
" 0if CE,>FE, n=1,2... N

(18)
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If the FE is higher than the CE, the component is assumed
to be inundated, the direct restoration actions, whether to repair
or replace, are determined, and the system is incremented to the
next part in the system. If the FE is below the CE, no direct
consequence to the component is considered; however, there may
be a consequence to other parts due to the process flow. Each part
is evaluated to determine indirect consequences. Therefore, in the
proposed model to investigate the proper restoration action, two
flood impacts are consider, flood direct impact (FDI), and flood
indirect impact (FII).

When a component is exposed directly to the water, it may
or may not cause damage to other components indirectly. To
understand FII for component n (FII,), RM is used. FII, is equal
to one if component n impacts by flood indirectly, and it means
that component #n has relationship with other components and any
of those components‘ elevation is less than or equal to FE, otherwise
FII, is equal to as zero (Equation 19).

1if RMy,, = 1 and FDI,,, = 1 for any m,
n=1,2...Nym=1,2... M
0 Else

FlIn = (19)

The amount of damage to the directly and indirectly exposed
components depends on the components type and function,
and also depends on the FT and FD. Some components
such as electronic parts are damaged immediately and need
to be replaced, where other components such as stainless
steel pipe remain undamaged and no restoration action is
required. However, for many of the components the amount
of damage is not clear before conducting an inspection after
the flood.

3.2.2 Restoration action assessment

The first step in determining restoration actions is inspection.
Therefore, for each n component, the probability of inspection,
defined as P(I),, is zero or one. Following inspection, a
review of available technical data, this review process ensures a
thorough understanding of the technical aspects associated with
the components. Following the inspection and technical data
review, the assessment of the flood impact on the components is
conducted. This assessment spans all four permutation states of
flood direct and indirect impact (0-0, 0-1, 1-0, 1-1). Building
upon the outcomes of the inspection, technical data review,
and flood impact assessment, the proper restoration action
(RA) (e.g., no action, repair, replacement, clean, repacking) for
any component of the system is selected. The probability of
each restoration action is listed in a Restoration Action Matrix
(RAM). RAM is a three-dimensional matrix comprised of an
Nx4x(A+1) where N is the number of components, 4 is the
permutation states of flood direct and indirect impact, and
A is the number of all possible restoration actions (Equation
20). The RAM is filled through Equations 21-28 where P(I)
is the probability of inspection, and P(RA,) is the probability
of the a™ restoration action. The summation of the probability
of all restoration actions for component n; P(RA), equals one
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(Equation 29).
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RAMy,11 = P(), | (FDI =0 and FIl = 0),
n=123...,N (21)
RAMp . = P(RA,), | (FDI = 0and FII = 0),
n=12,3..., Nanda=1,2,3,...,A (22)
RAM,z; = P(I), | (FDI = 0and FIl = 1),
n=123..., N (23)
RAMyz4 = P(RA,), | (FDI =0and FII = 1),
n=12,3..., Nanda=1,2,3,...,A (24)
RAM,3, = P(I), | (FDI =1and FIl = 0),
n=123..., N (25)
RAM, 3, = P(RA,), | (FDI = 1and FII = 0),
n=12,3..., Nanda=1,2,3,...,A (26)
RAMy 4, = P(), | (FDI =1and FII = 1),
n=123..., N (27)
RAMp4qa = P(RA,), | (FDI =1and FIl = 1),
n=12,3..., Nanda=1,2,3,...,A (28)
A
> P(RA,), =1 (29)

a=1

The RAM is based on FT, and FD. Under consideration are
four flood types: fresh, brackish, salt, contaminated, and three
flood durations: <24h, between 24 and 48h, and more than
24h. Therefore, for each system, 12 restoration action matrices
are available.

3.3 Synthetic damage and economic loss
modeling

3.3.1 Component information matrix

To assess the vulnerability for a system, a computational
framework is generated (Figure 2), and all facility and construction
databases serve as inputs to the framework to generate the
Component Information Matrix (CIM) which contains all required
information about the components of the system. CIM is
an N x 6 matrix where N is the number of components
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(Equation 30).

