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MANUALS AND REPORTS ON
ENGINEERING PRACTICE

(As developed by the ASCE Technical Procedures Committee, July 1930,
and revised March 1935, February 1962, and April 1982)

A manual or report in this series consists of an orderly presentation of
facts on a particular subject, supplemented by an analysis of limitations
and applications of these facts. It contains information useful to the average
engineer in his or her everyday work, rather than findings that may be
useful only occasionally or rarely. It is not in any sense a “standard,”
however, nor is it so elementary or so conclusive as to provide a “r:1le »f
thumb” for nonengineers.

Furthermore, material in this series, in distinction fron: a'paper \which
expresses only one person’s observations or opinions), is .e rvork of a
committee or group selected to assemble and expres’; information on a
specific topic. As often as practicable, the committee .= ' :=der the direction
of one or more of the Technical Divisions and Cbuncil., and the product
evolved has been subjected to review by the Fxe nitize Committee of the
Division or Council. As a step in the process of this review, proposed
manuscripts are often brought before tne i:embers of the Technical
Divisions and Councils for comment, v-hic 1 may serve as the basis for
improvement. When published, each manual shows the names of the
committees by which it was con viled and indicates clearly the several
processes through which it has vosced in review, so that its merit may be
definitely understood.

In February 1962 (a. d 1cvised in April 1982), the Board of Direction
voted to establish a ¢=ries titled “Manuals and Reports on Engineering
Practice” to incl=de 1iv' manuals published and authorized to date, future
Manuals of Prc fessional Practice, and Reports on Engineering Practice. All
such manut ! or report material of the Society would have been refereed in
a mann<: 2oproved by the Board Committee on Publications and would
be bou. d, v-ith applicable discussion, in books similar to past manuals.
Numberii.2 would be consecutive and would be a continuation of present
inat.1al numbers. In some cases of joint committee reports, bypassing of
jorrnal publications may be authorized.

A list of available Manuals of Practice can be found at http://www.asce.org/
bookstore.
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DEDICATION

This objective resilience manual of practice is dedicated to the esse.itias
workers who are exposed daily to the dangers of the COVID"1Y panuemic.
Included among the many groups of workers are the follow1. o: F.ealthcare
personnel, first responders, public safety officers, (correction facility
workers, food and agriculture, grocery store worker.. cachers, US postal
service workers, public transit workers, and many more people who work
tirelessly to maintain a sense of normalcy in thesc 1n precedented times.
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PREFACE

Engineering is a balance between analysis and design. Objectivity
forms, mostly, the basis of mathematics and science, which form, mostly,
the basis of analysis. Subjectivity forms, mostly, the basis of art, intuition,
and imagination, which form, mostly, the basis of design (see Figure 1).
Achieving a proper balance between subjectivity and objectivity during

Balanced Execution of Engineering Practice

e Sci
Mostly objective h:l:t;:e Analysis

Engineering

oo Art
Mostly subjective Intuition

Imagination

Note: Width of arrows reflects relative imp e of links / dep e

Figure 1. Balanced Execution of Engineering Practice.
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xxii PREFACE

the engineering process will ensure an optimal product. This is true
especially for complex products that have multitudes of different types of
components. Admittedly, community and asset resilience is a complex
issue, and as such dealing with it from the engineering viewpoint will
require a proper balance between objective and subjective processing.

The Objective Resilience Committee (ORC) of the Engineering
Mechanics Institute (EMI) of ASCE was formed in 2015 to help achieve a
balanced resilience treatment, especially from an objective viewpoint. Soon
after its formation, the ORC initiated the development of an Objective
Resilience Manual of Practice (OR-MOP) in 2016. The main objective of the
OR-MOP is to provide a comprehensive basis of recommended practices
that can help enhance community and asset resilience, while emphasizing
the objective side of such practices. The developers of the OR-MOP quickly
realized that because of the wide-ranging extent of community and asset
resilience, the OR-MOP needed to split its focus into four basic categories:
(1) Policies and Strategies, (2) Objective Processes, (3) Technology, and
(4) Applications.

This book examines the use of different technologies to enhance
community and asset resilience. It aims at providing a comprehensive set
of practices, after presenting and discussing the basis for those practices.
It is recognized that this OR-MOP is limited, given the limiting factors of
space and time, especially in view of the aforementioned wide range extent
of resilience. However, the developers hope that the OR-MOP can be used
as a guide in developing additional MOPs that would address additional
aspects of resilience.

The development of the OR-MOP took almost five years. Many worked
tirelessly on this project. This includes the authors of the contributing
chapters, the external blue ribbon panel, which independently reviewed
the manuscript, and the ASCE Publications editors who provided valuable
insights and feedback. Special thanks to Dr. Amar Chaker, the EMI director,
for his efforts and help, without which this OR-MOP could not have been
possible.

Mohammed M. Ettouney, Ph.D., P.E., FAEI, Dist. M.ASCE
February 2021. West New York, New Jersey



INTRODUCTION

There are several popular definitions for resilience, including NIAC
(2009), NSC (2011), or the Office of the Press Secretary (2013). For example,
NIAC (2009) defined infrastructure resilience as follows:

Infrastructure resilience is the ability to reduce the magnitude and/
or duration of disruptive events. The effectiveness of a resilient
infrastructure or enterprise depends upon its ability to anticipate,
absorb, adapt to, and/or rapidly recover from a potentially
disruptive event.

As defined, resilience represents a major issue for society, given the
magnitude of disaster costs of different kinds. Recognizing the needs of
society to build and sustain resilient assets and communities, stakeholders
(for example federal, state, and local officials, business owners,
professionals, educators, and researchers) devoted considerable effort,
time, and expense examining asset and community resilience. Given the
wide range of factors that affects resilience, knowledge gaps of the subject
are still significant. Similar to most important topics, treatment, handling,
and communicating resilience-related matters started with a subjective
basis. Objective developments lagged their subjective counterparts;
however, these developments have been gaining momentum in the past
few years. One primary reason for the elevated interest in resilience-related
objective processes is that without adequate objectivity, it will remain
difficult to provide optimal policies and strategies that aim at delivering
practical asset and community resilience at reasonable costs.

Recognizing the needs for comprehensive and practical objective views
of asset and community resilience, the Objective Resilience Committee
(ORC) of the Engineering Mechanics Institute (MEI) of the American
Society of Civil Engineers (ASCE) embarked on developing an Objective

XXiii



XXIV INTRODUCTION

Resilience Manual of Practice (OR-MOP). The MOPs of ASCE aim at
providing discussions, overviews, developments, and/or best practices
concerning different topics. To better attain the stated goals, the OR-MOP
endeavors to explore and discuss some of the many issues regarding
objective resilience. The OR-MOP also strives to provide best practices
sections in all the resilience-related subjects it covers. The OR-MOP
attempts to address the intersection of three different areas: resilience (Re),
civil infrastructure (CI), and objective processes (OP); see Figure 1. In a
set-theory formalism, we can express OR-MOP as

OR — MOP = ReNCINOP 1)

Because of the different nature of the chapters of the OR-MOP, we
expect that the extent of their treatment of OP would vary.

To cast as wide a net for resilience-related objective issues as possible,
which is not an easy task in itself, the OR-MOP is subdivided into four
books. Each book will examine objective resilience from different
viewpoints. Figure 2 illustrates the general subjects of the four books.

Given the essential role of technology in modern societies, we expect
that technology will play a central role for providing resilient assets and
communities. Because of this, we devote this book, as a part of the

Objective
Processes
(oP)

Resilience
(Re)

Civil Infrastructures
(cn

Figure 1. Confluence of domains of the OR-MOP.
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strategies ' processes

Applications Technology

Composition of Objective Resilience Manual
of Practice (OR-MOP)

Figure 2. Composition of the OR-MOP.

OR-MOP, to the use of technology in achieving resilient assets and
communities. The book looks at four segments of technology: materials
(specifically construction materials), resilience monitoring (ReMo), hazards,
and construction. Chapters 1 and 2 overview the role two main construction
materials, concrete and steel, play in producing resilient assets and
communities. Chapter 3 studies ReMo as applied to highway bridges,
whereas Chapter 4 looks at the ReMo of railroad systems. Both chapters
approach ReMo as a superset of the popular subject of SHM. Recognizing
that resilience should always be related to a particular hazard (or a group
of hazards), we devote Chapters 6 and 7 to the use of technology to enhance
the resilience of assets and communities (as embodied in healthcare
systems), respectively. Specifically, chapter 6 looks at enhancing asset
resilience through improvements of its robustness. Chapter 7 studies
enhancing community (healthcare systems) through response and
recovery. The two chapters use earthquakes as the controlling hazard. The
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final chapter in this book overviews issues relating to resilience and
construction. All chapters will propose a set of recommended practices at
the conclusion of each chapter. See Figure 3 for a map of the organization

of the book.

The intended readers of this OR-MOP include all civil infrastructure

stakeholders, which may broadly include the following:

e Public and private civil infrastructures

organizations

(transportation, water resources, bridges, healthcare, and so on),

City, county, and state officials,
Emergency managers,

Public safety personnel,

Facility managers,

Security consultants,

Engineers, architects, and other design
Educators, and

Researchers.

professionals,
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Even though there are a wide range of objective complexities covered in
the chapters, a deep knowledge of these objective topics is not required to
achieve familiarity and benefit from the content. For readers who may not
have the time to go in depth in each subject matter, it is suggested that they
initially become familiar with the “recommended practices” at the end of
each chapter. Each reader can then look at the chapter in depth to learn the
reasonings/sources of these recommended practices.

Note that ASCE Manuals of Practice (MOPs) are developed by ASCE
technical committees, such as the ORC, under the direction of an ASCE
sponsor such as the Engineering Mechanics Institute (EMI). The
distinguishing characteristic of an MOP, including this one, is that each
one undergoes peer review by a Blue Ribbon Panel of experts before final
approval is sought from the appropriate executive committee. Thus, the
peer review by the Blue Ribbon Panel gives added weight to the MOP.

Mohammed M. Ettouney, Ph.D., P.E., FAEI, Dist M.ASCE
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CHAPTER 1
RESILIENCE OF CONCRETE

Scott Campbell

1.1 INTRODUCTION

1.1.1 Definition

Resilience, in a statement adopted by many industry groups, is the
ability to prepare and plan for, absorb, recover from, and more successfully
adapt to adverse events. This seems very straightforward, but what does
it mean in practice?

The ability to absorb adverse events is what is traditionally thought of
as engineering design. That is, a hazard is identified, an appropriate design
level is determined, and the project is designed to achieve a specified level
of performance when subjected to the event. In general, the specified
performance is prescriptive; deals only with life safety; and is required by
standards, codes, and law. This traditional design process and performance
measurement can cause problems when trying to achieve higher levels of
resilience as attempts to move beyond life safety are met with resistance
because “code compliant” is all that is required by law.

Preparing and planning for hazards is, at least partially, a component of
the typical design process. The hazards and design levels specified in
codes and standards are determined by deciding which hazards are
present in a given location and what hazard magnitude should be resisted
for the life safety design requirement. Typically, these hazard levels are
based on historical data, but some efforts are currently underway to project
into the future to determine design levels for the life of a project.

Recovery from a hazard is perhaps the most intriguing aspect of resilience.
In general, it is not realistic to design for no damage under any magnitude
of hazard. It is expected that there will be at least some damage when a
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project is subjected to low-probability hazard levels. Exactly how to set
appropriate damage measures and determine how to measure the expected
damage, are the subjects of ongoing debate and discussion. However, this is
the heart of objective resilience—how resilient is your project?

Current thinking in many organizations is that “functional recovery,”
the time required for a specified level of functionality to be restored after
an event, should be the measure of resilience. The amount of damage that
can be sustained or how much repair must be performed to achieve a
given level of functionality, is a multifaceted problem but is essentially
technical in nature. The amount of functionality needed for a given project,
however, is a political, economic, and sociological problem.

Successfully adapting to adverse events can take on many forms. One
aspect is simply the good design practice of anticipating that building or
infrastructure requirements may change over time and designing to allow
for expansion or repurposing. One example is designing a structural
building system to allow for the addition of extra stories without the need
to strengthen the existing columns. The other aspect is to adapt to changing
conditions, with particular emphasis currently being placed on climate
change. This can include designing for greater frequency/magnitude of
flood, high wind events, or sea-level rise.

1.1.2 Sustainability and Resilience

Sustainability is often confused, sometimes deliberately, with resilience
in discussions of policy and design standards. Although sustainability is
an important concern and plays a part in the resilient design, the terms are
not interchangeable, and their goals are sometimes in conflict. One of the
major components of sustainability, energy efficiency, can directly lead to
increased resilience through reduced demands, which, in turn, allows for
more cost-effective alternatives to the energy grid (e.g., generators) and
also reduces demand on the infrastructure to provide sufficient energy to
return to functionality.

However, it must be understood that not all sustainability goals lead
directly to increased resilience. For example, windows are very inefficient
in terms of thermal transmission and account for a large amount of the
energy lost through the building envelope. So, to reduce energy use in a
building, a designer would reduce the amount of glazing. However, doing
so increases reliance on artificial lighting, which might render the building
unusable if the power is out for an extended period.

Moreover, it must be recognized that for some structures, sustainability
is, at best, a minor consideration. Examples could include hospitals,
emergency response centers, military facilities, major bridges, and others.
Although the design of these structures will consider sustainability
concepts such as energy use, embodied carbon, and life-cycle environmental
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Figure 1-1. Thermal efficiency of insulated concrete form (ICF) and wood-framed
houses (foreground building and background building, respectively).
Source: Copyright Logix Brands.

costs, at the end of the day, the requirement that they remain functional
after an adverse event will take precedence.

Concrete is ideally suited to meeting both resilience and sustainability
goals. The potential savings in energy use are clearly evident in Figure 1-1,
where a home built with insulating concrete forms and one that is
traditionally framed and insulated have their heat loss measured, with a
clear difference in thermal transmission. In addition, cement has made
tremendous strides with respect to energy use during production, and
when the true global warming potential from the cradle to the grave is
considered, concrete performs similar to other building materials.

1.2 OBJECTIVE RESILIENCE

The preceding discussion illustrates that there are two primary ways to
achieve true resilience in structures: (1) design to minimize damage during
an event, and (2) design to allow for fast recovery from an event. In most
cases, the resilient solution will be a combination of the two approaches.
For most structures, it is not cost-effective, or even feasible, to design to
have no damage under virtually any scenario. However, failing to provide
an adequate level of resistance would also render any recovery efforts
moot—there would be nothing left worth recovering.

Therefore, in any resilient design scenario, it is necessary to balance
resistance and recovery in a way that makes sense for the particular
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structure being designed. One example of how to do this can be seen in
seismic design. Structures are designed to limit damage during a seismic
event to specific areas of the structure and to avoid significant damage in
components where such damage may lead to greater damage throughout
the structure. For a frame structure, specific plastic hinge zones are
designed in the beams, whereas the columns are designed to remain
essentially elastic. The idea is that failure of a column would be potentially
catastrophic, whereas the beams may undergo significant nonlinear
behavior without loss of their ability to carry gravity loads. The beams are
also easier to repair, often without taking the entire structure out of service.
By limiting the damage areas, the repair, and thus recovery time, is
minimized. Taken together, proper design using these principles will lead
to a more resilient structure.

Although the principles of objective resilience are clear and easy to
understand, quantifying resilience is an area that needs significant
advancement. The ability of the engineering community to predict damage
during specific events is relatively well established, at least for certain
hazards. However, predicting the recovery time and cost after an event is
not nearly as well developed.

The remainder of this chapter discusses how concrete is ideally suited
to addressing resilience for a variety of hazards, including examples and
technical requirements. The resistance of structures to the hazards will be
discussed, and a summary of repair/recovery will also be provided.

1.2.1 Hazards

The ability of concrete structures to resist hazards, both natural and
human-induced, is explored in this section. Design aspects are briefly
described along with the relevant standards, and examples of structures
resisting the hazards are presented. The focus is primarily on buildings,
but infrastructure examples will also be covered.

1.2.2 Earthquakes

Properly designed concrete structures are able to withstand even
extremely strong seismic motions. This is reflected in the design standards.
ASCE 7 (ASCE 2017a) allows R-values, which represent the ability of a
structural system to undergo large nonlinear deformations without failure,
up to 8 for concrete frames and 6 for concrete shear walls.

Obtaining adequate ductility in concrete members to obtain minimal
damage during a seismic event consists primarily of providing confinement
and connection detailing. For example, in high seismic zones, there are
regions of a structural wall that are more likely to experience yielding of
the longitudinal reinforcing (ACI 2019b). In those regions, it is not
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Figure 1-2. Wall zones where lap splices are not permitted in seismic regions.
Source: ACI 318-19 (ACI 2019).

permitted to have lap splices (Figure 1-2) because it is unlikely that the
required ductility could be developed in the splice region.

The importance of transverse reinforcement and the difference in
performance obtained based on a design decision can be seen in Table 1-1
for reinforced concrete beams. The first takeaway is that there is a
significant difference in the performance between beams with “conforming”
and “nonconforming” transverse reinforcing. In this context, “conforming”
means that within the expected plastic hinge zone of the beam, the
transverse reinforcement is spaced less than the maximum allowable. For
a given expected damage level, the allowable deformation before
experiencing that damage increases substantially with conforming
reinforcement. For example, the first and fifth lines of Table 1-1 have
identical tension/compression reinforcement limits and shear
requirements, yet the beams with the conforming transverse reinforcement
can undergo double the end rotation (0.010 versus 0.005 rad) before
experiencing minimal damage at the immediate occupancy damage level.
Similar patterns in performance based on proper detailing are observed for
concrete columns, joints, slabs, and walls, with transverse reinforcement
and/or reinforcement continuity being essential if better performance is
desired.

The result of using concrete for design in seismically active regions is
that the damage owing to an earthquake can be reduced to the desired
level and that the damage can be limited to areas of the structure that will
not lead to collapse and that can be more easily repaired. The relative
stiffness of concrete structures also tends to reduce the damage to
nonstructural components such as interior walls, although that reduction
is not well quantified. Given that nonstructural components make up a



6 OBJECTIVE RESILIENCE

Table 1-1. Reinforced Concrete Beam Modeling and Acceptance Criteria.

Modeling Acceptance

parameters” criteria’

Plastic Plastic rotation

rotations Residual angle (radians)

angle strength

(radians) ratio Performance level
Conditions a b c 10 LS Cp

Condition I. Beams controlled by flexure®

, Transverse d
P—P  reinforce-
Poal  ment* budf!
<00 C <3(0.25) 0.025 0.05 0.2 0.010 0.025 0.05
<00 C >6(0.5) 0.02 0.04 02 0.005 0.02 0.04
>05 C <3(0.25) 0.02 0.03 0.2 0.005 0.02 0.03
>05 C >6(0.5) 0.015 0.02 0.2 0.005 0.015 0.02
<0.0 NC <3(0.25) 0.02 0.03 0.2 0.005 0.02 0.03
<0.0 NC >6(0.5) 0.01 0.015 0.2 0.0015 0.01 0.015
>0.5 NC <3(0.25) 0.01 0.015 0.2 0.005 0.01 0.015
>0.5 NC >6(0.5) 0.005 0.01 0.2 0.0015 0.005 0.01

Length of yield plateau (rad)

YPlastic deformation at failure (rad)

“Ratio of residual strength to yield strength

Source: ASCE 41-17 (ASCE 2017b).

Notes: 10 = Immediate Occupancy, LS = Life Safety, CP = Collapse Prevention.

large part of the cost of buildings, and their damage may render the
building unusable, reduction of nonstructural damage will also lead to
greater resilience. Limiting of damage, and therefore recovery time/cost,
for both structural and nonstructural components means that proper
design using concrete can objectively enhance the resilience of structures.
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1.2.3 Hurricanes

Recent hurricane events have demonstrated the objective resilience of
concrete construction during high wind events. For example, Figure 1-3
shows the aftermath of two hurricanes, where the only buildings left
standing, with minimal damage, are those made primarily from concrete
and/or masonry. Many of the structures that formerly stood in the
locations depicted in Figure 1-3 were designed to modern building codes.

Figure 1-3. Damage from recent hurricanes: (a) Hurricane Katrina, (b) Hurricane
Michael.
Source: (1) FEMA (2014), (b) US Department of Defense.
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Figure 1-4. Collapse probability during a high wind event.
Source: Keremides et al. (2018).

The wind load provisions of these codes are intended to prevent the loss
of life during an event but not necessarily to protect the property. Although
there was very little loss of life in modern hurricanes in the United States,
this is primarily because of the advance warning of an approaching
hurricane and the subsequent evacuation of the areas expected to be the
hardest hit. From Figure 1-3, it can be inferred that if these buildings were
occupied at the time of the hurricane, it is certain that many more deaths
and serious injuries would have occurred even with buildings designed to
the latest building codes.

The additional resilience in concrete structures is owing primarily to
having capacity well beyond the design strength. A recent study by the
Massachusetts Institute of Technology (Keremides et al. 2018) demonstrates
the better performance at ultimate strength for concrete structures. Figure 1-4
illustrates the collapse fragility curves for commercial wood-framed and
concrete structures. Both buildings were designed to the same wind speed,
but the performance is obviously quite different. At the design wind speed
of 130 mi/h (58.1 m/s), the wood structure has a 55% probability of collapse,
whereas the concrete structure collapse probability is essentially zero.

1.2.4 Tornadoes

Storm shelters have traditionally been constructed of concrete for a
reason (Figure 1-5). Wind speeds in tornadoes can exceed those owing to
even major hurricanes, causing significant, even virtually complete,
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)

Figure 1-5. Examples of concrete structures surviving tornadoes with no/minimal
damage: (a) home in Lafayette, Tennessee, survives a tornado that destroys

surrounding homes; (b) concrete storm shelter survives a tornado with no damage.
Source: FEMA (2014).
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damage in the affected areas. Unlike hurricanes, there is very little advance
warning for tornadoes, leaving people especially vulnerable if the
structures they are occupying are not able to withstand the tornado wind
forces.

In general, two items dominate the design of structures for resilience
when subjected to tornadoes or other high wind events: wind speed and
missile impact. Concrete structures are easily designed for high winds,
even for wind speeds higher than specified in the building code. In
addition, as seen previously, concrete walls have substantial additional
capacity over wood structures even when both are properly designed for
the same wind speed. Additional design concerns for concrete and
masonry storm shelters are included in ICC 500, Standard for Design and
Construction of Storm Shelters (ICC 2014). Two specific items are mentioned:
(1) Requirements for additional protection at joints and other openings are
required, except for “masonry control joints, masonry or concrete
expansion joints or precast concrete panel joints 3/8 in. (9.5 mm) or less in
width, sealed with joint material in accordance with TMS 602 for masonry
or ASTM C920 for concrete.” That is, typical concrete and masonry joints
designed in accordance with industry standards do not require any
additional protection. (2) Fire barriers and horizontal assemblies are
required to have a minimum fire resistance rating of 2 h. Typical concrete
walls and floors used in storm shelter design meet this requirement
without additional materials.

Resistance to wind-borne debris impact is another area in which
concrete construction typically meets the required criteria using standard
designs. This is not true of most standard construction materials and
designs, including those that meet minimum building code requirements
(Texas Tech University 2004). The threshold missile speed at which damage
from standard missiles might occur is listed in the test report cited and
referenced by FEMA P-320 (FEMA 2014). The missile speed thresholds for
typical concrete wall construction range from approximately 96 to
130 mi/h (42.9-58.1 m/s). Note that the missile design speed varies with
wind speed but ranges from about 40% to 60% of the design wind speed
for vertical assemblies (ICC 500) (ICC 2014).

1.2.5 Flood

Concrete has long been considered the gold standard material for flood
control and protection. The combination of water resistance and mass
makes it ideal for both control of water in infrastructure projects (dams,
floodwalls, channels, and so on) (Figure 1-6) and protection of the interior
of buildings and other facilities against the effects of flooding. Because of
the inherent properties of concrete that contribute to flood protection,
specific recommendations, such as those found in ASCE 24, Flood Resistant
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(b)

Figure 1-6. Concrete flood control structures: (a) Gibraltar Dam, California;
(b) concrete levee; (c) seawall in Galveston after the 1900 hurricane.

Source: (a) Portland Cement Association, (b) Infrogmation/CC-BY-SA-3.0,

(c) Library of Congress.
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Design and Construction (ASCE 2014), are, in general, limited to suggestions
regarding material choices. In addition to standard structural design,
facilities designed in accordance with ACI 318-19 and ACI 350 (ACI 2006)
to enhance resilience for flood events should

1. Choose the material properties of concrete and grout considering the
potential for longer-term exposure to salt and other chemicals that
are likely to be present during a flood event.

2. Specify a minimum 5,000 psi (34.5 MPa) concrete in areas within
3,000 ft (914 m) of the coastline to improve resistance to saltwater
intrusion.

3. Consider the effect of loss of soil on foundations.

1.2.6 Blast

Concrete is ideal for blast-resistant design. The combination of strength,
ductility, and mass means that concrete walls and frames are particularly
suited for use in explosive environments. Design of concrete structures to
resist blast loads is typically performed in accordance with ASCE 59-11
(ASCE 2011), Blast Protection of Buildings, or Unified Facilities Criteria
documents as appropriate. An important point is that the blast design of a
building utilizes a truncated form of performance-based design, in that the
designer can choose performance levels (superficial to hazardous expected
damage), and criteria are explicitly defined for each performance level.
This process is related to the main tenets of resilience—directly to the
concept of resisting the hazard and indirectly to reducing repair/return to
functionality time.

The requirements for concrete for blast loads include limitations on
ductility ratio or end rotation under the design loads, along with modeling
and detailing requirements. The maximum ductility/end rotations
(Table 1-2) are, in general, slightly higher than those for seismic response
(Table 1-1) at comparable damage levels. Detailing requirements are
similar to seismic detailing and are intended to allow for the development
of adequate nonlinear behavior without premature failure. The detailing
requirements include

e Use of only normal-weight concrete with a minimum strength of
3,000 psi (20.7 MPa),

o Restrictions on lap splices and additional transverse reinforcement at
splice locations,

e Restrictions on the use of concrete shear strength for larger ductilities,

e Use of expected material properties rather than nominal for some
calculations in ACI 318, and

e Larger minimum reinforcement ratios in some conditions.
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Table 1-2. Maximum Response Limits for SDOF Analysis of Flexural
Elements.

Expected element damage

Superficial Moderate Heavy Hazardous
amax amax emax
Element type Fmax  Omax Hmax (A€8.) fimax (d€g.) fmax (deg.)
Reinforced concrete
Single-reinforced 1 - = 2 — 5 — 10
slab or beam
Double-reinforced 1 - — 2 — 5 — 10

slab or beam without
shear reinforcement

Double-reinforced 1 —_ — 4 — 6 — 10
slab or beam with
shear reinforcement

Source: ASCE 59-11 (ASCE 2011).

1.2.7 Fire

Fire protection engineering recognizes two basic differences in
construction type—combustible and noncombustible. Concrete is, by
definition, noncombustible, and therefore, inherently provides a higher
level of protection against fires. This is reflected in the larger height and
area limits in the International Building Code (IBC) (ICC 2018a) for
noncombustible construction.

Damage to concrete structures from fire is typically minimal, and,
although concrete can spall because of the differential expansion of the
aggregate and mortar, major spalling of the concrete cover during a fire is
typically because of expansion of the reinforcing at high temperatures.
Although spalling can occur at temperatures as low as 350 °C, it more often
occurs at much higher temperatures.

Some of the material factors that can increase the risk of spalling
include high moisture content, high cement content, the use of silica fume,
high compressive strength, and low permeability. These factors are all
related to increased internal moisture or low permeability, both of which
increase the risk of spalling through expansion of water in the voids and
a lack of an escape path for water vapor. It is clear that if fire is a significant
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hazard for a structure, spalling risk can be reduced through the design of
the concrete mix.

Reducing spalling owing to reinforcement expansion is a matter of
reducing the temperature changes. The typical distribution of temperature
within concrete is shown in Figure 1-7(a). It is clear that the temperature
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Figure 1-7. Effect of fire on concrete structures: (a) temperature within a concrete
slab subjected to the standard fire, (b) variation of concrete strength with
temperature.

Source: Abrams and Gustaferro (1968), Bilow and Kamara (2008).



RESILIENCE OF CONCRETE 15

decreases rapidly with depth, and, thus, providing adequate cover for the
reinforcing is the basic design parameter for spalling prevention. Note that
concrete strength decreases with increasing temperature [Figure 1-7(b)].
However, when the insulating properties of concrete are considered, it is
obvious that only the outer portion of concrete members will suffer
significant strength loss under any but the most severe and prolonged fire.

The discussion up to this point has been primarily aimed at structural
fires. However, a growing concern for structures is wildfire. A substantial
increase in damage owing to wildfires has been observed in recent years
because of a combination of increased constructions in the wildland—urban
interface and increased fuel available for fire growth (Figure 1-8). All the
factors that make concrete structures safer during structural fires are also
present in wildfires. Concrete structures are often the only things standing
after a significant fire.

One factor that makes concrete even more resistant to excessive damage
owing to fire is that even if the cover completely spalls off a concrete
member, most of the strength and stiffness remains, making failure of the
structural members from fire alone highly unlikely. In addition, repair of
the concrete cover is not difficult and can often be performed while the
structure is in service. Further discussion on the repair of concrete
structures can be found later in this chapter.

Figure 1-8. Wildfire activity by county, 1994-2013.
Source: FEMA (2014).
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1.2.8 Other Hazards

The hazards listed in the preceding paragraphs are the most likely to be
experienced by a majority of structures, but there are other hazards that
concrete is also ideally suited to resisting. For example, vehicles do leave
the roadway and impact buildings and bridges. The damage to concrete
structures is significantly less than for other construction types, with
multiple examples available in the press. An extremely unusual case is
shown in Figure 1-9, where a rock fell and impacted a house. Although
there is considerable damage, a major part of the house remains unaffected,
which will lead to greater resilience because of the reduced time to return
to full functionality. It is unlikely that the same event would have produced
so little damage with less robust construction.

1.2.9 Recovery

The previous sections discussed designing concrete structures to resist
natural and man-made hazards. Although it is possible to design concrete
structures to resist almost any level of hazard with no or minimal damage,
it is not necessarily practical or cost-effective to do so. The following
sections discuss resources and techniques available to repair or rehabilitate
structures, considerations for rebuilding, and issues surrounding
decommissioning of structures.

Figure 1-9. Rock impact.
Source: National Park Service.



RESILIENCE OF CONCRETE 17

1.2.10 Repair/Rehabilitation

Multiple strategies are available to repair damaged concrete structures
and to rehabilitate structures before an event to provide greater resistance
or less anticipated damage and, hence, greater resilience. The most
common strategies used depending on the nature and severity of damage
or required strengthening include

1. Strengthening by bonding external steel or fiber-reinforced polymers
to the structural elements,

2. Repair of cracks by grouting or the use of epoxy mortar or concrete,
and

3. Repair of larger areas using epoxy concrete.

The International Existing Building Code (IEBC) (ICC 2018b)
provides guidance on when repairs are needed and the requirements
for those repairs. However, note that IECC is intended for preserving/
restoring minimum life safety, and the provisions concentrate mainly
on ensuring that the structure meets either the original or current
building code requirements, depending on the extent and severity of
damage.

Another resource for designing and implementing repairs to concrete
structures is ACI 562, Code Requirements for Assessment, Repair, and
Rehabilitation of Existing Concrete Structures (ACI 562-19) and Commentary
(ACI 2019a). This standard is intended to be used in conjunction with the
IEBC and IBC/IRC but has the advantage of being performance-based.
That is, the owner or AHJ can specify any level of desired performance
and then follow the outlined procedures to obtain a structure that meets
those criteria. This is of particular importance where it is desirable for a
structure to achieve a higher level of performance than the original
design.

Extensive guidance is provided, often by reference to another standard,
for the design of concrete repairs including

o Use of postinstalled anchors to transfer design forces (ACI 318),

o Guidelines on the size and shape of repairs (ICRI Guideline No.
310.1R) (ICRI 2008),

o Choice of expansion of joint materials (Parking Facility Maintenance
Manual, (NPA 2015),

e Supplemental post-tensioning (ACI 318), and

o Fiber-reinforced polymer composites (ACI 440.1R and ACI 440.2R).

Durability of any repairs is crucial to their long-term success, and ACI
562 provides requirements for which conditions should be considered and
what is considered to be unacceptable durability.
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1.3 DECOMMISSION

When considering the resilience of structures, and in particular the
sustainability aspect of resilience, what happens when the building is no
longer needed must be considered. Concrete is often reused /recycled after
demolition, and more than 140 million tons (1.27 x 10" kg) of concrete are
reused or recycled every year in the United States. Demolished concrete
can be used in a variety of applications, including fill including roadway
base, erosion control (riprap), gabions, and artificial reefs, and the
aggregate can be reused in new concrete.

1.3.1 Adapt

An often overlooked aspect of resilience is the ability to adapt buildings
to a new purpose, either on a temporary or on a permanent basis. Concrete
is ideal for adaptation for a number of reasons. First, the relatively long
spans in these buildings allow for reconfigurable interior spaces. This
flexibility means that, for example, a building originally designed as an
office or retail space can relatively easily be converted to other purposes
such as housing. An excellent example is the conversion of retail space into
health-care facilities. Concrete walls provide built-in benefits for health
care such as excellent fire ratings and acoustic performance to meet privacy
objectives.

Concrete structures also have guidance available for expansion. ACI 318
provides a standard for the design of anchorage including the development
of new reinforcing. Although adding a story to a building is often limited
by the capacity of the gravity system, this capacity can be increased using
the techniques outlined in Section 1.2.10.

1.3.2 New Technologies and Advancements in Concrete and Masonry

Although concrete has been used since the time of the Roman Empire,
the technology continues to advance in ways that increase the resilience of
concrete structures. Some of these advances are discussed in more detail
elsewhere in this chapter, and others will be highlighted along with
references as to where to obtain additional information.

One of the areas in which major advancements have been made to
concrete resilience is through the repair techniques available to increase
both strength and ductility or to provide a return to the original properties
after damage. The main repair techniques include wrapping the concrete
elements in steel or fiber, crack repair with epoxy mortar or concrete, and
larger repairs using epoxy concrete. The repair section of this chapter
provides more detail along with references for additional information.
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Addition of fibers to concrete can provide multiple benefits, including
increased ductility, control of cracking, improved durability and toughness,
improved freeze-thaw behavior, and reducing shrinkage effects. Fibers
can be used in addition to traditional reinforcing or for some applications
as a replacement.

Recent advances in 3D printing of concrete structures have great
potential to improve the recovery time after an event. Structures for small
homes have been printed in under 24 h, the raw materials are typically
locally sourced and readily available, and labor requirements are, in
general, lower than those for conventional construction. The flexibility of
3D printing in terms of the size and form of the resulting structure also
allows for quick adaptation to the specific site and requirements of the
structure. Deploying 3D printing technology could make replacing
damaged structures or providing housing for emergency or longer-term
workers cheaper and faster, helping to address the return to functionality
part of the resilience equation.

Perhaps the most significant advances have been made in concrete mix
design. Ultra-high-performance concrete, with strengths up to 29,000 psi
(200 MPa), along with high-strength reinforcing, has allowed for thinner,
lighter structures and the design of super tall buildings. Mix designs can
also be customized to increase durability, freeze-thaw behavior, abrasion
resistance, chemical resistance, and decreased environmental footprint.
The improved performance is obtained through the use of supplemental
cementitious materials (fly ash), additives, and controlling the aggregate
and water/cement ratio.

1.3.3 Recommended Practices

One of the greatest advantages of using concrete is that standard design
practices, properly applied for the conditions to which a structure will be
subjected, produce a highly resilient project without taking extraordinary
steps. However, several practices will help to maximize the objective
resilience of a concrete design without any significant increase in cost:

e Detailing: Particular attention must be paid to detailing in the design.
This is clearly true for loads such as seismic and blast, where large
ductilities must be obtained under the design loads. However, the
details for other loading conditions are equally important and go
beyond requirements for reinforcing to include crack control,
deformation compatibility, connection between elements and
building/structure sections, and so on. Guidelines and standards are
available for all these conditions and should be used in conjunction
with good engineering practices to produce designs that will achieve
the resilience goals of the project.
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Mix design: As discussed in the advances section, mix design
sophistication has increased greatly, along with the ability to tune the
mix to achieve the desired properties. By adjusting the mix, concrete
can be produced that has any number of desired properties, including
increased strength and/or ductility, reduced cracking, and greater
durability. Tuning the concrete mix to meet the requirements of the
project can increase the resilience in the desired ways.

Anticipate loading changes: A major concern in society is the effect
of climate change. It has been proposed that climate change may
increase the frequency and severity of severe weather, leading to
higher wind loads and greater flooding. In addition, rising sea levels
will affect structures built near the coast. Anticipating these potential
changes in demands on a project over its lifetime will allow for
increased resilience for as long as it remains in service.

Anticipate future uses: Not all structures retain the same function
over their entire lives. Accounting for possible changes in occupancy
will potentially increase the functionality of a project, allowing for
increased resilience and better use of resources.

Consider energy usage: Reducing the operational energy use of a
building increases value for the owner and helps improve resilience.
Buildings with high thermal mass can significantly decrease the
energy requirements in certain climate zones. In addition to saving
money during normal operation, the reduced energy requirements
and retained heat/cold resulting from thermal mass also allow a
building to remain functional for longer after an event if utilities are
not available. The reduced energy usage also makes it easier to
provide the services onsite through generators or renewable energy
options.
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CHAPTER 2
STRUCTURAL STEEL AND RESILIENCE

John Cross, Charles Carter, Tabitha Stine, Luke Johnson

2.1 INTRODUCTION

Every group discussing resilience comes to the topic with its own
perspective, develops its own definition, sets its own priorities, and drives
the discussion down a different path. Perhaps the definition of resilience
developed by the Rockefeller Foundation summarizes resilience best by
stating “resilience means different things across a variety of disciplines,
but all definitions are linked to the ability of a system, entity, community
or person to withstand shocks while still maintaining its essential functions.
Resilience also refers to an ability to recover from catastrophe, and a
capability of enduring greater stress” (Rockefeller Foundation n.d.).

For the purposes of this chapter, resilience will be considered as the
ability of an object or system to absorb and recover from an external shock,
such as those caused by natural disasters (earthquakes, hurricanes,
tornados, wildfires) or malicious acts (arson, terrorism) (Brand and Jax
2007).

Although the primary purpose of building codes is to protect the health
and safety of occupants during an extreme event (Ching and Winkel 2016),
the design goal of a resilient structure is the ability of the structure to
withstand an extreme event with recoverable damage. By doing so, the
building will either be able to maintain continuous function or be rapidly
repaired and returned to service quickly.

The material selection for a building’s structural framing system impacts
the resilience of the structure by reducing the risk and the cost of that risk
associated with the ability of the structure to absorb and recover from the
stress of an extreme event. Of all the materials used for structural framing
systems, structural steel has demonstrated the greatest level of resilience

23
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relative to extreme events. This is verified by significantly lower builder’s
risk and all risk premiums in the current insurance market for buildings
framed with structural steel compared with concrete and wood.
[Informational quote provided by Greyling Insurance Brokerage and Risk
Consulting, Alpharetta, Georgia. Similar information relative to insurance
rates for wood structures can be found in the Claims Journal and on the
Steel Framing Industry Association website (SFIA n.d.).] The reasons for
these lower rates and the greater resilience of buildings built with structural
steel are structural steel’s inherent durability, strength, elasticity,
noncombustibility, and resistance to decomposition. The reduced rates are
also benefited by the capability of structural steel framing systems to resist
extreme loads, be rapidly repaired, and adapt to changing structural
requirements.

2.2 IMPACT OF FRAMING MATERIAL SELECTION
ON RESILIENCE

Resilience is a simple concept, yet it has complex implications for
designers and builders. For some, resilience is viewed at the community
level and refers to a community’s ability to absorb and recover after a
disaster. This can be measured by the ability to restore energy,
transportation, clean water, and communication services to residents
quickly after a disaster. Communities become resilient by having an
infrastructure that includes buildings that can withstand intense storms or
disastrous events. Facilities such as fire, police, health care, government
entities, and designated shelters or residential units are of key concern for
community resilience. At the same time, all the buildings in the community
must be able to provide occupant safety during the event and some of
those buildings must continue to provide critical services. In essence,
resilience is the ability of a community, an infrastructure system, or a
building to anticipate, prepare for, and adapt to changing conditions and
withstand, respond to, and recover rapidly from disruptions. [H.R. 2241—
Disaster Savings and Resilient Construction Act of 2013 (Pending Action).]
Community resilience is built on the building blocks of its infrastructure,
buildings, and essential societal services such as police, fire, health, and
governance (Figure 2-1). Inherent in this view of resilience is the ability of
critical infrastructure components to be resilient in their own right,
maintaining or rapidly recovering functionality from disruptive events
such as earthquakes, intense storms, coastal flooding, or terrorism
(Chandra et al. 2011).

To enhance community resilience, key decision makers must begin by
selecting materials that can efficiently and effectively be used in the design
and construction of resilient framing systems for critical structures. When
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Figure 2-1. The building blocks of community resilience.

considering structural material and compared with other framing
materials, structural steel clearly satisfies those requirements.

Any discussion of resilience becomes more complex when the discussion
extends beyond the three building blocks of community sustainability to
extreme events, often referred to as “stressors” that need to be accounted
for. Natural events such as hurricanes, tornados, wildfires, earthquakes,
flooding, and tsunamis are, in general, included, yet not all these stressors
have the same likelihood of occurrence in every community; some may
never occur in some communities. Events resulting from human activity
including arson and terrorism also need to be considered. In some cases,
technological events with no direct natural or human cause such as the
faulting of an electric grid or the overloading of a communications gateway
are included. Finally, the anticipation of future environmental events such
as increased storm intensity, elevated water levels, and increased snow
loads driven by global climate change may also need to be taken into
account. Design for resilience is geographically determined and not all
factors must be included when developing resiliency management plans
and selecting building materials. Those “stressors” that have a measurable
probability of impacting the local community must be considered. Clearly,
any discussion of resilience is a multidimensional challenge combining
discrete components, stressors, risk assessments, and future trends.

2.3 CHARACTERIZING RESILIENCE—THE 4Rs

Within the context of various definitions of resilience, the resilience of a
community, building, or material is often characterized by four
interconnected Rs: robustness, resourcefulness, recovery, and redundancy
(AIA 2016).

At the community level, robustness refers to the ability of critical services
to maintain operations during and after an extreme event. Buildings that
house vital services such as health care, power management, transportation,
and communications must be able to maintain operation for a community
during and after a disruption. For a building to be resilient, it must also be
robust and able to withstand or recover rapidly from an extreme event. An
important component of a building’s robustness is the integrity of the
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structural frame and, in turn, the strength of the material used in that
frame.

Resourcefulness is the ability to prepare for and skillfully respond to a
crisis or disruption. For a community, this means not only having
contingency plans in place but also identifying and providing the resources
needed to implement those plans. For a building, it means having
“as-built” building plans available for rapid reference, structural engineers
identified who are prepared to provide a rapid assessment of damage to
the structural frame, and sources identified for materials that may be
required to implement a repair. For example, structural steel is stocked at
hundreds of steel service centers throughout the country for rapid delivery
to a structural steel fabricator that can quickly fabricate the members
required for the repair (AISC 2017b).

In the context of community resilience, recovery is the restoration of key
operations as quickly and efficiently as possible after a disruption with the
goal of a full return to normalcy within a short time frame. It is impossible
and impractical to design a building and structural frame to handle every
potential extreme event. There will be times when even the most resilient
of designs is stressed to the point of failure. In these cases, resilience is
determined by the level of loss of functionality and the time required to
resume full functionality. The time required to accomplish a substantial
recovery is in direct relationship to the robustness, redundancy, and ease
of repair of the structural system, as well as the availability of resources to
complete the repair.

Redundancy in the community context refers to the provision of backup
resources to support key functional components of the resilient community.
If a key component such as the provision of health services at a local
hospital is taken offline, then a backup for that service should be identified
to provide the service. For a building, redundancy best can be seen as the
ability of the structural framing system and the material from which
the frame is constructed to provide additional load-carrying capacity and
the ability of the frame to transfer loads to alternate load paths.

Structural frames constructed using structural steel consistently receive
high marks when measured using the 4Rs, thanks to the inherent resiliency
of steel.

2.4 QUANTIFYING BUILDING RESILIENCE

A large number of design decisions will impact the resilience of a single
building. Many of these design decisions will be in areas that have little, if
any, connection to the structural framing system of the building. A resilient
building may require redundant energy systems, secondary water
supplies, particularly efficient heating, ventilation, and air conditioning
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Figure 2-2. Structural components of building resilience.

systems, special glazing, and other specialized requirements; however, all
these systems will be dependent on the resilience of the structural framing
system. Bluntly put, if a building’s structural system fails during an
extreme event, the resilience of all other systems that are a part of that
building will be of no value.

The key factor of a building’s resilience is the resilient design of its
structural framing system. The key consideration of the resilient design of
a structural framing system is the resilient characteristics of the material
selected for use in the framing system (Figure 2-2).

2.5 MATERIAL PROPERTIES

There is no single physical measure of resilience for a building
material. When the resilience of a material is assessed, the primary
attributes of the material must be evaluated. For a structural framing
material such as structural steel, concrete, or wood, the attributes include
durability, strength, elasticity, toughness, combustibility, and resistance to
decomposition.

2.5.1 Durability

Durability is the ability of a material to withstand outside forces while
sustaining minimal wear, fatigue, or damage. In Lewry and Crewdson
(1994), several factors were identified that impact the durability of a
product. These include weathering, stress, biological attack, incompatibility,
and use. They also suggest that a contextual evaluation of these causes is
the best way to determine the significant causes of degradation and that
the best metric that could be used to measure durability is the service life
of the product.

Service life estimates for framing system materials are available from a
variety of sources but follow the same general pattern as indicated
subsequently (Figure 2-3) (SCS Global 2013).

Steel had the highest marks in both nonresidential and utility pole
construction when compared with concrete and wood.
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Figure 2-3. Typical service life by material.

In addition, of the three materials, wood was ranked last in durability
in a survey of 910 design and construction professionals conducted by FMI
Management Consultants (2012). Although both concrete and steel were
ranked highly, steel’s durability was considered its leading benefit.

2.5.2 Strength

Steel is the strongest of the typical building materials. The design
strength of most hot-rolled structural steel sections in use today is 50 ksi in
both tension and compression, with special applications using sections
with strengths as high as 70 ksi (MSC 2018). Compressive strength for
concrete is typically between 3 and 5 ksi with some applications calling for
high-strength concrete with compressive strengths as high as 15 ksi.
Concrete tensile strength averages about 10% of concrete’s compressive
strength or is in the range of 0.5 ksi (Figure 2-4). The weakness of concrete
in tension requires the addition of reinforcing steel in a building’s beams
and columns. The compressive strength of wood varies by the variety of
wood, moisture content, and whether the load is applied parallel or
perpendicular to the grain of the wood. Hardwoods have compressive
strengths parallel to the grain in the range of 7 to 10 ksi (1 ksi perpendicular
to the grain), whereas softwoods range from 5 to 8 ksi parallel to the grain
(under 1 ksi perpendicular to the grain). The tensile strength of wood
perpendicular to the grain averages about 1 ksi. While wood is relatively
weak in tension perpendicular to the grain, it is strong in tension parallel
to the grain exhibiting strengths in the range of 10 ksi (http://www.
woodworkweb.com/woodwork-topics/wood /146-wood-strengths.html).

Compressive Strength Tensile Strength
{Structural Steel 50 ksi (as high as 70 ksi) 50 ksi [as high as 70 ksi)
{Concrete 5 ksi (High Strength 15 ks) 0.5 ksi
Parallel to Grain | Perpendicular to Grain| Parallel to Grain | Perpendicular to Grain
|Hardwoods 7-10ksi 1ksi 10 ksi <1 ksi
|Softwoods 5-8ksi 1ksi 10ksi <ksi

Figure 2-4. Strength of materials.
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The fact that the compressive and tensile strengths of structural steel are
identical is a major factor in the ability of a structural steel framing system
to resist and respond to extreme events. Unanticipated loads are often
experienced by the structure in an extreme event, and in many cases, this
is not just an increase in an anticipated load but rather the structural
member unexpectedly transitions from being in compression to being in
tension. Steel’s equal ability to handle compressive and tension loads helps
to mitigate any failure that may result from this condition.

A tragic example of an extreme event resulting in a building failure
and significant loss of life was the collapse of the Murrah Federal Building
in Oklahoma City, Oklahoma, resulting from a terrorist bomb blast. A
FEMA study of the failure (FEMA 277) (FEMA 1996) concluded that
several factors contributed to the cause of the progressive collapse,
including the lack of continuous reinforcement in the concrete transfer
girders and floor slabs, as well as the detailing of the concrete columns
that did not provide the redundancy and ductility required for the
additional demands on the columns (FEMA 1996). The National Institute
of Science and Technology (NIST) later conducted a study that
demonstrated that had the building been framed in structural steel, the
ductility and tensile strength of an equivalently designed steel column
would not have resulted in the failure of the critical column and
progressive collapse of the building (FEMA 2010).

2.5.3 Strength Predictability

The importance of material strength as a factor of resilience is confined
not to the strength alone but also to the predictability of that strength.
Structural steel is a manufactured product complying with an ASTM
standard specifying a minimum strength; therefore, when it arrives on the
project site, it is at a predictable full strength. This is not the case with
either concrete or wood. Concrete strengths are specified in the contract
documents, a mix design is determined, and the material is placed in a wet
state at the project site. The mix is typically designed to reach or exceed
design strength 28 days after placement, which is verified by a testing
service. During the 28-day period or following that period if the test
specimen fails to reach the design strength, the structure under construction
has a greater degree of vulnerability to the impact of extreme events
(Carter 2014). Wood is even more problematic in that the strength of a
single variety of wood can vary greatly based on moisture content, growth
patterns, and the alignment of the member with the grain of the wood.
This unpredictability is reflected in the large number of reduction factors
applied to wood strengths during design. With steel, the capacity you
want is the capacity you get.
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Modulus of Elasticity
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Concrete =1.5ksi
Wood = 3.5 ksi

Figure 2-5. Elasticity of materials.

2.5.4 Elasticity

Elasticity is the ability of a material to be deformed and return to its
original shape and maintain its material properties. The greater the
resistance to change, the greater the elasticity of the material and the
faster it returns to its original shape or configuration when the deforming
force is removed. In other words, elasticity is measured as the ratio of
stress to strain. For a given stress (stretching force per unit area), strain
(amount of deformation in the direction of the applied force divided by
the initial length) is much smaller in steel than in wood or concrete,
resulting in a higher modulus of elasticity and an enhanced capability for
handling extreme loads without cracking or permanently deforming
(Figure 2-5). Similarly, the ductility of a material such as structural steel
allows for the redistribution of forces to provide an alternate load path or
to accommodate displacements caused by extreme events (https://
physics.info/elasticity /).

2.5.5 Toughness

Toughness is a measure of the ability of the material to resist permanent
deformation, fracturing, and cracking. It can be best measured as the area
under the stress—strain curve (Figure 2-6). To be tough, a material must be
both strong and ductile. For example, brittle materials (like ceramics) that
are strong but with limited ductility are not tough; conversely, very ductile
materials (like copper) with low strengths are also not tough. To be tough,
a material should withstand both high stresses and high strains. In general,
strength indicates how much force the material can support, whereas

Strain

Steel

Concrete

Stress

Figure 2-6. Typical stress—strain curves showing difference in area beneath
curoves.
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toughness indicates how much energy a material can absorb before
rupturing.

Steel is a much tougher material than concrete. Wood toughness varies
greatly by species, water content, and the alignment of the grain, but even
the toughest of wood does not achieve the same level of toughness as
structural steel.

2.5.6 Combustibility

Materials that are “combustible” will burn, whereas materials that are
“noncombustible” will not burn. Structural steel and concrete are classified
by the International Building Code as noncombustible materials. Wood
and timber are classified as combustible materials because they can burn
(ICC 2015). Under extreme fire loads, concrete is subject to spalling,
exposing steel reinforcement, and as a result, concrete’s load-carrying
capability will be reduced. To overcome the loss of load-carrying capability,
an insulating covering may be placed around the structural steel to slow
the loss of strength, allowing occupant departure and providing time for
the fire to be extinguished. As the heat abates, the structural steel will
return to its full strength, allowing the effects of the fire to be mitigated and
the building returned to service. This is not the case with wood. Wood
burns. Even if it is argued that wood simply chars, the cross-sectional area
of the section is reduced, minimizing protection in the event of a
second fire and reducing the cross-sectional area available to carry
structural loads.

An unfortunate casualty of wood’s combustibility was the Da Vinci
apartment building in Los Angeles. In December 2014, the wood-framed
apartment building, still under construction, burned to the ground (Figure
2-7). After the massive blaze consumed the building, the only feature that
remained intact was the noncombustible steel-framed stairs (Los Angeles
Magazine n.d.).

When a building built from wood burns, the building burns. When a
building built from steel or concrete burns, the structure remains intact
while the contents of the building burn.

2.5.7 Resistance to Decomposition

All materials are at risk of decomposition over time. Environmental
factors such as humidity, moisture and air intrusion, mold, and mildew
can cause a structure to deteriorate. When selecting a material, it is
important to consider its resistance to decomposition in the climate zone
where the construction will occur.

Steel and concrete, unlike wood, are inorganic and will not provide a
source for mold, mildew, or structural deterioration (rot) to propagate. In
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Figure 2-7. Postfire photo of the Da Vinci Complex showing only steel stairs
surviving the fire.
Source: Courtesy of AISC, used with permission.

structures framed in either dimensional lumber or composite wood
materials, rot can compromise the structural integrity of the structures,
whereas mold and mildew compromise the health of the occupants.

One of structural steel’s major advantages, when compared with other
materials, is that steel will not absorb water in a flood situation or provide
a moisture reservoir after the event. This is in contrast to concrete where
all surfaces contain microcracks that can serve as paths for water to
migrate to the reinforcing steel inside the concrete, resulting in corrosion
of the steel and spalling of the concrete. Structural steel is not immune to
the impacts of water inundation as corrosion on the surface of the steel
may occur over time. Just as other materials may be able to mitigate the
consequences of water inundation, corrosion can be prevented from
occurring in locations where the structural steel may be exposed to
flooding or other possible corrosive factors as paint or galvanized coatings
can be applied that will provide protection. These coatings will provide
protection for an extended period that will often exceed the anticipated
service life of the structure. Corrosion detected on structural steel members
during regular maintenance inspections is a surface condition that does
not compromise the strength of the member. This corrosion can be
addressed by cleaning the steel and applying a protective coating such as
paint to the affected area (Troup and Cross 2003).

For a wood structure, decomposition can also be caused by pest
infestation. Termite damage to buildings in the United States results in the
loss of more than $5 billion annually (Orkin, https:/ /www.termites.com/
information/statistics /recent-statistics-about-termite-damage/).
Structural steel and concrete are not subject to termite and pest damage.
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In general, concrete decomposition such as spalling will require
rehabilitation, wood decomposition such as rot will require replacement,
whereas steel deterioration such as corrosion will require only maintenance.

2.6 INSURANCE CONSIDERATIONS AS A PARALLEL METRIC

Insurance policies are purchased by a building owner to cover damage,
replacement costs, and loss of use of the building in the event of a disaster.
Addressing resilience in the design of a building through a proper selection
of the structural frame using appropriate structural framing materials is
similar to purchasing insurance on the building (Wilson 2017). Spending
money up front to address resilience can mean the difference between
having a facility up and running shortly after a disaster or waiting months
for reconstruction. The best measure of resiliency then becomes a measure
of risk.

When determining how to quantify those risks, insurance rates based
on today’s market for Builder’s Risk (insuring the building during
construction) and All Risk (insuring the building after occupancy) are
good indicators. Insurance companies regularly assess the loss records of
buildings subject to both anticipated and extreme events and use those
studies to set their rates. For a given set of risks, a lower rate means less
likely damage and a lower cost of repair, providing an excellent proxy for
comparing the resiliency of different structural framing materials.

The simple fact is that the insurance rates for structural steel-framed
buildings are significantly lower than the rates for buildings framed in
wood or concrete. Figure 2-8 illustrates typical insurance rates per $100 of
value in today’s market for Builder’s Risk and All Risk insurance. These
rates represent costs for the same building in the same location, with the
only difference being the framing materials. According to Lauren Adami,
CRIS, Greyling Insurance Brokerage and Risk Consulting, the rates for
structural steel are consistently lower than the rates for wood or concrete,
both during and after construction.

These rates are established based on costs for the same building in the
same location and take into consideration the same external risk factors,
including future impacts related to climate change. For example, in Florida,
the risk could be based on calculations of a projected hurricane, storm
surge, or flood damage, whereas in California, risk could be assessed based
on calculations of projected earthquakes, wildfires, or mudslides. The rates
change based on the project location and the particular risks associated
with that locale and also depend on the project specialized features or
aspects. Even though rates vary by location and project, the general trend
is the same. Insurance rates for wood buildings are two to three times
higher than those for an equivalent structural steel-framed building and
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Builder’s Risk All Risk
During After
Construction | Occupancy
Wood $0.22 -80.27 | $0.20-50.25
Concrete $0.14 - $0.18 | $0.13 - S0.16
Structural | ¢ 686012 | $0.08-$0.11
Steel

Figure 2-8. Typical insurance rates by framing material type.

the rates for a concrete building are 1.5 times higher than those for a steel-
framed building. The difference is not the level of risk to the building from
an extreme event, but rather the resilience of the building in response to
that event. For a building valued at $100 million, the savings in insurance
costs over a 50-year period would be $6.75 million for a structural steel-
framed system when compared with those for a wood-framed system. The
actuarial studies of the insurance companies confirm that structural steel-
framed buildings are inherently more resilient than buildings framed in
wood or concrete.

2.7 CONTRIBUTION OF STRUCTURAL SYSTEM DESIGN
TO RESILIENCE

Structural framing systems can be designed to satisfy building code
requirements using structural steel, concrete, and wood. The central
purpose of building code provisions is to provide short-term human
survivability and safety in the event of an extreme event. A competent
structural engineer can accomplish this using structural steel, concrete, or
wood. A more central question is not only meeting design goals because
design goals can be accomplished using any of these materials, but the
efficiency of using that material in the design, the cost of the system, the
level of additional redundancy gained by the system, and the ease and
speed of repair if the structural system is damaged in an extreme event.

2.8 BUILDING RESILIENCE

When selecting a structural framing system and material, there are
many factors that must be considered.

2.8.1 Building Code Requirements

The resilience of a building’s structural framing system is a function of
both the material and the design of that system. Structural framing systems
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that meet the requirements of the building code can be built using steel,
concrete, or wood. The purpose of building code provisions is to provide
safety for occupants in the event of an extreme event. To ensure the best
possible outcomes, all buildings are subject to building codes, such as IBC.

Building codes do not directly address the resilience of the building by
referencing either a subjective evaluation of the 4Rs or an objective
evaluation of the time and cost of repair and recovery. IBC in Section 1604
states that the design of building structures and parts of the building must
consider strength, load and resistance factor, allowable stress, and
empirical design or construction methods as permitted by the material.

IBC Section 1604.5 begins to address the resiliency of buildings by
including enhanced design requirements for high-rise buildings in Risk
Categories III and IV (ICC 2015). In these cases, structural integrity is
evaluated independently. This means that deformations in the material are
allowed, as long as failure does not occur. The goal is to allow for the
redistribution of loads in the event of damage. This is possible to
accomplish using structural steel, concrete, or wood. However, the
question is not whether it is possible to accomplish this goal; the question
is, what is the most efficient way to meet this goal by maximizing the
design properties of the material specified in the design, getting the best
return on investment from the system, achieving redundancy, and creating
a system that is easy to repair after an extreme event.

When designing a structural framing system, there are two different
philosophies on how to increase the structure’s ability to handle extreme
events. They are commonly referred to as a bunker philosophy and a system
philosophy. The bunker philosophy attempts to handle an elevated level
of potential loads by increasing the mass of the structure (i.e., build the
bunker with thicker walls to handle larger forces applied to it). The increase
in mass requires an increase in materials and an increase in cost. The
system philosophy maximizes redundant load paths by using a material’s
natural ductility and reserve strength. During the design process, the
system approach can integrate serviceability considerations. This allows
for an emphasis on modularity and rapid repair.

A building designed following the bunker philosophy is not ideal
because it is incredibly difficult to repair. By contrast, the system approach
provides a technical solution that addresses the challenges of resilient
design. A system solution would provide multiple options for lateral load
resistance by utilizing a highly ductile environment that allows adequate
member deformation, while still keeping access to critical services intact
and operational. The design of a system with special connections and
buckling restrained braces as structural fuses allow a structure to withstand
an extreme event such as an earthquake or an event resulting from high
winds or a blast. If damage occurs to the structural system, these
components (the “fuses”) can be efficiently removed and replaced,
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returning the structure to full functionality in a short period of time
without major structure demolition or extensive retrofit.

It is not an efficient use of building materials if addressing the design
requirements of high-risk buildings requires a bunker-style solution
necessitating significantly increased material quantities. Increasing the
mass of a structure, particularly a concrete structure, to address the
challenges presented by extreme events is not an efficient solution. In
contrast, structural steel supports a multitude of design approaches and
innovative systems that address the challenge of resilient design from a
technical rather than an increased mass perspective. Steel provides
multiple options for lateral load resistance in a highly ductile environment
that allows adequate member deformation, while still keeping access to
critical services intact and operational.

An excellent example of a resilient structural steel framing system is the
Tesla battery manufacturing facility, the Gigafactory, in Sparks, Nevada.
The facility is designed with a fused rocking strongback frame that allows
the lateral system to accommodate great variations in building
configurations and equipment, while ensuring that the building will not
collapse and be readily repairable in a 2,500-year earthquake. The system
uses buckling restrained braces and Krawinkler Fuses for maximum
energy dissipation, while the strongbacks and foundations remain elastic
at full fuse yielding (Luth and Osteraas 2017).

In short, the bunker philosophy is a material-intensive solution and is
not ideal for most applications, whereas the system philosophy provides
a technical solution and is much more practical.

2.8.2 Design Redundancy

Unlike mix-dependent concrete or the variability of wood, structural
steel provides additional redundancy and performs in a consistent and
predictable manner as part of a structural system. Redundant load paths
because of steel’s natural ductility and reserve strength capacity provide
additional structural capacity and resistance. In the design process, shapes
are selected from a defined list; if load requirements fall in between two
shapes, the larger section is selected, which provides additional strength
beyond the basic design requirement. The design strength of the steel (F,
and F,) is not the actual strength of the steel; the average actual strength of
steel, which is greater than the design strength, can be estimated using the
R, and R, multipliers found in the AISC Seismic Provisions (ANSI/AISC
341-40) (AISC 2016b). Although these values should not be used in routine
design, they can be used to evaluate the resilience of the structure.
Additional strength is also gained when beams are selected based on
serviceability considerations of deflection criteria, floor vibration, or drift
rather than the design strength.
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2.8.3 Rapidity of Repair

To fully appreciate the required resiliency of a building is not only to
assess the level of damage and the cost of repairs but also to consider the
amount of time required to return the building to functionality. The time
required to return to full operation is a function of the criticality of the
services provided in the building, which should be taken into account in
the initial design of the building. The return of a building to functionality
may require the repair of the structural system, the replacement of
structural components, and the temporary removal of portions of the
structural frame to gain access to other building service components
requiring repairs or replacement. Unlike concrete framing systems that
would typically require demolition and replacement or wood systems that
face the challenge of replacing numerous structural members after a flood
or fire, structural steel can be strengthened in place through the use of
doublers and stiffeners, structural members can be added, and beams can
be penetrated to allow the addition of other services. All this can be done
using materials that are readily available through a network of local steel
service centers and fabricators.

2.8.4 Contributions of Structural Steel to Building Resilience

When determining resilience as it relates to the 4Rs, a defined resilience
scale is key. Without an appropriate scale, it is difficult for decision makers
to determine ways to efficiently and effectively compare alternate
approaches. The evaluation of resilience is a developing field with
proposed approaches falling under either a subjective or an objective
methodology.

Subjective evaluation of resilience ranks alternate design approaches or
plans against each of the 4Rs using a three-step ranking system: high,
medium, and low. The alternate design approaches or plans are then
assessed by the individuals involved based on their sense of the relative
merit of each of the 4Rs and a final rating given to each.

The objective approach to quantifying resilience takes one of two forms.
The first requires the individuals involved in assessing comparative
proposals or plans to prioritize each of the 4Rs on a 1 to 5 scale (robustness
and recovery might both be 5, whereas redundancy might be a 3, and
resourcefulness a 2) and then rate the level of each of the 4Rson a 1 to 10
scale. The priority level and rank are then multiplied for each R and added
together for the overall result.

A more analytical approach is to consider risk levels, cost of recovery,
and the length of time required for recovery for each type of extreme event.
For example, if the probability of a 6.0 seismic event was estimated to be
one occurrence every 50 years (0.02), the cost for repair to the building was
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estimated to be $10 million, and if the time of lost occupancy was 120 days
at a cost of $50,000 per day, then the resilience rating would be 0.02 *
($10,000,000 + 120 * $50,000) = $320,000. The overall rating would be the
sum of all possible events. Structural alternatives are then compared, with
the lowest value indicating the greatest resilience.

While this approach may seem arbitrary and overly complex, it is
exactly the same actuarial approach used by insurance companies to set
insurance rates for buildings.

In addition to the aforementioned 4R-based method, the US Resiliency
Council (USRC) has developed a rating system that addresses the
following:

e Multiple dimensions including safety, damage, and downtime;

e Hazard levels consistent with current codes to assess safety, and
possibly shorter return periods to evaluate damage and downtime;

e Rating symbols/indicators that communicate the level of
performance in a simple effective way;

e Quality control and qualification system;

e Requirement that licensed engineers produce ratings for commercial
buildings;

o Estimation of performance based on a defined, absolute scale rather
than relative only to other buildings; and

o Cost structure reflecting the level of evaluation necessary to prepare
the rating.

The rating system evaluates three categories: safety, repair cost, and
recovery. Each category is based on a 1 to 5 scale with 5 being minimal
impact in that category and 1 being maximum (Reis and Mayes 2015).

When the 4Rs, insurance rates, or the USRC results are looked at in the
context of the use of structural steel as a structural framing material, the
conclusion is clear—structural steel is an excellent choice as a structural
framing material.

2.8.5 Robustness

Buildings framed with properly designed structural steel framing
systems are robust and provide the necessary building skeleton for
the maintenance of building operations in the event of an extreme event.
The example previously cited of the Tesla facility is but one example. The
structural steel-framed Torre Mayor tower in Mexico City is one of the
tallest structures in Latin America at 55 stories and 774 ft. It was designed
with viscous damper technology in a patented diamond configuration.
One month after being occupied, it was subjected to a major seismic event,
the 7.5 Tecoman, Colinas earthquake. Not only did the building survive
undamaged, but the occupants did not even recognize that the earthquake
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had occurred (Rahimian et al. 2019). The robustness of the structural steel
framing system, coupled with the innovative viscous dampers, provided
the robustness required for the building to maintain all critical services
with no interruption of normal functions.

2.8.6 Resourcefulness

There are times when structural steel buildings and bridges do experience
damage from an extreme event. In those cases, it is critical that the resources
be available to quickly address and repair the damage. Structural steel-
framed structures address the issue of resources in two ways.

In the event of structural damage, it is critical to have rapid access to the
as-built, dimensionally accurate structural plans of the structure that
include not only the dimensions of the sections being used but also the
characteristics of these sections. AISC-certified steel fabricators create and
archive these material test reports on a piece-by-piece basis and project
drawings and/or models for every project they complete. This allows
repair activities to begin quickly and accurately.

Not only are plans available for structural steel-framed buildings, but
the resources required to repair the structures are also readily available.

Material required for the repair of a structural steel framing system is
stocked at service centers (steel warehouses) throughout the United States.
Approximately 70% of the structural steel sections and plate that is
purchased by fabricators for their regular use is purchased from a steel
service center. These service centers stock between a 2- and 3-month
inventory of structural sections (hot-rolled and hollow structural sections)
and plate, totaling well over a million tons of structural steel to address
project requirements (AISC 2018). This inventory is readily available for
use in repair and reconstruction activities. Many of these service centers
are a part of a larger national network allowing for quick acquisition of
required material. Typically, material sourced from a service center can be
delivered to a fabricator’s facility within a 24 h period.

Behind these service centers stand the mill producers of hot-rolled
structural sections, hollow structural sections, and plates that have
demonstrated the capacity to meet any anticipated demand requirements
of the current market. While mill deliveries typically take longer, as they
are based on published rolling schedules of families’ shapes, future rolling
schedules will be modified to meet market demand experienced for certain
sections at the service center level. In effect, the service center serves as a
shock absorber in the structural steel supply chain, guaranteeing rapid
delivery of sections and plates required for repair projects.

At the same time, there are more than 1,700 structural steel fabrication
shops located in the United States. Among these 1,700 fabricators are 990
facilities certified for the fabrication of buildings and 355 facilities certified



40 OBJECTIVE RESILIENCE

for the fabrication of bridges. The typical steel fabricator is a family-owned
business employing anywhere from 10 to 100 people (AISC 2018). Projects
may range from the fabrication of several tons of structural steel for a small
retail store, to 25 ton for a rural overpass, to tens of thousands of tons for
a large, high-rise structure or major bridge. These fabricators can address
emergency repair projects quickly and handle increased workload
requirements by working overtime, adding shifts, or subcontracting work
to other fabricators. It should be noted that structural steel is a strong,
light, and compact material that travels well. It is not unusual, for the
distance from the fabricator to a job site to extend for hundreds, if not
thousands, of miles. This immeasurable increases the pool of fabricators
available to address emergency repair projects.

As previously noted, the fabrication process for a building is driven by
plans developed and sealed by licensed structural engineers that specify
all design aspects of the structural components. This design activity is
required irrespective of whether the framing material is structural steel,
concrete, or wood. For a steel-framed system, material acquisition,
detailing, and fabrication will begin immediately on the receipt of the
approved plans. Fabrication and erection costs for structural steel vary
greatly based on the type of structure being constructed, the number of
pieces, local labor conditions, and the complexity of the connections. An
AISC member fabricator in the area of the project (a list of member
fabricators is available on the AISC website—www.aisc.org) or the AISC
Steel Solutions Center (866.ASK.AISC) is the best source for fabrication
costs for a specific project.

Many fabricators, both AISC members and nonmembers, have taken the
additional step of obtaining AISC Quality Certification. This program is
similar to an ISO certification program but specialized for the intricacies of
steel fabrication. Companies are audited on an annual basis; whereas the
program does not certify a product, it does verify that the fabricator has the
processes, equipment, manpower, commitment, and experience to perform
the necessary work and meet a minimum level of industry-accepted quality
standards. Currently, 990 fabrication facilities are building-certified, 353 are
bridge-certified, and 139 hold bridge and highway component certification.
Fabricator certification can be a recognized requirement for public projects,
including almost all bridges. A list of AISC-certified fabricators is available
at www.aisc.org/findcertification.

2.8.7 Recovery

The time required to recover from an extreme event is directly tied to
the robustness of the structure and the resources available for the repair.
The reality of the rapid recovery of structural steel-framed buildings and
bridges is best illustrated by the example of the MacArthur Maze.
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Phaoto credit: Lacy Atkins / San Francisco Chronicle / Polaris §

Figure 2-9. MacArthur Maze after failure.
Source: Courtesy of Lacy Atkinson/San Francisco Chronical/Polaris, used with
permission.

The MacArthur Maze is a large freeway interchange at the east end of
the San Francisco-Oakland Bay Bridge (Figure 2-9). On April 29, 2007, a
tank truck carrying 8,600 gal. of gasoline overturned and caught fire
beneath one of the ramps of the interchange. The petrochemical fire
weakened the steel structure supporting the roadway, resulting in a
collapse of the ramp connecting I-80 east to I-580. The original cost
estimate for repair of the ramp was $10 million and a schedule that
required the roadway to be out of service for several months, resulting in
significant out-of-pocket costs to commuters and municipal agencies that
provided free transportation on the local BART system. The State of
California projected that the economic impact of the road closure was
$6 million per day. Contrary to the initial cost and schedule estimates, the
roadway was placed back in service on May 24, less than 30 days after
the original accident at a cost below the original budget estimates (the
actual winning bid was $876,075 with an incentive of $200,000 per day if
the work was completed before June 27). This rapid recovery after an
extreme event was accomplished because the material and labor resources
required for completing the project were immediately available.
Engineers were prepared to address the design issues on an accelerated
schedule, a contractor with significant experience in rebuilding damaged
expressways had an existing relationship with Caltrans, and the material
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(steel) and fabrication resources were readily available to the project
team (Tradeline n.d.).

2.8.8 Redundancy

Unlike mix-dependent concrete or the variability of wood, structural
steel provides additional redundancy and performs in a consistent and
predictable manner as a structural system. Redundant load paths because
of steel’s natural ductility and reserve strength capacity provide additional
structural capacity and resistance. The ability of structural steel-framed
buildings to redistribute load has resulted in buildings with severe damage
not failing or providing additional time for building occupants to exit the
structure (Marchland and Alfawakhriri 2004).

Substantial research is currently being performed relative to the
structural design of buildings to further improve the redundancy of
structural steel framing systems, particularly in seismic regions (Simpson
2018). This work will further enhance structural steel’s inherent redundancy
and load-transferring abilities.

2.9 CONTRIBUTION OF STRUCTURAL STEEL TO COMMUNITY
RESILIENCE

Obviously, the greatest contribution of structural steel framing systems
to community resilience is the ability of a structural steel frame to withstand
and recover from an extreme event, thereby keeping the building in service
and benefiting the overall resilience of the community. However, beyond
just maintaining building function, structural steel also brings other
benefits to community resilience.

Extreme events that impact an entire community rather than just a
single building generate significant amounts of waste. The majority of this
waste is wood. Wood waste will be either burned or landfilled. Although
some wood waste is reused or recycled in the normal construction cycle, it
is most likely that the wood waste resulting from an extreme event will not
be suitable for reuse. Burning or landfilling wood releases greenhouse
gases into the atmosphere. Burning also generates particulate matter
harmful to human health (EPA 2021). Landfilling requires sufficient landfill
volume to be available to handle the increased flow of waste. While
concrete may be crushed and down-cycled for use as a road base, a
significant portion is also landfilled. Structural steel, on the contrary, is a
fully recyclable material with an active market for its sale; it will not end
up in landfills but will be returned to steel mills for recycling into new steel
products. It will not be a burden on the community as the community
seeks to rebuild (Figure 2-10).
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End-of-Life Scenarios
What happens to a building’s structural frame once it is demolished?
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Figure 2-10. End-of-life destination by material.

When structures have to be renovated, remodeled, or rebuilt after a
devastating event, utilizing a material that can be reused or recycled
becomes beneficial from a cost, convenience, and sustainable standpoint.
Materials, such as structural steel, that can be quickly retrofitted, replaced,
and eventually recycled make a positive impact on the environment and
community. A full 100% of deconstructed structural steel frames can be
recovered and recycled for the production of new steel. Currently,
domestically produced structural steel has an average recycled content of
93% and a recovery rate of 98%.

2.10 DELICATE BALANCE OF RESILIENCE AND SUSTAINABILITY

It would be shortsighted to end this discussion of structural steel and
resilience without addressing the topic of sustainability. Although
resilience and sustainability are separate topics and issues, a significant
amount of overlap exists between the two. A building or a bridge that is
not resilient is not sustainable. The demolition of the damaged structure
will generate waste and the reconstruction of the building or bridge will
require resources and energy, the production of which will generate
environmental impacts. On the flip side, a building or bridge that is not
sustainable cannot be considered resilient in that it will have a shortened
life expectancy, higher maintenance costs, and harmful impacts on the
community of which it is a part.

If increasing the resilience of a building means significantly increasing
the mass of the framing system resulting in an increase in environmental
impacts, then that solution is not a sustainable solution.

If increasing the sustainability of a building means selecting building
products with lower environmental impacts but sacrificing robustness,
resourcefulness, recovery, and redundancy, it is not a resilient solution.

Structural steel contributes not only to the resilience of buildings but to
their sustainability as well.
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Structural steel has long been considered the premier green construction
material, and the structural steel industry continues to improve its leading
environmentally friendly position by further reducing greenhouse gas
emissions. Although numerous legislative and regulatory efforts in recent
years have targeted emissions, energy efficiency, and related environmental
concerns, the structural steel industry has been proactive in pursuing
measures of its own that typically exceed regulatory requirements.

2.10.1 Recycled Content

The recycled content of structural steel can be as high as 100% for steel
produced using the electric arc furnace (EAF) method of production. All
domestic hot-rolled structural shapes are produced using the EAF method.
A limited amount of virgin material (iron ore and alloys) may be added
during the process to achieve the proper metallurgical balance required for a
particular grade of steel resulting in an average recycled content of 93% for
hot-rolled structural shapes. Hollow structural sections (HSS) are produced
in a secondary process using hot-rolled coil formed into the tube shape. The
hot-rolled coil can originate from either an EAF mill or a mill using a basic
oxygen furnace (BOF). If the material is from an EAF mill, the recycled
content will be in the 90% to 100% range. If it is from a BOF mill, the recycled
content will be near 25%. Plate can also be produced in an EAF or a BOF mill,
resulting in recycled content levels similar to those of HSS (AISC 2017a).

2.10.2 Recyclability

Irrespective of whether the structural steel originated from an EAF or a
BOF mill, all structural steel is 100% recyclable. In fact, all steel products
are recyclable. The steel used in an automobile can be recycled into the
steel used in an appliance, which, in turn, can be recycled into a steel beam.
It should be noted that this is true recycling without any loss of the material
properties of the steel. Other materials are primarily down-cycled such as
concrete into road base, not back into new concrete.

2.10.3 Recovery Rate

It is one thing if a material is recyclable, it is another thing altogether if
the material is actually being recovered and recycled. By weight, 81% of all
steel products reaching the end of their life are recovered for recycling.
This includes 85% of automobiles, 82% of appliances, 70% of containers,
72% of reinforcing bar, and 98% of structural steel. The recycling rate for
structural steel far exceeds the recycling rates of aluminum, paper, or
wood. Recycling one ton of steel avoids the consumption of 2,500 Ib of iron
ore, 1,400 1b of coal, and 120 Ib of limestone (AISC 2017a).
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2.10.4 Reuse

Structural steel can not only be recycled but can also be reused without
recycling. At the present time, only a small amount of recovered structural
steel is refabricated and directly reused in new building projects.
Appendix 5 of The Specification for Structural Steel Buildings (ANSI/AISC
360-16—available for free download at www.aisc.org/specifications)
contains the testing requirements’ evaluation of the properties for steel
being recovered and reused (ANSI/AISC 360-16) (AISC 2016a).

A significant amount of structural steel is reclaimed from the waste
stream of deconstructed buildings and industrial facilities for reuse in
nonbuilding applications such as pipe racks, shoring, and scaffolding.
Industrial steel structures are at times disassembled at one location for
reinstallation and reuse at another location, an opportunity not available
with other framing materials.

2.10.5 Waste Generation

All steel waste from the production, fabrication, or erection process is
captured and recycled into new steel products. A recent survey of 900 steel
fabricators indicated that not a single fabricator sends steel waste to a
disposal facility. The rationale expressed by the fabricators was
straightforward, “Why would we pay to send waste to a landfill when it is
possible to sell the scrap to a dealer who will pick it up at our facility.”
Nonferrous waste generated in the fabrication process is minimal and
limited to miscellaneous trash. All waste, including dust at the mill
facilities with any ferrous content, is immediately recycled into the steel
production process. Nonferrous waste is sold as by-products for other
industries to use in their manufacturing processes. An example of the
efficiency of the producing mills is highlighted at one facility where intact
discarded automobiles are brought to the mill, shredded with the waste
separated by material with the ferrous scrap flowing to the mill and
nonferrous materials sold to waste processors, resulting in less than 1% of
the original waste stream (the automobiles) transported to a landfill
(Montalbo and Thinkstep 2017).

2.10.6 Water Consumption

Water consumption and discharge are minimal at mill facilities. While
several thousand gallons of water are used to quench the molten steel
sections (quenching not only cools the steel but also increases the strength
of the steel), less than 70 gal. of water is actually consumed. The remaining
water is recycled in a closed-loop recycling process and reused in the
process.
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2.10.7 Energy Consumption

The melting of steel scrap in an electric arc furnace is an energy-intensive
process. The environmental impacts associated with the electricity required
for this process are included in the life-cycle assessments and environmental
product declarations for structural steel products. Unlike concrete in which
a significant amount of greenhouse gas emissions occur as a function of the
calcification process of the concrete, the greenhouse gas emissions
associated with steel production are related to the external energy being
used. This is significant as the environmental impacts associated with steel
production are directly proportional to the emissions associated with
electricity production. As renewable energy becomes a higher percentage
of overall electricity production, the environmental impacts associated
with steel production will decrease.

Interestingly, most structural steel mills utilize dispatchable energy con-
tracts and attempt to schedule their melts to correspond with periods of
low electricity demand using what could best be called “waste electricity.”
Waste electricity is the electricity being generated during nonpeak periods
when coal-fired facilities cannot be easily cycled down to lower levels of
generation because of the increased emissions that occur during the cycling
process. The steel industry does not take any credit against the environ-
mental impacts of structural steel for using this waste energy.

2.10.8 Offsite Fabrication

Sustainability is more than just inventorying environmental impacts.
The triple bottom line of sustainability also includes both economic and
social impacts. The fact that unlike wood or concrete in which only a
limited amount of prefabrication takes place, all structural steel is
fabricated in fabrication shops rather than at the project site. Offsite
fabrication results in social benefits, including improved worker safety and
a centralized work location, minimizing the requirement to travel to
various project sites. With fabricated structural steel, the product goes to
the project site rather than the workers. Although the erection of the
structural steel frame requires a field crew, the size of a steel erection crew
is significantly smaller than the number of workers required for stick-built
wood or formed cast-in-place concrete structures.