ID, DES; CE, FDI, FII, TC,
ID, DES, CE, FDI, FII, TG,

CIM — . . . . . . (30)
IDN DESy CEn FDIy FlIy TCn

The first three columns of CIM (CIMy,;, CIMy,, CIMy3)
are filled from FDM. The fourth column (CIM;4) defines
FDI for component n (FDI,) using Equation 18. The fifth
column (CIM,5) defines FII for component n (FII,) using
Equation 19. The sixth column (CIM,g) is filled by total
cost (TC) related to the restoration action for component n
using Equation 31 where P(I) and TDC(I) are the probability
and the cost of inspection, respectively, and P(RA;) and
TDC(RA,) are the probability and the cost of the a'! restoration
action, respectively.

A
TC, = P(I), TDC(I), + Y P (RA,), TDC(RA,) (31)

a=1

The total cost for the system (TSC) is calculated by
mathematical summation of all component repair or replacement
costs which are available in column sixth of the CIM (Equation 32),

N
TSC =Y CIMy (32)

n=1

3.3.2 Vulnerability cost assessment
3.3.2.1 Determination of total manhours for system
restoration

In order to calculate the total manhours required for system
restoration, the manhour factor data from the construction
database is utilized. This involves the quantities of damaged
material (C) for each part, and the application of historic
manhour factors (MF) to determine the required manhours (D)
for system restoration based on labor type (e.g., pipefitter,
boilermaker) as shown in Equation 33. This process is
repeated for each part within the FDM and summed to
determine the total hours required for system restoration for
the entire facility.

D=MF xC (33)

3.3.2.2 Labor, material, equipment, and overhead costs
The Labor cost (LC) is calculated by multiplying the required
D with the labor pay rates (B) for each trade, plus any premium
pay from scheduled overtime (Equation 34). On the other hand,
the material cost (MC) is determined by identifying the permanent
materials (e.g., parts, components) and expendable materials
needed for the repairs, including C. Once the requirements are
determined, material costs are calculated on a unit basis (Cg)
plus costs for expendable materials (E; Equation 35). Based
on the previously created schedule, an estimate of equipment
requirements is performed and equipment cost (EC) is calculated
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for each type of equipment by the number of equipment required
(X) times the company or outside rental rates (R) for the required
duration (T; Equation 36). The overhead cost (OC) is estimated
based on the schedule using management requirements as the
basis. The overall estimated total direct cost (TDC) of the repair
or replacement is therefore the sum of LC, MC, EC, and OC
(Equation 37).

LC = Bx D (34)
MC = Cx Cr+E (35)
EC = XxTxR (36)
TDC = LC+ MC+ EC+ OC (37)

4 Application example

To facilitate discussion of the proposed methodology, the
following pump and motor assembly example are used to
demonstrate the methodology (Figure 3). The location for the
system under investigation is St. Bernard, Louisiana. The site
general elevation is 4 ft (1.2 m) NAVDS88. Although this is a simple
application example, it effectively demonstrates the methodology
and provides valuable insights into the key factors that must be
considered when conducting a comprehensive flood vulnerability
assessment of industrial facilities.

4.1 Flood parameters and facility and
construction database

4.1.1 Flood parameters

In this example, the analysis focuses solely on the flood
elevation and will not consider flood duration and flood type.
Flood insurance rate maps (FIRMs) generated by FEMA provide
comprehensive information about the flooding characteristics of a
particular area. These maps specify the base flood elevation (BFE),
which represents the 1% chance of flooding. Additionally, the
FIRMs for the site also identify the potential sources of inundation.
Based on the FIRM for the study area, the site is located in a
leveed area, which protects it from the 100-year flood event. In
this example consider a Category 2 event which water height
reaches 12.6ft (3.8 m) within the protected zone following an
overtopping of the north levee (Flynn, 2016). These flood data are
then referenced against the facility database.

4.1.2 Facility database

The subsystem is separated into parts using the P&ID.
Characteristics of the parts are ascertained from the drawings,
and elevations where damage would initiate are identified from
isometric documents (Table 1). This step is obtained directly from
industrial sources, similar to the facility and construction databases
in Tables 1-5.

Table 2 shows the system interdependencies shown in binary
format, reflecting the influence of one part on another part. The
pump, component 1, is the critical element to the system in
that the failure of the pump translates into the failure of the
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FIGURE 3
Piping and instrumentation diagrams (P&ID) for a raw product tank and pumps.

TABLE 1 Facility database matrix.