2.11 ENVIRONMENTAL PRODUCT DECLARATIONS
An analytic presentation of the environmental impacts of structural

steel can be found in the environmental product declarations (EPDs)
published by AISC on behalf of the structural steel industry (EPDs for
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fabricated structural steel products are available at www.aisc.org/epd). A
separate EPD is available for fabricated hot-rolled structural sections,
fabricated hollow structural sections, and fabricated plates. These EPDs
satisfy the requirements of various standards and rating systems, in that
they document the environmental impact of these products as delivered to
the project site. EPDs published by mill producers reflect only the impacts
from the cradle-to-gate of the mill. The industry average EPDs, which are
available at www.aisc.org/epd, document the environmental impacts
from the cradle of the mill to the gate of the fabricator. The EPDs are based
on life-cycle assessment data provided to an independent consultant for
both mill and fabricator activities and have been peer-reviewed by a third-
party reviewer.

The environmental impacts associated with a product are a function of
the use of that product in a building system. The functionality of one ton
of hot-rolled structural sections is not the same as the functionality of one
ton of plate or one ton of hollow structural sections. The standards
governing the development of life-cycle assessments and environmental
product declarations require that language be included instructing the
user not to use the data to make comparison across product categories
(Figure 2-11).

These results are industry average values that include fabrication.
Different mill producers may opt to determine producer-specific LCA
values that will be published in producer-specific EPDs. These EPDs may
or may not include fabrication impacts. Fabrication impacts are also
calculated on an industry average basis and are determined by a detailed
survey of over 300 AISC full-member fabrication firms.

However, the results for similar products can be instructive. For
example, recent studies have shown that the global warming potential for
hot-rolled structural sections produced in China is three times that of hot-
rolled structural sections produced in the United States (AISC 2018).

It is important to realize that industry average values for fabrication give
a clearer view of the environmental impacts associated with fabrication
than could be obtained from fabricator-specific values. Each structural steel

All values are in kilograms per
tric ton

Fabricated Hot Rolled
Sections

Fabircated Hollow
Structural Sections

Fabricatred Steel Plate

Global Warming Potential (GWP)

1.22E+03 COeq

1.99E+03 CO; eq

1.73E+03 CO; eq

Ozone Depletion (ODP)

1.63E-09 CFC-11eq

1.62E-09 CFC-11 eq

1.62E-09 CFC-11 eq

Acidification (AP)

2.98E+00 50, eq

4.34E+00 50, eq

3.76E+00 50, eq

Eutrophication (EP)

1.56E-01 N eq

2.34E-01 N eq

1.91E-01 Negq

|Smog Formation Potential (SFP)

4.58E+01 Oy eq

7.54E+01 0, eq

5.78E+01 0, eq

Figure 2-11. Domestic environmental impacts of 1 metric ton of fabricated
structural steel (2020 data).
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building project is a unique set of products (beams, columns, and so on)
that require different levels of fabrication operations. If for the year under
study a structural steel fabricator is involved in a series of steel-framed
parking structures that utilize 60 ft beams that require minimal fabrication
for connections, then the environmental impacts on a per ton basis will be
low. If that same fabricator a year later is working on a specialized project
with a large number of short sections requiring complex connections, then
the environmental impacts on a per ton basis will increase dramatically.
Fabricator-specific impact data are misleading, and no attempt should be
made to select a fabricator for a project based on environmental impact data
as these data are project-dependent (Cross 2018).

2.12 CONCLUSIONS

Material selection for a building’s structural framing system impacts the
resilience of the structure by reducing the risk associated with the ability of
the structure to absorb and recover from the stress of an extreme event. The
reduction of risk can be measured by an evaluation of the 4Rs (robustness,
resourcefulness, recovery, and redundancy) and/or evaluating Builder’s
Risk and All Risk insurance premiums. Of all the materials used for
structural framing systems, structural steel is the material of choice based
on the application of those metrics, which has been demonstrated by
consistent resilient performance in the face of extreme events. These lower
rates and the greater resilience of buildings built with structural steel can
be attributed to structural steel’s inherent durability, strength, elasticity,
noncombustibility, and resistance to decomposition. It is further aided by
the capability of structural steel framing systems to resist extreme loads, be
rapidly repaired, and adapt to changing structural requirements. At the
same time, structural steel framing systems provide a proper balance
between the sometimes competing desires of sustainability and resilience.

2.13 RECOMMENDATIONS

The selection of a structural framing material directly impacts the
resilience of buildings and the communities of which they are a part. To
effectively make that selection, the following recommendations are
suggested for structural engineers and architects designing buildings and
bridges:

o Evaluate the required level of resilience of the structure in the context
of the community in which it is located.
o Identify the “stressors” prevalent in the area of the project.
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e Determine key material criteria required to efficiently and effectively
address the identified “stressors” including the sustainable
characteristics of the material.

e Based on the selected material, develop a series of alternate framing
system approaches to address the potential impacts of the “stressors”
on the structural frame.

o If structural steel has been selected as the framing material for the
project, engage a structural steel fabricator in the project area to gain
insight into the fabrication cost of each alternative, the availability of
materials both for initial construction and for potential repairs in the
future, and the ability to access potential failure points within the
structure in a rapid manner.

e Develop a detailed framing plan implementing the optimum
approach to addressing the “stressors” present.

e Evaluation of the proposed structural system should be performed
taking into account the actual average strength of the steel rather
than the design strength and potential alternate load paths in the
event of extreme loads being applied to the structure.

o Include with final project documentation all structural drawings,
models, construction photos, and a report addressing the redundancy,
availability of resources, and reparability of the structure. Ensure that
as-built drawings are available, which will be very valuable in rapid
fabrication in case of an extreme event.
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CHAPTER 3

MONITORING FOR RESILIENCE IN HIGHWAY
BRIDGES

Raimondo Betti

3.1 INTRODUCTION

3.1.1 Resilience Definitions

At a time when major environmental catastrophes such as hurricanes,
floods, earthquakes, tsunami, and so on seem to repeat on a yearly basis
and to affect larger sectors of our society, it has become of paramount
importance to address the issue of the resilience of our transportation
system. Defining resilience is already a difficult task on its own: since one
of the earliest definitions of resilience given by Manyena (2006) as the
“intrinsic capacity of a system, community or society predisposed to a
shock or stress to adapt and survive by changing its non-essential attributes
and rebuilding itself,” there have been many attempts at providing a
definition of resilience that is general enough to include all possible
situations, from a single element (e.g., a bridge or building) to a network
of elements or system (e.g., state-owned bridges), to multiple systems (e.g.,
transportation infrastructure, including roads, railroads, airports), to entire
communities. Currently, there are two widely used definitions of resilience;
see the National Infrastructure Advisory Council (NIAC 2009) and the
National Security Council (NSC 2011). In the 2009 report titled “Critical
Infrastructure Resilience,” the National Infrastructure Advisory Council
defines infrastructure resilience as “the ability to reduce the magnitude
and/or duration of disruptive events. The effectiveness of a resilient
infrastructure or enterprise depends on its ability to anticipate, absorb,
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adapt to, and/or rapidly recover from a potentially disruptive event.”
Such a definition of resilience is linked to three critical components:

1. Robustness: ability to maintain critical operation and functions during
crises,

2. Resourcefulness: ability to skillfully prepare for, respond to, and
manage a crisis or disruption as it unfolds, and

3. Recovery: ability to return to and/or reconstitute normal operations
after a disruption.

The definition of resilience that the National Security Council provides
in its 2015 National Preparedness Report is along the same lines as the one
of the NIAC, defining infrastructure resilience as “the ability to adapt to
changing conditions and withstand and rapidly recover from disruption
due to emergencies.” With this goal in mind, five different mission areas
were identified:

1. Prevention: capabilities necessary to avoid, prevent, or stop an
immediate threat,

2. Protection: capabilities necessary to secure the homeland against acts
of terrorism and man-made or natural disasters,

3. Mitigation: capabilities necessary to reduce loss of life and property
by lessening the impact of disasters,

4. Response: capabilities necessary to save lives, protect property and the
environment, and meet basic human needs after an incident has
occurred, and

5. Recovery: capabilities necessary to assist communities affected by an
incident to recover effectively.

These two definitions differ in their main categorizations of the
components that fall under the umbrella of resilience: while the former
includes only three main resilience components, the latter includes five
main resilience components. However, the subcomponents of both
definitions are basically the same.

Recently, Ettouney and Alampalli (2011) provided a more comprehensive
definition of resilience by introducing a fourth critical component to those
used in the NIAC (2009) definition. They augmented the three critical areas
of robustness, resourcefulness, and recovery with

4. Redundancy: ability to have backup resources to support the originals
in case of failure.

This is an extremely important component, not highlighted in the other
two definitions, for quantifying resilience in civil infrastructure systems.
In fact, such systems, for example, either a single bridge or a network of
bridges, are designed with a high level of redundancy, but because of a
variety of factors linked to environmental and aging conditions, such
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redundancy level tends to decrease over time. Hence, it becomes extremely
important to account for the current level of redundancy when evaluating
the resilience of a single structure or of an infrastructure system.

Such a definition, including robustness, resourcefulness, recovery, and
redundancy, is also known as the “4Rs” of resilience, after Ettouney and
Alampalli (2011), and it is the one adopted in this chapter. It is obvious
from this definition that talking about the resilience of a structure or of an
infrastructure system (or even of a network of infrastructure systems)
requires a multidisciplinary approach where engineering solutions are
evaluated through economic and societal lenses.

3.1.2 Monitoring of Highway Bridge Resilience Components (4Rs)

In this chapter, we will focus our attention on the importance of
monitoring in the assessment of the resilience of highway bridges, a
component that is fundamental within the robustness aspect of resilience,
because it is through monitoring the structural performance in operational
conditions and/or during single extreme events that it is possible to assess
the current structural conditions necessary to estimate the system’s
robustness and redundancy, the allocation of human, technical, and
economic resources, and the potential recovery time.

Roadway bridges represent the backbone of the US transportation
infrastructure. With more than 610,000 road bridges that carry more than
90% of the nation’s supply chain, the roadway infrastructure is vital for the
well-being and prosperity of our society. However, almost 40% of these
bridges are approaching the 50 year mark of service life, whereas about
10% of the entire road bridge inventory is considered to be “structurally
deficient” (ASCE 2017). According to the 2017 ASCE Infrastructure report
card, the estimates of the backlog of the bridge rehabilitation needs
approach $123 billion. With such a large number of bridges approaching
their service life, such bridges become vulnerable not only to extreme
events, as originally intended, but also to regular daily operations. For
example, increasingly heavy truck loadings have been found to directly
affect the service life of highway bridge superstructures. Damage typically
occurs in the bridge deck and the main superstructure elements, including
floor beams and girders, diaphragms, joints, and bearings. With the rapid
growth of highway transportation, the increasing frequency of passing
heavy trucks contributes to fatigue damage.

Another factor that strongly affects the resilience of highway bridges is
the aging of such bridges, with consequent deterioration of the mechanical
properties of the materials. Over the course of decades of service life,
corrosion of web and flanges in steel bridges and rebars in concrete bridges,
often undetected when they occur in inaccessible areas of the structure, has
dramatically reduced the capacity of such structures. As a result, bridge



56 OBJECTIVE RESILIENCE

maintenance becomes increasingly difficult and costly, because
maintenance, rehabilitation, and/or replacement become more frequent.

The chapter will first survey current monitoring techniques for highway
bridges. We then explore how some of these monitoring processes can be
applied to assess two of the resilience components: robustness and
redundancy, in real time (before, during, or after an event). We will then
show how those same monitoring processes can be used to enhance
recovery efforts. First, we will discuss recovery enhancement for situations
where recovery resources (human, equipment, etc.) are located only in a
single location. Then, we will show how monitoring techniques can be
used to optimize resource utilizations in the case of more than one location
for recovery resources.

The chapter concludes by offering some recommended best practices
for the stakeholders of highway bridges.

3.2 STATE-OF-THE-ART IN MONITORING HIGHWAY BRIDGES

Roadway bridge infrastructure is among the most critical infrastructure
systems in a modern society and, in particular, in the United States. Any
disruption of service in highway systems in metropolitan areas because of
repair or rehabilitation work can have severe repercussions on the
population not only of the city itself but of the entire region, and, therefore,
roadway bridge infrastructure must be carefully planned ahead of time.

In assessing the resilience of such a complex system, the importance of
correctly assessing the robustness of each single bridge in its entirety as
well as that of its components is evident. In addition, because the roadway
bridge infrastructure system is an intricate network of regional, state, and
federal networks, the resilience of the network itself at these different
levels must be considered, bringing to the table different local, state, and
federal stakeholders, with the understanding that it is the weakest link
(either a component in a single bridge structure or a bridge in a network
of bridges) that could alter the resilience assessment of a single bridge
and/or of a network of bridges.

It is then clear that the difficult task of determining the resilience of a
bridge (or of a network of bridges) is strongly dependent on having a
proper assessment of the current structural conditions, not of those at the
initial construction stage, and the first step to achieve this is to have a
reliable and properly maintained monitoring system. Today, thanks to the
advancements in sensing and computing technology, it has become
relatively inexpensive to install a monitoring system on a critical structure.
Bridges of a certain importance, for example, the Stonecutters bridge in
Hong Kong or the Jindo Bridge in Korea, have hundreds of sensors
permanently installed on different parts of the bridge and these sensors
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have been operational for a few years. This trend is slowly diffusing among
state and local bridge owners/engineers who, for example, are now
replacing (or augmenting) visual inspections with drone-assisted
inspections to allow visual access to remote parts of the bridge structure.
However, there are still barriers, mainly cultural, that prevent a full
spreading of monitoring initiatives to the broad transportation infrastructure
system.

Today, there are a variety of sensors/technologies that have been
applied in monitoring bridge structures. In Table 3-1, some of these
sensors/technologies are listed, also indicating the type of application
with which they can be used. Such technologies can be used either as
stand-alone or in conjunction with other technologies. For example,
acceleration time histories recorded at specific locations on bridges offer
insight into global bridge behavior, whereas strain gauges and /or acoustic
emission sensors provide information on cracking development in specific
structural components. However, while these monitoring systems can
generate a large amount of data, there are still difficulties in translating this
voluminous information into data that can be used by bridge owners in
their resource allocation and decision-making process.

Few sporadic examples of systematic monitoring programs on
highway bridges exist. An example is represented by the California Strong
Motion Instrumentation Program of the California Department of
Conservation, where a network of about 60 highway bridges has been
permanently instrumented with accelerometers. Being in active seismic
areas, bridges in California are frequently subjected to ground motion
excitation of different magnitudes, providing a wealth of data that can be
analyzed and used for structural assessment implementations. The data
collected by these sensors were used by Mosquera et al. (2012) to quickly
assess the structural integrity of a network of highway bridges after a
major seismic event. Having the possibility of analyzing records of the
ground shaking and of the bridge response at different locations and for
events of different magnitude allowed the researchers to develop strategies
to determine and quantify structural damage almost immediately after a
new seismic event and to use this information for a more effective
emergency and recovery plan.

Over the years, many highway bridges have been instrumented with
sensors on a temporary basis. These sensors, mainly accelerometers but
also strain gauges, tiltmeters, thermometers, and so on, were installed on
a given bridge and removed after a certain period of time. A classic
example is the old I-35 bridge in Minneapolis that collapsed in 2007: before
its collapse, this bridge had some strain gauges installed at some critical
locations that were in use for some time. Today, the new I-35 bridge has a
permanent network of sophisticated sensors that record the structural
response and environmental variables such as temperature at different
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Table 3-1. List of Sensors/Technologies that can be used in Monitoring

Highway Bridges.
Type of
sensor/
technology Type of measurement Possible use
Accelerom- Acceleration (in one or To update finite-element
eters three orthogonal models or to develop data-

Strain gages

Tiltmeters

Thermistors

Linear
variable
differential
transformers

Laser scan-
ning (LiDAR)

Global
positioning
system
Digital
cameras

Acoustic
emission

Resistivity
meter/half-cell
potential

directions) at the sensor
location

Elongation/contraction
at gauges location

Small changes on
inclination from the
horizontal /vertical
levels

Temperature

Linear position

Noncontact measure-
ment of the distance to a
target

Noncontact measure-
ment of the position of a
target on the structure

Videos/photographs of
the motion of a target
on the structure

Energy released by
crack openings

Resistivity /electrical
potential field in
concrete

based statistical models

To update finite-element
models, to assess crack propa-
gation in structural components

To measure foundation settle-
ments and/or rocking of the
piers

To account for thermal effects
on structural components

To monitor relative displace-
ments between a fixed point and
targets on structural components

To monitor bridge settlements
as well as cracking of structural
components and decks

To monitor displacements of
target points on the structure as
well as traffic conditions

To monitor displacements of
target points on the structure as
well as traffic conditions

To monitor crack propagation
in steel structural components

To monitor corrosion of rebars in
concrete decks
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locations (Linderman 2019). Another example of a sophisticated sensor
network installed on a roadway bridge is the one presented in the work by
Fraser et al. (2010): a 90 m long highway bridge in California was
instrumented with an accelerometer sensor array and an integrated camera
monitoring framework. Twenty accelerometers were mounted on the deck,
along the length of the bridge, while a high-resolution camera was installed
up a light post at the end of the bridge. With the data collected by this
system, they were able to correlate the bridge deflection with the traffic
loading.

Nowadays, new developments in digital photography are making it
possible to obtain measurements of the structural response at various
locations just by processing frames from videos recording by digital
cameras. With just one digital camera properly placed in the proximity of
the bridge, it is possible to record the time histories of displacements at as
many target locations along the bridge from just one video. This will make
the data collection phase very economical and easy to perform. As an
example of vision-based monitoring of highway bridges, Hou et al. (2002)
have used video recordings along a 20 mi highway corridor to integrate
the measurement of vehicular loads with data from structural health
monitoring (SHM) systems installed on two bridges so as to correlate the
peak bridge response to trucks” weight.

Modern iconic bridges, for example, cable suspension and cable-stayed
bridges, are being built today with extensive instrumentation systems
already installed, systems that provide a large amount of structural and
environmental data (Lus et al. 2002, Hong et al. 2011). In the past, isolated
monitoring campaigns were conducted on such bridges: usually,
accelerometers were placed on bridges for a limited period of time and
data were collected and analyzed. It is noteworthy that, thanks to these
iconic bridges, structural monitoring has undergone tremendous advances,
both in terms of hardware (sensors) development and in terms of
computational algorithms. However, a discussion on these bridges is
outside the scope of this chapter and, therefore, will not be considered any
further.

3.3 ROBUSTNESS/REDUNDANCY—TRADITIONAL STRUCTURAL
HEALTH MONITORING

As previously mentioned, determining the resilience of a structural
system or of a network of systems requires the assessment of the current
conditions of the system. To this end, the first step in this direction is to
monitor the system’s performance during service operations: once the
monitoring system has been installed on a bridge, measurements of the
structural response (displacements as well as accelerations, elongations,
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and so on) at different locations are recorded during regular operational
conditions and during extreme events such as earthquakes or windstorms.
These data, usually time histories of the structural acceleration and/or
displacement, are then processed by the engineer to provide a more or less
accurate description of the bridge in its current condition. It is a sort of
“system identification” in which, chosen a certain model as representative
of the structure in question, its parameters are identified based on the
information provided by the recorded data. Once this information becomes
available, the engineer can then assess whether the bridge in question has
suffered any substantial damage, or it is still in satisfactory working
condition.

All the identification methodologies can be classified into two major
categories, depending on the way they operate on the measurement data:
(1) Those methods that perform their analysis directly in the “time”
domain, for which natural frequencies, damping ratios, and mode shapes
are by-products of the identification process; (2) those methods that
translate the analysis into the “frequency” domain, where the natural
frequencies, damping ratios, and mode shapes are the primary parameters
of the identification process. Another classification of these methodologies
is based on whether the methodology identifies a model that is
characterized by physical parameters, such as stiffness and mass, or the
model is described by a mathematical expression whose unknown
coefficients have no physical meaning: obviously, from the point of view
of structural condition assessment, the “physics-based” models are
preferable because, in bridge engineering practice, it is usually accepted
that structural damage is linked to a loss of stiffness (e.g., cracking,
spalling, scour, and so on), and so, such models directly provide useful
indication on the occurrence and location of damage.

One of the most common approaches for the identification of a reliable
model of a highway bridge is called “model updating” in which an initial
model of the bridge, usually a finite-element model, is created and updated
using the results of the recorded data analysis. Although there are various
forms of model updating, the updating process is always conducted
following this general scheme (Figure 3-1):

1. First, the data recorded in the field are analyzed; for example, from
the time histories of the structural response, the power spectral
density functions can be obtained and characteristic structural
parameters such as natural frequencies, damping ratios, and mode
shapes are extracted.

2. Atthe same time, an initial FE model of the structure is created, using
all available information from blueprints, photos, and construction
records, and the same structural parameters (e.g., natural frequencies,
damping ratios, and mode shapes) are obtained from it.
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Figure 3-1. Finite-element model updating: Overall strategy.

3. Because, almost certainly, there will be a mismatch between the
parameters obtained from the data analysis and those derived from
the numerical model, some material and/or geometric characteristics
(e.g., Young’s moduli of the different materials, moments of inertia
and areas of beams and columns, etc.) of the FE model will be
adjusted so as to minimize the mismatch between the estimated
parameters and the initial FE model parameters. At this point, an
updated FE model of the structure will be obtained.

This is an iterative operation that requires the definition of the functional
operator that needs to be minimized: this functional usually contains, in
different forms and combinations, the errors between recorded and
computed natural frequencies and mode shapes. Such operation is
basically an optimization process that will stop when the functional
reaches a minimum point, indicating that the updated FE model has now
dynamic characteristics (natural frequencies and mode shapes) that are
quite close to those obtained from the data analysis. This iterative
minimization process follows rules borrowed either from the mathematical
world (e.g., the steepest gradient) or from the “natural” world (e.g., genetic
algorithm, artificial bee colony, etc.). One of the main drawbacks of this
type of approach is that the iterative process might stop at a relative (not
absolute) minimum point: in this way, even though no further minimization
of the functional can be achieved, the FE model is not necessarily
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representative of the real structural system. Therefore, special attention has
to be paid to avoid this kind of intermediate solution.

After converging to a reasonable matching of the parameters, the final
FE model is now deemed ready to represent the structure in its current
condition and can be used for testing the structural performance against
several limit states. For example, for a bridge built in an active seismic
area, the FE model could be tested for limit states such as the following:

a. Its own weight only, DL;

b. Nominal live load condition, DL + «LL. The factor « can be chosen
by bridge officials, as deemed reasonable; and

c. Emergency and/or recovery equipment, ERL condition, DL 4 ERL.

Then, a decision can be made about the bridge being

a. Not safe for any traffic (or even failed) if it does not meet the under
the DL limit state;

b. Not safe for vehicles, if it does not meet the DL + oL limit state; or

c. Not safe for an emergency/recovery equipment if it does not meet
the DL + ERL limit state.

Among the time-domain approaches used in identifying the structural
properties, some algorithms that have been successfully used in the
analysis of bridges (including highway bridges) are based on the
identification of “black-box” models. The names of such models derive
from the fact that the parameters describing such models have no physical
meaning, and so, they cannot be directly used to determine whether and
where damage has occurred. However, such models provide excellent
input-output mapping, and so, they are capable of reproducing the
structural response to an external excitation very accurately. Although
quite different from one another in terms of the intermediate steps, all
these identification methods follow the same basic idea, that is, to project
the recorded time histories of the structural response on a vector space
whose unit vectors have some given properties. For example, some
methods provide a least-square solution (an orthogonal projection),
whereas others use the geometric tools of oblique projections on the
recorded data sets to obtain a set of matrices that, when multiplied by the
input time histories, provide an excellent estimation of the structural
response. As an application of such algorithms to bridges, Lus et al. (2002)
made a first attempt to use such computational techniques to identify a
linear, first-order model (“black-box” model) of the Vincent Thomas bridge
in Los Angeles, California, using the measurements of the ground shaking
and of the structural response recorded at various locations on the
superstructure recorded during the Whittier earthquake. The identified
matrices have no apparent physical meaning, but they provide an accurate
estimation of the natural frequencies, of the damping ratios, and of the
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mode shapes at the recorded stations. In addition, such matrices could be
used to estimate the maximum structural response at the monitored
locations for future ground shaking once the time history of the ground
motion for a future earthquake can be estimated.

Using the same identification methodology applied by Lus et al. (2002),
Mosquera et al. (2012) proposed an interesting framework to rapidly assess
the robustness of a network of highway bridges. They used low-level
vibration measurements recorded on a multitude of highway bridges to
determine high-fidelity first-order models of such structures using an
algorithm called observer/Kalman filter identification (OKID). This is a
quite efficient algorithm that requires no initial estimation of a model
(contrary to the FE model updating procedure) and relies only on the
recorded data of the input excitation (ground shaking) and of the output
(structural accelerations and/or displacements and/or strain gauges) to
determine a linear model of the structural system under consideration.
Using only the time histories of the measured input excitation and structural
acceleration at various locations, this algorithm provides a high-fidelity,
linear black-box model that maps the input excitation into the output space.
Having previously identified one of these models for each of the bridges in
the network using the low-magnitude earthquake data available, when the
record of the next seismic ground shaking becomes available, it is fed
through the various models (already available to the engineer) and, in a
very short time, the structural response at the different sensor locations is
predicted for each bridge with the underlying assumption that the structure
remains in the linear elastic range. If the predicted time histories of the
structural response match the time histories recorded during the latest
shaking, then the bridge can be considered undamaged (it remains within
the linear range of response), and so, it can be used for immediate
operations. Figure 3-2 shows the application of such a framework applied
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Figure 3-2. Comparison of the measured and predicted acceleration time histories
for the EI Centro-18/Meloland overpass.
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to the El Centro-I8/Meloland overpass, using the recorded structural
accelerations and ground motion from the Cerro Prieto February 6, 2008,
earthquake. A comparison of the time histories of the measured accelerations
at Channels 5 and 18 and those predicted using a black-box model identified
using the data from the Calexico, December 27, 2008, earthquake shows a
perfect matching between the two datasets. It could be concluded that the
model identified using the dataset from the Calexico earthquake accurately
predicts the bridge response during the Cerro Prieto earthquake, and so, it
can be assumed that no major structural damage has occurred.

On the contrary, if there is a mismatch between the recorded and the
predicted structural responses, such a discrepancy could be indicative of
the occurrence of structural damage, and in such a case, more in-depth
analyses are required. At this point, it would be necessary to evaluate an
updated FE model of the specific bridge that shows such a mismatch so as
to identify the level of damage and its specific location. In the work by
Mosquera et al. (2012), the FE model updating was accomplished by using
a genetic algorithm approach and selecting the elastic modulus and unit
weight of the concrete and the damping ratios as updating parameters.

In dealing with highway bridges, it is of great interest also to monitor
the performance of such bridges in operational conditions: these are
conditions that correspond to the regular everyday life use of the bridge
and are not related to a particular event (e.g., earthquake, hurricane). In
dealing with operational conditions, it is practically impossible to monitor
the external excitation, and so, identification methods have to rely only on
the measurements of the structural response. This limitation is quite
restrictive because of the lack of information of the input excitation and
prevents the engineer from identifying a full model of the structure.
However, a “partial” black-box model can still be identified from which it
is possible to extract information about the natural frequencies, damping
ratios, and mode shapes of the bridge. An example of such an approach is
the analysis presented in the work by Hong et al. (2011), where a framework
for predicting the wind-excited response of a newly built suspension
bridge was established by means of output-only identification and model
updating. The identification of the bridge’s natural frequencies and
damping ratios was conducted using a modified version of the stochastic
subspace identification, whereas the FE model updating was obtained by
minimizing a weighted sum of the errors of the natural frequencies.

Dealing with datasets related to operational conditions involves handling
data recorded over a long period of time, usually years. This allows
engineers to analyze data recorded from the bridge when exposed to
different environmental conditions, for example, summer versus winter.
Different environmental conditions might alter the dynamic characteristics
of a structure; for example, natural frequencies might vary up to 10% of
their original value and this might be read, from an untrained eye, as a
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Figure 3-3. Schematics of the Z24 bridge.

consequence of the occurrence of damage in the structure. An example of
such changes can be seen in the case of the identified natural frequencies of
the Z24 bridge in Switzerland, a reinforced concrete bridge that was
monitored for a year before being demolished (Figure 3-3). As for Tronci
et al. (2019), Figure 3-4 shows the identified first and second natural
frequencies of the bridge from the records spanning over 1 year of
operations. The two frequencies present a substantial variation in their
values in the 1,200 to 1,500 observation range: such a variation was found
to be related to extreme cold temperatures that dramatically affected the
stiffness of the pavement, inducing an increase in the structural frequencies.

6
fl
il 2
5514 ;'_I| |
I al
1 "y A

S Tl | L A " [ # LT
4.”_-.'_!{}.[‘!_”‘); \'r\- Ml A "'?‘-"‘“["‘w”\‘"—.lﬂ'ﬂ’rffi.rt"'*""'w. --.l.]‘{q'{'l'-h g W, Ik

Ui
H

5

Frequency [Hz]
=
-

1
W i

| S L
] Py et g -
bty (Lo ke ™ “""--q-.\_,.v,.-_-_*..,,,\.».\-ﬁh "'*rl"a"rqv""‘w;‘\
»

0 500 1000 1500 2000 2500 3000 3500 4000
Observation

Figure 3-4. Identified first and second natural frequencies of the 224 bridge
(Switzerland).



66 OBJECTIVE RESILIENCE

Tronci et al. proposed an effective mathematical technique, called
“cointegration” (Haichen et al. 2018), to eliminate the effects of the
temperature (and other unrelated disturbances) from the time histories of
the structural response. The effects of structural damage appear toward the
end of the two graphs in Figure 3-4, where a progressive damage imposed
on the bridge appears as a reduction of the identified natural frequencies.

Frequency domain methods rely on the use of some characteristic
functions, for example, the frequency response function or the power
spectral density function, that provide an indication of the frequency
content of the recorded signal. By identifying peaks and valleys of such
functions allows us to extract estimates of the natural frequencies, damping
ratios, and mode shapes. Among these methods, one of the most effective
is the frequency domain decomposition (Brincker et al. 2001), in which a
singular value decomposition of the power spectral density function of the
output signals is used to determine the dominant modes and the
corresponding frequencies. One of the drawbacks of the frequency domain
approach is the handling of closely spaced modes that require particular
attention.

3.4 USE OF STRUCTURAL HEALTH MONITORING TO
ENHANCE THE RECOVERY AND RESOURCEFULNESS
OF HIGHWAY BRIDGES

3.4.1 Overview

The previous section discussed the use of SHM techniques to monitor
two components of highway bridge resilience, specifically, robustness and
redundancy. In this section, we will show how the use of such SHM
techniques can be extended to enhance the other two remaining
components of resilience according to NIAC (2009): recovery and resource
utilization.

Let us start by observing that in a region that was subjected to a
catastrophic natural (flood, earthquake, hurricane, and so on) or man-
made (factory explosion, terrorist attack, and so on) event, response and
recovery efforts heavily rely on this region’s bridges and their connecting
roadway network. The response and recovery resources (human,
equipment, and so on) are usually located in different predesignated
locations and need to be dispatched to the various sites in the shortest
possible time. For example, the NYC Subway Action Plan (see MTA 2017)
calls for 12 prepositioned Emergency Medical Technician teams throughout
New York City for response during health emergency within the NYC
Subway system. When response/recovery efforts are called for, during or
after an event, the research/recovery resources will need to travel from
one or more of the prepositioned locations to the locations that need those
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response/recovery resources. The transportation of goods and personnel
from and/or to the sites of interest will be on the aforementioned bridge
and roadway network (not counting air or waterway transports) and it
will rely on the network’s functionality. For efficient transport, the network
will need to be in an adequate functional state; otherwise, response/
recovery efforts might be delayed or even at risk.

Formally, the problem can be stated as a resource allocation problem on
a transportation network. This is a well-studied problem; see the work by
Luss (2012). Given a set of resource locations that is scattered on a bridge
and roadway network, we need to find the optimal route from one, or
more, of these locations to a given point on the network (the location that
needs response/recovery help, e.g., the site of a flooding). In an emergency
situation, the metric of interest is the travel time: A quick response to an
emergency can result in fewer causalities in terms of human lives, better
confinement of the damage, more effective use of resources, and a
substantial reduction of cost. Hence, the goal is to optimize, in this case,
minimize travel time (and consequently, cost) from one or multiple
resource locations to the required point of interest. Unfortunately, there are
several factors that can affect travel time (they can be considered as
impedance factors). Among these impedance factors are travel distance
and the state of repair of the bridges and roads along the potential travel
routes. Minimizing travel distances within a network is a well-known
graph network problem (Deo 1974). However, these theories rely on
having a perfectly functional roadway network. Instead, minimizing travel
distances during or immediately after a major event also requires providing
information on the conditions of the network. Estimating, accurately, in
real time, or near real time, the state of repair, during or after a disaster, of
roads or bridges, either manually or using technological observations, is
quite challenging. For example, during or immediately after a major event
(e.g., major earthquake), accurate manual observations might not be
available until after some time. It is in these circumstances where SHM
processes can help in providing accurate estimates, which can enhance
optimizing search and recovery travel times.

Here, using a simple bridge network, we offer two specific examples on
how SHM efforts can help in such real/near real-time response/recovery
efforts. In the first example, we assume that there is only a single search/
recovery resource location, whereas the second example accounts for
multiple response/recovery resource locations.

3.4.2 Example: Use of Structural Health Monitoring to Enhance Recovery
with Single Resource Location (Nonredundant Resources)

As an example of how SHM can aid in recovery efforts, let us consider
the simple network shown in Figure 3-5. The network contains two nodes:
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| Recovery of Non-Redundant Resources
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Figure 3-5. Simple recovery routing network.

Bridge 2

Resource_1 and Destination. The two nodes are connected to two links: L,
and L,. The node Resource_1 represents a location where needed resources
during an abnormal event are located. These can be emergency resources
such as personnel and equipment, fire, or police resources. The Destination
node represents a location where help is needed during an abnormal event
such as a failed infrastructure, fire, or health emergency. We assume that
each of L; and L, contains (1) a set of roads with average travel times of
T; =25 min and T, = 50 min, respectively; and (2) a single bridge crossing
on each link, Bridge_1 and Bridge_2, respectively.

Furthermore, let us assume that, in normal conditions, the capacity of
each bridge to carry emergency equipment, as monitored by the SHM
systems previously described, is Cap, = 100% and Cap, = 100%, respectively.
Hence, both bridges, in their operational conditions, have a sufficient
capacity to sustain the emergency equipment loading.

Pre-event emergency/recovery routes: The relative impedance (costs) of
recovery routes along each of the links are, for Bridge_1,

C, =25 (3-1)

and, for Bridge_2,

C, =50 (3-2)

In this case, only the travel time will affect the link impedance. The
robustness of the bridges along the routes will have no effect on the costs
because both bridges are operating at full capacity (with regard to
emergency equipment travel). Thus, an operational control center that has
access to this information would easily determine that the optimal recovery
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route from Resource_1 to Destination should be along L;, because this would
result in the optimal (minimum) cost.

During- and Post-event Emergency/Recovery Routes: An abnormal event
affecting the region of the network might cause damage to one, or both,
Bridge_1 and/or Bridge_2, and such a damage might affect the optimal
emergency/recovery routing. Let us assume that, from the analysis, in real
time, of the data recorded by the SHM system during the event, it appears
that Bridge_1 has suffered some damage and its capacity has now been
reduced to Cap, = 75%, whereas Bridge_2 has not suffered any damage
(Cap, = 100%). This implies that Bridge 1 cannot carry emergency/
recovery equipment safely, whereas Bridge_2 is fully operational. Formally,
the cost of traveling along L, now becomes

Ci =00 (3-3)

Within the network, only Bridge_2 still has enough robustness to carry
emergency/recovery equipment in a safe manner. It is then obvious for the
control center in charge of the routing, equipped in real time with such infor-
mation, to decide that the optimal recovery route in this situation is along L,.

3.4.3 Example: Structural Health Monitoring Role in Optimal
Resource Management during Recovery (Some Redundancy
in Resources Exists)

In the previous example, we have considered the case where there is
only a single resource location in the network, and, as such, the network
had no resource redundancy. Nonredundant resources can have a major
negative effect on the resilience of such networks. For example, as in the
previous case, if an abnormal event caused the capacities of the two
bridges, as shown by an SHM process, to change such that Cap, = 75% and
Cap, = 90%, then the impedance of both the available routes become
infinite (C; = oo and C, = o0). This will render a resilience rating of the
network almost nil, because there are no available recovery routes from the
resource node to the destination node.

Let us now consider a more complex network where another resource
node, Resource_2, is available. For simplicity, we assume that the two
resource nodes are identical in capabilities. The network still has a single
destination node, destination. Table 3-2 shows the different possible paths
from the properties of the four possible combinations: resource nodes—
bridge—the destination node. Before the event, it is clear that the optimal
route is path i = 1: from Resource_1 to destination. After the event, the value
of SHM information and the added redundant resource node becomes
obvious because the optimal path now, as revealed by the SHM process in
real time, is path i = 4: from Resource_2 to destination (Figure 3-6).
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Table 3-2. Bridge Network Properties Before and After an Event.

Cap,, Bridge
capacity (%) C,, Path
according to relative
the SHM impedance
process (cost)
Travel
Route time, T; Before After Before After
ID, i Path, L, (min) event event event event
1 Resource_1-Bridge_1- 25 100 75 25 00
destination
2 Resource_1-Bridge_2— 100 100 100 100 100
destination
3 Resource_2-Bridge_1- 120 100 75 120 00
destination
4 Resource_2-Bridge_2- 70 100 100 70 70
destination

| Recovery of Redundant Resources |

‘0

Figure 3-6. Redundancy and recovery routing network.

Resource 1

Destination

Network Legend

Resource 2

Cost—Benefit of SHM during Recovery: At this point, it would be important
to conduct a cost-benefit analysis on the use of SHM to monitor the
robustness of the bridge network along recovery routes. The SHM cost
would be the actual monetary cost of building and maintaining the SHM
system and infrastructure, whereas the benefits would be the recovery
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routing time savings that were realized by using SHM observations. For a
general discussion on the cost-benefit of an SHM project, see Ettouney and
Allampealli (2011), whereas, for a detailed process of computing SHM cost—
benefit for the recovery phase of the resilience of infrastructure network,
see Ettouney (2022).

3.5 BEST PRACTICES FOR MONITORING RESILIENCE
OF HIGHWAY BRIDGES

In conclusion, it appears that it has become essential, in today’s time, to
take advantage of the advances in sensing technology in assessing the
actual conditions of highway bridges for estimating the resilience of entire
communities after major catastrophic events. Providing real-time
information on the safety of bridges and on their capacity to carry different
levels of loading will allow emergency operators to direct their resources
in more effective (and economical) ways. The following best practices
should be considered by engineers/owners/managers of roadway bridge
networks:

1. Incorporate SHM systems and processes on critical bridges along
major recovery/emergency routes. The cost of such systems is
relatively low compared with the initial cost of a new bridge or with
the cost of maintenance/rehabilitation programs. These systems
must be reliable and redundant so as not to lose valuable information
when needed, for example, for a sensor malfunctioning.

2. In a network of roadway bridges, it is important to monitor all the
bridges that are along major transportation arteries. This will
guarantee that, in the case of major catastrophic events, the structural
conditions of the main evacuation routes are immediately assessed.

3. Incorporate processes that can identify, in real time, the capacities of
bridges for at least three limit states (dead load, dead load + nominal
live load, dead load + nominal live load + emergency/recovery
equipment) as previously illustrated. These processes must provide
reliable answers in real time, leaving the details to in-depth analyses
that could be conducted at a later stage.

4. Perform a condition assessment of all the bridges in the network
routinely. This operation will have multiple benefits: (1) it will help
keep track of any modification occurring on a bridge because of
reasons different from a major event (the effects linked to
deterioration, e.g., gradual loss of prestressing, corrosion, fatigue,
etc.), having always the latest model available; (2) it will allow
engineers and owners learn about the structure, and so, to remove
the environmental/operational effects; and (3) it will help with
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long-term training of the engineers/managers in charge of emergency
operations.

5. In the condition assessment process, include information from
compatible databases. For roadway bridges, useful information can
be found in the National Bridge Inventory database (FHWA 2017).
These databases can complement the condition assessment process
done using the field data and help with the results of the analysis.