Description Material Elevation
1 47 gpm pump 1 Each Stainless steel, hastelloy, cast iron, and gaskets 17 ft (5.2m)
2 40 hp motor 1 Each Stainless steel, hastelloy, cast iron, and gaskets 17 ft (5.2 m)
3 1/2" valve 2 Each Cast iron 17 ft (5.2 m)
4 3/4" angle valve 2 Each Cast iron 12 ft (3.7 m)
5 Swing check valve 1 Each Cast iron 20 ft (6.1 m)
6 Suction pulsation bottle 1 Each Aluminum 20 ft (6.1 m)
7 Discharge pulsation bottle 1 Each Aluminum 20 ft (6.1 m)
8 3" pipe 1 Spool Stainless steel uninsulated 20 ft (6.1 m)
9 2" pipe 1 Spool Stainless steel uninsulated 20 ft (6.1 m)
10 11/2" pipe 1 Spool Stainless steel uninsulated 20 ft (6.1 m)
11 1” pipe 1 Spool Stainless steel uninsulated 20 ft (6.1 m)
12 3/4" pipe 1 Spool Stainless steel uninsulated 12 ft (3.7 m)
13 1/2" pipe 1 Spool Stainless steel uninsulated 17 ft (5.2m)
14 Pressure switch 1 Each N/A 16 ft (4.8 m)
15 Glass viewer 1 Each N/A 19.5 ft (5.9 m)
16 Pressure indicator 1 Each N/A 16 ft (4.8 m)
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TABLE 2 Case study interdependencies matrix by part within the facility database.

1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1
2 0 1 0 1 0 0 0 0 0 0 0 0 0 1 1 1
3 1 1 1 1 1 1 0 1 1 1 1 0 0 1 1 1
4 0 1 1 1 0 1 0 1 0 0 0 1 0 1 1 1
5 1 1 1 0 1 1 0 1 1 1 1 1 0 0 1 1
6 0 1 1 1 1 1 0 1 0 0 0 1 0 1 1 1
7 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
8 0 1 1 0 0 0 0 1 0 0 1 1 0 1 1 1
9 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1
10 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1
11 1 1 1 1 1 1 0 1 1 1 1 0 0 1 0 0
12 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1
13 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1
14 1 1 0 0 0 1 0 1 1 1 1 1 0 1 0 1
15 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1
16 0 1 0 1 1 1 0 1 1 0 0 0 1 1 1 1

Repair Replace
Labor type Manhour factor (MF) Material cost Manhour factor (MF) Material cost
1 - - - 16 $6,350
2 - - - 16 $8,255
3 Millwright (MW) 1 $127 05 $1,270
4 Millwright (MW) 1 $127 05 $1,905
5 Millwright (MW) 4 $127 2 $3,175
6 - - - 2 $1,270
7 _ - - 2 $1,270
8 Millwright (MW) 0.12 $127 0.08 $7,620
9 Millwright (MW) 0.6 $127 0.4 $1,905
10 Millwright (MW) 0.6 $127 0.4 $1,270
11 Millwright (MW) 0.6 $127 04 $1,270
12 Millwright (MW) 0.3 $127 0.2 $1,270
13 Millwright (MW) 0.6 $127 04 $953
14 - - - 1 $826
15 - - - 1 $3,175
16 - - - 1 $1,270

subsystem in its entirety. Whereas, the motor, component 2, is
for the most part isolated, simply existing to drive component
1, component 1 pressurizes the system and facilitates the flow
of product throughout the subsystem to the exit points. Foreign
material incursion into component 1 is anticipated to occur
at the gasketed flanges and seals of the component, thereby
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contaminating the product, and affecting all downstream members
internally. Due to the relatively small size of components 1 and 2,
repair requirements exceed the liability posed by simply replacing
them following exposure. Valves and piping in the subsystem,
components 3-5 and 8-13, even if only subjected to external
exposure, require, at a minimum, disassembly, cleaning, inspection,
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and reassembly with new gasket material. Instrumentation and
control components, components 6-7 and 14-16, require complete
replacement following any level of inundation.

4.1.3 Construction database

Table 3 presents the labor type, manhour factors and material
cost associated with repairing and replacing each part within the
subsystem. The repair estimates encompass various activities such
as disassembly, correcting consequences resulting from foreign
fluids and debris, cleaning, assembly with replacement of necessary
materials, and inspection for quality at each phase of the activity.
Components with repair values shown as '’ indicate that repair
is not feasible, and replacement is necessary. This decision is
made from an industrial perspective, taking into account key
factors including cost-effectiveness, safety considerations, as well

TABLE 4 Labor rate for indicated labor type within construction database.

Labor type Standard hourly rate ($/hr unless
noted)

Millwright (MW) T $29.00

Millwright (MW) IT $36.00

TABLE 5 Case study equipment rental rates.

Rental rate

Equipment type

Crane Rental (per day) $785

Forklift Rental (per day) $150

TABLE 6 Case study flood direct and indirect impact for each component.

10.3389/frwa.2023.1292564

as the age and condition of the components. In such cases, the
calculations for repair utilize the replacement manhour factors
and material costs. Labor rates for the trades needed to carry
out repairs or replacements are provided in Table 4. Additionally,
Table 5 provides construction equipment rental rates, which are
utilized in estimating equipment costs.

4.2 Data processing

4.2.1 Flood impact assessment

Considering the water height reaches 12.6 ft, the FDI (Equation
18) depends on CE and FE. The elevation where damage initiates
for components 4 and 12 is below the water surface, indicating
component damage has occurred. Therefore, these are the only
components that have flood direct impact as shown in Table 6.

RM (Table 2) is used to understand the FII (Equation 19)
of these components on other components. Therefore, two
components will be inundated, and the consequences of that
water intrusion will necessitate maintenance of not only those two
components, but also another eight components due to subsystem
relationships and position (Table 6).

4.2.2 Restoration action assessment

Table 7 demonstrates the RAM for the case study. The
ten components that have at least indirect impact will be
assessed against the construction database, in which the minimum
repair requirement and a maximum replacement requirement
are quantified for understanding. Therefore, to demonstrate the
methodology in a simple way and determine the minimum and

ID Descrption Component Flood direct impact Flood indirect impact
elevation (CE) (FDI) (F11)
1 47 gpm pump 17 ft 0 0
2 40 hp motor 17 ft 0 1
3 1/2” valve 17 ft 0 1
4 3/4” angle valve 12 ft 1 1
5 Swing check valve 20 ft 0 0
6 Suction pulsation bottle 20 ft 0 1
7 Discharge pulsation bottle 20 ft 0 0
8 3" pipe 20 ft 0 1
9 2" pipe 20 ft 0 0
10 11/2” pipe 20 ft 0 0
11 1” pipe 20 ft 0 0
12 3/4" pipe 12 ft 1 1
13 1/2” pipe 17 ft 0 1
14 Pressure switch 16 ft 0 1
15 Glass viewer 19.5 ft 0 1
16 Pressure indicator 16 ft 0 1
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TABLE 7 Case study restoration action matrix components (RAM).

Flood direct impact-flood indirect impact Restoration action matrix for Restoration action matrix for
repair (RAMgepair) replace (RAMgeplace)
P (Repair) P (Replacement) P (Repair) P (Replacement)
1 1 0 0 0 - - - _
2 0 1 0 0 1 0 0 1
3 0 1 0 0 1 0 0 1
4 0 0 0 1 1 0 0 1
5 1 0 0 0 - - - -
6 0 1 0 0 1 0 0 1
7 1 0 0 0 - - - -
8 0 1 0 0 1 0 0 1
9 1 0 0 0 - - - _
10 1 0 0 0 - - - -
11 1 0 0 0 - - - -
12 0 0 0 1 1 0 0 1
13 0 1 0 0 1 0 0 1
14 0 1 0 0 1 0 0 1
15 0 1 0 0 1 0 0 1
16 0 1 0 0 1 0 0 1
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TABLE 8 Case study manhour required (D) calculations.

Quantity Unit

Manhour factor (MF) Required manhours (D)