6. Incorporate redundant resource sources as pertinent. Having
resources allocated at different source points will offer multiple
solutions that could eventually become the sole solution in the case
of extended damaging events.
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CHAPTER 4

OBJECTIVE RESILIENCE MONITORING
FOR RAILROAD SYSTEMS

Katherine A. Flanigan, Marlon Aguero, Roya Nasimi, Fernando Moreu,
Jerome P. Lynch, Mohammed Ettouney

4.1 INTRODUCTION

4.1.1 Importance of Resilient Railroad Systems

Railroads (RRs) are a vital transportation system on which the national
economy is highly dependent. For example, it is estimated that the seven
largest RRs in the United States (the so-called Class I RRs) currently move
in excess of 1.2 million ton miles (1.75 million metric ton kilometers) of
freight per year (DOT 2015). Furthermore, 40% of the nation’s freight
tonnage is carried on rail (AAR 2015). Considering current trends, North
American RRs are projected to exceed their throughput capacities at many
network locations over the next 20 years, resulting in an urgent need for
advance planning of infrastructure expansion (FHWA 2006). Included in
the rail sector is passenger rail, which services the mobility of people. In
the United States, Amtrak supports long-distance rail travel with more
than 300 trains traveling over 22,000 mi (35,406 km) of routes daily; there
is an additional 29 light, 25 commuter, and 15 heavy rail agencies (Baylis
et al. 2015). Given the critical role that RRs (freight and passenger) play in
the economy, there is an urgent need to ensure that they are resilient
against hazards that can disrupt their operations. Railroads are regulated
by multiple federal agencies, including US Department of Transportation
(DOT) units such as the Federal Railroad Administration (FRA), the
Federal Transit Authority (FTA), and the Surface Transportation Board.
The Department of Homeland Security (DHS) is another key federal
agency that offers security and resilience oversight through the
Transportation Security Administration (TSA).

75
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Investing in a resilience strategy is a vital step toward ensuring the
continuity of RR operations when hazardous events occur. Major North
American freight RRs have been strategic in their investments, aiming to
ensure the resilience of their assets and networks (Baylis et al. 2015). These
investments are justified because they help RRs manage their risks and
ensure long-term financial stability for the companies and their investors.
Public-owned rail systems, such as commuter rail, also prepare for disruptive
events, but their investments in resilience preparation often lag private RRs
as other needs often demand resources ahead of risk management.

4.1.1.1 Resilience Definition. A key step in managing resilience is being
able to fully quantify what it means to be resilient. The National
Infrastructure Advisory Council (NIAC) defines infrastructure resilience
as the ability to anticipate, absorb, adapt to, and rapidly recover from
damage or stressors to reduce the duration and magnitude of diminished
operational levels (NIAC 2009). The time-based trajectory of operational
level (Figure 4-1) was first introduced by Haynes (M. E. Haynes, personal
communications, 2001) and then formalized by Bruneau et al. (2003). It
depicts performance as a function of time, Q(f), and has been used to
describe the nature of asset (or community) resilience before, during, and
after a disruptive event. Figure 4-1 applies conceptually regardless of
whether the “asset” under consideration refers to an infrastructure
component (e.g., bridge), a network system (e.g., an RR network inclusive
of track, bridges, stabilized slopes), or even larger communities. The first
portion of the functional resilience curve (Figure 4-1) represents the normal
operational level of an infrastructure asset. During this period, the asset
operates under its expected load profile and behaves as intended. If at
some point in time a disruptive event occurs, the asset likely responds with
some degradation in its performance, .. The change in the operational
level of the asset is relatively instantaneous (although it need not be and

Normal Loss of | Short-Term Long-Term
Performance : Function Recovery Recovery

Disruptive
Event
Occurs

Normal
Operations

Resume

Performance, O(¢)
Performance
Loss, o

| Recovery Time, T

Time, ¢

Figure 4-1. Classical functional resilience curve.
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can occur over some time frame, as shown in Figure 4-1) and represents a
fundamental change in the system, often in the form of damage to the
system. Figure 4-1 illustrates that maximizing asset resilience is equivalent
to minimizing the area Re= f(Q,t) which is the area between the
diminished operational level and the normal operating level starting when
the disruptive event occurs and ending when normal operations resume.
This is achieved by decreasing the initial reduction in performance, a,
decreasing the recovery time, T, and increasing the recovery rate.
Gerasimidis and Ettouney (2022) observe that all popular resilience
definitions exclusively include these two variables (i.e., performance level
and recovery time) and, as a result, call this high-level definition the
“universal” definition of resilience.

Beyond the universal resilience components, many authors have
identified second-tier components that control either performance, Q, or
time to recovery, T. NIAC (2009) introduced a set of subcomponents that
can be used to quantify resilience. NIAC identifies four subcomponents:
robustness, redundancy, resourcefulness, and recovery. These four
components, herein referred to as the 4Rs, can be evaluated objectively and
are related to the two universal resilience components, Q and T, where
R = £fi(Q,T),i=1,2,...,4. The robustness (R1) of the system corresponds to
how well designed the asset is to withstand a disruptive event; a more
robust asset will exhibit a smaller reduction in the operational level than a
less robust asset. Redundancy (R2) refers to internal functional elements that
can be engaged when primary functional elements are lost or degraded.
Redundancy can strongly influence the magnitude of operational-level
reduction during a disruption. Immediately following a disruptive event,
the asset owner/manager will devote resources to execute a recovery
strategy for the asset. This resourcefulness (R3) has two primary aims: (1) to
speed up the recovery process as quickly as possible, and (2) return the
asset to its full operational level of performance. The asset owner/manager
controls the resource flows that can be devoted to the asset recovery, thereby
controlling the slope of the operational-level curve after the event. Similarly,
recovery (R4) is the capacity of an organization to execute its recovery efforts
that control the response time. Recovery includes having alternate options
for addressing the loss of the operational level of the asset. This can, in turn,
strongly influence the shape of the functional resilience trajectory. A single
estimate for resilience can be estimated as a function of these subcomponents
and is defined as Re = f(R1,R2,R3,R4). These quantifiable and objective
properties of resilience strongly influence the recovery parameters
illustrated in Figure 4-1 (i.e., the shape of the functional resilience trajectory
after a disruptive event occurs).

4.1.1.2 Resilience Management of Railroad Systems. The resilience
of any system, including RR systems, is a complex paradigm; attaining
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optimal resilience is an even more complex endeavor. Consequently, a
comprehensive resilience management approach is essential to achieve
optimality (Ettouney 2014, 2022). Resilience management (RM) is com-
posed of the following five components:

1. Resilience assessment: assessing the current state of the RR system’s
resilience, Re;

2. Resilience acceptance: making a decision as to whether Re, as
obtained in Step 1, is acceptable;

3. Resilience enhancement: if Re is not acceptable, determining an optimal
way to enhance the resilience to return it to an acceptable threshold;

4. Resilience monitoring (RMo): realizing that as the state of the RR sys-
tem resilience degrades over time (especially as the demands imposed
by hazards on the RR system increase), it is essential to monitor Re as
time passes and repeat Steps 1 through 3, as necessary; and

5. Resilience communications: communicating Steps 1 through 4 to the
RR system’s different stakeholders is paramount for the successful
implementation of resilience management efforts.

Figure 4-2 illustrates the different components of RM and places an
emphasis on the resilience monitoring cycle within the RM system because

Resilience Monitoring Cycles within Resilience Management Process

! | [
1: Assessment (Initial) |—>| 2: Acceptance |—>|3: Enhancement|—b| 4: Monitoring |4—D|5:Communications

b -~ -~

Data
Collection

1

Data Sources

1

] e . ——
, Quantifying A Update gbjectwe <
| Resilience ssessment rocesses

Resilience Principal Components

» Hazard
Resilience Sub-Components T
RL: R2: R3: Ra: p| System
Robustness Redundancy |"|Resourcefulness| Recovery (RR)

Figure 4-2. Resilience monitoring cycle as related to the resilience management
system. Resilience principal components are found in all relevant resilience
definitions, while resilience subcomponents might vary depending on the
governing resilience definition.

Source: Gerasimidis and Ettouney (2022).



OBJECTIVE RESILIENCE MONITORING FOR RAILROAD SYSTEMS 79

this is the main focus of the chapter. It also illustrates the different aspects
of resilience monitoring and how collecting data from pertinent data
sources, which are at the heart of any monitoring system, can be utilized
to (1) evaluate the 4Rs; (2) evaluate the two universal resilience components,
Q, and T; and (3) update the system resilience to complete the management
cycle of Steps 1 through 5 as described.

4.1.1.3 About This Chapter. As previously stated, this chapter of the
Manual of Practice (MOP) explores different issues related to the resilience
monitoring of RR systems. It begins with a description of the profiles of
some of the most important hazards considered by RR managers and
owners. Specifically, the various stressors that pose a risk to asset and
network operations are presented. Second, many of the available data
sources that can be used to objectively quantify the components of resilience
are described in detail. Third, the NIAC’s four resilience components are
described in greater detail in the context of the RR sector. A number of case
studies follow to illustrate the quantification of resilience in various rail
applications.

Observing that monitoring robustness has, in general, been the primary
aim of the structural health monitoring (SHM) and nondestructive testing
(NDT) fields (Ettouney and Alampalli 2011a, b; Lynch 2007; Lynch et al.
2016; Flanigan et al. 2020b), the authors posit that traditional SHM and
NDT constitute a subset of resilience monitoring (i.e., comprehensive and
optimal resilience monitoring requires more than just SHM and NDT).
This observation is leveraged near the end of the chapter when the
principle of resilience monitoring (PRM) and three related lemmas are
presented. The PRM and associated lemmas aim to project a general basis
for performing comprehensive and ultimately rewarding resilience
monitoring practices as part of a resilience management program for civil
infrastructure systems (with an emphasis placed on RR systems in this
chapter). The chapter ends with the presentation of pertinent conclusions
and a set of recommended practices.

4.2 HAZARD PROFILE OF RAILROADS

Freight RRs have unique risk profiles compared with other transportation
and civil infrastructure systems because they support regional supply
chains and are managed by for-profit corporations. With little ability to
reroute rail traffic in the face of network closures, it is essential that RRs
understand the wide range of disruptions that can lead to diminished
operational levels. These disruptions include, but are not limited to,
natural hazards, asset failures, collisions/derailments, and terrorism. Each
of these disruptive events will be described in greater detail.
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4.2.1 Natural Hazards

Depending on their geographic location, RRs are exposed to a number
of natural hazards, including seismic activity, tropical storms, fires, and
other extreme environmental conditions that can interrupt operations. RRs
have historically been robust in the face of seismic disasters because of
preparation for such events (Moreu and LaFave 2012). In recent years,
flooding and hurricanes have caused significant damage to RR operations,
requiring considerable efforts to resume operations after disasters (ASCE
2006). The interruptions experienced during recent floods and hurricanes
suggest that the rail industry is less resilient to these hazards, especially
when considering the prediction that storm events will likely increase in
intensity and frequency under climate change. Fires also pose great threats
to RRs because RR tracks are often supported by wood ties (although
alternate materials such as concrete are now being used for ties) and a
large number of timber bridges are still in service. For example, 25% of the
national rail bridge inventory is constructed out of timber (Moreu et al.
2014). This relatively high percentage does not translate directly to a
similarly high percentage of use because most wood RR bridges are located
in short lines and branch lines with lower traffic density. While RRs treat
timber infrastructure with chemicals to protect them against destructive
pests (e.g., termites), deterioration from pests is also possible.

4.2.2 Aging Inventories

Aging is in many respects a hazard as it poses a serious risk to safe and
efficient RR operations. Railroad owners and managers protect their
infrastructure inventories against aging by acknowledging that
deterioration of structural properties by fatigue and corrosion is expected.
Natural deterioration (e.g., corrosion) can be accelerated depending on the
location of the infrastructure asset because of exposure to the elements. To
manage aging risks, RRs make extensive use of visual inspection methods
followed by proper maintenance; these methods slow the detrimental
effects of natural aging and deterioration.

4.2.3 Collisions and Derailments

Recent derailments in the United States illustrate the importance of
taking proactive preventative actions against factors causing these events.
For example, on July 18, 2013, a northbound CSX Transportation train
derailed on the Metro-North Railroad in New York because of excessive
track gauge (NTSB 2013). Derailments can cause major disruptions in the
operations of an RR system (Garg et al. 2019). While derailments have
decreased significantly over the last few decades, railroads still prioritize
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reducing derailments with proactive prevention and research (Liu et al.
2017). Derailments are caused by either human errors or infrastructure
deficiencies. Human-related derailments can be avoided by improving the
training practices of RR personnel. Infrastructure deficiencies that might
cause derailments can be prevented through proactive track maintenance,
repair, and replacement.

Vehicular collisions present another serious hazard. For example,
damage can occur when trucks collide with elevated tracks or ships strike
bridge piers. Such collisions are a serious issue because they can result in
bridge damage and undetected distortions to the track. A serious issue
arises when these collisions occur and are not reported. When collisions
are not reported, the safety of the bridge and track cannot be assessed. For
example, a barge collided with the Big Bayou Canot Bridge in Alabama on
September 22, 1993, resulting in permanent displacement of the track; an
Amtrak train on the displaced track derailed, leading to 47 fatalities shortly
after, and 103 passengers severely injured (NTSB 1993). On-track
obstructions such as vegetation, wildlife, and man-made obstructions (e.g.,
nonrail vehicles) can also cause collisions and derailments. For example,
collisions between locomotives and vehicles at grade crossings commonly
occur and are a leading cause of railroad-related deaths (GAO 2018).

4.2.4 Terrorism

RRs must observe and prevent acts of terrorism as they can be extremely
destructive to both the RR and communities surrounding RR operations.
From 1998 to 2003, there were 181 incidents of terrorism on rail
infrastructure, resulting in 431 deaths globally (Riley 2004). Particularly
dangerous freight (e.g., those transporting explosive chemicals or nuclear
materials) can serve as a highly attractive target to those individuals and
groups seeking to intentionally release lethal fumes and radiological
materials into the environment, especially in dense urban areas. Since
September 11, 2001, DHS and RR companies have established open lines
of communication that can be enacted immediately after a disaster (Riley
2004). To increase preparedness, RR companies train their staff to be alert
for any sign of terrorist activity near their infrastructure (Strandh 2017).
Security systems are also implemented near critical RR infrastructure to
alert bridge officials of any unauthorized trespassing.

4.3 DATA SOURCES TO MONITOR AND INCREASE RAILROAD
OBJECTIVE RESILIENCE

Measurements, data, and information are necessary to quantify (or
“objectify”) resilience. This section aims to illustrate the diversity of
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available data sources and sensing technologies that can serve as inputs to
the calculation of objective metrics that quantify the different components
of RR resilience.

There are several diverse data sources that can be leveraged to help
quantify the 4Rs within an objective framework for assessing the
resilience, Re, of RR networks. These data sources are roughly (but not
exclusively) sorted into five categories. First, automated sensing
technologies serve as a means of monitoring the performance of network
assets including bridges, culverts, and geotechnical systems (e.g., piers,
retaining walls, embankments) over long observation periods such as
years and decades. Such data offer measurement of component responses
to both environmental and operational conditions. Processing of the data
can inform a holistic view of the capacity and demand of operational
infrastructure in RR networks. Second, wayside detection methods help
to identify damage to rolling stock such as hot bearings, sliding wheels,
unexpected wheel impacts, and cracked wheels. Wayside detection
methods are widely employed by RRs as a means of ensuring safe
operations. These methods identify wheel- and axle-bearing defects that
lead to excessive wear on tracks and can lead to train derailments. Some
of these tools also offer measurement of axle loads imposed by
locomotives and rail cars on track infrastructure including bridges. Third,
global positioning systems (GPS) provide spatial and temporal
information to inform decision makers of train locations (along with their
freight), aid in train control, help to avoid train-to-train collisions, and
offer data for tracking the rolling live load throughout the network.
Fourth, manifest data contain detailed information about the weightage
and contents of cargo [e.g., toxic inhalation hazard (TIH) materials],
which is critical to assessing the risks of component and network failure.
Fifth, vehicle-based (on-board) data sources are also available, including
from track geometry vehicles, rail flaw detection vehicles, ground-
penetrating radar (GPR), vehicle track interaction (VII)-equipped
locomotives, on-board machine vision and light detection and ranging
(LiDAR), gauge-restraint measurement system (GRMS) vehicles, and
by-rail inspections. These five data sources, including a number of
available technologies, corresponding types of measurements, sensing
objectives, and resilience components that benefit from these types of
information, are detailed in Table 4-1.

In addition to the five data sources presented in Table 4-1, there are
other sources of data pertinent to resilience monitoring, including
weather monitoring networks/services and earthquake notification
networks. These systems produce data that are used to enhance RR
preparedness, resource utilization, and recovery operations. These types
of hazard monitoring stations cover the entire network for the
subscribing RR.
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4.4 4RS FOR RAILROAD INFRASTRUCTURE

The following subsections summarize the main metrics of resilience
(i.e., the two principal components, Q and T, as well as their subcomponents,
the 4Rs) in relation to RR systems and illustrate a direct and explicit
mapping between available data sources and the 4Rs (Figure 4-3). This
section will reveal that the principal components of resilience and their
subcomponents are inherently interdependent. In addition, data sources
available in the RR industry can be used as inputs to quantify multiple
resilience components. For example, Table 4-1 already illustrates that all of
the data sources can aid in all, or most, of the resilience metrics.
Characteristics of the resilience components that are unique to RR
infrastructure (as opposed to other infrastructure classes such as pipelines
and highways) are emphasized in this section. The descriptions provided
are not intended to be exhaustive but rather to represent the current
practices used by RRs to enhance their resilience. The section is specific to
freight RRs, but many of the resilience practices presented herein are
universal and would apply to commuter RRs as well.

4.4.1 R1: Robustness

The robustness of RR infrastructure can be measured by the ability of a
network or component in the network to maintain its capacity after a

Data Sources Resilience Sub-Components Resilience Principal

Components
Automated Sensing R1: Robustness
Wayside Detecti

GPS
Manifest Data

Onboard Monitoring R4: Recovery

Objective Resilience Processes

!

Resilience Management Policies and Strategies

Figure 4-3. Flow of data from their sources through the components of objective
resilience to ultimately aid in executing resilience management policies and
strategies.
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disruptive event. The capacity of RR infrastructure is defined in terms of
maintaining the rating of individual infrastructure (e.g., rated E-Cooper
loads) or the number of millions of gross tons (MGT) that are carried by
the asset over a given period of time. Manifest data and wayside detection
methods provide detailed information about cargo contents and high-
resolution axle load measurements of trains moving through a network,
respectively. These data sets quantitatively inform the number of MGT
carried over an asset or within a network during a fixed period of time.

Track condition is a metric of objective resilience that is unique to RRs
(as compared to other types of infrastructure systems). Currently, RRs
quantify the condition of their track systems by measuring track geometries
across time and space according to FRA requirements. Under FRA
guidelines, different track considerations need to be considered to quantify
track condition. This includes, for example, distinguishing between
tangent or curved tracks, or portions of tracks with slopes (FRA 2010,
2016). Special track considerations are given to track locations within a
network that are prone to accelerated deterioration in addition to sections
of tracks that include sidings, single and double tracks, RR yards, frogs,
switches, and diamonds. Rails are routinely inspected by human inspectors
either walking on the track or observing the track from a slowly moving
vehicle (CFR 2018a). Inspectors are seeking out a wide range of track
defects that could pose a risk to safe operation of the track. In addition,
nondestructive inspection (NDI) technologies including ultrasonic
methods have been used to offer a more quantitative approach to assessing
track conditions. Wayside detection methods are used to quantify the
robustness of in-service tracks and the condition of the rolling stock
traveling over them (such as train wheels). These methods, outlined in
Table 4-1, are widely employed by RRs as a means of ensuring safe
operations by identifying damage in rolling stock (e.g., hot bearings,
sliding wheels, unexpected wheel impact, cracked wheels) that can lead to
track damage and train derailments.

The safe condition of RR bridges is also critical to maintaining network
robustness. As opposed to highway networks, which have approximately
1 bridge per 10 mi (16.1 km) of road, RR networks include approximately
1 bridge per 1.4 mi (2.25 km) of track (Moreu et al. 2017a). This high
bridge-to-track mile ratio is because of the need for RRs to maintain grade
across their entire network. Consequently, RRs must pay special attention
to the condition of their bridges. In general, RR bridges are constructed
from three types of materials: steel, concrete (including masonry), and
timber. Historically, RR bridges have been classified into 14 types,
depending on their design and functionality; however, structural systems
comprising simply supported spans have been the preferred design
strategy for RR bridges. This is because simply supported spans can be
easily repaired and replaced as compared to multispan or continuous
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structures that are common in highway networks. More recent
considerations in RR bridge design include the use of new materials and
new loading conditions to accommodate evolving demand requirements
such as higher freight loads and train speeds. To ensure that bridges
remain in good condition and are safe for operation, the FRA requires (at
a minimum) annual visual bridge inspections (CFR 2018b). However,
many RRs adopt more frequent inspection procedures for some of their
bridges, including quarterly inspection. While visual inspection is the
dominant inspection approach, new sensing and NDI technologies are
beginning to be adopted to offer more quantitative evidence of bridge
condition and behavior (Moreu et al. 2017a).

Automated sensing technologies can be used to monitor the long-term
robustness of assets subject to both environmental and operational
conditions. Compared with standard visual inspection practices, data
collected from automated sensing technologies can be used to quantify
bridge conditions, asset ratings, and compliance with serviceability limits.
Fundamentally, measurement data offer an objective measurement of
component capacities and load demands. Reliability methods serve as one
objective analytical framework that can be used to assess the safety of an
asset with respect to its capacity and demand. Using data generated from
automated sensing technologies as inputs to inform the capacity and
demand within a reliability framework, the level of safety of an asset can
be quantified with respect to a failure limit state (Nikolaidis et al. 2004),
where a limit state can be governed by either single component or system-
wide failure mechanisms. The goal of reliability methods is to calculate the
reliability index, 3, which is directly related to the probability of failure
and an objective measure of safety.

The robustness of RR operations also requires that special attention be
paid to proper design practices, maintenance, and replacement of soils and
geostructural components such as tunnels, banks, fills, embankments, and
earth structures. To simplify designs, maintenance, and replacement
efforts, RRs have elected to replace old RR bridges with culverts where
possible in recent years because they are more robust in the face of
disruptive events.

In addition, the performance of RR infrastructure assets that control
network operations, such as switchyards, intermodal facilities, and
operational control headquarters, contributes to RR robustness. These
individual assets control the system-level RR operations and are
responsible for network signals including the implementation of positive
train control (PTC). PTC is already being enforced in the United States to
increase RR robustness by reducing the negative impacts of human errors
on RR operations (DOT 2018).

Beyond the condition of RR physical assets (e.g., tracks, bridges,
embankments, signaling systems), RRs have also developed means of
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tracking locomotives and rail cars in near real time in their systems using
GPS transponders. This allows RRs to have real-time situational awareness
during accidents and disasters. Railroads also perform rail threat assessments
allowing them to identify vulnerabilities to identified threats (namely,
terrorism) and to address them to ensure operational robustness. Often,
measures to address vulnerabilities include increased security of RR assets
and better management of rail cars carrying TIH materials (GAO 2009).

4.4.2 R2: Redundancy

To ensure that operations continue in the event of disruptions, RRs
introduce redundancy to provide excess capacity at the component and
network levels. RRs facing disruptive events reduce the risks of network
capacity reductions by collaborating with other RR companies and
government organizations (e.g., DOT, DHS, military) to safely share tracks
and operational resources during emergency situations (AAR 2019a). This
is enabled by objective data sources such as GPS and manifest data that
enable RRs to reroute trains when disruptions in a network occur.
Rerouting is done either by moving trains onto other network lines within
their own networks or by using lines operated by different companies.

Even within the network itself, RRs will consider component
redundancy. For example, switch points are vital to allowing RRs to reroute
rail traffic as needed. Given that switches are single points of failure that
could prevent the rerouting of trains, RRs are beginning to explore
redundancy in switch designs to ensure proper operation at all times
(Bemment et al. 2016). There is also component redundancy in the design
of the communication networks on which RRs rely both for operations and
for the observation of operational performance in real time.

At the individual structural level, RRs understand the consequences of
failed components on the overall safety of their structures. In some cases,
redundancy is not present in the design of the structural system. For
example, truss bridges used in rail networks are often without component
redundancy, which could result in bridge failures when a single structural
element fails. Automated sensing technologies can be used to quantify the
safety of high-priority and nonredundant assets and components; this
information can be used to inform and prioritize maintenance to reduce
the likelihood of failure by considering where redundancy does or does
not exist in the bridge system.

4.4.3 R3: Resourcefulness

The resourcefulness of RRs needs to be managed to ensure that resource
flows align with optimal decision-making strategies after a disruptive
event. Resourcefulness is described as the ability of an RR to recover
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operations, including the ability to reroute traffic and maintain operations
even when an asset is disrupted or while it is being repaired.

Training is a critical resource that is integral to the recovery of RR
operations after a disruption. Railroads, especially the larger RR
companies, extensively train their operational personnel and higher-level
management in safety and emergency response. Training articulates how
the RR and its personnel should respond to disasters. Incident response
often requires decisions to be made as quickly as possible. Incident
response plans and rehearsal of these plans under different scenarios
constitute one approach that RRs adopt to maximize their capacity to
respond to disruptions (CN 2019). Integral to response plans is the
relocation of supplies, personnel, and rail traffic prior to disasters that can
be forecasted (e.g., tropical storms). This allows for supplies and personnel
to be rapidly (re)deployed immediately after the event. Included in the
response of RRs is the deployment of personnel (in-house or contractors)
who can inspect critical structures and other RR infrastructure. As
previously mentioned, these inspections are largely vision-based and are
used to provide a quick assessment of conditions. The emerging
automated sensing technologies, wayside detection, and onboard sensing
methods listed in Table 4-1 can be used to augment or replace visual
inspection and quantify the safety and performance of an asset. An
objective knowledge of the safety of damaged assets across a network
enables owner/managers to introduce a quantitative notion of priority,
thereby guiding the allocation of resources.

Railroad responses (including those scripted by incident response
plans) are designed from RR command centers that always have critical
decision makers on duty who can react to real-time conditions informed
by data from the network (AAR 2019a). These command centers are high-
tech centers designed to offer decision makers access to real-time
operational data from the network. These centers are also designed to
visualize the data to aid decision-making. For example, manifest data
provide detailed information about cargo contents and loads that control
centers use to inform supply chain stakeholders after a disruptive event.
This is critical, for instance, when an asset that is a nonredundant link
enabling the movement of hazardous and sensitive materials undergoes a
reduction in operational level.

4.4.4 R4: Recovery

Railroad infrastructure recovery is quantified in the context of
operations. The primary goal of RR management after a disaster or
disruptive event is to return the network to full service and operational
levels in as little time as possible. Consequently, an objective measure of
recovery includes two primary parameters: (1) the economic cost of
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improving robustness (or capacity) and the relative magnitude and size of
the recovery, and (2) the amount of time required to return to the normal
operating level. Owners and operators refer to RR network capacities
(encompassing both throughput speed and tonnage) to quantify the level
of recovery of an RR. Railroad managers ensure that their infrastructure
can be measured at any point in time after a disruptive event by conducting
detailed inspections in the field and updating internal rating systems that
quantify the capacities based on those inspections (Moreu and LaFave
2012).

Railroads have made calculated efforts in recent years to accelerate the
recovery process after disruptive events by increasing preparedness,
streamlining damage assessment and repair efforts, and coordinating
among RR stakeholders to better restart operations. Railroads have also
extended the scope of recovery to include supporting relief efforts aimed
at the recovery of affected communities. This includes, but is not limited
to, supporting state and federal organizations by transporting clean water,
food, shelter, and raw supplies to communities as well as removing debris.
Railroad command centers work closely with weather personnel to
monitor weather and anticipate extreme weather systems. When a
forecasted disruptive event nears, RRs implement preventative measures
to ensure that resources used in recovery efforts such as fuel, construction
equipment, generators, and raw materials are protected and stockpiled,
critical personnel such as engineers and inspectors are ready to take actions
as soon as it is safe, and train and track equipment is protected (AAR
2019a). For example, RRs relocate locomotive and sensitive electronic track
equipment to safe locations before extreme weather events (AAR 2019a).
This helps to accelerate recovery efforts after a disruptive event because
the RR owner/manager does not have to wait for damaged critical
equipment to be replaced. After a disruptive event occurs, RR inspectors
first assess the damage across the RR network and then collaborate with
engineers and workers to initiate maintenance, repair, and replacement
efforts. The efficiency of these two processes is integral to accelerating
recovery. Consequently, when environmental or physical conditions make
carrying out inspections and repairs hazardous during recovery, RRs
leverage technologies to mitigate these hazards. For example, major
railroads have used drones to conduct inspections of damaged RR
infrastructure after natural disasters to keep workers safe (AAR 2019b). In
addition, ground-penetrating radar is used to determine the amount of
erosion and water-induced damage that exists under tracks after floods
(AAR 2019b). Automated sensing technologies facilitate recovery efforts
by providing owners/managers with the measured state of asset condition
at its diminished operating level to rapidly inform the allocation of
appropriate people and resources to the right places and determine when
it has returned to full capacity.
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Having established response protocols in place can also reduce the
amount of time between a disruptive event and actionable response efforts.
For example, the contents of cargo can drastically influence recovery
efforts as operators work to return a RR to full capacity after a disruptive
event. Railroads seek to prevent hazardous materials that are being
transported from disrupting their operations. In the case of disruptions
that involve toxic inhalation hazard (TIH) materials, protocol for full
control of the scene is in place. At a network level, public relations between
RR personnel and other stakeholders (e.g., FRA, DOT, states, local
authorities, and communities) are essential to enable a quick recovery in
the face of diminished operational levels. Efficient coordination among
these stakeholders in response efforts allows for a faster recovery and aids
in the formulation and implementation of effective contingency and
emergency operations at the local level. Manifest data play a critical role
in immediate recovery efforts because they allow workers to quickly assess
the state of rolling stock and manage cargo throughout a supply chain
network. Further, GPS and manifest data used together in a universal
framework facilitate cooperation among RRs in the face of diminished
operational levels. For example, the Federal Emergency Management
Agency (FEMA), FRA, and DOT work with RRs to create and share
emergency declarations, response plans, and regulatory waivers (AAR
2019b). In addition, RRs have detailed notification procedures that dictate
who is provided information from an RR command center and when (CN
2019). Particularly in the case of TIH materials that may pose a serious
public health concern, RRs will work directly with communities. For
example, Organizations such as TransCAER (2019) facilitate RR-community
relationships to prepare for and respond to TIH-based disasters.

4.5 CASE STUDY: RAILROAD RESILIENCE TO EXTREME
FLOODING EVENTS

A case study illustrating the facets of how RRs respond to disasters
(such as flooding) is presented with an emphasis placed on response in the
context of the 4Rs. Flooding owing to hurricanes and heavy rainfall is one
of the leading causes of weather-induced damage to RRs (AAR 2019b). In
recent years, flooding and hurricanes in the United States have caused
significant damage to RR operations, requiring considerable efforts to
resume operations after disasters. Climate change is predicted to increase
this occurrence and the severity of flooding events. In addition to damaging
critical RR assets such as bridges, floods can wash away track ballast and
damage electronic trackside equipment that controls system-level RR
operations (e.g., signals). In the face of extreme water events that threaten
both critical RR infrastructure and the communities they service, RRs have
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leveraged objective data sources and technologies to reduce the
interruptions experienced during and after floods and hurricanes. This
case study presents an overview of instances when the RR industry has
done an exemplary job increasing network resilience in preparation and in
response to extreme flooding events.

4.5.1 R1: Robustness

In anticipation of a likely increase in the intensity and frequency of
storms, RRs are making concerted efforts to raise RR tracks and better
detect flooding hazards to minimize the impact of floods on RR
infrastructure (AAR 2019b). During the spring season of 2017, Missouri
and surrounding areas in the Midwest experienced historic flooding,
resulting in at least four locations setting new record crest levels (UP
2019a). Before the devastating Missouri floods, Union Pacific raised the
level of 63 mi (101 km) of track and eight bridges along the Missouri River
over a 6-week period (AAR 2019b). This directly increased the robustness
of the RR network because sections of elevated tracks exhibited a lower
reduction in operational level during and after the disruptive event. Across
the RR industry, RR command centers also work closely with weather
personnel to monitor weather and anticipate extreme weather systems.
Railroads are augmenting these forecasting efforts by installing real-time
flood detection technologies in regions that are prone to flooding. For
example, high-water detectors are installed along tracks and are configured
to automatically send warning notifications to approaching trains when
flooding is a possible hazard (AAR 2019b).

4.5.2 R2: Redundancy and R3: Resourcefulness

Railroads carefully manage and prioritize their resources to ensure that
resource flows enable proper decision-making strategies in real time in the
face of flooding and storms. This is closely tied to efforts to increase
redundancy in which RRs aim to ensure that operations continue in the
event of disruptions by preparing for continued capacity across the
network. Increasing resourcefulness and redundancy requires clear
communication among stakeholders and an understanding of their
immediate needs, a quantitative approach to prioritizing the repair of
critical assets, and proper allocation of finite resources (including
personnel, materials, and equipment) to be used in recovery.

Just 2 years after the devastating 2017 Missouri floods, the Midwest
experienced even greater flooding because of the unprecedented melting
of snow and ice that resulted in rivers rising to historic levels in over
40 locations across the Midwest (AAR 2019b). Critical RR assets (such as
the Platte River Bridge) were submerged and tracks, including a critical
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section of the main transcontinental line in Nebraska spanning over 6,000
ft (1.83 km), were damaged (UP 2019a). In response to this disaster, Union
Pacific managed the distribution of over 137,000 tons (124,284 metric tons)
of materials (Table 4-2) across its Midwest network. During the recovery,
Union Pacific identified Kansas City as having the greatest capacity to
support rerouted trains (UP 2019a). However, the remaining available
network (including hubs such as Kansas City) could not support the
demand of all cargo that needed to be rerouted. Union Pacific communicated
with stakeholders around the clock and coordinated with local
organizations and government agencies to prioritize and deliver critical
goods and services to consumers. For example, Union Pacific prioritized
trains that ship grain used to feed animals and evacuate people out of the
Missouri River valley to safe shelters (UP 2019a). Similar resourcefulness
occurred in the aftermath of Hurricane Katrina in 2005 when Norfolk
Southern was able to return its damaged RR network to operation in just
16 days by prioritizing resources (specifically nine cranes on barges) to
repair the critical Lake Pontchartrain Bridge and lift 5 mi (8.05 km) of track
from the water back onto this critical bridge (AAR 2019b).

4.5.3 R4: Recovery

When adverse physical or environmental conditions make carrying out
inspections hazardous, RRs leverage technologies to mitigate these

Table 4-2. Resources Used by Union Pacific for Reconstruction
Efforts after the 2019 Midwest Floods.

Technology/equipment Quantity

Road bed material >500 trucks carrying 65,000 tons
(58,976 metric tons) of materials

Ballast and rock Six large trains carrying 72,000 tons
(65,317 metric tons) of materials

Excavators 21
Hyrail rotary dump trucks 20
Bulldozers 10

Hyrail excavators 9

Source: UP (2019a).
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hazards and enable recovery to take place around the clock. As an
illustrative example, during the 2019 Midwest floods previously
described, elevated water levels, snow, and ice compromised the safety of
inspection workers who needed to assess the damage across the RR
network before engineers and workers could initiate maintenance, repair,
and replacement efforts. To continue recovery in the face of this hazard,
BNSF used drones to conduct inspections of damaged RR infrastructure
to keep workers safe (AAR 2019b). In addition, ground-penetrating radar
was used to determine the amount of erosion and water-induced damage
under tracks after floods (AAR 2019b). Railroads also prepare critical
resources before forecasted storms that might pose flood hazards, such as
the 2019 Midwest floods. These preventative measures ensure that
resources used in recovery efforts such as fuel, construction equipment,
generators, and raw materials are protected and stockpiled, critical
personnel such as engineers and inspectors are ready to act as soon as it
is safe, and key train and track equipment is protected (AAR 2019a). As
an example, RRs relocate locomotive and sensitive electronic track
equipment to safe locations before extreme water events (AAR 2019a).
This helps to accelerate recovery efforts after floods because RR owners/
managers do not have to wait for damaged critical equipment to be
replaced.

4.6 CASE STUDY: AUTOMATED SENSING TECHNOLOGIES
INSTALLED ON RAILROAD BRIDGES EXPOSED TO
MULTIHAZARDS

The following subsections present case studies that illustrate the use of
a number of diverse automated sensing technologies that can be
permanently deployed on RR infrastructure exposed to multiple hazards.
This section provides RR stakeholders with insight on how to map sensing
data to quantitative assessment methods that are integral to resilience
assessment, especially quantification of the 4Rs. Two case studies of the
use of automated sensing technologies are presented. The first case study
highlights rapid-to-deploy sensing technologies including wireless sensors
and unmanned aerial vehicles (UAVs) to assess the behavior and capacity
of timber rail bridges operating within their serviceability limits. The
second describes the design of a permanent wireless monitoring system
installed on the Harahan Bridge to assess the condition of critical bridge
components exposed to multiple hazards, including seismic, vehicular
collisions, and aging. The instrumentation strategy highlights the
acquisition of data that allows the load demand and structural component
capacity to be quantitatively assessed.



98 OBJECTIVE RESILIENCE

4.6.1 Rapid-to-Deploy Sensing Technologies to Assess Capacity and
Serviceability of Timber Bridges

The use of monitoring systems to collect response data from RR bridges
can provide objective data that can assist owners/managers in guiding
resilience decisions and preventing unnecessary replacements after
disruptive events (Moreu et al. 2017b). In other words, RRs can use
objective information to show that an RR bridge performs safely under
train loading and does not need postevent replacement. In addition, RR
managers are typically aware of which assets in their networks are the
most vulnerable. Consequently, objective data can be collected from
network locations where there are signs of deterioration, decay, or low
operational performance. Railroad departments that are responsible for
bridge safety are interested in the local performance of specific bridge
components (e.g., horizontal deflections in tall timber piles within timber
trestles or vertical deflections in long spans). Monitoring local structural
performance is of particular interest in the area of timber RR bridges
because spans and piers repeat for hundreds of feet and their geometric
and structural properties are, in general, similar between bridges.
Understanding the performance of one component can shed insight into
how similar components may behave in other parts of the bridge or in
similar bridges.

Historically, two major response measurements are commonly made in
bridges using automated monitoring technologies: strain and acceleration.
Strain sensors (e.g., strain gauges) are used to measure the strain response
of structural components. Accelerations provide insight into the global and
local vibrations that are introduced from loads including train and ground
motions. While both measures have proven effective in structural health
assessments, RRs would much prefer to measure displacements. In
particular, load—displacement relationships provide a basis for assessing
the stiffness of a structural system, whether it is a local component or a
global span. Displacement is also critical for checking that bridge responses
remain within serviceability limits. Although displacement is potentially
a more insightful structural parameter than strain and acceleration,
displacement sensing is more difficult to implement in the field.

Displacement information collected from monitoring systems can be
used by RR bridge owners/managers to help quantify robustness and
make informed decisions about which bridges should be hardened. With
respect to robustness, RRs can use displacements as an objective parameter
to quantify the response of timber piers under train loads (which can be
measured by wayside detection methods). This serves as an indicator of
structural stiffness and system capacity. The American Railway Engineering
and Maintenance-of-Way Association (AREMA) provides RRs with
recommended practices for safe operations (AREMA 2019). AREMA
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recently included displacement measurements as an indicator of bridge
safety. Specifically, AREMA recommends RR bridge owners/managers
quantify excessive deflections and lateral/longitudinal movement that
might require prompt closure of a bridge. However, the only explicitly
cited limit is L/250 for net vertical deflection, where L is the span length.
Past studies have shown that excessive displacements under train loads
can be an indicator of unsafe operations and a trigger for maintenance and
replacement operations (Moreu and LaFave 2011, Moreu and Spencer
2015, Uppal et al. 1990). Herein is a summary of a specific study in which
displacement measurements are collected to quantify RR bridge robustness
(Moreu et al. 2014, GAO 2018). Even though this section primarily discusses
the structural response of a single timber RR bridge, the robustness of the
asset has direct implications on redundancy, resourcefulness, and recovery
within its greater subdivision and network.

Moreu et al. (2014) reports on a series of monitoring campaigns
conducted between 2011 and 2013 that aimed to objectively quantify the
reduction in capacity of timber RR bridges subject to train loads. The
campaign specifically sought to measure maximum bridge displacements
during train crossings. In total, 28 train crossing events were recorded and
used to inform and relate displacement measurements to bridge conditions.
Their study indicated that for similar timber RR bridges, transverse
displacements were correlated to changes in structural condition observed
in the field during construction. This reinforces the value of transverse
displacements as an objective measure of capacity that can inform
robustness and help owners/managers allocate resources for maintenance,
repair, or replacement in recovery efforts.

Railroads are interested in using sensors to collect acceleration and
displacement data from their bridges (Moreu et al. 2017b). The high cost of
existing commercial sensors can hinder their adoption. Alternatively, low-
cost sensors would enable RR owners/managers to more widely monitor
critical assets and save money that can be redirected to repair and
replacement efforts (in turn, increasing their opportunity to be more
resourceful in their resilience strategies). The study by Moreu et al. (2014)
highlighted that wireless sensing units can serve as a rapid-to-deploy
sensing technology to collect measurements in the field after disruptions,
especially in areas that are difficult to access with a lack of a fixed reference
from which to measure. Figure 4-4(a) illustrates a wireless data acquisition
system installed on timber bridges based on the Imote2 wireless sensing
platform. The Imote2 was developed for field applications and is capable
of power management and onboard processing, making it a suitable
platform for use in structural health monitoring. This platform enables
wireless telemetry and collects information about bridge displacements
without the need for costly reference platforms. Linear variable differential
transformers (LVDTs) were used to measure a timber support structure
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Figure 4-4. (a) Wireless sensing nodes to measure displacements (using LVDTs)
and convert accelerations to displacements, (b) field validation for reference-free
displacement measurements on a timber bridge structure.

that supports a deck plate girder span between a concrete pier and
abutment [Figure 4-4(b)]. The LVDT provided a ground truth measure of
vertical and transverse displacement at the top sections of the timber
structure. The iMote2 also had a high-precision accelerometer on board
that could be used to derive displacement through filtering and double
integration methods (Moreu et al. 2014).

Based on the success of the iMote2 to acquire accurate measurement of
bridge displacements, other researchers have explored even more effective
displacement sensors for rapid deployment in bridges. Figure 4-5 shows a
wireless sensor called LEWIS developed by Ozdagli et al. (2018). The
LEWIS sensor comprises an inexpensive accelerometer to measure
acceleration and interfaces with an Arduino-based embedded platform to
convert the acceleration data into displacement data. This sensor is
particularly attractive to RR managers because it is low cost compared
with commercial sensors, operates wirelessly, collects high-resolution

Figure 4-5. Low-cost LEWIS sensor for measurement of bridge displacements.
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measurements, and is easy to use and install. This sensing node was used
in the previously described monitoring campaigns of Moreu et al. (2014);
the results show that the LEWIS sensors achieve equal or better
displacement results than the commercial sensors in most of the test cases
(Ozdagli et al. 2018, Gomez et al. 2019, Aguero et al. 2019, Ozdagli
et al. 2019).

Although wireless sensors are easier to install than their wired
counterparts, they still require labor to install. An ideal automated sensing
technology would be noncontact and require no installation. Such a
solution would be scalable in postdisaster assessment of bridge
performance. Garg et al. (2019) adopted noncontact approaches to collect
displacement data from bridges. In this work, a UAV system equipped
with laser Doppler vibrometer (LDV) sensors was used to calculate the
transverse dynamic displacement of a target. An algorithm was proposed
to calculate the transverse dynamic displacement and compensate for
measurement errors generated by the angular and linear movements of the
LDV on the UAV. Figure 4-6 shows the setup of the field experiment
conducted with an LDV mounted on a UAV. The results of this experiment
were compared with measurements acquired by an LVDT contact sensor
and indicate that the measurement errors in the LDV-UAV system were
very small when compared with the LVDT measurements; the root mean
square and peak errors between the calculated and the actual displacement
values were less than 5% and 10%, respectively. The use of UAVs is
increasing in the RR sector, especially to provide RR personnel critical
information after an event, because of their scalability and the fact that
they keep personnel away from unsafe field conditions.

(b)

Figure 4-6. (a) LDV equipped with UAV system for remotely measuring
displacements in railroad bridges (LDV is mounted at the far end of the UAV
shown in the lower right of the figure), (b) field test of a UAV measuring
displacement of a moving target.
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4.6.2 Permanent Wireless Monitoring of Large RR Bridges

This case study presents the design and implementation of a permanent
wireless monitoring system installed on a long-span steel truss RR bridge
to assess the condition of critical bridge components exposed to multiple
hazards. Truss bridges used in rail networks (including the monitored
Harahan Bridge) often comprise nonredundant fracture-critical
components whose individual failure can result in bridge failure.
Automated sensing technologies can be used to measure component
structural responses that inform the safety and robustness of high-priority
assets. Knowledge of the quantitative state of robustness can be used in
efforts to prioritize the use of resources devoted to reducing the likelihood
of failure of critical components through maintenance, repair, and
replacement.

The Harahan Bridge (located near Memphis, Tennessee) (Figure 4-7) is
a five-span cantilever truss bridge constructed in 1916 that carries traffic
on two RR tracks and one pedestrian walkway over 4921 feet (1,500 m)
across the Mississippi River. The Harahan Bridge is a critical piece of RR
infrastructure that links Union Pacific’s operations on the east side of the
Mississippi River in Tennessee to operations on the west side of the river
in Arkansas. That is, Union Pacific has just one crossing over the Mississippi
River to access its operations in Tennessee and, hence, has a lack of internal
network capacity to reroute rail traffic should the bridge fail because of
external or aging hazards. The Harahan Bridge is exposed to diverse
external hazards such as seismic activity (New Madrid Fault) and barge
collisions with its piers, in addition to aging hazards such as weather-
induced deterioration and train loading-induced fatigue accumulation.
Given the critical role of the Harahan Bridge within Union Pacific’s RR
network, the bridge stands to benefit from automated wireless sensing

South US0-LS0 North USO-LSO
Eyebar Assembly Eyebar Assembly

!

Memphis :-\
7~ Subjunction "

T, Presley Station

Figure 4-7. (a) North and south US0-LSO eyebar assemblies on the Harahan
Bridge, (b) location of the Harahan Bridge over the Mississippi River in Memphis
(with Presley Station identified).
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coupled with existing internal safety operations such as wayside detection,
GPS, and manifest data.

In light of the aging and external hazards that the Harahan Bridge is
exposed to, Flanigan et al. (2020a) undertook a long-term monitoring
campaign of the Harahan Bridge to acquire data as inputs to a resilience
analysis of the bridge. Global bridge responses are measured by
accelerometers, whereas local responses are measured by strain gauges. A
particular focus of the monitoring campaign was to assess the robustness
of a fracture-critical bridge assembly: a set of eyebar truss elements
designed to carry high tensile axial loads [see Figure 4-7(a)]. Given the
high live load-to-dead load ratio of the bridge and the fact that trains use
the bridge daily, fatigue of the eyebar truss assembly is a primary concern
integral to both the element and bridge robustness. Along with bridge
response data, additional data are collected from wayside detection
stations near the Harahan Bridge. Trains operated by Union Pacific that
cross the bridge have GPS units on board, whereas manifest data are
recorded by the RR.

4.6.3 Wayside Detection, GPS, and Manifest Data

Union Pacific is increasing the resilience of its rail networks by widely
integrating diverse data sources into the operation of its critical assets
including the Harahan Bridge. These data sources, including wayside
detection, GPS, and manifest data, are explicitly linked to the components
of objective resilience (Table 4-1). Union Pacific is enforcing GPS-based
PTC on its RR networks to prevent derailments owing to high train speeds,
train-to-train collisions, and the movement of trains through misaligned
track switches (UP 2018, 2019b). In addition, manifest data are collected for
all trains that Union Pacific operates. Union Pacific operates the Presley
Junction, which is the wayside detection station located closest to the
Harahan Bridge. The Presley Junction includes a hotbox detection station
that identifies faulty bearings to prevent seizure of bearings on the track.
All trains that pass through the Presley Junction along the Memphis
Subjunction pass through one (or more) of 17 WILD stations west of the
Mississippi River. In addition to collecting information used to assess the
robustness of rolling stock, the Presley Junction station collects data on a
number of train features, including (but not limited to) the number of cars
in the train, direction, speed, time, train ID, number of axles per car,
number of locomotives, type of freight car and equipment type, axle loads,
car weight, hunting oscillation index, car length, and distance between
axles. WILD stations collect data for each train that passes through the
Presley Station heading east toward the Harahan Bridge or west away
from the bridge. Figure 4-7(b) identifies the location of the Harahan Bridge
and the Presley Station relative to the Memphis Subjunction.
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4.6.4 Automated Sensing Technologies

A permanent wireless monitoring system was instrumented on the
Harahan Bridge in June 2016. The monitoring system architecture leverages
the Narada wireless sensing node (Swartz et al. 2005) for time-synchronized
data collection, processing, and transmission. Wireless monitoring systems
emerged in the mid-1990s and have been growing in popularity as a lower
cost and easily deployable alternative to traditional wired sensing (Kane
et al. 2014). The wireless sensing nodes are controlled by a base station that
initiates the data collection protocol, receives data from individual wireless
sensing nodes, and transmits collected data to a server through a cellular
link. A geophone is installed within the base station and is configured to
continuously measure vertical velocity. When a set threshold is exceeded
(indicating that a train is approaching), the base station sends a wake-up
command to the wireless sensing nodes and initiates data collection. This
data collection protocol ensures that the wireless sensing system remains
in a low-power state when there are no trains crossing the bridge and
activates the system each time there is a train event. The purpose of the
automatic wireless sensing system is to measure the local and global
behavior of key structural elements in the bridge. Figure 4-8(a) introduces
the sensing instrumentation plan, which consists of eight strain gauges, six
uniaxial accelerometers, and four triaxial accelerometers. Details about the
deployed automated sensing technologies and sensors are provided in

(a) (b)
Instrumented UAD Live + ’
Eyebar ) I e #- Dead Load

.

W,

NZAINZ LN ENY LN/ LN/ L

L54 Ls2 1150 Lca Lc2 LAO

1 Frequency Uniaxial
. (Hz} accelerometer

93.2m
[ : Fatigue monitoring B : Train load monitoring
(2 strain gages) (2 strain gages)
B : Global acceleration |1 : Base station
(1 triaxial accelerometer) (System control and 1 geophone)
[ : Relative tautness
(6 uniaxial accelerometers) ‘ Strain gage

Figure 4-8. (a) Harahan Bridge instrumentation plan, (b) example of one strain
gauge installed on the US0-LSO box section and one uniaxial accelerometer
installed on one of the north USO-LSO eyebars.
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Table 4-3. While the sensing system described herein is applied only to a
small portion of the bridge, the instrumentation and data collection
program can be naturally extended to any truss components.

Strain gauges are installed on the UC5-LC5 vertical hangers to gain
insight into the locomotive and train car axle loads for train load monitoring
and response behavior; these elements theoretically carry the entire train
axleloads because they are only supported by upper and lower longitudinal
chord elements. Because the UC5-LC5 vertical hangers are located adjacent
to the monitored US0-LS0 members, time-synchronized strain
measurements collected from both assemblies (together with train
geometry information provided by wayside detection stations and
manifest data) can be used to estimate the speed and direction of crossing
trains. Triaxial accelerometers are installed along the north and south
trusses to measure global acceleration in three directions. Flanigan et al.
(2020a) describe the development of a finite-element (FE) model of the
Harahan Bridge using CSiBridge (CSI 2016) that is intended to be used as
a tool to determine the impact of failed bridge components on the overall
structure (i.e., to identify fracture-critical components). The acceleration
measurements, X(t), collected by the triaxial accelerometers are transformed
into the frequency domain (using the discrete Fourier transform), | X(f)
and are used to calculate the Harahan Bridge’s modal frequencies to verify
the accuracy of the FE model’s global response.

The main goal of the monitoring system is to use collected long-term
measurements to assess the load demand and structural capacity of the
fracture-critical USO-LSO assembly. When used in a reliability analysis,
long-term response data collected from the US0-LS0 assembly can quantify
shifts in the statistical parameters characterizing the capacity and demand,
and continuously monitor asset performance with respect to important
failure limit states such as fatigue. The goal of reliability methods is to
calculate the reliability index, 3, corresponding to a failure limit state,
which is a scalar measure of safety and serves as a quantitative metric for
decision makers to explicitly assess robustness. Flanigan et al. (2020a)
describe the full data-driven methodology for using collected strain and
acceleration response measurements within a probabilistic fatigue analysis
to assess the component (i.e., single eyebar element within the US0-LS0
assembly) and system (i.e., US0-LSO eyebar assembly where all six bars
have to fail for the system to fail) safety.

In the work presented by Flanigan et al. (2020a), uniaxial accelerometers
installed on each of the six parallel eyebar plates in the out-of-plane
(transverse) direction [Figure 4-8(b)] are used to calculate the relative
tautness of each eyebar (i.e., the proportion of the total assembly load
carried by each eyebar); the frequency of a vibrating eyebar is directly
correlated to the total load it carries. Changes in the boundary conditions

7
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at the pin connections can cause the eyebars to carry different proportions
of the load (Figure 4-9) and eyebars that carry a greater proportion of the
load will fatigue at a higher rate. Accelerometers are selected over strain
gauges because the proposed acceleration-based assessment calculates the
combined dead and live load, whereas strain can be used to calculate only
the live load. In addition, strain gauges are installed on the box section of
the US0-LSO assembly [Figure 4-8(b)] to measure the equivalent stress
range assuming that the entire load across the assembly is applied to a
single eyebar and calculate the number of stress cycles that occur during
the monitoring period. The proportion of the total assembly load carried
by each eyebar, P, i=1,2,...,6; the equivalent stress range, S,; and the
total number of cycles that occur during the monitoring period, N;; are
measured random variables that are used in Flanigan et al. (2020a) to
calculate the load effect (i.e., demand) on the assembly. The result of the
component-level reliability analysis carried out in Flanigan et al. (2020a) is
shown in Figure 4-10(a) and reveals that the proportion of the total load
carried by an eyebar influences its overall safety; Eyebar 2 carries the
highest proportion of the total assembly load and consequently is the least
robust over time. The evolution of the system-level reliability index is
shown in Figure 4-10(b). In addition to illustrating that the reliability index
serves as a scalar measure of safety and robustness that can be measured
continuously, maintenance (i.e., eyebar realignment) occurring in the year
1950, 1980, 2000, or 2020 is simulated. Maintenance efforts lead to an
instantaneous change in the trajectory of the reliability index and increase

Load uniformly distributed Load unevenly distributed
across eyebars across eyebars

g B

Eyebar 1, P; —» i iiii
Eyebar 2, P, i
E B E
) i
Eyebar 6, P N
C G-
D
| esbhe = L
/ Sem———llle
r Box Section { E
A : ‘
South +— I—’ North 1/
. Tokal adseriblitong ) Total assembly load

Figure 4-9. Illustration of (a) ideal boundary conditions, (b) change in boundary
conditions due to an uneven distribution of loads across the eyebar assembly.
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Figure 4-10. (a) Component reliability index evolution, (b) system reliability index
evolution where maintenance to rebalance the eyebars occurs in 1950, 1980, 2000,
or 2020. A 1% increase in annual train traffic is assumed for both analyses.

the future state of robustness. This result suggests that the use of reliability
methods to quantify safety is a powerful objective approach that can aid
decision makers in enhancing robustness.

4.7 PRINCIPLE OF RESILIENCE MONITORING

The main objective of this chapter is to explore how monitoring
technologies can be used to obtain and update objective estimates of RR
system resilience, including a mapping from data to resilience components.
Lessons learned have relevance to all civil infrastructure systems, not just
to RR systems. This chapter suggests that RMo should be performed as a
subset of a complete RM effort to obtain an optimal result. The case studies
illustrate that the results of different monitoring efforts can be used in
diverse ways as inputs to compute the different components of system
resilience and ultimately an estimate of the total resilience, Re, itself.

This chapter reveals that most of the information gathered through
monitoring efforts interact together, both objectively and subjectively.
While many of the variables that are necessary to estimate Re need to be
estimated using objective methods such as numerical analysis of the
system, it is sometimes more appropriate to estimate variables subjectively
based on, for example, the experiences of the stakeholders.

The processes for executing comprehensive resilience monitoring of RR
systems are currently not fully defined. Even though most of the ingredients
necessary to quantify resilience through monitoring already exist, a
principle of objectively performing integrated RMo in a comprehensive
manner does not exist. Because of this, and based on the discussions
provided in this chapter, the following principle of resilience monitoring
(PRM) aims to provide such a comprehensive integration:
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Comprehensive, integrated, and optimal RMo needs to contain, at a minimum,
important elements of each of the two principal resilience components: performance,
Q, and time to recovery, T.

Discussion: Note that performance, Q, and time to recovery, T, were
shown to be the following: (1) Two necessary and sufficient components
for completely defining any system resilience, including RR systems,
according to all popular resilience definitions, including the NIAC defini-
tion (Gerasimidis and Ettouney 2022); (2) For a simple, yet demanding,
formal resilience estimate, see Figure 4-1, which relates Re to Q and T.

It is clear that if the resilience monitoring system includes sufficient
elements that can aid in an accurate estimate of Q and T, then it can
produce the necessary and sufficient information to estimate Re and any
of its subcomponents, such as the 4Rs. Figure 4-2 shows how RMo can be
integrated within an overall RM process.

There are several important lemmas that need to be considered in
conjunction with PRM. These lemmas are defined as follows:

Lemma 1: Important elements of the PRM vary according to the scale
and type of system under consideration.

Discussion: Ettouney (2014 and 2022) argue that resilient systems scale
from a single and limited asset (e.g., a building) to a large community (e.g.,
a city or a state). Hughes (2022) explored this resilience scale for rapid
transit systems that include, but are not limited to, mass transit RR systems.
While RMo should apply to systems of any size, system size does control
the number, type, and nature of important monitoring and data elements that
need to be included to ensure successful RMo implementation. The case
studies presented in this chapter showcase this issue because the different
elements comprising the monitoring systems were fairly different.

Lemma 2: Traditional SHM is necessary, with certain conditions, but not
always sufficient for comprehensive, integrated, and optimal RMo.

Discussion: Traditional SHM (Ettouney and Alampalli 2011a, b, Lynch
2007, Lynch et al. 2016) has used many of the data types presented in
Table 4-1. Consequently, SHM should naturally be included in any RMo
effort. However, such inclusion comes with an important condition: its
objective interrelationship with the identification of Q, T, and Re, or any of
their subcomponents such as the 4Rs, needs to be well defined from the
ground up. In addition, the degree of sufficiency of SHM results in how it
identifies the Re components. If the information supplied by traditional
SHM efforts is not sufficient, complementary information should be added
using other numerical techniques or subjective estimates.

Lemma 3: Visual inspection (VI) can easily and should be integrated
in any effort for the RMo of the system under consideration.
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Discussion: VI has been the mainstay source of information in infrastruc-
ture management systems historically. This practice proved to be success-
ful, accurate, and in many situations, optimal (Ettouney and Alampalli
2011a, b). Consequently, VI needs to be included, and perhaps expanded,
in any RMo effort. Some development, and perhaps modifications of the
practice, might be needed to expand the information gained from VI efforts
so as to be of maximum utility in how it integrates with other data derived
from RMo for use in defining parameters of the Re variable set.

4.8 SUMMARY AND RECOMMENDATIONS

North American RRs are considered to be among some of the best in the
world, not only because of their economic impact and sustained health,
but also because of their demonstrated resilience against hazards and
disruptive events. Many RRs in North America prioritize safety and
economy in operations to maintain and increase network growth. To safely
maintain growth, volume, and operations across the country, RRs use
objective data and information to inform their decisions before, during,
and after disasters and major disruptive events. This chapter outlines the
main considerations related to objective resilience in the context of North
American RRs, where objective resilience comprises four key components:
robustness, redundancy, resourcefulness, and recovery. The chapter details
the explicit linkage between objective data sources and the 4 Rs to make
them quantifiable properties of resilience in the context of RRs. These
quantitative metrics for assessing resilience measure diverse parameters
such as economic costs, efficiency of operations, freight throughput that
needs to be maintained and recovered across a network, and safety of
physical infrastructure components. An emphasis is placed on assessing
operations and infrastructure from an engineering and operational
perspective, which is highlighted by three case studies in which objective
data sources are used to influence the shape of the operational level
trajectory after a disruptive event occurs.

Despite the deliberate steps that are already being made (and in many
cases enforced) across the RR sector to use state-of-the-art tools and
technologies to enhance RR resilience from an objective perspective,
decision-making remains a predominantly manual process that relies
heavily on the experience of trained RR personnel. For example, even
though this chapter describes the use of objective data sources such as
automated sensing technologies, wayside detection methods, GPS, manifest
data, and onboard monitoring to better quantify the 4Rs, these data are
ultimately used to augment and better inform existing decision-making
practices. More data and expansive analytical frameworks are direly needed
to fully understand the interdependencies among the 4Rs and automate
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decision-making practices across the sector’s diverse stakeholders. This will
first require closing the gap between data and analytical approaches to
assessing the 4Rs and their technical, social, economic, and political impacts.

4.8.1 Recommended Practices

This MOP aims to streamline resilience enhancement processes into a
comprehensive and consistent RM paradigm. As argued throughout this
MOP, the RM paradigm includes RMo as one of its components. This
chapter offers many of the basic concepts and implementation details of
RMo, especially as it pertains to RR systems. In closing, this section
summarizes an annotated list of some of the most important RMo practices
that can aid in producing resilient RR systems.

4.8.2 RR Assets

1. Better integration of collected data to quantify the state of RR assets
in real time
(a) Trains;

(b) Soils and foundations (e.g., landslide, mud slide, rock fall events);

(c) Track components (e.g., track buckling, rail break detection
mechanisms, track fixation);

(d) Ballast and sub-ballast;

(e) Signals;

(f) Support facilities;

(g) Maintenance equipment; and

(h) Other.

2. Integrate advanced warning mechanisms to detect hazards with
built-in RMo systems.

3. Develop comprehensive RMo systems to accommodate predefined
resilience acceptance thresholds; integrate these systems with
pertinent decision-making systems.

4. Provide integrated capital improvement decisions with RMo systems.

4.8.3 RR Rolling Stock

1. Combination of onboard and trackside RMo systems for rolling stock
deficiencies that may or may not be an indication of concerns from
other RR assets
(a) Wheels,

(b) Axles, and
(c) Bearings.

2. Any other improvement in rolling stocks that can have an impact and
input informing RMo: (a) Increased Re of cars, and (b) Integrated
rolling stock and RR assets.
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. Integrate RMo from a multimodal approach to better quantify

objective resilience beyond the RR network.

RR Networks

. Build network-based RMo systems that include asset-based RMo

systems as subsystems;

. Within the network-based RMo systems, include RMo systems for

different resources as well as all recovery operations; and

. There is a need for network-based objective resilience methods and

processes that can take advantage of the results of RMo at a network
level.

RR Operations and Management

. Make full use of standard operating policies while planning RMo

strategies;

. Clearly delineate applicable hazards while planning RMo strategies;
. Integrate different types of resource information with other types of

information;

. Streamline decision-making processes to optimally take advantage

of RMo results according to Figure 4-2;

. Identify and integrate human errors and human factors in the preventive

and remedial solutions for a more comprehensive RMo strategy;

. Improve, through reasonable exchange of RMo information and

results, multidisciplinary coordination both vertically (within each
organization) and horizontally (among different RR organizations
and RR stakeholder groups);

. Develop RMo so as to accommodate resilience communications from

the ground up; this includes, but is not limited to, the following: (a)
Messaging media (e.g., charts, videos, texting, mobile, and so on) that
are compatible with the recipients (e.g., professionals, funders,
legislature, owners, and so on), and (b) message content that is
consistent with the objectives of the message (e.g., warning, decision
support, scheduled information, and so on);

. For more information about communications, see Ettouney and

Alampalli (2017).

SUMMARY OF ACRONYMS AND VARIABLES

AAR
ACE

= Association of American Railroads
= Automated Commercial Environment

AREMA = American Railway Engineering and Maintenance-of-Way

Association
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BNSF = Burlington Northern Santa Fe

CFR = Code of Federal Regulations

CN = Canadian National

DHS = Department of Homeland Security
DOT = Department of Transportation

FE = Finite element

FEMA = Federal Emergency Management Agency
FHWA = Federal Highway Administration

FRA = Federal Railroad Administration
FTA = Federal Transit Authority

GAO = Government Accountability Office
GPR = Ground-penetrating radar

GPS = Global positioning systems

GRMS = Gauge-restraint measurement system
ID = Identification

LDV = Laser Doppler vibrometer

LEWIS = Low-cost, battery-powered, efficient wireless intelligent sensors
LiDAR = Light detection and ranging

LVDT = Linear variable differential transformers
MGT = Millions of gross tons

MPH = Miles per hour

NDI = Nondestructive inspection

NDT = Non-destructive testing

NIAC = National Infrastructure Advisory Council
NTSB = National Transportation Safety Board
PRM = Principle of resilience monitoring
PTC = Positive train control

Q = Performance

R1 = Robustness

R2 = Redundancy

R3 = Resourcefulness

R4 = Recovery

Re = Resilience

RM = Resilience management

RMo = Resilience monitoring

RR = Railroad

SHM = Structural health monitoring

T = Recovery time

t = Time

TIH = Toxic inhalation hazard

UAV = Unmanned aerial vehicle

UP = Union Pacific

VI = Visual inspection
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VTI = Vehicle track interaction
WILD = Wheel impact load detection
«a = Performance loss

B = Reliability index
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CHAPTER 5

ROLES OF REMOTE SENSING
TECHNOLOGIES FOR DISASTER RESILIENCE

ZhiQiang Chen, Margaret Glasscoe, Ron Eguchi,
Charles Huyck, Bandana Kar

5.1 INTRODUCTION

Remote sensing (RS) acts as “eyes” looking at changes on Earth. As a
data collection tool, it provides geospatial coverage of earth landscapes or
objects, which include urban/rural communities and civil infrastructure
assets. Because of its primary scale at a geospatial level (e.g., miles wide
covering a megacity) and the modern RS sensor’s high spatial resolution
(e.g., at a submeter level per pixel), RS technologies have been widely
considered in all phases of disaster management, including preparedness,
response, and recovery.

In this chapter, the authors will first argue the relevance of remote
sensing technologies to disaster resilience and suggest a general workflow
for remote sensing—based damage detection (RI-DD) for civil infrastructure
assets. To proceed, the background knowledge of remote (optical) sensing
technologies, including their advantages and disadvantages, is described.
Then, we review the emerging remote sensing technologies and their
significant potential. With this basis, the RT-DD is formulated as a pattern
classification problem, which elucidates the possible use of digital change
detection, probabilistic classification, and crowd-based human
identification for damage detection. Recent advances in big data and
artificial intelligence will be remarked. Subsequently, the authors introduce
three case studies to demonstrate the three methods. After concluding this
chapter, the authors propose a possible framework for deploying remote
sensing technologies in practice and suggest how to integrate RI-DD with
practical disaster management.

It is noted that although the focus is on optical data and analysis
methods, the general workflow and their essential relations to disaster
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resilience are universally applicable to different remote sensing methods.
For processing nonoptical data [e.g., point-cloud processing or RAdio
Detection and Ranging (Radar) data processing], specific methods are
necessary. In terms of analysis methods, we focus on the modern use of
statistical learning methods or machine learning methods, in which images
are treated as the source data, then feature extraction methods, and pattern
classification methods are applied in sequence. Emerging methods, such
as the recent deep learning methods, are not focused but briefly introduced.
In terms of damage detection, they essentially combine the feature
extraction and classification steps into one large-scale neural-network-
based model that is then trained on big data. In addition, this chapter
includes a short introduction to deep learning methods for structuralizing
emerging mobile images.

5.2 ROLE OF REMOTE SENSING TECHNOLOGIES
FOR ENHANCING DISASTER RESILIENCE

5.2.1 Disaster Resilience

In the civil and infrastructure engineering community, the most widely
adopted definition of resilience stemmed from the seminal work of
Bruneau et al. (2003) in the context of earthquake hazard and engineering:
“Seismic resilience is defined as the ability of social units (e.g., organizations,
communities) to mitigate hazards, contain the effects of disasters when
they occur, and carry out recovery activities in ways that minimize social
disruption and mitigate the effects of future earthquakes.” More impactful
in this effort is the concept of “4Rs,” which, as stated by Bruneau et al., are
applicable to both social and physical systems including the following:

e Robustness: Strength or the ability of elements, systems, and other
units of analysis to withstand a given level of stress or demand
without suffering degradation or loss of function;

e Redundancy: Extent to which elements, systems, or other units of
analysis exist that are substitutable (i.e., capable of satisfying
functional requirements in the event of a disruption, degradation, or
loss of functionality);

e Resourcefulness: Capacity to identify problems, establish priorities,
and mobilize resources when conditions exist that threaten to
disrupt some element, system, or other units of analysis;
resourcefulness can be further conceptualized as consisting of the
ability to apply material (i.e., monetary, physical, technological, and
informational) and human resources to meet established priorities
and achieve goals; and

o Rapidity: Capacity to meet priorities and achieve goals in a timely
manner in order to contain losses and avoid future disruption.
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It is arguable that the use of technologies can increase resilience
performance at all different dimensions. In the original work of Bruneau
et al. (2003), the authors proposed a system’s diagram for quantifying
infrastructure systems and community resilience; particularly in this
diagram, it illustrates that “new approaches, such as the use of technological
and decision support systems” can be incorporated to improve the
resilience of an infrastructure system and a community. In the following,
we especially elaborate on how RS technologies can enhance the resilience
of (1) infrastructure asset as a monitoring and loss assessment technique,
and (2) community resilience as a risk communication method.

5.2.2 Infrastructure Asset Resilience

When the physical infrastructure is targeted, the authors of this chapter
state that in light of the existing research, developed technologies, and the
emerging technology disruption, RS technologies have (1) proven strong
relations with Resourcefulness and Rapidness, especially in community
resilience at a geospatial scale. Because of their primary scale at a geospatial
level and high spatial resolution, traditional RS technologies have been
widely considered in all phases of disaster management, including disaster
preparedness, response, and recovery. For example, one important
application is loss estimation in the immediate aftermath of disasters
through the use of visual interpretation or machine learning-based
quantification. Particularly noteworthy is the latest advances in remote
sensing platforms, for example, Google Earth Engine, which is enabling
researchers and practitioners to develop big-data based analytics and
smarter processing using the cloud computing infrastructure. With the
ubiquitous use of mobile devices (e.g., smartphones), by taking advantage
of modern communication networks (e.g., 4G and the upcoming 5G
cellular networks), the disaster analytics is reachable to any person who is
threatened by a disaster. This RS-based data and computing infrastructure
are expected to be truly transparent to the end users and become a part of
the socioeconomic fabrics of communities. Therefore, RS technologies as a
whole have a strong relation to these two signature components of disaster
resilience, resourcefulness, and rapidness. (2) Potentially beneficial
influence on assisting with other technologies that provide robustness and
redundancy to civil infrastructure assets. First, this impact is recognized in
relation to two traditional technology arenas: structural health monitoring
(SHM) and nondestructive evaluation (NDE) technologies. Both SHM and
NDE methods have been long recognized as a viable approach to
identifying structural states, inspecting structural damage, and providing
diagnosis or prognosis for structural elements, devices, and subsystems in
an engineering system’s life cycle (Farrar and Worden 2006, Frangopol and
Soliman 2016). These SHM/NDE techniques, by identifying, localizing,
and quantifying damage states, directly contribute to implementing
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robustness and redundancy measures (by increasing the reliability of the
system by replacing damaged elements or by adding additional elements
or devices to the system) to the engineered system.

Given this, the authors recognize an emerging trend that RS is being
exploited and integrated into the SHM/NDE fields. Two trends are
recognized. Two potentially high-impact areas are recognized herein,
which are both related to the advances of SHM and nondestructive
evaluation (NDE) technologies. The first is to implement geospatial-scale
SHM/NDE by integrating UAV-based remote sensing and ground-based
sensing networks for the conjunct static damage detection and dynamic
monitoring (Chen et al. 2018, 2019; Cheng et al. 2018; Yeum and Dyke 2015;
Yoon et al. 2017). The second is the integration of dynamic building
information modeling (BIM) and structural health information, leading to
an enhanced digital-twin model for operation and management of
engineered systems. In this aspect, the creation and updation of BIMs
significantly rely on the emerging remote sensing technologies such as
laser imaging, detection, and ranging (LiDAR) and 3D photogrammetric
methods (Glaessgen and Stargel 2012, Qiuchen Lu et al. 2019, Shim et al.
2019).

With these relations as elaborated on RS technologies previously, we
state that first, remote sensing provides an indispensable tool for resilience
monitoring at global and regional scales. Second, remote sensing aids in
resilient infrastructure asset operation and management by assisting and
augmenting the existing and future SHM/NDE technologies.

5.2.3 Risk Communication and Community Resilience

With remote sensing-based data-derived products, such as hazard and
loss mapping, they can be used to inform the public before a disastrous
event, the immediate aftermath, or even in real time toward risk
communication. The goal of risk communication is to provide adequate
information about an impending hazard, its potential risks, and impacts
as well as potential mitigation steps to aid communities in taking
preparatory actions to reduce adverse impacts of the event (Gladwin et al.
2009, Krimsky 2007). Based on the definition of resilience, in addition to
risk assessment, damage, and loss assessment, risk communication is
considered a precursor to promote community resilience as it allows for a
sharing of knowledge/information/lessons learned among stakeholders
because they prepare to reduce impacts and prepare for future events and
impacts (NRC 2012, UN/ISDR 2004). To this end, the Sendai Framework for
Disaster Risk Reduction 2015-2030 has identified the need to maintain a
multihazard, multicultural, and people-centered forecasting and early
warning system to provide risk information in a timely manner (UNDRR
2015).
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A warning system required for risk communication comprises three
components: (1) a detection subsystem that detects and/or forecasts the
location and time of a hazard event, (2) an emergency management
subsystem that focuses on determining the risk and impacts posed by the
hazard that necessitates the dissemination of risk information, and (3) a
public response subsystem that focuses on ensuring public understanding
of messages and their subsequent response (Grabill and Simmons 1998,
Kar et al. 2016, NRC 2012). In the United States, the Integrated Public Alert
and Warning System (IPAWS) was established to disseminate standardized
alert messages via multiple communication technologies (i.e., cell phones,
radio, television) in multiple communication channels (i.e., text, pictures,
sound) to impacted communities and beyond before, during, and after a
hazard event promptly to reduce risk (FEMA 2012). Although technological
advancements have made it possible to forecast hazard risks and impacts
in near real time, public response to alerts and warnings is still influenced
by (1) message content, and (2) the sociopsychological characteristics of the
public (Kar 2018, Kar et al. 2016, Mileti and Peek 2000, NRC 2012).

While alert messages can be sounds received by sirens, the Wireless
Emergency Alert messages received on personal cell phones tend to be 90
characters long (Kar et al. 2016). This limits the amount of risk information
that the public expects to be part of a message, which includes information
about the “nature of the disaster, impact zone, time frame and duration of
the disaster, recommended actions, evacuation routes, when to take action,
shelter location, how to obtain additional information, and a map of
evacuation routes, shelters, and nearby hospitals” (Kar 2018). Even the rise
of social media, specifically Twitter, as a risk communication platform does
not provide information about the impacts of a hazard that essentially
determines management and mitigation activities that can be taken up to
move people out of harm or to improve response and recovery efforts (Liu
et al. 2018). In light of the advances in remote sensing, geospatial, and
computational technologies, it is now possible to determine risk, damage,
and potential impacts as well as map them in near real time that can be
used by both public and first responders as part of risk communication to
increase awareness, preparedness capabilities, and reduce impacts, thereby
enhancing resilience.

5.3 REVIEW OF REMOTE SENSING FOR DISASTER DAMAGE
ASSESSMENT

5.3.1 Remote Sensing Basics

The inventory of remote sensing technologies today is much broader
than ever before. In terms of sensing mechanisms, they include optical
imaging (panchromatic, true-color, multispectral/hyperspectral, and
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Figure 5-1. Traditional remote sensing platforms: optical passive RS and
active RS.

thermal imaging), which passively relies on solar illumination. They also
include active sensing methods, such as LiDAR (and radar), which
actively emit electromagnetic waves and collect signals. Figure 5-1
illustrates the two mechanisms. In terms of platforms, they include
spaceborne aircraft, airborne aircraft (manned), and unmanned aerial
vehicles (UAVSs).

It is noted that the knowledge domain of remote sensing is broad;
readers may refer to a general textbook for the different remote-sensing
principles (Rees 2013). The primary remote sensing data processing
methods are instrumental prior to conducting any advanced interpretation
(e.g., the damage detection problem in this book chapter), which are broad
as well (Lillesand et al. 2015). With the ubiquity of mobile smart devices
(e.g., smartphones and tablets) and micro- and small-scale UAVs
(colloquially called drones), remote sensing to date can be even personally
deployed, analyzed, and exploited in real time by individuals with a
certain level of training.

Table 5-1 lists the primary representatives of these remote sensing
technologies that are available to civic applications. To better understand
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the nature of these data sets, the mathematical functional expressions of
different imageries and their interpretations are summarized in Table 5-1.
Among these remote sensing methods and their data products, a very
large percentage of the remote sensing data and their products come
from the traditional space- or airborne remote sensing platforms (e.g.,
satellites and air crafts) with optical sensors. Therefore, the majority of
remote sensing data archived to date are optical data. To this date, there
are several resources that provide freely available (with authorized
accounts when necessary) remote sensing data, particularly during the
aftermath of a disaster. Table 5-2 lists some centralized sources for
acquiring remote sensing data that are provided by US-based government
agencies. In the meantime, as personal or community-based remote
sensing starts emerging, especially the use of GPS-enabled small UAVs,
remote sensing data of disaster scenes are unprecedentedly ready to
acquire; some of these postdisaster reconnaissance data sets are provided
by researchers and recently are curated at the NSF’s DesignSafe-CI cloud
infrastructure.

Table 5-2. Remote Sensing Data Resources in the United States.

Name Owner Link Main features

HDDS USGS  https:// Public-domain data and licensed

(Hazards Data hddsexplorer. (commercial); Optical and Radar

distribution usgs.gov/ imagery data;

system) Event-based (2005 to current)

Earth science NASA https:// Many sources, including

data systems earthdata. satellites, airborne/field
nasa.gov/ campaigns;

Opensource APIs and tools

Google earth  Google https:// Historical and current Landsat
engine earthengine. and Sentinel-2 data;
google.com/ Cloud-based computing engine
with image processing and
machine learning algorithms

DesignSafe NSF https:// Researchers collected remote
WWW. sensing data
designsafe-ci. Data types: Lidar point cloud,
org UAV imagery, ground-based

(nonstructured) photos



https://hddsexplorer.usgs.gov/
https://hddsexplorer.usgs.gov/
https://hddsexplorer.usgs.gov/
https://earthdata.nasa.gov/
https://earthdata.nasa.gov/
https://earthdata.nasa.gov/
https://earthengine.google.com/
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https://earthengine.google.com/
https://www.designsafe-ci.org
https://www.designsafe-ci.org
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5.3.2 Earth Observation Satellites for Disaster Response: From
the Early 2000s

Several milestones of remote sensing technologies for earth observation
(EO) can be recognized. These include the first orbital satellite launched in
1959 (US Explorer 6), the Landsat program starting from 1972 that
ultimately leads to the largest program for Earth imagery acquisition from
space in the human history (the latest launch was Landsat 8 in 2013), and
the first real-time high-resolution Earth imagery acquired by the US KH-11
satellite. In 1977, the first electro-optical digital imaging was provided by
the US KH-11 satellite system. Last, since 1997, the series of high-resolution
EO satellites have been launched by the private sectors represented by
DigitalGlobe (now Maxar), including IKONOS, Quickbrid, GeoEye-1, and
the latest WorldView-1 to 4 series.

These modern satellite sensors are available to provide multitemporal
imagery at very high resolution (VHR) at submeter spatial accuracy as well
as other existing satellite systems that provide meter-level high-resolution
(HR), such as the Ikonos and the SPOT-5. In addition to the high spatial
resolution, some satellite sensors also provide wide bandwidths in the
spectral domain and are operated to have shorter revisit periods (e.g.,
Worldview-3 and -4 have a revisit period of less than one day). Because of
these capabilities, satellite images have been used as an unparalleled
source of information for studying, monitoring, forecasting, and managing
large-scale earth-surface phenomena, events, and human activities on our
planet.

Although the adoption of remote sensing for disaster and emergency
response can be dated back to the early days of satellite programs, it is as
early as around the year 2000 that the research community in civil
engineering started adopting statistical pattern classification or machine
learning methods to exploit remote sensing data for postdisaster damage
assessment. Many research papers are found in this period (Chiroiu 2005,
Gusella et al. 2005, Kohiyama and Yamazaki 2005, Rathje and Crawford
2004, Rejaie and Shinozuka 2004). Partially, these research efforts were
triggered by large-scale urban disasters and their immensely tragic
consequence in terms of human and property losses around these years.
These events include the 2004 Bam Earthquake in Iran, the 2004 Indonesian
Ocean Earthquake and Great Tsunami, and the 2005 Hurricane Katrina in
the United States. Second, during or after these disastrous events, remotely
sensed satellite images were provided by different agencies and freely
available to researchers around the world. Third, the early years of 2000
were also the golden age of statistical machine learning and machine
vision methods. Besides technical papers, technical textbooks in these
arenas were published (Bishop 2006, Chan and Shen 2005, Shawe-Taylor
and Cristianini 2004), indicating the maturity of these methods and
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readiness for their adoption in the civil engineering communities. During
these times, researchers developed advanced Bayesian learning methods,
graphical modeling theories, statistical kernel methods, and advanced
image-based feature extraction methods, which were all ready for
application.

With the aforementioned orbital sensing systems, individual urban
infrastructure (e.g., buildings, roads, bridges) and their corresponding
details that characterize them (e.g., boundaries or roof details) are visually
identifiable and reasonably detectable in the obtained RS images. Therefore,
the researchers mentioned previously in civil engineering attempted to
adopt these machine learning and vision methods and expected to develop
an autonomous (or safe to say, semiautonomous) method for rapid
RS-based damage and loss mapping. These endeavors were expected to
assist in performing immediate rescue and reconnaissance in disaster-
stricken areas as well as to provide useful information for improving
hazard reduction methods for designing or maintaining engineering
structures. In the following, a previous event is used to illustrate such
potential for using RS data for postdisaster damage assessment.