Repair Replace Repair Replace
1 Each - - - -
2 Each - 16 16 16
3 Each 1 0.5 2 1
4 Each 1 0.5 2 1
5 Each - - - -
6 Each - 2 2 2
7 Each - - - -
8 Spool 0.12 0.08 0.12 0.08
9 Spool - - - -
10 Spool - - - -
11 Spool - - - _
12 Spool 03 0.2 03 02
13 Spool 0.6 0.4 0.6 0.4
14 Each - 1 1 1
15 Each - 1 1 1
16 Each - 1 1 1
Total 26.0 237
maximum requirements, two RAM’s are constructed, where the ~ ABLE9 Casestudylabor cost (LC).
robability of repair and replacement are assumed to either equal ) ) .
p ty P P . . 'q. ID Quantity  Unit Repair Replace
zero or one for all components, respectively. For simplicity,
inspection is ignored for the case study. 1 1 Each - -
2 1 Each $690 $690
3 2 Each $86 $43
4.3 Synthetic damage and economic loss 4 ) Fach $86 43
modeling s ) Each ) )
4.3.1 Vulnerability cost assessment 6 ! Each $86 $86
4.3.1.1 Determination of total manhours for 7 1 Each - -
system restoration 3 1 Spool $5 $3
Table 8 shows the total number of D for each component . : sool
00 - —
for each restoration action (repair or replacement) using P
data from the construction database (Tables2, 3). The 10 1 Spool - -
total time needed to repair the identified components is 11 1 Spool _ _
26.0h and the time needed for replacement is 23.7h, which
K 12 1 Spool $13 $9
represents the expected shutdown time for the system, as
these components are critical for the proper functioning of the 13 ! Spool $26 $17
system and to guarantee that all actions can be executed with 14 1 Each $43 $43
safety protocols. s . Fach 543 43
16 1 Each $43 $43
4.3.1.2 Labor cost

The LC is calculated considering the requirements for repair
and replacement. It is assumed that a two-person team consisting
of one MWI and one MWII is employed, with an hourly crew rate
of $32.50. Labor burdens are estimated at 14.5% for payroll taxes
on all wages, 10% for insurance, and 8% for benefits on straight
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time wages only. Using these assumptions, the labor cost to repair
the damaged components is $1,120 and to replace the damaged
components is $1,020 (Table 9).
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TABLE 10 Case study material.

10.3389/frwa.2023.1292564

Quantity Unit material cost Material cost
Replace Replace

1 1 Each - - - -
2 1 Each - $8,255 $8,255 $8,255
3 2 Each $127 $1,270 $254 $2,540
4 2 Each $127 $1,905 $254 $3,810
5 1 Each - - - _
6 1 Each - $1,270 $1,270 $1,270
7 1 Each - - - _
8 1 Spool $127 $7,620 $127 $7,620
9 1 Spool - - - -
10 1 Spool - - _ _
11 1 Spool - - - -
12 1 Spool $127 $1,270 $127 $1,000
13 1 Spool $127 $953 $127 $953
14 1 Each - $826 $826 $826
15 1 Each - $3,175 $3,175 $3,175
16 1 Each - $1,270 $1,270 $1,270

Total $15,685 $30,719

TABLE 11 Case study equipment cost.

Equipment Daily rental Clock hours Days Equipment cost
type
Repair Replace Repair Replace Repair Replace
Crane rental $785 13.0 11.9 1.6 15 $1,256 $1,178
Forklift rental $150 13.0 119 1.6 15 $240 $225
Total $1,496 $1,403

4.3.1.3 Material cost

The MC is calculated based on the data in the construction
database for this specific case study (Table 3). As previously noted
that certain components may become unserviceable after exposure
to inundation and would require replacement instead of repair,
indicated by -". The estimated material costs for repair are $15,685,
while the material costs for replacement are estimated as $30,719
(Table 10).

4.3.1.4 Equipment cost

The EC is calculated for the entire system, taking into
consideration the anticipated need for a crane and forklift
throughout the repair or replacement process (Table 11). Rental
rates from Table 4 are used to estimate the EC for the duration of
these activities, assuming an 8-h rental day. The total EC for this
scenario $1,496 (repair) and $1,403 (replace).

4.3.2 Component information matrix
Because the equipment cost calculations are computed for the
whole system, TC for each component includes only the LC and MC
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(Table 12). The EC is added to the TC for repair and replace cases
(Table 13).

5 Summary and conclusions

Vulnerability assessments for flood hazards within process
facilities are necessary to fully understand the potential for loss
posed by water intrusion. The existing literature provides insight
into how to conduct such a process but falls short of providing
a methodology to conduct a quantitative approach to estimate
damage from flood hazards. This paper proposes a conceptual
methodology, and delineates specific terms and ideas presented
to achieve quantitative flood vulnerability assessments beyond
the barriers identified by others. The approach outlined in the
methodology section leverages data-rich industrial environments,
such as detailed plant information management system (PIMS)
data, where much of the required information is already available
and stored and provides a more detailed and comprehensive
analysis of flood vulnerability by examining the vulnerability of
individual components of industrial facilities. Rather than focusing
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TABLE 12 Case study component information matrix (CIM).