The Great Sumatra Earthquake and the subsequent Great Indian Ocean
Tsunami caused by the uplift of the ocean floor, occurred on December 26,
2004, claimed more than 300,000 lives, and caused billions of dollars of
property losses across 12 countries bordering the Indian Ocean. This was
clearly a large-scale disaster. Within only the area of Aceh Province of
Indonesia, about 1.3 million urban buildings were damaged because of the
devastating effects of the tsunami. Different from other natural hazards,
most affected areas were hit by the earthquake (M,,=9.2) and subsequently
stricken by the tsunami.

In Banda Aceh and other affected areas in Indonesia, the majority of
built structures can be grouped into three types: (1) residential buildings
constructed with wood framing and clay tiles or thin corrugated steel
sheets for roofing, (2) nonengineered concrete-framed structures with
unreinforced masonry infill, and (3) engineered reinforced concrete
buildings. According to several reconnaissance reports (e.g., Ghobaraha
et al. 2006, JSCE 2005), the damage in the city of Banda Aceh was the result
of both the seismic shaking and the subsequent tsunami. Different from
seismic shaking and its dynamic effects on structures, tsunami waves
apply hydrodynamic pressures, buoyancy, uplift, or scour to structures.
Hence, the damage patterns manifest very differently from typical seismic-
alone damage.

In Figure 5-2, three rows of urban buildings in the Banda Aceh area from
different sources are provided. In the first row (al-a3), a typical building
collapse was observed, which was due to the poor resistance of the
buildings to seismic shaking. In the next row of pictures (b1-b3), buildings
were primarily destroyed by the tsunami waves. In Figure 5-2(b3), only the
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Figure 5-2. Urban buildings struck by the Sumatra Earthquake and the Great
Tsunami: (al-a3) Three reinforced concrete buildings in Banda Aceh collapsed
during the earthquake; (b1-b3) show three buildings with complete or near-
complete collapse owing to tsunami waves and flooding; (c1-c3) damaged
buildings as a result of the tsunami impact with different effects: (c1) ground-level
columns damaged by flooding pressure and piled debris, (c2) a survived building
with the ground floor soaked in water, and (c3) a building with loss of support of
its shallow foundation owing to water erosion.

Source: All illustrations created based on sample images in (a1-a3) J[SCE (2005),
(b1-b3) USGS (2008), and (c1-c3) Ghobaraha et al. (2006).

ground story was left, with the second story almost completely gone. It is
noticeable that large amounts of debris were found piled around the
buildings, which were left by the receding water and may not be solely
from the collapsed buildings in situ. In Figure 5-2(c1-c3), readers may
observe three particular damage patterns caused by the tsunami, which
represent three special situations that satellite sensors on the orbit cannot
capture. In (cl), the ground-level columns were apparently damaged by
flooding pressure and the accumulated debris pressure; in (c2), a building
stood, however, was soaked in water extensively; and in (c3), the shallow
foundation of the building was eroded by water. All these effects could not
be captured by satellites with nadir- or off-nadir view. It will be commented
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later that for situations in Figure 5-2(c1-c3), the latest UAV-based remote
sensing operated at a low altitude can offer a unique approach to remote
sensing of these damaged structures aided with modern high-resolution
cameras and GPS.

It is noted that on December 28, 2 days after the event, the Quickbird
imagery was available. These high-quality images clearly displayed the
extent of the flooding, the severity of urban infrastructure damage, and the
widespread devastation of the city and its surrounding areas. The first
author of this chapter licensed several pairs of bitemporal Quickbird
images from the Pacific Disaster Center (PDC 2008). These images covered
the Banda Aceh and its surrounding areas and were pan-sharpened with
a spatial resolution of 60 cm/pixel. These images are very large; two
example bitemporal image patches are re-created with a downgraded
resolution and are shown in Figure 5-3. Note that their original approximate
extents are indicated on a small browser image.

In the first pair of bitemporal patches (P1), the neighborhood shown
was close to the shore and was entirely destroyed by the tsunami waves
with randomly cluttered debris illustrated in the postevent image. In P2,
visual identification reveals that most of the buildings in this region stand
intact after the disasters. However, severely inundated land was observed.
Therefore, potential severe damage to buildings may not be observed from
the satellite images.

If the geometric and spectral intrinsic of the satellite sensor and other
environmental factors are held constant, the topographical appearance of
urban buildings in satellite images manifests as individually distinct in
terms of (1) geometric shapes, and (2) reflectance properties. The 3D
geometric shape of an urban building determines its 2D projection in the
satellite image. The reflectance properties of buildings vary spatially
differently as different construction materials were used, which cause
different spectral compositions under the solar illumination when captured
by optical sensors.

Because of the nature of optical imaging, many physical and
environmental factors not related to the buildings have a considerable
effect on the topographical appearance of the buildings. These factors, to
name a few, include sensor tilts, solar illumination variations, atmospheric
disturbance, and weather changes. For example, sensor tilts can project the
building geometrically different in the image; solar angles can produce
different shadow patterns to the same building; atmospheric disturbance
may lead to diffusive artifacts in the image.

One may note that VHR satellite images can display the following
damage patterns: (1) Partial or complete structural collapse, wherein a part
of or a whole of the building reduces to debris, and (2) distortion of the
geometric configuration of buildings, which may include the disappearance
of the original boundaries or the appearance of new segments or boundaries.



134 OBJECTIVE RESILIENCE

“After” Bitemporal image patches
covering this urban area
are used to construct the
urban imagery database
used in this dissertation.

Figure 5-3. Two pairs of bitemporal image patches (P1 and P2) cropped from a
pair of large-scale satellite images captured before and after the 2004 Indonesia
Ocean Tsunami. The pre-event image was captured on June 23, 2004, and the
postevent one was captured on December 28, 2004.

Source: Created based on resolution-downgraded images licensed through the PDC
(2008).

It is also recognized that compared with photographs taken at the ground
level as well as other on-site data such as the collection of eyewitness
information and detailed manual mapping of damage patterns, many types
of structural damage characteristics cannot be identified from satellite
images. However, the benefits of satellite imagery are unparalleled when
considering the following two facts: The ability to capture disaster scenes on
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a large scale. In the case of an earthquake that primarily impacted a small
city or region (e.g., the Bam, Iran, earthquake in 2003), most of the loss and
damage were spread within a (4 x 4) km? area; in the South Napa Valley
Earthquake in 2014, most building damage was confined within the
downtown Napa in about a 5 x 6 km? area. Such an extent can be largely
captured in a single (7,000 x 7,000)-pixel or (8,000 x 10,000)-pixel image
with a spatial resolution of 60 cm/pixel. For disasters like the 2004 Indian
Ocean Earthquake and Tsunami across multiple nations or the 2011 Tohoku
Earthquake and Tsunami in Japan that flooded more 500 km? of coastal
lands, a number of satellite images are needed to provide broad coverage for
the extent of damage. Modern satellite imaging systems well accommodate
this requirement. For example, the Worldview-3sensor, when operated with
an off-nadir angle in the range of 30 degrees, can cover a geospatial area up
to 66.5 km x 112 km in a single pass (SIC 2021), (2) Timeliness of satellite
imaging. Modern commercial satellite systems usually feature a short revisit
period. The result is that within one or a few days following the disaster,
satellite imagery can be available. Although the processing and computing
of such large satellite images are very demanding, this should not be viewed
as obstacles, as computing technology continues advancing, and high-
performance cloud infrastructure for satellite processing becomes normal to
date. Compared with ground-level reconnaissance reports, which often
require months to generate, the time consumed by image processing and
computing is negligible.

5.3.3 Emerging Remote Sensing Technologies

The previous example shown in Figure 5-3 implies that structural
damage in built objects is often not sensible by orbital satellites with optical
sensors. Disaster scenes are far more complex, however. In Figure 5-4(a),
one scene from the 2010 Haiti Earthquake is shown, in which the damage
from the severely damaged community is spatially dynamic in terms of the
terrain complexity that challenges any orbital or airborne sensors. Figure
5-4(b) illustrates another complicated imaging situation, wherein damage
to bridges is mostly found in the substructure of bridges owing to either
seismic or tsunami wave impact (JBEC 2011). In these two situations, any
conventional spaceborne remote imaging approach is not feasible to
capture the damage scene rapidly. The recent emergence of small UAVs
that fly at a low altitude provides a flexible and cost-effective approach to
providing multiview imagery of objects, potentially enabling 3D scene
reconstruction (Chen 2014).

Several researchers have reported this UAV-based remote sensing for
several disaster scenes such as hurricanes and earthquakes as a rapid and
alternate remote sensing approach (Murphy et al. 2008, Pratt et al. 2009).
One recent UAV-based disaster-scene remote sensing work was conducted
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(a)

(b)

Figure 5-4. (a) Several damage scenes from the 2010 Haiti earthquake with
complex terrain, and (b) a damage scene showing debris impact on a bridge pier
in the aftermath of the 2011 Japan Tsunami.

Source: (a) Based on Internet pictures, (b) modified based on [BEC (2011).

by the first author in the aftermath of an EF4 tornado that occurred in eastern
Kansas on May 28, 2019, causing considerable damage in Linwood, Kansas,
and surrounding areas. The tornado ultimately resulted in 18 injuries and
no fatalities. Using a DJI Phantom 4 UAYV, high-resolution images were
collected through the use of a multispectral camera and a 4K RGB camera.
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Figure 5-5. Pix4D processing products: orthomosaic and digital surface model
(DSM) using the UAV images near 1663 N 1300 Road, Lawrence, Kansas. It is
noted that the DSM model can be used to assess the volume change of a structural
or vegetation object if necessary for quantitative tornado damage assessment.

With the images obtained from the UAV, preprocessing using Pix4D
(Pix4D 2021) mapping was conducted. Figure 5-5 shows the intermediate
mapping products and the final reconstructed 3D mapping. It is noted that
to achieve a rapid product, the low-resolution 3D mapping option was
selected. Even so, the achieved resolution of about 1.4 cm/pixel for both
locations was ensured.

The low-resolution products were further exported into Google Earth.
Figure 5-6(a and b) show the “before” and “after” using existing satellite
images and the derived mapping product for the location of 20361 Linwood
Road, Linwood, Kansas, 66052. Figure 5-7(a) shows a detailed “zoom-in”
illustration from using the 3D mapping product near the address number
of 1663 N 1300 Road, Lawrence, Kansas, 66046. It is of interest to note that
the falling trees damaged both residential buildings. For the building on
the right, a ground photo was taken as well [Figure 5-7(b)], which
manifested the severity of the damage and confirmed the aerial observation.
More than what is shown in the ground photo, the aerial mapping shows
the relative position of the damaged area to the roof system.

5.3.4 Relation to Other Hazard and Loss Estimation Methods

Related to the category of hazard and loss assessment, other geospatial
tools (software or system platforms) exist in practice and in the literature.
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(b)

Figure 5-6. Pre- and post-tornado disaster scene comparison using the existing
satellite image and the produced mapping product.
Source: Courtesy of Google Earth Pro.

(b)

Figure 5-7. Aerial and ground comparison of a residential building at Lawrence,
Kansas: (a) the zoom-in illustration from the UAV mapping; and the building in
the right was captured in (b) by a smartphone at the ground level.
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Some of them are based on simplified and predictive modeling
methodologies, some combine probabilistic modeling and integrate with
real-time networked sensing data, and some use advanced physics-based
computational modeling. A few examples are listed as follows:

1. Hazus-MH: Hazus is a nationally applicable standardized
methodology and a GIS-based software package that contains models
for estimating potential losses from earthquakes, floods, hurricanes,
and tsunamis. It uses empirical vulnerability functions and exposure
data to estimate structural losses at a census block scale and provides
important loss estimates before a disaster (Schneider and Schauer
2006).

2. USGS seismic shaking maps: ShakeMap is a product of the USGS
Earthquake Hazards Program in conjunction with the regional
seismic networks. ShakeMaps provide near-real-time maps of ground
motion and shaking intensity following significant earthquakes
(Frankel et al. 2000).

3. NOAA hurricane simulation tools: NOAA provides a set of toolkits
that use advanced atmospheric and climate models for hurricane
behavior simulation, which provides geospatial prediction of
hurricane movement and intensity (Walsh et al. 2015).

In general, these geospatial tools serve as either predisaster preparedness
planning or during-/postdisaster awareness of hazard intensity (as a
proxy to the potential loss) and estimates of potential losses. They are
different from remote sensing-based damage mapping in that the latter
provides data reflecting real and consequential damage owing to the
disaster. In practice, if no remote-sensing data capture disaster scenes, the
forecast or predictive hazard /loss-estimation products provide substantial
assistance in decision making.

5.4 RS-BASED DAMAGE DETECTION AND COMPUTING
METHODS

5.4.1 Problem Definition

Given the potential of satellite imaging for urban disaster response and
management, it is important to understand how urban structural damage
can be described in satellite images. One viable strategy is the use of
categorical damage grades, such as those shown in Figure 5-8 (EMS, 1998).
The illustration shows five damage grades, which include descriptive
language regarding the structural or nonstructural components for each
grade. This damage grading system is often used as a reference during
postdisaster structural damage reconnaissance.



140 OBJECTIVE RESILIENCE

Classification of Damage to Masonry Buildings

Grade 1: negligible to slight damage (no structural
damage, slight non-structural damage)

Hairline cracks in very few walls; fall of small
pieces of plaster only; fall of loose stones from
upper parts of buildings in very few cases

Grade 2: moderate damage (slight structural
damage, moderate non-structural damage)

Cracks in many walls; fall of fairly large pieces of
plaster; partially collapse of chimneys.

Grade 3: substantial to heavy damage (moderate
structural damage; heavy nonstructural damage)

Large and extensive cracks in mos walls; roof tiles
detach; chimneys fracture at the roof line; failure
of individual non-structural elements (partitions,
gable walls)

Grade 4: very heavy damage (heavy structural
damage, very heavy non-structural damage)

Serious failure of walls; partial structural failure of
roofs and floors.

Grade 5: destruction (very heavy structural damage)

Total or near total collapse

Figure 5-8. Damage grading and description.
Source: Modified based on EMS (1998).

There is limited work in the literature addressing the identifiable levels
of damage in satellite images. In Yamazaki et al. (2005), the authors
manually conducted experiments by applying visual inspection to
Quickbird images, in which more than ten thousand buildings in Bam,
Iran, were labeled with different damage levels (Yamazaki et al. 2005). In
their experiment, a reduced 4-level damage grading system was used:
Damage Level 1—buildings with no or slight damage, which are equivalent
to Grades 1 and 2 in Figure 5-7; Damage Level 2—buildings surrounded
by debris (Grade 3 in Figure 1-10); Damage Level 3—buildings that
partially collapse (Grade 4 in Figure 1-10); and Damage Level 4—buildings
that completely collapse (Grade 5 in Figure 1-10). After comparing the
visual identification results with a ground-level reconnaissance report,
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they concluded that consistency was achieved over most of the buildings
in the images. However, inconsistent cases were found, especially when
deciding the intermediate damage levels (e.g., Damage Levels 2 and 3).

It is not justifiable nor discernible if a damage grading system with
more than three levels can be used for the case of remote sensing data. The
primary reason is that traditional remote sensing data is not effective in
capturing the 3D appearance of ground buildings. To this end and for
many remote sensing-based damage assessment efforts, a more reduced
damage grading system is used, which includes three damage levels:

e Minor damage, which corresponds to Grades 1 and 2 in Figure 5-7,
that is, structures are intact or have only a slight loss of structural
features (e.g., edges like boundaries and homogeneous roof regions);

o Moderate damage, which corresponds to Grades 3 and 4 in Figure 5-7,
that s, the partial collapse of a building characterized by a significant
loss of structural features; and

e Major damage, which corresponds to Grade 5 in Figure 5-7, that is, the
complete collapse of a building characterized by a loss of image
features.

5.4.2 Problem Statement

Suppose that N pairs of bitemporal images of individual buildings,
which are extracted from a pair of large-scale satellite images of an urban
area stricken by a natural disaster, are provided. For an arbitrary pair of
images, 0 is used to denote the pre-event building image and u1 for its
postevent counterpart. Therefore, the imagery data set for conducting an
object-based structural damage identification is expressed as follows:

D={(u0,u1), |u0,ul € R”;n=1,2,...,N} (5-1)

where D, is the dimension of the nth bitemporal image pair. To denote the
categorical damage levels as discussed previously, an integer variable c is
used:

e “c=1"—Minor damage,
e “c=2"—Moderate damage, and
e “c=3"—Major damage.

For a more compact notation, we denote a damage-level set as
C={c|lc=1,2,3}.

Therefore, the problem can be defined as follows. Given a bitemporal
data set (10, ul), which contains an engineering building captured before
and after a disastrous event, a measure p, is sought, which quantifies the
probability that the building, defined by (40, u1), has a structural damage
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level c € C. To generate such a measure, the following parametric structure
is formulated for p:

pe = {p(u0, ul), c} (5-2)

The damage level for the building c* is decided by choosing a damage
level that maximizes p,:

c*=argmaxt {¢(u0, ul), c} (5-3)

Equations (5-1) to (5-3) define a generic mathematical framework for the
process of feature extraction and damage classification. Particularly,
Equation (5-2) represents a model that includes the following: (1) ¢(u0, u1)
represents a feature extractor that converts a bitemporal image pair (that
is high-dimensional) to a low-dimensional and discriminative feature
vector; (2) the notation #(:, c) represents a subsequent classification step
that converts ¢(:, -) to a probability measure that defines the underlying
structural damage level between u0 and u1, if the damage level is c.
Equation (5-3) simply states that the damage label is assigned by picking
the label that returns the maximal probability measure by evaluating all
possible damage labels.

5.4.3 Uncertainty in Remote Sensing Data

Equation (5-3) takes a probabilistic approach to damage classification;
that is, a label that is predicted in principle has to be probabilistically
characterized. This treatment accommodates the fact that RS data contain
different sources of uncertainties when expressing damage levels. Two
categories of uncertainties are involved in RS data collection and analysis.

1. Data uncertainty. The uncertainties in RS data collection (termed data
uncertainty) include the stochastic ones owing to the instrument’s
electromagnetic and thermal and atmospheric noises. Epistemic data
uncertainties are found in terms of incompleteness (e.g., owing to
occlusion), errors (e.g., owing to misuse in sensor operation), and
conflict (e.g., owing to the use of multiple types of sensors). Such
epistemic imprecision becomes much significant when the emerging
RS technologies are employed because of human operators
(engineers, pilots, crowd, and so on). It is noted that such operator-
caused uncertainties should be attributed to data uncertainties
(operators are not users of RS data).

2. User uncertainty. Significant uncertainties subsequently arise in RS
data interpretation introduced by the users (termed user uncertainty),
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which is primarily epistemic. Traditionally, human-based visual
analysis has been the primary cause of user uncertainty when
visually assessing losses or hazard directly based on RS data. Recent
crowd-based human analysis mitigates the level of such uncertainty
owing to the underlying voting mechanism. This human-based
analysis (such as damage labeling) is essential to create a training
database for advanced machine learning-based data interpretation
methods, the best of which needs to handle both data and user
uncertainties.

5.4.4 Machine Learning-Based Damage Classification

The prediction model in Equation (5-3) generates a categorical damage
prediction by seeking a class label ¢ € C that maximizes the function
p. = Y(¢, c). It is worth noting that given a feature variable ¢, the
probability measure, p,, is usually placed in the formalism of Bayesian
decision theory and is interpreted as a posterior probability (Duda et al.
2000). In terms of the

pe —p(c|¢)—i’(‘ﬁp|(c(§@ (5.4)

Equation (5-4) offers a principled way of modeling P(c|¢). This can be
defined as a supervised pattern classification problem. The term supervised
comes from the fact that the likelihood model p(¢ | ¢) and the prior P(c) in
Equation (5-4) are not known from a priori knowledge. Instead, they are
usually learned from data—in the context of pattern classification, which
is termed training data:

D" ={(0,, ul,, c,)|u0,, ul, e R™ ¢, €C;n=12,..,N"} (55)

Given the training data set D", if an ideal damage feature extractor is
obtained (i.e., for each input image pair, a low-dimensional damage feature
vector ¢, =¢[(u0, ul)n] is obtained), the construction of a probabilistic
classifier according to Equation (5-4) is straightforward. First, a parametric
structure for the likelihood functions p(¢ | c)’s and the prior probability,
P(c), can be estimated, and then the classification becomes ready through
Equation (5-3). The integral performance of damage classification is
determined by both the damage feature extraction step and the subsequent
classification design. In general, it is critical to improve the performance of
the damage feature extractor; then, an appropriate classifier should be
sought.
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5.4.5 Crowdsourcing-Based Damage Interpretation

To achieve the training data set in Equation (5-5), usually a small
number of trained experts are recruited to inspect the remote sensing
images and manually label the objects of interest. Such results give rise to
the so-called visual ground truth (VGT), as mentioned by Chen and
Hutchinson (2010). Subsequently, the computer-based machine learning
method aims to compete with the human intelligence embedded in the
VGT-based training data.

This practice implies that if this VGT approach is taken to a larger scale,
a potentially highly promising computing venue—crowdsourcing-based
computing or human-based computing—is obtained. Basically, if a large
number of relatively trained human agents are “hired” or volunteer to
conduct the image interpretation, this may bring in a significant
performance accuracy gain and efficiency. After all, the machine learning
methods presented previously indeed aim to compete against human
intelligence, yet usually resulting in inferior performance in accuracy and
generalization.

Crowdsourcing-based computing has been intensively studied in
Computer Science, as summarized in a recent handbook (Michelucci 2013).
Notably, in this handbook, Meier (2013) discussed the use of human
computing for disaster response, including human-computing-based
satellite data interpretation, and the involved challenges, benefits, and
outcomes. In this chapter, the authors present one case study that
demonstrates the successful use of crowdsourcing for RS-based loss
assessment.

5.4.6 Emerging Big Data and Artificial Intelligence Methods

Disaster scenes are complex. As previously mentioned, with human-
based VGT data as the training data, most machine learning algorithms
aim to race against human intelligence toward providing a rapid and
automated RS-based damage estimation approach. This normal may be
disrupted by the recent advances in big data and artificial intelligence (AI),
particularly the development of deep learning technology. With the RS big
data and large-scale human-based labeling results, one expects that
advanced Al methods may asymptotically approach the accuracy and
robustness level of human intelligence.

The potential first comes from the recent development in big and labeled
RS data at the object level by several private and government agencies.
Three significant databases are recognized herein. The first is the recent
launch of the NGA’s XView program (Lam et al. 2018), which provides
manually delineated more than 1 million bounding boxes in pre- and
postevent RT images. The other large-scale remote sensing-based database
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Figure 5-9. Existing “big” RS data with labels for built objects: (a) Sample
training data in the NGA’s Xview including ground-truth bounding boxes in the
magnitude of 10°, (b) sample image in the Maxar’s Open Data Program that
provides event-based footprints of built objects for significant disaster events since
2010, (c) Microsoft deep learning—based framework for building footprints, which
provided more than 125 million building footprints in the United States.

Source: (a) Lam et al. (2018), (b) Maxar (2021), (c) recreated based on Microsoft
(2018).

has been provided by Maxar through its Open Data Program (Maxar 2021)
for major disasters since 2010. With their VGT nature, these two databases
provide a tremendous boost for constructing an object-based high-
resolution training/testing advanced Al-based damage detection
algorithm. Equally significant is the Microsoft development of a deep
learning-based building-footprint extraction framework, which already
released an opensource data set for 125 million buildings in the United
States (Microsoft 2018). Figure 5-9(a) and (b) illustrates the samples of the
two disaster-event and object-based databases, and (c) illustrates the
Microsoft framework for building extraction.

On the contrary, enabled by big data in different sectors, deep learning
(DL) has reportedly outperformed many traditional machine learning
methods, including the use of geospatial remote sensing data (LeCun et al.
2015, Zhang et al. 2016). A DL model first realizes the high-level abstraction
by using a deep graph with multiple processing layers containing multiple
linear or nonlinear transformations. It can then learn the intricate patterns in
high-dimensional data (e.g., images) by breaking the complicated mapping
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into a series of simple mappings. From this perspective and especially for a
supervised task, a DL model has an end-to-end workflow, in which the step
of feature extraction and classification are both learned from the data.
Therefore, a DL model largely avoids the subjective nature and burden of
tuning both feature extraction and classification models as in the traditional
machine learning paradigm. To date, the convolutional neural network
(CNN)-based methods boast state-of-the-art performance in many object
classification, localization, and detection problems. More important, many
convolutional neural networks (CNNs) and their variants have been
developed, trained, and validated. In the recent research literature, CNN-
based DL methods have been used for RS data-based object detection (e.g.,
building detection), and some focused on damage detection (Bai et al. 2017,
Vakalopoulou et al. 2015, Xu et al. 2018, Zhang et al. 2016).

5.5 CASE STUDIES

This section will focus on several case studies in previous disasters that
employed RS data successfully for disaster-induced damage detection and

mapping.

5.5.1 E-DECIDER’s Rapid Remote Sensing-Based Damage Assessment

E-DECIDER was a NASA-funded project that aimed to develop
computing infrastructure and remote sensing-based products for rapid
disaster response and decision-making tools for the first responders (NASA
2019). The first-decision support product that the E-DECIDER team
developed was used for the 2011 Tohoku Japan earthquake and tsunami.
The product was directly delivered to the Japanese government for response
efforts through the United States and Japanese International Charter
representatives. Immediately following the earthquake, the Japanese
government provided a list of cities along the northwestern coast of Honshu
that was known to have sustained significant damage from the tsunami and
cities for which they had no contact since the tsunami came ashore. The
USGS provided access to all data collected for the earthquake and tsunami
response, including restricted imagery. Digital change detection results
showing tsunami inundation using MODIS imagery are presented in
Figure 5-10 (with red pixels indicating areas of inundation extent).

5.5.2 Machine Learning-Based Building Damage Mapping

In this case study, we emphasize an important aspect of disaster
assessment when using RS data and machine learning methods—to deal
with the inherent uncertainties in RT data and the ensuing training data,
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Figure 5-10. Remote sensing—based digital change detection of the northern
Honshu coast using MODIS imagery in responding to the 2011 Jana Earthquake
and Tsunami. Red pixels indicate tsunami inundation extent identified by
E-DECIDER.
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Acquired February 23, 2011 and March
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probabilistic methods are desired. For this purpose, a pair of georeferenced,
pan-sharpened, bitemporal images captured by the Quickbird satellite
(Digital Globe 2011) with a resolution of 60 cm/pixel were used (Figure
5-3): The pre-event image was captured before the India Ocean Tsunami
on June 23, 2004, and the postevent image was captured two days after the
tsunami, on December 28, 2004. Postdisaster reconnaissance reports (World
Bank 2005) indicate that approximately 1.3 million structures were
damaged because of the devastating effects of the tsunami within the area
of Aceh Province of Indonesia alone. Figure 5-11(a) show only a portion of
the Banda Aceh area in the Aceh Province of Indonesia in a set of bitemporal
image patches.

Two independent student analysts performed manual building
extraction and object-based damage classification, providing RT-based
visual-inspection ground-truth (VGT) data for the probabilistic learning-
based classification and validation. The VGT results are illustrated in
Figure 5-11(b, left), in which a total of 463 structures are rendered in
different colors, with 268 (57%) structures showing major damage (red), 91
(20%) showing moderate damage (yellow), and 104 (22%) showing minor
damage (green). The VGT map in Figure 5-11(b) may serve as a direct
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Figure 5-11. (a) Portion of bitemporal images of Banda Aceh, Indonesia region,
which was taken (left) before and (right) after the 2004 Indian Ocean Tsunami,
(b) training/validation input data (left), predictive damage map (right) (red: major
damage, yellow: moderate damage, green: minor or no damage).

Source: Based on resolution-downgraded images licensed through PDC (2008).

product for the end users (disaster responders). However, such visual
inspection-based assessment is time-consuming (given in the GT report
that millions of buildings were damaged). Furthermore, when multiple
persons are involved in the process, subjective inconsistencies will arise.
Therefore, we explored the possibility of conducting supervised damage
classification using a small portion of VGT results agreed upon by all
visual analysts. In Figure 5-11(b, left), the building objects confined in the
upper-right bounding box were used to illustrate this process.

We proposed a probabilistic damage classification method, which
addressed a major limitation when adopting a deterministic change
detection or machine learning method., ,that is, by applying a probabilistic
approach, the classification of structural damage provides posterior
probabilities, which can quantify the decision uncertainties and be further
used to obtain regional urban damage classification (e.g., at a city block
level). For a detailed formulation of this probabilistic classifier and its
application to multiclass and regional damage classifications, readers may
refer to Chen and Hutchinson (2010). The trained multiclass damage
classifier enables the prediction of damage levels for the remaining urban
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buildings. Figure 5-11(b, right) displays the predicted result. A quantitative
evaluation indicates that the overall classification accuracy is about 78%.
In particular, for buildings with minor or major damage, the recall and
precision accuracies are both >80%. However, for buildings with moderate
damage, the recall and precision accuracies are <40%. This relatively low
performance in classifying moderate damage is also observed during the
visual identification process. It arises because the determination of
moderate damage involves more subjective uncertainties compared with
the other two (extreme) damage cases. Overall, one can observe from the
early practice that when small samples of training data are used, given the
underlying uncertainties (RT data intrinsic and the human-related),
machine learning-based accuracy is not comparable to human intelligence.

5.5.3 Crowdsourcing-Based Damage Interpretation and Assessment

This case study accounts for how crowdsourcing is used in RT-based
damage assessment (Corbane et al. 2011, Ghosh et al. 2011, Bevington et al.
2015). The event was the 2010 Haiti earthquake, which, in less than a
minute, leveled approximately 20% of the buildings in the greater Port-au-
Prince (PaP) city; killed close to a quarter of a million people; injured as
many; and left a million individuals homeless. The visual interpretation of
damage in Haiti started with Phase 1 using satellite data. These data proved
to be extremely valuable in determining the scope of the disaster and in
prioritizing both aerial and field surveys. The “counting” of the number of
severely damaged buildings using satellite images (Phase 1) was relatively
quick. However, when compared with the higher-resolution aerial images
(Phase 2), these counts were found to be about a quarter of what was
assessed using the aerial data. Some of the reasons for the underestimation
included difficulty in discerning damage using this relatively low-resolution
imagery, the damage being so prevalent in many of the areas that analysts
were not able to distinguish damage to individual buildings.

The ImageCat team working with the World Bank and several
professional engineering societies, including the Earthquake Engineering
Research Institute, launched a novel effort to use crowdsourcing or human
computing as a tool to rapidly assess earthquake damage in the greater
PaP region. Higher-resolution aerial images at the resolution of 15 cm/
pixel were used, which allowed analysts to “see” damage with such
precision that damage that usually is difficult to see (e.g., partial roof
collapses, shifting of buildings off foundations, and so on). This
crowdsourcing effort—called GEO-CAN (Global Earth Observation—
Catastrophe Assessment Network) involved over 600 earthquake experts
representing 23 countries from 131 private, government, and academic
institutions who dedicated at least several hours each in helping to assess
damage in this event. See Ghosh et al. (2011) for more logistic details on
this crowdsourcing effort.
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During Phase 2, close to 30,000 buildings in PaP and surrounding areas
were identified by the GEO-CAN community as having either Grade 4
(very heavy damage) or Grade 5 (destroyed), according to the European
Macroseismic Scale (Figure 5-8). This represents roughly 10% of the total
building stock in the affected area. Table 5-3 summarizes the results of
these organized crowdsourcing efforts, and spatial lessons were learned as
noted in the following:

e As part of the Phase-2 damage assessment, it became very evident
that a significant portion of the damage count was being omitted
because the type of damage that was occurring was not visible in the
aerial images. To address this deficiency, the ImageCat team initiated
two major activities: fieldwork to develop damage distributions that
could serve as the basis for extrapolating aerial results to other lower
damage states, and evaluation of oblique imagery (Pictometry data)
to supplement the field results in areas that were physically hard to
access or were in remote locations. Using the field and Pictometry
data, we estimated that the Grade 4 and 5 building counts were
underestimating the amount of building damage by at least a factor
of two in some cases.

e A series of damage distributions (i.e., tables) were produced that
were eventually used by the joint PDNA team to extrapolate the
aerial damage results to the full damage total. As a result of this joint
analysis, close to 300,000 buildings were analyzed, with approximately
20% of these buildings in the destroyed or heavily damaged
categories.

e One of the essential products from the GEO-CAN analysis was the
delineation of building footprints for buildings experiencing at least
Grade 4 damage. This information was crucial in quantifying the
amount of building floor space that was eliminated by the earthquake.
By combining Pictometry and field data, the total amount of floor
area associated with all damaged buildings (as determined by the
joint PDNA damage assessment) was estimated at about 41 million
square meters, of which 18% is associated with Grade 4 and 5
buildings.

5.6 CONCLUSIONS AND RECOMMENDATION FOR PRACTICE

5.6.1 Conclusions and Remarks

Through reviewing both traditional and emerging remote sensing
(RT) technologies, we state that remote sensing technologies can provide
rapid means to obtain valuable information for both first responders and
the public. With a focus on optical remote sensing data, and through
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demonstrating a few case-based studies, this chapter further
demonstrates the effectiveness of RS-based damage detection.

We acknowledge that remote sensing data have become more abundant,
and derived products are more commonly used today. They are collected
not only through the traditional satellite or airborne sensors but also by
personalized aerial or mobile platforms (e.g., UAVs or smartphones).
These data sets, if all utilized, will lead to the notion of disaster-scene big
data. The recent databases and deep learning-based Al technologies hold
substantial promise that pushes the boundary of RT-based automatic
damage detection and mapping to the next level. One may expect that this
trend may asymptotically approach the accuracy of human intelligence—
based building extraction, damage detection, and mapping.

We foresee that remote sensing technologies, including various RS
platforms, imaging sensors, social networks, mobile-cloud computing,
Internet of Things, and Al-enabled analytics, will be highly integrated and
automated in the future. They will continue strengthening their significant
roles in building resourcefulness and rapidness into community resilience
by providing critical disaster and hazard analytics data in real time and
will be integrated with other local resilience monitoring technologies
toward enhancing the robustness and redundancy in both community and
asset resilience. Yet, the future RS as a whole and as a highly comprehensive
and robust utility will itself become resilient when dealing with disasters
or any disruption, if such integration becomes a reality. The authors
envision that the RS-based service will become a transparent service to
anybody at any time and at any location for emergency-triggered decision
making.

5.6.2 Recommendation for Practice

With these technical contents introduced previously, and considering
both traditional and emerging RS technologies to this date, it is
acknowledged that derived products through computational processing
and modeling of remote-sensing data have yet to be commonly used in
practice. Often available is a certain level of GIS readiness added to the
remote sensing data, and visual interpretation is still indispensable. Given
these facts, the authors suggest and recommend the following practices,
which can be readily achieved today by most agencies and by the general
body of first responders, including emergency coordinators, responders,
analysts, and field inspectors.

1. Remote sensing data and derived products should be achieved in a
GIS-ready system that provides remote and mobile access. These
archived data can provide predisaster preparedness or immediate
postdisaster or during-disaster reference when the postdisaster data
are not available. Taking advantage of modern centralized cloud
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infrastructure that provides distributed and real-time services for
mobile users has become a new normal and should be implemented
in practice.

. Attention needs to be paid when remote sensing data come with

different timelines and different resolutions. In the immediate
aftermath or during a disaster event, it is usually the moderate-
resolution data (e.g., Landsat data) that become available first, then
other free-access high-resolution data (e.g., Sentinel-1/2 data), and
finally high-resolution to very-high-resolution commercial (or ad hoc
access) data. End users of these data need to make decisions based
on these practical limitations of their different timeliness and
resolution. In general, low- and moderate-resolution data can provide
a reference of the hazard coverage and extent about an unfolding
disaster; and high-resolution data provide both hazard intensity and
infrastructure and structure damage information.

. Emerging crowdsourcing technologies based on the use of social

networks and personal or community-based UAVs can provide
important, agile, and detailed disaster data. However, these data sets
are often much less structured and possess more uncertainties.
Organized social-network approaches or the use of UAVs are
preferred, which lead to more of a citizen-scientist approach
providing more structured and trustful data. Nonetheless, end users
are responsible for developing standard protocols for employing
these technologies (particularly, for the use of UAVs or drones, they
are subject to the regulations of FAA and local airspace classifications).

. Other geospatial tools, including predictive loss modeling and

forecast of potential hazards, are well developed, and some of them
have become standard methodologies (e.g., the use of HAZUS-MH
for loss estimation for different hazards). If no remote sensing data
are available in the aftermath of a disaster, these tools serve as the
most substantial source of information for understanding the hazard
intensity and the potential losses. If RT-based products exist, because
of their nature of being real measurements of structural changes
related to buildings and civil infrastructure, they provide more
trustful damage information.

. Advanced machine vision or artificial intelligence (AI) methods have

not been implemented to this date as a service, which is being
considered by several agencies and research efforts. Active
collaboration among the end users, research and development
personnel, and commercial entities are called for and expected to
deliver service-based infrastructure in the near future.

. Communication of either predictive, monitoring-based, or any

remote sensing-based derived products needs to be conducted with
arisk-based framework. However, significant research in developing
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standard methodologies is in great need. It is believed that before the
establishment of these standard methodologies, empirical protocols
and in-situ discretion based on past experience are probably the best
mechanisms for civil infrastructure stakeholders.
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CHAPTER 6

ROLE OF SEISMIC ISOLATION AND
PROTECTION DEVICES IN ENHANCING
STRUCTURAL RESILIENCE

Fariborz M. Tehrani, Maryam Nazari, Ali Naghshineh

6.1 INTRODUCTION

6.1.1 Resilience in Earthquake-Resistant Design

Recent advances in the field of structural engineering have substantially
shifted engineering paradigms in earthquake-resistant design. Although
life safety remains the paramount goal in engineering design, the path to
a safe design has been influenced by innovative means and materials of
structural systems as well as robust computational and analytical
capabilities in the areas of seismology, mathematical modeling, structural
mechanics, health monitoring, and other relevant fields. As a result, the
performance-based design (PBD) approach has gained popularity in recent
decades. The performance-based earthquake engineering (PBEE) exceeds
expectations of merely surviving and addresses structural performance at
multiple levels, including operational, immediate occupancy, life safety,
and collapse prevention (SEAOC 1995). The comprehensive approach of
the PBEE framework involves four major stages of hazard, structural,
damage, and loss analyses (Sullivan et al. 2014). These processes introduce
uncertainty as an essential challenge in the assessment of structural
response, applied loads, and expected damage. Thus, an estimation of
structural vulnerability to extreme events and restoration of structural
functionality after such events inherits those uncertainties (Kanno et al.
2017). Furthermore, as PBD changes the procedures and expectations of
earthquake-resistant structural design, lessons learned from recent
earthquakes have highlighted the importance of nonstructural components
in the overall estimation of losses and damage. Nonstructural components
contribute to a significant portion of total investments in buildings and,
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thus, may contribute to substantial financial losses during earthquakes
(Filiatrault and Sullivan 2014). In addition, the shift in earthquake design
and resultant structural performance during recent earthquakes have also
surfaced other sources of loss, such as business disruption and economic
decline (Mayes et al. 2012). Such limited tolerance for damage after major
earthquake events has led structural engineers to adopt sustainable and
resilient structural systems (Grigorian and Grigorian 2018). These pieces
of evidence signify the need for considering resilience as the primary
objective of earthquake-resistant design of structures (Gilmore 2012,
Pessiki 2017, Mahin 2008, 2017). Key components of resilience, including
robustness, resourcefulness, rapidity, and redundancy, interact with other
structural characteristics, such as safety and reliability through PBD
(Ettouney 2014). This chapter shows how seismic isolation practically
enhances resilience by isolating and protecting structures from transferred
loads during earthquake events and /or damping the energy of transferred
motions to structures during such events.

6.1.2 Defining Resilience for Structures Subject to Seismic Events

A general definition for the seismic resilience of structures relates to the
degradation of structural performance owing to an earthquake event.
Several parameters may influence such degradation, including the state of
the structure before the event, intensity of the event, and recovery process
after the event (Vugrin et al. 2010, Bruneau et al. 2003). Structures are
dynamic systems that tend to degrade throughout their service time span
unless supported by maintenance, upgrade, and retrofit efforts to cope
with their expected and unexpected variations of demand. Thus, the state
of structural health before the occurrence of a seismic event will influence
the intensity of degradation owing to that event, as well as susceptibility
to further degradation owing to secondary risks triggered by the
earthquake. Obviously, the vulnerability to earthquakes influences the
degradation of the structure as well. Further, the efficiency of the recovery
process determines the degradation of the structure. This implies the
importance of a multi-hazard approach to ensure the resilience of
structures, that is, considering more than one hazard and ideally all known
hazards, and their interactions. Furthermore, the inherent uncertainties in
the characteristics of future seismic events introduce the need to consider
the worst-case scenario in structural resilience (Takewaki et al. 2003). Such
consideration elevates design concerns for structures that are typically fit
to perform after the most probable case and invites further discussions
about the theory and practice of design for the worst-case event, from the
definition of the worst case to the implementation of design within an
economically constrained environment. Finally, the recovery process after
the event, with respect to means (equipment), methods (techniques), and
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speed of recovery, influences the resilience of a structure. The uncertainty
in the state of a structure immediately after a seismic event has roots in
uncertainties in the state of structural health and the intensity of the
earthquake. Moreover, the nature of the recovery process, disregarding the
scale and magnitude, is characteristically different from planned
maintenance and upgrade efforts owing to socioeconomic pressures that
are common after natural disasters. Therefore, it is not uncommon for
recovery projects to have a limited scope that will not restore the
performance of a structure to the initial level. Thus, it is important for the
definition of resilience to include total degradation in the performance of
a structure after an earthquake and not just in the immediate aftermath of
the event. This is the essence of the system’s robustness.

6.1.3 Seismic Isolation

Seismic isolation has gained substantial attention in the last several decades
in many countries and thus, has given seismically isolated structures multiple
opportunities for observations and assessment during real earthquakes. Many
new seismic isolation systems proposed in the past recent years have proved
to be practical by establishing a satisfactory structural performance after the
occurrence of earthquakes. The design approach in seismic isolation utilizes
technologies that minimize the effects of earthquakes on structures and thus,
reduce consequent damage and economic losses owing to downtime. The
reliability of isolation systems has roots in their low sensitivity to structural
and site characteristics. Such reliability promotes isolation systems in
probabilistic approaches to the design of earthquake-resistant structures, such
as PBD, and exemplifies them as mechanisms to enhance the resilience of
structures, which directly impacts the cost of recovery after earthquakes.
Furthermore, the preventive nature of the seismic isolation technique makes
it a sustainable practice in respect to the conservation of resources, in addition
to preservation of life and safety (Tehrani 1992, Naeim and Kelly 1999, Naeim
2001, Bozorgnia and Bertero 2004).

6.1.4 Design Philosophy

The two major concerns in the behavior of structural systems during
strong ground motions are story drift and floor accelerations. The balance
between these demands tends to categorize structures as rigid or flexible.
These categories further define structural requirements and criteria to
achieve proper ductility, detail connections of nonstructural components,
and so on. Overall objectives of these structural criteria require structures to
(1) remain operational after frequent lower-magnitude earthquakes without
damage, (2) sustain no major damage in occasional earthquakes, and
(3) survive rare higher magnitude earthquakes without collapse, as defined
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by the relevant codes and standards. The performance-based design
approach covers these appropriations of structural behavior with the level
of applied ground motions. These basic objectives provide guidelines to
assure that the capacity of structures will be more than earthquake demands
throughout the design ground-motion event in respect to forces and
deformations (Mayes et al. 1988, Tehrani 1993a). This simple design principle
is idealistic because the strength and the stiffness of common structures are
proportional, and, thus, stiffer structures tend to absorb more forces because
of their higher rigidities and lower natural periods. Consequently, standard
practices in structural engineering guide designers to enhance the ductility
of structural materials and components, which is not always economical or
even feasible without sacrificing nonstructural systems (Ferritto 1991, Kelly
1990, Tehrani 1993a, 1994, Tehrani and Hassani 1994a). The concept of
seismic isolation addresses this problem by isolating strong and rigid
structural elements using flexible and ductile isolation devices (Buckle 1989,
Buckle and Mayes 1990, Kelly 1990, Tehrani 1992).

6.1.5 Performance-Based Design

The concept of performance-based seismic design is increasingly being
embraced in different jurisdictions. Displacement control and objective-
based solutions are some aspects of performance-based codes provided by
the National Building Code of Canada (NBCC 2015), Eurocode 8, and
ASCE 7-16. Performance assessment is an essential feature of a
performance-based design. The overall structural performance cannot be
explicitly defined during a given seismic event by current seismic design
codes (e.g., ASCE 7-16) (ASCE 2017), which are prescribed-based and focus
on the strength and capacity of the structural members (Naghshineh et al.
2018). Performance-based design deviates from this in that it is based on
the objectives with a specific level of structural performance during a
certain level of a seismic event, as demonstrated in Figure 6-1 (base shear
demand versus lateral deformation).

The performance-based seismic design enables the design team to work
together to evaluate the appropriate levels of ground motion and
performance objectives for the building and the nonstructural elements to
meet the owner’s expectations. Existing literature indicates that the seismic
response during actual earthquakes may differ from the predicted amount
during design procedures, as demonstrated in the following cases.

Ambient vibration tests were performed to obtain the dynamic
characteristics of tall reinforced concrete shear wall buildings with the
height range from 15 to 45 stories, located in downtown Vancouver,
Canada. The raft foundation’s vibration levels, mode shapes, modal
frequency, damping, rocking behavior, and soil-structure interaction were
determined (Turek et al. 2008). It was observed that the fundamental
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Figure 6-1. A schematic view of selecting a performance level.

Source: Adapted from Hamburger and Holmes (1998). Photo: F. M. Tehrani, build-
ings in Rasht and Manjil after the 1990 Manjil-Rudbar Earthquake (Tehrani
1990).

natural period increased from 0.81 to 3.57 s. These results showed that
NBCC 2005 is more conservative for taller buildings, and by using the
predicted period from finite element modeling (FEM), lower design forces
can be used for response spectrum analysis. Regarding the micro-tremor
and base analysis results, the movement of the foundation and the
performance of the structure’s vibration modes had a significant
correlation. It showed a high capacity for soil-structure interaction effects
because of the rocking of the foundation.

The 8.8 magnitude Maule earthquake in 2010 caused strong ground
motion, where most of the affected buildings were reinforced concrete
(RC) structures. It was observed that most structural damages were in
multistory and high-rise buildings because of the poor performance of
slender RC shear walls without confined boundary elements that caused
crushing of concrete and buckling of vertical wall reinforcement at the end
and throughout the entire length of the wall. Because Chilean code did not
provide any restrictions in designing irregular structures, soft and weak
stories and discontinued shear walls existed, resulting in increased force
and deformation demand with global and local failures. Moreover, the
interaction of nonstructural components with the seismic force-resisting
system caused damage. For instance, unexpected forces applied to
surrounding columns around window openings provided by masonry
walls created short columns, resulting in diagonal tension failures. Some
failures were due to a lack of proper connections in precast structural
elements and tilt-up walls (Saatcioglu et al. 2012).
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Four ductile steel moment-resisting 5-, 10-, 15-, and 20-story frame
buildings were designed in Vancouver, Canada, and their performance
was investigated to assess the seismic safety level specified in the code.
The buildings were initially designed using equivalent static load for the
seismic load according to NBCC 2005 (NRCC 2005), and then the modal
and dynamic analyses were performed. Equivalent seismic lateral forces
in inverted triangular form as provided in NBCC 2005 (NRCC 2005) were
used for the pushover analysis, and these forces were also monotonically
increased for the analysis. The nonlinear dynamic response of these
structures was assessed using synthesized and scaled actual ground
motion records. The results of pushover and dynamic analyses indicated
that building frames designed according to the NBCC 2005 seismic
provisions achieved the anticipated performance level of collapse
prevention or better. The pushover analysis revealed that an increase in the
building height reduces the ductility capacity of a building frame’s system.
The ductility capacities of the 15- and 20-story buildings were much lower
than those of the 5- and 10-story frames, which were more than five, as was
assumed to determine the design lateral forces. Infill panels decreased the
dynamic drift demand and damage, as well as the structural system
ductility capacity. In addition, building performance was affected by the
nature of selected ground motion records (Yousuf and Bagchi 2009).

6.1.6 Control Systems

Three significant control systems are available: passive control system,
active control system, and semiactive control system. Combining these
control systems is the so-called hybrid control systems consisting of
combined passive and active devices or passive and semiactive devices.

6.2 ACTIVE CONTROL SYSTEMS

Active control systems require a significant power source because
electrohydraulic or electromechanical actuators generate the control forces
based on feedback information from the measured response of the structure
or external excitation. These measurements are monitored by a controller,
which determines the control signal for the operation of the actuators.

6.3 PASSIVE ENERGY DISSIPATION DEVICES

Passive control systems do not require an external power source for
operation and are used to modify the dynamic properties of a structure,
thus reducing the demand on the structural system. Supplemental energy
dissipation devices can take many different forms and use different
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Figure 6-2. Significant types of damper technology.
Source: Adapted from Kasai et al. (2007).

mechanisms to dissipate energy, including the yielding of mild steel,
viscoelastic action in rubber-like materials, shearing of viscous fluid,
orificing of fluid, and sliding friction (Symans et al. 1997). The seismic
isolation system is one of the most well-accepted passive control devices.
A flexible isolation system is placed between the foundation and the
superstructure to increase the natural period of the system; this results in
reducing acceleration in the superstructure, increasing the displacement in
the isolation level. When incorporated into a structure, passive energy
dissipation devices reduce energy dissipation demands on primary
structural members and minimize possible structural damage by absorbing
a portion of the input energy.

Passive energy dissipation devices can be divided into six groups:
metallic dampers, friction dampers, viscoelastic dampers, viscous fluid
dampers, tuned mass dampers, and tuned liquid dampers (Constantinou
et al. 1998). Figure 6-2 shows major types of dampers. The primary function
of viscous and oil dampers is to resist the flow of polymer liquid and low
viscosity oil. The hysteresis of a viscous damper is a combination of ellipse
and rectangle and can be modeled in series combination with nonlinear
dashpot and elastic spring, whereas the series combination of linear dashpot
and elastic spring is used to model the oil damper. The inclined elliptical
shape is developed using a viscoelastic damper, which dissipates energy
using a polymer’s molecular motion. Energy in steel and friction dampers
is dissipated by the yielding of steel material and through the friction
between two solid bodies sliding off next to each other (Kasai et al. 2007).

6.4 SEMIACTIVE CONTROL SYSTEMS

A small external power source is required for operating semiactive
control systems, and a controller monitors the feedback, generates an
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within a full-scale test structure.
Source: Adapted from Kobori et al. (1993).

appropriate command signal for the devices, and utilizes the structural
motion to create the control forces. Stiffness control devices,
electrorheological dampers, magnetorheological (MR) dampers, friction
control devices, fluid viscous dampers, tuned mass dampers, and tuned
liquid dampers are some examples of these systems.

The primary function of stiffness control devices is to modify the
stiffness and, thus, natural vibration characteristics. Figure 6-3 shows the
semiactive stiffness device in a chevron bracing arrangement. The origins
of this device can be traced to a hydraulic cylinder with a solenoid control
valve. When the valve is closed, the beam locks to the braces below, and
when it is open, it disengages the beam and the brace connections; at each
time step, the stiffness configuration is specified, and suitable command
signals are sent to the stiffness control devices. Analytical results of this
system indicate that during lower-magnitude earthquakes (e.g., 4.9 on the
Richter scale), there was a 70% reduction in the roof acceleration of the
structure; this amount decreased to 40% for higher-magnitude events (e.g.,
5.7 on the Richter scale).

Electrorheological (ER) dampers consist of a hydraulic cylinder containing
micron-sized dielectric particles suspended within a fluid. On the existence
of a strong electric field, the particles polarize, become aligned, and produce
an increased resistance to flow. The behavior of ER dampers can be
modulated by changing the electric field. A large-scale capacity ER was
developed (McMahon and Makris 1997), as demonstrated in Figure 6-4. It
was established that when the case has no applied electric field, the elliptical
shape of the hysteresis loop can be modeled as a linear viscous dashpot.

MRs are the magnetic analogs of ER dampers with similar behavior but
with a magnetic control effect instead of an electric control effect. MR
dampers consist of a hydraulic cylinder containing micron-sized,
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Figure 6-4. Schematic of a small-scale damper and hysteresis loop for a large-scale
damper for two different electric field strengths.
Source: Adapted from McMahon and Makris (1997).

magnetically polarizable particles suspended within a fluid. The system’s
performance is tested by subjecting the fluid to a magnetic field.

Semiactive friction control devices are used as energy dissipaters within
the lateral bracing or as components within sliding isolation systems. The
idealized hysteresis loop of the friction damper is presented in Figure 6-5.
As the force increases, the hysteresis loop expands vertically; thus, the
normal force controls the amount of dissipated energy per cycle of
harmonic motion.

An isolation system was described by Feng et al. (1993) to limit the
sliding displacement and minimize the transfer of seismic forces to the
superstructure, in which the friction force on the sliding interface between
the superstructure and the foundation is controlled. Figure 6-6
demonstrates a cross-sectional and plan view of the semiactive friction
control bearing.

As shown in this figure, each bearing has a fluid chamber and a pressure
control system, which consists of a servo valve, an accumulator, and a
computer used to modify the pressure.

F

LN
e
F=FRICTION FORCE
X=DISPLACEMENT

H=COEFFICIENT OF FRICTION
N=NORMAL FORCE

X

Figure 6-5. Idealized Coulomb-friction-damper hysteresis loop.
Source: Adapted from Feng et al. (1993).
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Figure 6-6. Friction-controllable bearing.
Source: Adapted from Feng et al. (1993).

Semifluid viscous dampers consist of a hydraulic cylinder with a piston
head to separate the two sides of the cylinder. When the piston is cycled,
the fluid is compelled to pass through small orifices at high speed and the
pressure variation across the piston head, and an external control valve
modulates the output force; this control valve is in the form of a solenoid
valve for on—off control or a servo valve for variable control. Symans et al.
(1997) tested two different semiactive damper systems: two-stage and
variable dampers utilizing solenoid and servo valves, respectively. The
semiactive fluid damper includes a stainless-steel piston rod, a bronze
piston head, and a piston rod makeup accumulator and is filled with thin
silicone 0il, as shown in Figure 6-7.

A single degree of freedom (mass—spring—damper) can be used to model
tuned mass dampers. A tuned mass damper is mounted on the top floor of
a multistory structure, and the motion of the structure is controlled by
tuning the dynamic characteristics of the system. Tuned liquid dampers
are like tuned mass dampers, except that a container filled with fluid
replaces the mass—spring-damper system. Lou et al. (1994) recommended
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Figure 6-7. Schematic view of damper and hysteresis loops for seven different
command voltage levels subjected to harmonic motion.
Source: Adapted from Symans and Constantinou (1997).
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a semiactive tuned liquid damper. The behavior of the semiactive damper
and the natural frequency of the sloshing fluid are controlled by the length
of a hydraulic tank and by adjusting the position of rotatable baffles in the
tank, respectively; this indicates the benefits of different tank lengths for
controlling the response of the mass.

It was observed from the experimental testing that the semi-active
control method could improve the seismic behavior of structures. With a
comparison of structural control systems (i.e., passive, active, and
semiactive), it was noted that semiactive control systems are a better option
because they do not have the limitations of passive and active dampers.
However, the large-scale semiactive control systems for seismic response
reduction need further investigation.

6.5 RESILIENCE OF ELASTOMERIC- AND FRICTION-BASED
SYSTEMS

Elastomeric- and friction-based devices are passive energy dissipation
systems, as noted in prior sections. The significant advantages of these
systems include providing flexibility at the base of the structure, reducing
the story drift, increasing the natural period of the structure, and
consequently, reducing the design base shear of the structure, as
schematically presented in Figure 6-8 (Tehrani 1996). Enhancement of the
flexibility of the structure is the critical contribution of isolating devices to
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Figure 6-8. Concept and mechanisms of seismic isolation.
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reduce transferred forces from the foundation to the structure. Reductions
of story drift, natural frequency, and design load are consequences of the
isolation mechanism (Ferritto 1991, Mayes et al. 1988, Tehrani 1992, 1993a,
Tehrani and Hassani 1994a, Golafshani et al. 1996).

Standard components of the isolation mechanism include three essential
elements: first, an isolating mechanism to provide flexibility; second, a
damper to control the relative displacement of the building with respect to
the ground; and third, a resisting system to withstand minor lateral loads
when the service of isolation is not necessary. A fourth component (i.e., a
self-centering mechanism) is common in specific isolation systems (Tehrani
1993c). The first component, i.e., a flexible or isolating element, typically
shifts the structure’s natural period to higher levels, where the earthquake
demands subside. The lower demand will reduce story drifts as well.
However, such an increase in the structure period will increase the total
displacement of the structure, which may result in stability issues. Thus,
the presence of the second element (i.e., a damper) is necessary to control
such displacements by dissipating the energy of the earthquake. The
design of the third element, i.e., a resisting system to withstand slight wind
and earthquake events, is proportional to the capacity of the structure for
such loads. The rigidity and strength of this system may prevent the
structure from returning to the original location after a significant event,
which may be an operational concern. In this case, a self-centering
mechanism will be beneficial (Buckle 1989, Buckle and Mayes 1990, Mayes
et al. 1988, Tehrani and Hassani 1994b, 1995, Hassani et al. 1996). Rubber
bearings are the most basic elastomeric-based systems with applications in
many buildings and bridges for vibration control. In this category, natural
rubber bearings offer an isotropic behavior with equal stiffness in all
directions, which is not the best fit for isolating structures from horizontal
ground motions (Hassani et al. 2001). The next significant advancement,
the layered rubber bearing with horizontal reinforcing steel plates,
provides an opportunity to flex the bearing horizontally without a
substantial reduction of vertical stiffness. Furthermore, the addition of a
lead core to this reinforced bearing enhances the damping ratio and is
instrumental in controlling the deformation of the bearing. The lead-
rubber system satisfies the need to withstand minor lateral loads without
drift, isolate the structure at the initiation of a strong ground motion, and
dampen the energy of the earthquake throughout the event. Figure 6-9
shows the schematic section of rubber bearings with the lead core (Tehrani
1992, 1993c).

Figure 6-10 presents a simplified two-dimensional model of an isolated
system with elastomeric bearings (Tehrani 1993b, Tehrani et al. 1993,
1994). In this model, the masses of the roof and base floor are comparable.
The deformed shape is presented in solid lines as opposed to dashed
lines for the undeformed shape. It can be shown that the relative
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Figure 6-9. Typical elastomeric bearing system with (top) lead core and (right)
testing.

Source: F. M. Tehrani, elastomeric testing using a strong frame photo (Hassani
et al. 2001).

displacement of the top of the structure in respect to the base, also known
as the story drift, is much less than the relative displacement of the base
with respect to ground movement if the stiffness of the structure is
substantially lower than the stiffness of the bearing. Further, implementing
large damping values at the base concerning negligible damping of the
structure will contribute to energy dissipation at the base (Kelly 1999). It
is also evident that the isolation has shifted the natural period of the
system from 0.14 s for the fixed base structure to 1.5 s for the base-isolated
structure (Tehrani 1993b).

Sliding isolators or pure-friction isolation systems represent another
class of isolators (Tehrani 1993b, Tehrani and Ahmadi 2015). The friction
mechanism can simply act as the isolator when the transferred force from
the ground to the structure exceeds the friction resistance in the system.
Then, the friction drives the damping mechanism by dissipating energy
while the superstructure slides on top of the substructure. The static
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Figure 6-10. (a) 2D model of an isolated structure, (b) drift and base movement
of an isolated structure, (c) modal analyses for isolated, (d) fixed base models.

friction of a sliding isolator also locks the system during minor events,
which are not expected to trigger the system. Figure 6-11 presents three
approaches to measuring the coefficient of friction as the essential
parameter in the behavior of pure-friction isolation systems (Tehrani
1993b, Hassani et al. 1996).

The simple mechanism of pure-friction isolation systems has prompted
their application in low-cost and low-tech structures such as adobe
buildings (Tehrani 1993b, Tehrani and Massoud 1995, Tehranizadeh and
Tehrani 1997, Hassani et al. 1996). Figures 6-12 and 6-13 present two
examples of sliding layers using different granular materials and system
configurations (Li 1984, Tehrani 1993b, Tehrani and Hassani 1996). Figure
6-14 presents a constructed building, the first in Iran, using a pure-friction
isolation system (Tehrani 2000).

A common challenge in the pure-friction system is the lack of a self-
centering system to restore the structure to its original location after a
seismic event. The friction pendulum system addresses this problem by
providing a spherical friction surface that allows an articulated slider to
move against a polytetrafluoroethylene-bearing material (Figure 6-15)
(Naeim and Kelly 1999, Zayas et al. 1989).

Advantages of using the friction mechanism to dampen the energy of
ground motions have resulted in hybrid systems of elastomeric and
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Figure 6-11. Experimental measures to determine the coefficient of friction:
(a) biaxial fixed-lateral pneumatic load method at a 1.27-50.8 mm/min rate,
(b) fixed-angle wedge method at a 50.8 mm/min rate, (c) dynamic fixed normal
load method at an 80 m/min rate.

Source: (a) Tehrani (1992), (b) Hassani et al. (1996), (c) Tehrani (1993b).

friction-based devices. The resilient-friction base isolation (R-FBI) system
(Mostaghel 1984) is an example of such hybrid systems, where Teflon-
coated stainless-steel flat rings are assembled around a central rubber core
(Figure 6-16). The friction between these plates enhances the damping
characteristics of the device. Figure 6-17 shows another hybrid device
developed by Electricité-de-France, where the sliding occurs at the top of
the main assembly of laminated neoprene bearings because of using a top
stainless-steel plate. Because of the separation of friction and elastomeric-
based mechanisms in the EDF system, the sliding of the superstructure on
top of the stainless-steel plate can act as a fuse, similar to pure-friction
systems that isolate the structure from severe ground motions. This system
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Figure 6-12. Application of a sand layer between flat plates.
Source: Adapted from Tehrani (1993b, 1998).

has been applied to protect essential structures, such as nuclear power
plants, built near active faults (Jangid and Kelly 2001).

A combination of the R-FBI and EDF systems has also been considered
to enhance damping. An example of such a system is the sliding resilient-
friction (S-RF) system. This system uses the R-FBI device as the base of the
EDF system and, therefore, takes advantage of friction on the top, as the
fuse, and between plates, as the damper (Su et al. 1991). Another advanced
method of enhancing damping is applying hysteretic damper devices with
high damping ratios known as the NZ (New Zealand) system.
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Figure 6-13. Application of lightweight-expanded clay aggregates under
foundation.
Source: Adapted from Tehrani (1993b, 1998).
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Figure 6-14. The first pure-friction base-isolated masonry building in Iran. Photo:
F. M. Tehrani, LECA Plant, Saveh, Iran.
Source: Adapted from Tehrani (2000).

Figure 6-18 compares schematic diagrams for selected types of isolation
systems supporting a rigid mass. These diagrams indicate how friction,
elastomeric, and damping mechanisms are assembled to perform as an
isolator unit. These diagrams have been expanded to represent the
behavior of shear beams and multistory buildings, in addition to the
simplified rigid mass model, as shown in Figure 6-19 (Su et al. 1989, 1990,
Fan et al. 1990a, b, 1991).

The response of various structural systems to selected ground motions
indicates that isolation systems are, in general, effective in reducing
transferred forces and story drifts (Figures 6-20 and 6-21). Therefore,
seismic isolators can enhance the resilience of the system by reducing
structural damage during an earthquake event. Further, the gap between
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Figure 6-15. Schematic of a friction pendulum system.
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Figure 6-16. Schematic of an R-FBI system.
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Figure 6-17. Schematic of an EDF system.
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Figure 6-18. Schematic diagrams of selected isolation systems.
Source: Adapted from Su et al. (1989, 1990), Fan et al. (1990a, b, 1991).

the responses of fixed-base and isolated structures is more significant for
stronger ground motions, such as the Pacoima Dam event, with higher
ground acceleration values. This observation implies that isolated
buildings are more resilient to unforeseen ground motions with severe
intensities. However, base-isolated structures are sensitive to the
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Figure 6-19. Schematic diagrams of selected isolation systems.
Source: Adapted from Su et al. (1989, 1990), Fan et al. (1990a, b, 1991).
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Figure 6-20. Sensitivity of seismic isolation systems in respect to the peak
acceleration to selected ground motions.
Source: Adapted from Su et al. (1990).
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Figure 6-21. Sensitivity of seismic isolation systems in respect to the peak
deflection to selected ground motions.
Source: Adapted from Su et al. (1990).
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Figure 6-22. Sensitivity of pure-friction isolation systems in respect to the base
displacement for selected ground motions.

frequency content of the ground motion. This sensitivity was the case for
the Mexico City event, where a long period of ground excitation resulted
in a larger response of isolated structures than that of the fixed-base
structure. This sensitivity is a significant concern for elastomeric-based
devices when the frequency content of the earthquake is close to the
vibration period of the device. The addition of friction systems, in general,
alleviates such consequences by showing less sensitivity to the ground
motion characteristics such as frequency content. Therefore, hybrid
systems, in general, perform better when subjected to a portfolio of
different ground motions and contribute to the resiliency of the system
(Tehrani 1992).

Tehrani (1998) extended studies on the sensitivity of pure-friction base
isolation systems to the magnitude and the distance from the epicenter of
selected ground motions. Figures 6-22 and 6-23 indicate that pure-friction
isolation systems with a low coefficient of friction of 0.1 (in comparison
with the typical values of 0.2) may experience large base movements and/
or large accelerations because of the vertical component of the ground
motion during major seismic events possibly at a magnitude of above 6.0,
within a 50 km distance to the epicenter, or during minor seismic events,
possibly at a magnitude between 4.0 and 6.0, within a 10 km distance to
the epicenter (Tehrani 1998).
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Figure 6-23. Sensitivity of pure-friction isolation systems in respect to the
acceleration for selected ground motions.

6.6 RESILIENCE OF LOW-DAMAGE SELF-CENTERING SYSTEMS

In recent years, self-centering or rocking systems have been widely used
in structural systems. Although this concept has been used in different
types of structures, it was primarily used in concrete systems to reduce the
significant damage concentrated at plastic hinges. A joint US-Japan research
program titled PREcast Seismic Structural Systems (PRESSS) was initiated
in the early 1990s (Cheok and Lew 1991, Priestley and Tao 1993, Priestley et
al. 1999) toward constructing seismic-resilient options for precast structures.
In this program, self-centering connections were developed for improving
the seismic performance of beam—column joint subassembly and wall-to-
foundation connections in precast concrete buildings. By using post-
tensioning (PT) tendons as the primary reinforcement of beam-to-column
and wall-to-foundation connections, the lateral resistance of the elements is
provided and their recentering capability are secured as the PT tendons are
designed to remain elastic within the design drift level of the structure. In
the cast-in-place (CIP) structures, these connections were initially designed
to nonlinearly respond by allowing the formation of plastic hinges in the
region; this provides a large amount of energy dissipation, as hinges act as
fuses for the structure, as well as consequent residual deformation, crack
formation, and therefore severe damage in the system. In self-centering
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systems, sufficient energy dissipation capacity, which is the crucial
component of a resilient structure, is lacking because of the omission of the
plastic hinge formation. Therefore, several external energy dissipating
elements are integrated into the system to work with the self-centering
elements. In what follows, first, the self-centering systems, their lateral load
resistance, and energy dissipation mechanisms are discussed. Then, a
literature review on the topic is presented, which addresses the historical
perspective, up-to-date research findings, and codification. Finally, different
types of these systems and their applications in existing structures around
the world are discussed.

6.7 SELF-CENTERING SYSTEMS: LATERAL LOAD RESISTANCE
AND DAMPING MECHANISMS

The application of self-centering systems in all types of structures has
been practiced, but these elements were mainly used in concrete precast
structures to eliminate major concrete cracking as the material responds
nonlinearly. In what follows, lateral load resisting and energy dissipation
components of self-centering frames and wall systems in concrete
structures are discussed. Then, the applications of self-centering systems
in steel and timber self-centering structures are presented.

As shown in Figure 6-24 (a, b), self-centering beam-to-column or wall-
to-foundation connections are constructed by joining the corresponding
structural elements using unbonded (or partially bonded) PT tendons. The
tendons, which are aimed to respond linearly with no residual deformation
up to the design drift of the system, elongate when the system is subjected
to any lateral loading. Because of this, the structure experiences the
opening of a single crack at the self-centering connections, resulting in a
rocking response for the elements at the rocking interface. The prestressing
force mainly provides the lateral load resistance of these systems. It is
separated from their energy dissipation mechanism, which, in general, is
maintained through natural inherent viscous damping of the system and
negligible impact damping owing to the rocking of the elements at the
self-centering connection. This mechanism results in a resilient performance
of the system in terms of generating negligible residual drift; however, the
system encompasses slight damping capacity while it allows for input
energy during external lateral loading (e.g., earthquake). Several types of
energy dissipating elements were added to these systems to overcome the
lack of energy dissipation capacity in self-centering concrete structures
and provide the required damping and maintain the system’s resiliency.
Examples are U-shaped flexural plates (UFP) (Priestley et al. 1999), grouted
mild steel reinforcement (Rahman and Restrepo 2000, Holden 2001), and
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Figure 6-24. Self-centering connections in resilient concrete structures: (a) Self-
centering beam-to-column connections, (b) self-centering rocking wall systems
with and without energy dissipating elements, (c) resilient connection of the
rocking wall system with the surrounding structure.

Source: (a) Englekirk (2002), (b) Kurama et al. (1999), Priestley et al. (1999),
Rahman and Restrepo (2000), Sritharan et al. (2008), (c) Liu (2016).

oval-shaped mild steel connectors (Sritharan et al. 2008, 2015). As shown
in Figure 6-24(b), these steel connectors are used to join the self-centering
wall panels together or to the surrounding structural elements (e.g.,
foundation or columns); these connectors are designed to yield, due to
rocking of the self-centering wall panel and provide additional hysteretic
damping for the system. These elements, which are, in most cases, easily
replaceable after the lateral excitations, also provide external lateral load
resistance for the rocking system. Interactions of the self-centering rocking
wall systems with the surrounding structure have always been a
challenging topic. A few studies (e.g., Fleischman et al. 2005, Henry 2011,
Liu 2016) suggested applying special connectors to provide a resilient
wall-to-floor connection. An example of such connection (Liu 2016) is
shown in Figure 6-24(c).

Figure 6-25 indicates the application of different self-centering systems
in steel and timber structures. As presented in this figure, similar concepts
adopted for concrete structures are used in these systems to post-tension
the elements at the rocking joints (Pampanin 2015, Lin et al. 2009).
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Figure 6-25. Self-centering connections in a resilient: (a) timber structure,
(b) steel structure.
Source: (a) Pampanin (2015), (b) Lin et al. (2009).

6.8 HISTORICAL PERSPECTIVE

Housner (1963) initially modeled the rocking behavior as he attempted
to illuminate the reasons behind the survival of many tall, slender
structures in the 1960 Chilean earthquake (Henry 2011). Modern structural
engineers have investigated this concept over the last 28 years. In 1991, the
application of fully grouted post-tensioned beam-to-column connections
in the initial tests that were carried out as part of the inter-program
coordination of the US PRESSS program by the National Institute of
Standards and Technology confirmed its inappropriate performance in
terms of the provided damping capacity (Cheok and Lew 1991). Following
this practice, Priestley and Tao (1993) suggested applying unbonded PT
tendons to join precast members of structural frames and adding special
spiral reinforcements at the end regions of beams to modify the limited
damping capacity of the self-centering connections. In addition, during the
PRESSS program, researchers at Lehigh University analytically investigated
the concept of using unbonded PT connections in rocking walls (Kurama
et al. 1999). These walls were later equipped with additional hysteretic
energy dissipaters to be used in high seismic regions. Examples are jointed
or coupled walls (Priestley et al. 1999), hybrid walls (Rahman and Restrepo
2000, Holden 2001), and precast walls with end columns (PreWECs)
(Sritharan et al. 2008, 2015), as previously shown in Figure 6-24(b). Resilient
connection of these wall systems to the floor slabs was also practiced using
slotted insert shear connectors during shake table testing of a prototype
precast concrete parking structure at the University of California at San
Diego (UCSD) (Fleischman et al. 2005). Recent research on this topic is
discussed in the following section.
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Figure 6-26. Self-centering steel structures: (a) post-tensioned beams in steel
moment frames, (b) rocking steel concentrically braced frame.
Source: Adapted from (a) MacRae (2010), (b) Chanchi et al. (2010), Sidwell (2010).

Application of post-tensioned beams in steel moment frames and
rocking steel concentrically braced frames, as shown in Figure 6-26, was
studied by different researchers (e.g., Danner and Clifton 1995, Clifton
2005, Christopoulos et al. 2002, Roke et al. 2006). The self-centering concept
was also used for timber structures, mainly by the researchers in New
Zealand (e.g., Palermo et al. 2005, Buchanan et al. 2008) to limit the
structural damage by assuring the self-centering capability of the system.

6.9 RECENT RESEARCH AND CODIFICATION

ACIITG-5.1 (ACI 2007) summarizes the seismic acceptance criteria for
special unbonded post-tensioned precast concrete walls based on previous
studies on concrete wall systems, including large-scale, quasi-static testing
and analytical studies accomplished as of 1999 (e.g., Priestley et al. 1999,
Kurama et al. 1999, Stanton and Nakaki 2002). In addition, relying on
experimental and analytical research, ACI ITG-5.2 (ACI 2009) presents
specific design provisions for jointed and hybrid unbonded post-tensioned
wall systems. These codes have recently been incorporated into ACI 550.6
and 550.7 (ACI 2019a, b). In 2006, Appendix B of the New Zealand concrete
design standard, i.e., NZS 3101-06 (NZS 2006), outlined appropriate
provisions for designing unbonded PT precast concrete elements.

Although the application of self-centering systems can result in less
residual deformation and damage of the buildings, the seismic application
of these systems (especially without the application of external dampers)
has been limited because of the uncertainty about their energy dissipation
capacity. Various researchers (e.g., Marriot 2009, Nazari 2016, Nazari et al.
2017, Twigden 2016, Nazari and Sritharan 2018, 2019, 2020) have conducted
shake-table studies to evaluate the performance-based response of these
self-centering systems subjected to different intensities of ground motions.
Nazari et al. (2017) and Nazari and Sritharan (2018, 2019, 2020) showed
that different types of rocking walls with and without external energy—
dissipating elements might be designed following the current design
codes, for example, ASCE 7-16 (ASCE 2017), with recommended response
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modification coefficients (or R factor) corresponding to their energy
dissipation ratio and respond satisfactorily in terms of maximum lateral
drift, maximum absolute acceleration, and residual drift during design
basis earthquake (DBE) and maximum considered earthquake (MCE)
events. The uncertainty in the interaction between the self-centering
system and the surrounding structure has also limited the implementation
of these self-centering systems. However, recent studies (e.g., Liu 2016)
provided different types of wall-to-floor connections to minimize the local
damage that occurred to slabs because of rocking of the self-centering
elements during seismic action. Although not implemented in the design
codes yet, these recent research studies shed light on the dynamic behavior
of self-centering concrete buildings in high seismic regions.

6.10 WORLDWIDE APPLICATIONS

Self-centering systems have been used in the construction of several
buildings located in high seismic regions worldwide. Those built in New
Zealand were even tested under real earthquake shaking during the 2011
Christchurch event. The 39-story Paramount building in downtown San
Francisco, California (Englekirk 2002) is constructed using self-centering
hybrid moment-resisting frames. The Southern Cross Hospital, located in
Christchurch, New Zealand, is one of many buildings that has been
constructed using self-centering systems, and it is noteworthy that this
building resisted the 2011 Christchurch earthquake. This building used the
post-tensioned hybrid walls coupled with U-shape flexural plate
dissipaters, and as shown in Figure 6-27, there was minimal damage to
both structural and nonstructural components of the building (Pampanin
et al. 2011).

Figure 6-27. Negligible observed damage to the Southern Cross Hospital designed
with a rocking-dissipative solution during the Christchurch earthquake.
Source: Pampanin et al. (2011).
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6.11 RESILIENCE OF ROCKING FOUNDATIONS

Rocking systems were commonly used in the construction of
superstructures in buildings and bridges. For bridge systems, several
studies have been done to incorporate rocking foundations to reduce the
damage in the substructures (e.g., Espinoza and Mahin 2006, Kawashima
and Nagai 2006). The ability of soil under the rocking foundation to
dissipate energy through soil yielding was also studied through analytical
and experimental investigations by several researchers (e.g., Harden and
Hutchinson 2009, Negro et al. 1998).

Through numerical investigations on six three-dimensional reinforced
concrete bridges in Oakland, California, Antonellis and Panagiotou (2014)
demonstrated elastic response and small residual deformations of the bridge
models with rocking foundations. Figure 6-28(a) demonstrates a schematic
of their model. Saad et al. (2012) conducted a shake table study on a two-fifth
scale of a three-span highly curved bridge. They mentioned that the effect of
the rocking foundation on the seismic responses is similar to the case where
the seismic isolation is used for the system. As discussed in Kawashima and
Nagai (2006), this is because of the significant reduction of the plastic
deformation of the column at the plastic hinge zone [see Figure 6-28(b) for
their modeling approach]. They also advised to properly select the footing
size, as the seismic isolation effect can enlarge the displacement demands of
the superstructure. Allmond and Kutter (2014) studied the application of
rocking foundations in poor soil conditions and were notified that this may
lead to a significant settlement accumulation. To overcome this issue, they
presented the application of unattached piles for this type of soil condition
and proper design considerations for such systems.

Plastic Hinge

Vertical springs  +
. . L
Fixed base rocking on piles shallow foundation Shear springs S mamTTTs

(a) (b)

Figure 6-28. Rocking foundation systems: (a) Schematic of foundation, column,
and deck in a deformed state, (b) idealization of spread foundation without and
with separation of the footing from the underlying ground.

Source: Adapted from (a) Antonellis and Panagiotou (2014), (b) Kawashima and
Nagai (2006).
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6.12 RESILIENCE OF ADVANCED FRICTION DAMPERS

Friction damper dissipates energy through the friction between two
solid bodies sliding off next to each other. Earthquake generation and
tectonic movement can be controlled by solid friction as an instance.
Automotive brake is another example on a smaller scale that can dissipate
the kinetic energy of motion. The friction brake is commonly used to
withdraw kinetic energy from a moving body (Pall and Pall 1996). When
a major earthquake occurs, the friction damper slips before yielding at a
fixed load in the members of a frame, which dissipates a substantial
amount of energy. The friction damper saves the initial cost of new
constructions or retrofitting existing buildings, with very high energy
dissipation.

Several devices have been developed to dissipate energy through
friction, including limited slip bolt joint (Pall et al. 1979), X-braced friction
damper (Pall and Marsh 1982), Sumitomo friction damper (Aiken and
Kelly 1990), energy dissipating restraint (Aiken et al. 1992, Nims et al.
1993a), and slotted bolted connection (FitzGerald et al. 1989). The following
literature provides a brief explanation of some friction devices.

6.12.1 Limited Slip Bolt Joint

In large panel structures, the damage is usually located along the joints
during an earthquake; therefore, the joints are practically the only locations
where energy dissipation occurs. Based on the concept of energy
dissipation, Pall (1979) maximized their capacity and developed a
dissipated joint for seismic control of large panel structures, shown in
Figure 6-29.

The limited-slip bolted (LSB) joint design incorporated brake lining pads
between steel plates to provide a consistent force-displacement response.
Pall (1979) conducted several experimental tests under static and dynamic

- will panel

counecting |
angles

ELEVATION

balts —
———rcanaecting plate {ASTM A325)

bolts (ASTM A325)
t

connecting anghes
= [ inser —
0 = ’.‘_IIIT { insert
T

1 wall poacl insert __|
W wall panel —|
CONKECTING PLATE } SECTION

(a) PR (b)

SECTION

Figure 6-29. The LSB joint: (a) wall-to-wall joint, (b) corner wall-to-wall joint.
Source: Adapted from Pall (1979).
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Figure 6-30. Idealized behavior of the LSB Joint.
Source: Adapted from Pall et al. (1980).

cyclic tests to obtain primary design data and realistic structural response on
a difference of simple sliding components having various surface treatments,
including mill-scale, sand-blasted, inorganic zinc-rich paint metalized brake
lining pads, and a polyethylene coating. Although metalized surfaces
showed the highest static slip coefficient and energy dissipation, their
performance was far from predictable. The best behavior was shown by
brake lining pads located between steel plates with a mill-scale surface.

Based on the behavior obtained by Pall et al. (1979), the idealized
behavior of the LSB joint is shown in Figure 6-30, where the slipping phase
is shown in Stage 2 and simulated by the plateau.

6.12.2 Three-Stage Friction Grip Elements

Roik et al. (1988) discussed seismic control of structures under
earthquake loading by three-stage friction-grip elements. The energy
dissipation of each story can be designed based on serviceability and
medium- and strong-motion earthquakes based on the friction joints,
which Pall (1984) verified. The idea was created from braking by friction;
for instance, the driver can softly push the pedal to avoid high forces by
sudden braking.

Tests performed on a single joint were investigated for simple steel-
concrete- and steel-steel-friction-grip connections to show the mechanism
of energy dissipation (SFB A51), as shown in Figure 6-31. The durability of
this type of connection under high short-term dynamic loading is highly
satisfactory.

Friction grip joints can resist high dynamic loading using nonlinear
spring elements with bolts controlling the loss of prestressing, and their
hysteresis depends on the prestressing of the bolts, as shown in Figure 6-32.