10.3389/frwa.2023.1292564

1 47 gpm pump 17 ft 0 0 - -
2 40 hp motor 17 ft 0 1 $8,945 $8,945
3 1/2" valve 17 ft 0 1 $340 $2,583
4 3/4" angle valve 12 ft 1 1 $340 $3,853
5 Swing check valve 20 ft 0 0 - -
6 Suction pulsation bottle 20 ft 0 1 $1,356 $1,356
7 Discharge pulsation 20 ft 0 0 - -
bottle
8 3" pipe 20 ft 0 1 $132 $7,623
9 2" pipe 20 ft 0 0 - -
10 11/2" pipe 20 ft 0 0 - -
11 1” pipe 20 ft 0 0 - -
12 3/4” pipe 12 ft 1 1 $140 $1,009
13 1/2" pipe 17 ft 0 1 $153 $970
14 Pressure switch 16 ft 0 1 $869 $869
15 Glass viewer 19.5 ft 0 1 $3,218 $3,218
16 Pressure indicator 16 ft 0 1 $1,313 $1,313
Total cost (TC) $16,806 $31,739
on entire industrial areas or complete infrastructure networks, this TABLE 13 Case study total system cost.
ap[.)ro?c.h offers .a. tailored vulnerability assessment model specific ‘ Cost Repair Replace ‘
to individual facility systems.
In addition, while most other papers consider whether there Total cost (TC) $16,806 $31,739
is damage or not, this paper offers three important contributions. Equipment cost (EC) $1,496 $1,403
The specific methodological contributions are the consideration of Total system cost (TSC) $18,302 $33.142

indirect impact when one component is damaged, the evaluation
of other’s components based on their relationship matrix, and
inclusion of the concept of restoration action based on flood
elevation, flood type, and flood duration. The application of this
framework is demonstrated, from the collection of data to the
analysis of the vulnerability matrix composed of the aggregated
raw data.

This process paper sets the foundation for a new methodology
to estimate the cost of vulnerabilities to specific industrial sites
based on actual component and system configurations subjected
to flood hazards. The proposed process offers several key benefits:
Firstly, it introduces a method for quantifying the consequences
of flood hazards at both subsystem and facility system levels.
This provides a valuable facility-level methodology that is used
in disaster mitigation planning for industrial process facilities.
Secondly, the methodology incorporates a flexible database
framework that can easily updates whenever facility information
(e.g., facility database) or market conditions (e.g., the construction
database) evolve. This adaptability ensures the creation of a long-
term, customizable VAP solution for individual facilities.

Further development and implementation of the proposed
VAP, utilized by multiple facilities within a geographical network,
would streamline information on the vulnerabilities exposed by
hazardous events. It would also allow for the aggregation of
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data into a regional vulnerability portfolio, to better understand
infrastructure-wide performance, and where public and private
mitigation investment would be best allocated. Additionally,
indirect costs of unplanned facility shutdowns significantly affect
plant owners, commodities, and local economies. Understanding
scenario-specific flood consequences is the first step in modeling
and mitigating these indirect costs.

6 Limitations and future work

The proposed methodology serves as a conceptual framework
for component-based vulnerability assessment, representing a
significant first step toward predicting and enhancing vulnerability
assessments for flood hazards within process facilities. However,
there are some important factors that must be taken into
consideration. Firstly, the current input matrices used in the
framework may not account for all relevant parameters. Thus,
expanding these matrices in the future to include more parameters
(e.g., flood velocity) will provide a more comprehensive analysis.
Secondly, it is important to consider interaction within the
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construction database matrix to avoid potential inaccuracies and
misinterpretations, and the relationship matrix should be improved
to include other interdependent parameters, such as access, control,
and co-location. Inclusion of these future enhancements will
provide increased accuracy. Finally, it is essential to acknowledge
that our study makes certain assumptions regarding the costs
associated with renting and the time required for repairs. These
assumptions assume a level of consistency between normal
operating conditions and flood-affected scenarios. However, it
is evident that floods can introduce disruptions. Factors such
as the availability of personnel, materials, and transportation
infrastructure may be adversely affected, leading to potential
cost escalations.

To address these challenges and improve accessibility,
particularly given the current reliance on historical data and
expert knowledge, future plans involve expanding our approach by
incorporating a comprehensive industrial information database.
In this refined framework, users will only need to specify simple
inputs such as the location and elevation of plant components.
This simplification of our methodology aims to make it adaptable
and well-suited for more industrial applications.
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