Roik et al. observed that coupling in parallel, as shown in Figure 6-33(a),
prevents vibration by the transition phase from elastic behavior to the
slipping stage. The component behavior and the predicted performance of
a three-stage stiffening element, as well as hysteresis loop, are presented
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Figure 6-31. (a) Test specimen for steel-concrete, (b) steel-steel-friction-grip
connections.
Source: Adapted from Roik et al. (1988).

in Figure 6-33(b-d). Stage 1 is the serviceability limit state for linear
structural behavior and small displacement. Stage 2 is the transition stage
with no damage and larger displacement under a medium-intensity
earthquake to obtain the required smooth transition from Stage 1 to
Stage 3. Stage 3 is the ultimate design limit state under the maximum
strong motion with minor damage and large displacement.

A seven-story building was chosen for the three-system investigation:
ductile frame, three-stage truss, and stiff core, as shown in Figure 6-34. The
truss system with three-stage elements was modeled by using the girders
hinged to columns. All three models were calculated by using 5% damping
and the P-delta effect.

As shown in Figure 6-35, the elastic concrete core has a small maximum
displacement, and the three-stage truss limits both the horizontal
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Figure 6-32. Detail of steel-concrete friction grip by a nonlinear disk spring.
Source: Adapted from Roik et al. (1988).
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Source: Adapted from Roik et al. (1988).

displacement and the story shear because of energy balance versus time.
Because the internal forces of both the three-stage truss and the ductile frame
are similar, they show the same energy balance, with the frame having a
higher kinetic and viscous energy. The three-stage truss shows the highest
percentage of energy dissipation, which allows an economical design.

A simulated earthquake helped ascertain the behavior of the three-stage
truss, and the specimen was scaled down with the available testing facility,
as shown in Figure 6-36.

The mechanical properties of bolts and the limited geometry of slotted
holes play an important role in lateral stiffness, slip force, and the amount
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Figure 6-34. Seven-story building and the three investigated versions.
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@ (b)

Figure 6-35. (a) Roof displacement versus time, (b) maximum horizontal
displacement and shear force, (c) hysteresis loop for the first story of the three
systems.

Source: Adapted from Roik et al. (1988).

of dissipated energy per cycle. It was concluded that friction grip
connections could reduce horizontal forces and displacements by their
energy dissipation capacity. The experimental test was limited to one story,
and the effect of the whole structure was not considered; moreover, three-
stage elements using steel concrete friction grip required further study.

6.12.3 Friction Dampers

Based on the development of LSB, Pall and Marsh (1982) recommended
a system in which the braces in a moment-resisting frame incorporated
frictional devices. During severe earthquake excitations, a large portion of
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Source: Adapted from Roik et al. (1988).

the energy is dissipated by the friction when the device slips. Friction
dampers can be grouped as follows (Pall and Pall 1996): friction damper in
X-bracing, friction damper in chevron bracing, and friction damper in
single diagonal, as shown in Figure 6-37 (Couch 2020).

Friction dampers have large rectangular hysteresis loops, behaving like
an ideal elastoplastic mechanism, and their performance is independent of
velocity. The forces on the members can be controlled to be within their
capacity by using an appropriate slip load. Pall friction dampers in line
and cross bracing were used to upgrade the Boeing commercial airplane
factory; these dampers notably reduced the forces exerted and lateral
deflections. Therefore, the strengthening of the existing members was
minimized, and this plan provided significant savings in terms of both
construction cost and time (Vail et al. 2004). A chevron brace with two
friction dampers was used for the Sharp Memorial Hospital. The results of
the nonlinear analysis showed an economic performance-based design.

Friction dampers have been utilized as a practical and cost-effective
energy dissipation mechanism in many constructed structures. Chang
et al. (2006) examined the application of friction dampers for the seismic
retrofit of a three-story steel structure that did not satisfy the current
building code seismic requirement. Because the third floor functioned as
court premises, 48 friction dampers were used on the ground and second
floor.

FEMA 351 and 356 were used in the analysis using a three-dimensional
(3D) model by ETABS, and the story shear and friction dampers reduced
displacement as demonstrated in Figure 6-38.

It was observed that the friction dampers significantly improved the
structural performance, and with this reduction in story displacement and
shear, the seismic force was reduced above the third floor.
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Figure 6-37. Braced frame using a Quaketek friction damper.
Source: F. M. Tehrani, an experimental shake table study photo (Couch 2020).
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Source: Adapted from Chang et al. (2006).

Patil et al. (2015) examined a performance-based plastic design for a
21-story steel moment-resisting frame with friction dampers. Nonlinear
static pushover analysis and nonlinear time history analysis were
performed to achieve a uniform target drift agreeing with peak inter—story
drift limits. It was observed that using friction dampers can help specify a
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certain amount of inelastic displacement for a given earthquake; moreover,
there was a reduction of almost 85% in the peak inter—story ratio and the
flexural moment in the columns.

Colajanni and Papia (1997) examined the hysteresis characteristic of
one-story friction damped brace frames to evaluate the role of the period
of vibration, the lateral stiffness ratio, and the global slip load calibration
of the dissipative device. It was observed that the frequency of the slip
excursions relies on the period of the system vibration and the average
amplitude of the normalized slip excursions is independent of this period
and increases in terms of the lateral stiffness ratio. The improvement in the
response of friction-damped multistory frames required further study
regarding the distribution of the overall slip load of the devices and the
structure’s height.

Morgan et al. (2007) investigated utilizing friction dampers in the
seismic design of unbounded post-tensioned precast concrete frame
structures. A nonlinear-reversed cyclic analysis of post-tensioning steel
areas and selected damper distribution was performed to evaluate the slip
forces of the friction dampers subjected to lateral load. It was shown that
friction-damped precast concrete frames could maintain a high level of
self-centering capability because of the post-tensioning force while
dissipating energy levels.

A tall cylindrical tower, which is used in industrial applications, is
called a process column. However, during a seismic assessment, it was
observed that anchor bolts were not meeting the code requirement.
Therefore, a retrofitting scheme using passive control devices was used
(Kiran et al. 2016). Different passive control devices, including a
viscoelastic damper, elastoplastic damper, tuned mass damper, and tuned
liquid damper and friction, can be easily replaced after a ground motion.
Because viscoelastic dampers are affected by temperature and stiffness
degradation, tuned dampers, which have some limitations, are required
for tuning the natural frequency. Instead of these tuned dampers, double-
sliding friction dampers were used as they do not possess the limitations
of tuned dampers. Figure 6-39 shows a typical friction damper and its end
connections.

The cyclic load was repeated for 10 cycles by considering various torque
values, a stable hysteretic behavior was obtained, and the differential of
slip load was linear concerning the applied torque. After retrofitting, the
seismic demand was reduced to 15% of the capacity of the existing
foundation bolts, and the structure was qualified to satisfy the MCE
condition.

The damping mechanism combination of a nonlinear Reid damper and
a viscous damper showed that the response of the structure could be
reduced by the piezoelectric friction damper (PFD) (Chen and Chen 2001).
Numerical simulations also showed that friction dampers driven by what
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Figure 6-39. Friction damper.
Source: F. M. Tehrani, an experimental shake table study photo (Couch 2020).

is suggested as control logic could considerably reduce the peak
acceleration and story drift of a building structure subject to ground
motion excitation. The same results were obtained by Haider and Kim
(2012). The effects of friction dampers subjected to several seismic
excitations were studied, and it was revealed that the friction dampers
effectively dissipate a significant amount of energy. A semiactive
electromagnetic friction damper was proposed by Agrawal and Yang
(2000). The recommended damper and the control method were studied
for a base-isolated building, which showed that the semi-active
electromagnetic friction damper (SAEMFD) was functional in preserving
the rubber bearings of the base-isolated buildings under strong earthquake
excitations.

6.13 RECOMMENDATIONS

1. Plan: Seismic isolation and protective devices significantly contribute
to the resilience of structures. The state of practice and research in
this area provides a broad range of systems for new and existing
structural systems and nonstructural components. The selection of
appropriate systems typically depends on buildings” architectural
and structural features, site and hazard characteristics, target
performance and service time span, and available technologies. The
resultant geostructural interaction during a seismic event determines
the overall contribution of the isolation system and protective devices
to the resilience of the infrastructure.
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2. Implementation: The main component of a seismic isolation system
is the elastomeric or sliding isolator that reduces or eliminates the
transferred load to the structure. This component practically
contributes to the reduction of vulnerability and the enhancement of
safety. Further, selecting a system with less sensitivity to hazard
characteristics, like intensity and frequency, improves the reliability
of the system’s performance in response to future uncertain events.
Enhanced reliability contributes to the robustness and resilience of
the structure.

3. Implementation: The damping mechanism in isolation and protective
devices reduces damage through the dissipation of the ground
motion energy. Sacrificing devices are popular because of their ease
of repair and replacement, which also enhances the recovery and
rapidity of the capacity restoration, subject to the availability of the
implemented technology. Attention to resourcefulness is essential for
advanced and active systems that rely on external sources for
materials or energy.

4. Implementation: Isolated structures often require a built-in or added
mechanism to provide strength against nonextreme loadings. These
mechanisms may also contribute to the system redundancy against
aftershocks. However, over-specification of isolation systems may
reduce the efficiency of such systems.

5. Assessment: The selected target in the performance-based design of
isolated and protected structures provides a measure for assessing
damage in such structures. Such assessment applies to both structural
and nonstructural components. Implemented self-restoring and
active mechanisms also benefit from such assessments throughout
the service time span of the infrastructure. Further, hybrid systems
enhance the resiliency of systems exposed to a series of different
seismic events.
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CHAPTER 7

RECOMMENDATIONS ON ACHIEVING
HEALTHCARE RESILIENCE FOLLOWING
EXTREME EVENTS

Hussam Mahmoud, Emad M. Hassan

7.1 INTRODUCTION

The devastating losses that result from earthquakes have attracted vast
research attention over the years. The focus has primarily been placed on
achieving certain performance objectives such as life safety and collapse
preventions that are associated with certain drift limit states (ASCE 2010).
Other studies and guidelines have been focused primarily on maintaining
a certain level of functionality for various infrastructures after earthquakes
and ensuring a quick recovery for the main communities” infrastructure
(FEMA 2007, 2010). Ensuring the continuation of vital community services
such as hospitalization is specifically critical for minimizing social losses
after extreme events (Hassan and Mahmoud 2020). Shortage of
hospitalization services could have catastrophic short-term and long-term
effects on the community (Hassan and Mahmoud 2020, TariVerdi et al.
2019). This could include, for example, an increase in morbidity and
mortality (Sprivulis et al. 2006) that results from direct injuries as well as
population outmigration and social instability, during community
recovery, eventually leading to other cascading social and economic
consequences.

Maintaining hospitalization services is an essential community
resilience goal and is vital for ensuring the social stability of any modern
community (NIST 2016). Despite the importance of the healthcare sector,
structures hosting healthcare facilities usually experience extensive
damage and loss of functionality after major earthquakes. For instance,
during the 1994 Northridge earthquake, in California, 11 hospitals were
damaged and 8 acute care hospitals had to evacuate at least one inpatient
(Schultz et al. 2003). The 2003 Bam earthquake, in the Kerman province in
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Iran, destroyed almost all healthcare systems, causing 12,000 patients to be
taken to hospitals in other provinces (UNICEF 2004). The 2005 Kashmir
earthquake, in the Kashmir region, disturbed 68% of the healthcare
facilities in the area and most of the severely injured patients had to be
evacuated (IASC 2005). The 2009 L’Aquila earthquake, in the region of
Abruzzo in central Italy, also resulted in damage to the San Salvatore
hospital, requiring evacuation of all patients (Petrazzi et al. 2013). During
the 2010 Haiti earthquake, 50 hospitals and health centers were damaged
(GOH 2010). More recently, the 2015 Nepal earthquake affected 90% of the
health institutions in the Nuwakot district (Nielsen et al. 2016), whereas
the 2017 Central Mexico earthquake caused major structural damage to 83
healthcare facilities (Alcalde-Castro et al. 2018) and the collapse of the
main hospital and patient evacuation (Villegas et al. 2017).

Based on the previously mentioned historical seismic events, it is
imperative that a comprehensive investigation into the impact of
earthquakes on healthcare systems be conducted so that a clear
understanding of the functionality and resilience of hospitals following
earthquakes can be made. To achieve this objective, researchers have
investigated damage to different healthcare system components, including
structural systems (Ferraioli 2015, Hassan and Mahmoud 2017, Korkmaz
etal. 2012, Chen et al. 2010, Jennings and Housner 1971) and nonstructural
components, fixtures, and equipment (Schultz et al. 2003, Korkmaz et al.
2012, McIntosh et al. 2012, Youance and Nollet 2012, Achour et al. 2011)
after major earthquakes. Other studies focused on seismic vulnerability
and risk of hospital buildings and their different components (Hassan and
Mahmoud 2017, Nikfar and Konstantinidis 2019, Di Sarno et al. 2018,
Nikfar and Konstantinidis 2017, Karapetrou et al. 2016, Bilgin 2016,
Cosenza et al. 2015). In addition, the expected surge in demand on hospitals
after seismic events, which is critical to quantify to understand the impact
of such surge on the quality of the offered medical services, was also
simulated in many studies (Therrien et al. 2017, Achour et al. 2016, Watson
et al. 2013, Stratton and Tyler 2006, McCarthy et al. 2006, Asplin et al. 2006).
Functionality and resilience of the healthcare facilities are also addressed
by various studies, in which different approaches were presented to
quantify different functionality components and resilience metrics of
single hospitals and/or hospital clusters (Hassan and Mahmoud 2020;
TariVerdi et al. 2019; Perrone et al. 2015; Mulyasari et al. 2013; Miniati and
Iasio 2012; McDaniels et al. 2008; Ceferino et al. 2020; Lupoi et al. 2013;
Jacques et al. 2014; Hassan and Mahmoud 2018, 2019; Shang et al. 2020;
Cimellaro and Pique 2016; Malavisi et al. 2015). Although many of the
studies pertained to earthquakes as a hazard, others investigated hospital
functionality after extreme weather events (Chand and Loosemore 2016,
Masko et al. 2011) or other stressors (Guinet and Faccincani 2016, Vugrin
et al. 2015, Hiete et al. 2011, Arboleda 2006).
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The functionality of healthcare facilities can be defined as the proportion
of services offered by the facility and can be measured using different
quantitative and qualitative performance indicators (Hassan and Mahmoud
2019). These performance indicators can, in general, be categorized into
quantity and quality components (Cimellaro et al. 2008). The quantity
component of the functionality is commonly expressed in terms of the
number of staffed beds or the number of patients that can be treated
(Hassan and Mahmoud 2020, Lupoi et al. 2013). For proper operation of
these beds, in addition to the required trained staff, working space, and
adequate supplies (Jacques et al. 2014, Hassan and Mahmoud 2019), it is
also essential so that other lifelines are functional including power, water,
transportation, telecommunication, among others. Quantifying the quality
component of the functionality is a complex process because it depends on
different indicators that might be difficult to monitor, measure, or estimate
(Cimellaro and Pique 2016). Maxwell (1984) listed six different dimensions
of quality of healthcare service, namely, relevance, accessibility, effectiveness,
fairness, acceptability and efficiency, and economy. McCarthy et al. (2000)
suggested using the patient waiting time before being seen by medical staff
to express medical service accessibility, whereas patient treatment time can
be utilized to estimate the effectiveness of this offered service (Arboleda
etal. 2007). The quality component of functionality also depends on hospital
demand and is, therefore, expected to decrease with an increase in the
number of casualties (Peek-asa et al. 1998, Lupoi et al. 2013). The resilience
of healthcare facilities, on the contrary, can be defined as the capacity of the
facility to rebound after a severe disaster such as an earthquake (Cimellaro
and Pique 2016). The resilience of healthcare facilities can be quantified as
the area underneath the functionality curve according to Cimellaro et al.
(2007) and can be described by four dimensions of resilience. Other methods
can also be applied to quantify resilience, including graph theory (Berche
et al. 2009), fuzzy interference system (Heaslip et al. 2010), compositional
demand/supply (Didier et al. 2018), and dynamic finite-element simulations
(Mahmoud and Chulahwat 2018), among others.

Understanding the contribution of the healthcare system to the social
stability of communities at different recovery stages can aid not only in
understanding the main drivers for community losses but also in devising
policies for recovery under budget constraints (IOM 2015). The complexity
in understanding the interplay between the social stability of communities
in the context of healthcare services is further aggravated by the high level
of interdependency between the services and other infrastructure in the
community such as transportation, power, water, and telecommunication,
among others (Cimellaro 2016). Previous studies on the functionality and
resilience of healthcare facilities included the interdependence between
hospitals and critical infrastructure (Jacques et al. 2014; Hassan and
Mahmoud 2018, 2019). For instance, Hiete et al. (2011) investigated the
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impact of power outage on the healthcare sector, Cimellaro et al. (2013)
studied the effect of the ambulance service during extreme events, and
Vugrin et al. (2015) studied a hospital’s adaptive capacities during the loss
of infrastructure services (power, water, and so on). The inclusion of the
interdependency between these infrastructures and the investigated
hospital, as well as the interaction with other healthcare providers,
suppliers, and community individuals, might result in a more complex
system that requires a comprehensive model to analyze.

To achieve these objectives, this chapter presents guidance and
recommendations for healthcare facilities to increase their functionality
and resilience after seismic events that are framed based on previous
events and guidelines as well as the analytical analysis conducted using a
new framework introduced by Hassan and Mahmoud (2019) to assess the
functionality of the healthcare service while accounting for the
interdependence among hospitals and among other infrastructure in
which losses, functionality, recovery, and resilience are estimated using
this framework for a six-story hospital located in Memphis, Tennessee,
following an earthquake scenario. Different input parameters are used to
estimate hospital resilience, which includes hospital staff, space, and
supplies in addition to several decisions that can be made by staff and
managers and change the recovery and resilience of the investigated
hospital. The analysis results along with the lessons from previous events
are used to provide practical recommendations and guidelines for
emergency managers and decision makers. These recommendations
address both the quantity and quality functionality of the healthcare
service and the mutual effect between hospitals within the healthcare and
the other lifelines on the healthcare system resilience.

7.2 DEFINITION AND DIMENSIONS OF HOSPITAL
FUNCTIONALITY AND RESILIENCE

In this study, we define hospital resilience as the normalized area under the
total functionality curve from the time of earthquake occurrence to the time
of full recovery. Functionality depends on the sustained losses and is defined
as the ability of the system to offer its intended services. It can be subdivided
into different stages that include immediate, short-term, and long-term
functionalities. For hospitals, functionality depends on the offered quantity
and quality of service, as shown in Figure 7-1. In the event of an earthquake,
the quantity portion of hospital functionality can be measured by the
number of patients that can be treated or the number of staffed beds
available. To operate each bed, different components are required, including
personnel, space, and supplies. The quality portion of functionality can be
represented in relation to the patients” waiting time at the emergency room
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prior to receiving service. It is noteworthy that hospitalization service
depends not only on the hospital itself but also on the surrounding lifelines
on which the hospital depends. For example, a reduction in transportation
network functionality will lead to delays in ambulances’ response or even
an entire halt to their service. Therefore, while the evaluation of hospital
functionality following an extreme event is strongly influenced by damage
to the hospital itself, such evaluation should account for the effect of other
lifelines, as shown in Figure 7-1. In addition, the inclusion of the interaction
between healthcare facilities in the investigation of hospitals’ functionality
is essential because it can impact the patient demand and assist hospitals to
redistribute services and resources.

Immediately after an earthquake, the functionality of healthcare services,
as well as other community sectors, is expected to drop because of
infrastructure, social, and economic losses resulting from the earthquake
damage. Different parameters play critical roles in determining the level of
functionality restoration that can be achieved following a major event. These
include the type of the damaged component, extent of damage, and available
funding resources (e.g., insured losses or federal resources). The recovery
process of infrastructure or its components is usually represented by plotting
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functionality over time. Various studies have investigated the use of different
approaches for estimating multiple recovery stages for different lifelines. For
example, the statistical curve fitting model (Hazus-MH 2015); expert
opinions and regression analysis (ATC 1985); deterministic resource
constraint model (Isumi et al. 1985); network models; and Markov chain
stochastic models (Kozin and Zhou 1990, Burton et al. 2016, Lin and Wang
2017). To distribute the limited repair resources, different approaches can be
utilized by decision makers to direct the recovery process and determine
recovery priorities for each community sector.

7.3 HOSPITAL FUNCTIONALITY ASSESSMENT FRAMEWORK

Reduction in hospital functionality can be defined as the ratio between
the medical services offered after the hazard to the services offered before
the hazard. The functionality itself can be categorized into quality,
measured by patients” waiting time before being seen by a healthcare
provider (ASCE 2010), and quantity, measured by the number of beds
available for patients (FEMA 2007).

The effective operation of these beds requires proper functioning of
utilities and medical equipment and supplies as well as the availability of
qualified physicians and nurses as well as supporting staff (Jacques et al.
2014). The quantity component of hospital functionality, Qy, is quantified,
in this study, using success-tree analysis (Figure 7-2), comprising the
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quantity of the offered hospitalization service while accounting for the
functionality of other lifelines or infrastructure and their interdependence,
as shown in Hassan and Mahmoud (2019). The availability of the main
events in this success tree is categorized into various intermediate events,
including personnel, ST, space, SP, and supplies, SU, in which ST
encompasses physicians, nurses, supporting staff, and alternate staff. SP
comprises building accessibility and the essential services provided to the
healthcare system from the community’s infrastructure, which includes
water, power, transportation, telecommunication, wastewater, and
drinking water as well as structural, nonstructural including equipment,
and contents. SU reflects the daily necessities and supplies for the medical
facilities such as oxygen, surgical, RX, fuel, and food, among others.
Therefore, these basic events not only depend on the hospital building
itself but are also highly related to the surrounding community’s physical,
economic, and social sectors. Details of the success tree and the basic
events can be found in Hassan and Mahmoud (2018, 2019). The quality
component of hospital functionality, Q, represents the patient’s satisfaction
with the offered hospitalization service. After disasters such as earthquakes,
accessibility can be the main dimension controlling hospitalization quality.
The waiting time W(t) can be used to express service accessibility according
to McCarthy et al. (2000) and includes, in this study, the travel time, basic
waiting time, increase owing to shortage of staffed beds, and increase
owing to an increased number of patients in the emergency department.
Finally, the total functionality is estimated by combining both the quantity
and quality functionalities as shown in Equation (7-1):

Q=Qy" *Qs* (7-1)

where a,, and a5 are weighting factors.

A discrete Markov chain process is utilized in this study to estimate
recovery for the hospital components separately by discretizing the
functionality to different independent sublevels. The effect of different
service timelines functionality on the repair process of the hospital building
and vice versa is considered in the recovery estimation. A Gantt chart is
used to define the repair sequence based on Almufti and Willford (2013),
which starts with structural components followed by stairs, elevators, and
exterior repairs such as partitions and claddings. The latter can be
performed simultaneously with the interior repairs such as the piping,
heating, ventilation, and air conditioning, partitions and ceilings,
mechanical equipment, and electrical system. The specialization of each
repair crew assigned to the different lifelines and the proper repair
sequence to eliminate interference between various repair tasks is
considered. Recovery of the hospital’s supporting lifelines is also calculated
using the same approach. Because there are typical limitations in available
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resources following an extreme event, resources are distributed to different
lifelines based on their importance and significance in community recovery
using dynamic optimization. Finally, resilience, R, can be graphically
estimated as the normalized area under the total functionality curve from
the time of earthquake occurrence, f,, to the total recovery time, t, as
follows:

R = f QU 7-2)

7.4 RECOMMENDATIONS AND GUIDELINES TO IMPROVE
RESILIENCE OF HEALTHCARE SYSTEMS

In this section, guidelines for improving the resilience of hospitals are
provided based on (a) historical cases and review of existing guidelines and
(b) based on a case study of an analyzed hospital using a newly developed
hospital functionality framework (Hassan and Mahmoud 2019).

7.4.1 Based on Historical Events and Existing Guidelines

Effect of shortage in hospital staff: Shortage in hospital staff after major
earthquakes, or any disaster for that matter, is one of the significant factors
contributing to a reduction in healthcare functionality. For instance, a
significant reduction in hospital staff was recorded after the 2011
Fukushima earthquake for 18 months (Ochi et al. 2016), and a staff shortage
was reported in one-third of the area affected by the 2012 storm Sandy
(Levinson 2014). To overcome a shortage in hospital staff, hospitals can
borrow staff from other hospitals through voluntary or structured
processes. While most of the staff transfer will be voluntary and does not
require strict legal agreements, it is recommended to have mutual
agreements between hospitals and/or organizations to facilitate staff
transfer and work assignments (Paterson et al. 2014). Commonly, healthcare
departments define the rules for the mutual aid agreement. Transferring
staff can help hospitals accommodate the increase in patient demand and
the shortage of hospital staff after an earthquake (IOM 2015). Hospital staff
can also work additional hours to cover any staff shortage that might result
from death and injuries to some staff members during an earthquake as
well as owing to difficulties to reach the hospital because of staff dislocation
or damage to the transportation network (Ripp et al. 2012). Some hospitals
hire alternate staff to cover shortage in the main staff during normal
operation of the hospital. It is worth noting that hospital staff and their
families, similar to most of the community residents, suffer after
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earthquakes and experience higher stress levels. Therefore, providing
mental health services for them is recommended so that they can continue
to provide the best care for patients.

Effect of backup systems: Interdependency between modern communities’
infrastructure is complex as a result of each sector providing services or
products to many other sectors. Even though it can increase community
productivity, it can also dramatically increase the impact of natural hazards
on sectors with higher dependence. Hospitals are dependent on most of the
community’s lifelines as shown by Cimellaro (2016). Therefore, they can be
impacted by the reduction of other lifelines” functionality. As such, it is
essential for hospitals to have backup systems and redundant supporting
lifelines. Different backup systems can be found in modern hospitals, which
include water, power, telecommunication, wastewater, and drinking water
systems (Paterson et al. 2014). In FEMA 577 (FEMA 2007), it is suggested
that the backup systems are able to support a hospital for at least 4 days
after an earthquake. Recommendations to install and maintain hospitals’
backup systems are also emphasized in Rodgers et al. (2009). The importance
of backup systems after earthquakes was noted following the 2010 Chilean
earthquake (Kirsch et al. 2010) and the 2011 Christchurch earthquake
(Jacques et al. 2014). It is worth noting that regular maintenance of backup
systems and basic training of hospital staff on how to operate them is
essential as recorded after Hurricane Sandy (Levinson 2014).

Effect of backup spaces: Hospitals can also include backup spaces, which
can be used in cases of shortage in physical beds (Tekin et al. 2017). During
the 2017 Central Mexico earthquake (Villegas et al. 2017), the staff
evacuated patients to an empty lot that was considered as the backup
space. Other hospitals are provided with extra beds that can be used to
replace any damaged beds. During disasters, hospitals can add beds in the
emergency department and nursing areas, add more patients per room,
and convert the lobby into temporary inpatient care (Levinson 2014).
However, to operate these extra beds, extra staff and supplies are needed.
Some of these beds can be used only as a temporary solution until patients
are transferred to another healthcare facility or the hospital is repaired. A
sample of the recommendations for establishing and operating hospitals’
backup spaces and field hospitals is provided by the World Health
Organization (WHO 2003).

Effect of supply availability: After catastrophic disasters such as
earthquakes, hospitals as well as other healthcare facilities can suffer a
reduction in supplies including medical, fuel, and food supplies (Paterson
et al. 2014). This reduction might be a consequence of earthquake damage
to the supply rooms and their components (FEMA 2007). The impact on
hospital functionality is also expected to amplify because of earthquake
damage to the suppliers’ facilities and transportation networks (Wang
2014). In addition, the expected increase in patient demand on hospitals
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after earthquakes will accelerate the consumption of these supplies and
add more burden to the healthcare facilities in terms of providing the
service. Different approaches can be used by hospitals to solve the supply
shortage problem, including, for instance, finding alternate supplies
(Paterson et al. 2014), borrowing supplies from other hospitals, finding
alternate methods to deliver supplies, and in some cases transferring
patients with medical cases that depend on these supplies.

Effect of patients’” waiting time: After disasters, hospital staff can work to
reduce the patient treatment time, which can eventually elevate the
hospital’s ability to treat more patients. After the L’Aquila earthquake in
2009, the staff was able to significantly reduce the mean length of stay for
patients (Petrazzi et al. 2013). Similarly, at the Canterbury hospital system,
after the 2011 Christchurch earthquake, the patient’s discharge process was
notably accelerated, causing a reduction in hospital bed demand (Jacques
et al. 2014). In general, reducing the patients’ length of stay, even during
normal operation time, is recommended. This could be realized by
categorizing a hospital’s patients based on their injury severity level. After
earthquakes, hospitals can receive two different types of patients
(earthquake-related or regular patients). Earthquake severities are
classified by HazusMH 2.1 (Hazus-MH 2015) based on their need for
medical care into (a) Severity 1, in which no medical care is needed,
(b) Severity 2, in which some medical care is needed, (c) Severity 3, where
immediate medical care is needed, and (d) Severity 4, which is ultimately
death. However, those with Severity 2 and Severity 3 are the only ones
considered as a possible hospital patient. Each severity level can also be
categorized based on each patient’s injury and the required staff and
supplies. It is critical to provide communication tools between each
hospital staff and ambulance services to identify priorities among the
treated patients and availabilities of hospitals within the healthcare system
that can receive patients. These tools can effectively reduce overcrowding
in emergency departments (Denver Health 2005).

Effect of repair resources: The role played by community decision makers
to allocate repair resources within the community is crucial. An obvious
plan that clearly identifies community priorities has to be defined before the
recovery process starts. By assigning the repair resources, communities can
increase infrastructure functionality and enhance both the communities’
social and economic fabric. However, not all scenarios can lead to social and
economic enhancements. For the healthcare system, maintaining the revenue
of hospitals after earthquakes does not necessarily increase the social
stability of the community because typically hospitals are not the main
drivers for the economy in communities. Therefore, proper distribution and
allocation of repair resources among different healthcare facilities are
recommended as it has a considerable impact on community stability and
resilience.



RECOMMENDATIONS ON ACHIEVING HEALTHCARE RESILIENCE 221

Effect of patients’ transfer: To ensure that a patient will receive the required
medical care, the hospital might offer to transfer patients to other hospitals
especially when capacity is reached or when treatment is not available
(Kulshrestha and Singh 2016). The patient transfer process is a function of
the patient case criticality. For instance, some patients can be transferred
only using an air ambulance, whereas others can use a regular ambulance,
which might complicate the transfer process. Different factors control the
patient transfer decision: (1) patient constraint, (2) hospital-to-hospital
connection, and (3) receiver hospital availability. The main constraints that
might control patient transfer are either case criticality or insurance
coverage. On the contrary, the presence of smooth transfer and the
availability of connections between hospitals are expected to encourage
both the patient and the hospital to make the transfer decision. In addition,
the ability of the receiver hospital to safely transfer and treat the patient is
expected to have a major effect on this transfer decision. This interaction
between healthcare facilities is essential, especially after an earthquake
occurrence, as it allows for a redistribution of services (McDaniels et al.
2008). In addition, medical staff shortage can be accommodated among the
interacted facilities (Paterson et al. 2014).

7.4.2 Case Study Using a Newly Developed Framework

The considered hospital for the case study is a buckling-restrained
braced building, assumed to be located in Memphis, Tennessee, and is
designed professionally for the National Earthquake Hazard Reduction
Program (NEHRP) (NEHRP Consultants Joint Venture 2013, NEHRP
Consultants Joint Venture 2013) in accordance with ASCE 7-10 (ASCE
2010). The building comprises six bays in the N-S direction and five bays
in the E-W direction. It is a six-story building with an additional basement
floor, as shown in Figure 7-3(a). The span of a given bay is 9.14 m and the
floor height is 4.27 m, except for the first floor, serving as a hospital lobby,
where the height is 6.10 m. The total area of each floor is 2,506.18 m?, and
the total building height is 31.70 m. Buckling-restrained braces are utilized
to resist the lateral loads in both the N-S and the E-W directions. More
detailed descriptions of the structure can be found in Hassan and
Mahmoud (2018).

With 160 staffed beds, the studied hospital is assumed as a general-
purpose healthcare provider with an emergency department and
ambulance service. An earthquake intensity, defined by spectral
acceleration, S,, of 1.0 g is assumed to strike the community where the
hospital is located at 2:00 a.m. The seismic fragilities were developed, and
the direct social and economic losses were estimated by Hassan and
Mahmoud (2018) based on this scenario event. Earthquake scenarios in
two perpendicular directions were investigated; however, the analysis
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Figure 7-3. (a) Hospital building general configuration, (b) hospital’s seismic
fragilities, (c) initial drop of functionality for different infrastructures.

showed that the hospital was more vulnerable to earthquakes in the E-W
direction. Therefore, in this study, only the earthquake in the E-W direction
will be considered. The functionality of the investigated hospital is
estimated based on the previously mentioned framework. Based on this
scenario earthquake and using the previously mentioned hospital
functionality framework, the quantity, quality, and total functionality of
the investigated hospital is shown in Figure 7-4. However, to investigate
the effect of the availability of the basic events on the hospital functionality,
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Figure 7-4. Components of the investigated hospital’s functionality: (a) quantity
functionality, (b) quality functionality, (c) total functionality and resilience.
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different values are assigned for these basic events. Five different lifelines,
in addition to the hospital, are investigated, namely, power, transportation,
telecommunication, water, and sewer networks. Damage for these lifelines
is calculated according to Hazus MH 2.1 (Hazus-MH 2015), whereas
recovery is calculated using a Markov chain stochastic model coupled with
dynamic optimization.

The hospital functionality framework is utilized to estimate the effect of
mutual aid, working additional hours, and the availability of alternate staff
on the functionality and resilience of the hospital. It also considers the
possibility of a staff shortage that results from staff injuries during an
earthquake, staff difficulties to go to work, and staff dislocation. Figure 7-5
displays the effect of receiving additional staff, immediately after an
earthquake occurrence, on the hospital staff availability. For comparison,
an analysis is conducted where it is assumed that the investigated hospital
is not provided with alternate staff and does not hire more staff during the
recovery time (i.e., 0% additional staff). It can be noted from the figure that
receiving additional staff will increase the hospital staff availability, as
expected, but it can only enhance the hospital resilience to a certain extent
if hospital staff availability is less than space and supplies as shown in
Figure 7-5(b). Assuming that the hospital lost 25% of its staff during an
earthquake, then staff availability will be the main factor controlling
hospital functionality and the effect of the additional staff on the hospital’s
resilience will be significant as shown in Figure 7-5(c).

To highlight the effect of backup systems, different functionality levels
are assigned to the hospital backup systems—100% functional, 10%
functional, and 0% functional. In the 100% functional backup systems case,
it is assumed that the hospital’s backup systems did not suffer any damage
during an earthquake. The case for the 0% functional backup systems
represents total damage to the backup systems during an earthquake. The
10% functionality level for the backup systems represents severe damage
during an earthquake. Figure 7-6 shows how the presence of backup
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Figure 7-5. The effect of receiving additional staff on (a) hospital’s staff availability,
(b) hospital’s resilience, (c) hospital’s resilience for the hospital with 75% initial
staff availability.
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Figure 7-6. The effect of backup systems on (a) hospital’s space availability,
(b) hospital’s resilience.

systems, even if they had experienced significant damage, can keep the
hospital functional and resilient after major earthquakes. A hospital
without backup systems is expected to sustain lower functionality levels,
especially immediately after an earthquake occurrence.

To highlight the importance of having backup space after an earthquake,
a different number of extra beds are added, immediately after an
earthquake occurrence, which includes 20 and 50 backup beds. The case of
0 backup beds is also investigated. Figure 7-7 shows the effect of providing
backup beds on working space availability for the investigated hospital.
However, in this situation, increasing the functionality of the working
space will have no impact on hospital resilience because the reduction of
the supporting lifelines and shortage of medical supplies are the most
significant factors for the drop in hospital functionality. Assuming that the
hospital had severe content losses that exceeded 75% during an earthquake
so that content availability controls the hospital functionality, then the
effect of the backup beds on the hospital’s resilience will be significant, as
shown in Figure 7-7(c).
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Figure 7-7. The effect of backup space on (a) hospital’s working space availability,
(b) hospital’s resilience, (c) hospital’s resilience for the hospital with 25% initial
content availability.
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Figure 7-8. The effect of additional supplies on (a) hospital’s supplies’ availability,
(b) hospital’s resilience.

To indicate the importance of supply availability, different scenarios are
assumed, which include no additional supplies, one additional shipment
of supplies arriving 30 days after an earthquake, and one additional
shipment of supplies arriving 14 days after an earthquake. Assuming that
the amount of supplies in the hospital before the earthquake is only 60%
and the average percentage of damage in the supplies’” storage rooms is
68%, the percentage of supply availability immediately after the earthquake
will be around 41%. Figure 7-8 displays the impact of the supply shortage
on the investigated hospital’s functionality and resilience as well as the
effect of the arrival time of the additional supplies. It is recommended to
send additional supplies immediately after earthquakes to the impacted
hospital to maintain the highest possible functionality. Providing hospitals
with sufficient supplies especially after earthquakes will also limit the
chance of the spread of infectious and noninfectious diseases (WHO 2010).

It can be concluded from the previous discussion that achieving an
acceptable hospital functionality level after an earthquake is not a simple
task and providing enhancement for some component, to reflect changes
in a single basic event, might not lead to an increase in hospital resilience.
Therefore, investigating and identifying the main reasons for the reduction
in hospital functionality are essential steps that can have a substantial
impact on the availability of the healthcare service for the investigated
community. In this section, three different cases are applied to the
investigated hospital. The first case (Scenario_1) can be considered as
the best case that comprises all previously mentioned enhancements for
the hospital, including 25% additional staff, 100% functional backup
system, 50 additional beds, and additional supplies. The second case
(Scenario_2) is the existing case. The third case (Scenario_3) is the worst
case in which the hospital is not provided with additional staff, backup
systems, backup space, or additional supplies. Figure 7-9 shows the effect
of different scenarios on the hospital’s total functionality and resilience.
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Figure 7-9. The effect of different scenarios on (a) hospital’s total functionality,
(b) hospital’s resilience.

The hospital resilience significantly increases in Scenario_1 because the
functionality is only controlled by damage to the hospital itself, which
increases hospital independence as recommended by FEMA 577 (FEMA
2007). In Scenario_1, the initial drop of functionality is also reduced, which
increases both the quality and quantity of the investigated hospital and
increases the overall functionality of the healthcare service.

7.5 RECOMMENDED PRACTICES

In this chapter, the factors affecting healthcare functionality and
resilience after earthquakes are discussed. Lessons from previous events
and guidelines are merged with the functionality and resilience estimations
that resulted from an analytical framework that applied to a midsize
hospital located in Memphis, Tennessee. An earthquake with an intensity
of 1.0 g is assumed to have struck the hospital and its supporting lifelines.
The hospital recovery is estimated based on different scenarios. The
following main conclusions can be drawn from the chapter:

1. Ensuring the existence of alternate staff, offering regular training for
the staff to increase their preparedness for disasters, and establishing
mutual-aid agreements with other hospitals are key to hospital
operation following natural hazard events.

2. Maintaining the availability of utility backup systems as well as
backup spaces is essential and can significantly impact hospitals’
functionality.

3. Securing different providers for the main services that hospitals
require and relying on multiple suppliers are pivotal to functionality.
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4. Reducing hospitals” supplies after earthquakes can lead to
catastrophic consequences. Therefore, receiving the required supplies
on time is vital for maintaining an acceptable level of functionality.

5. Organizing healthcare services between hospitals and other
healthcare facilities especially after earthquakes is the fundamental
component to ensure that most patients will receive the appropriate
service, reducing mortality rates as a result.

6. Distributing repair resources among healthcare facilities and other
infrastructure requires careful investigation to ensure that there is a
balance between the social and economic stability of communities.
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CHAPTER 8
RESILIENCE AND CONSTRUCTION

Hamid R. Adib

8.1 INTRODUCTION

The traditional definition of resilience focuses on the ability to absorb or
avoid damage without suffering complete failure. However, this definition
is rather narrow, and, therefore, the important topic of resilience deserves a
more comprehensive explanation. A more appropriate definition of
resilience, especially as it pertains to the built environment, encompasses the
four principal areas of robustness, resourcefulness, recovery, and
redundancy.

As engineers and construction professionals, we simultaneously focus
on optimization and failure avoidance. We learn from past mistakes and
develop feedback systems to improve design and construction processes,
and as part of this learning, we strive to challenge the norm and push the
limits. As part of this process, one should have a disaster recovery and
continuity of business plan. Disaster recovery, by assuming that an unusual
event has occurred, is the action of bringing the process of delivery of the
project that was affected by the event to the before-the-incident condition
(Nigg 1995). Business continuity is the risk or threat management plan that
allows the business to continue smoothly against disruptions to operations.
Disaster recovery and business continuity are intertwined and consider
scenarios for disruptions and appropriate preventative or mitigation
measures as part of a comprehensive resilience plan.

Resilient construction planning also requires an optimized solution
that lies in embracing the notion that resilience is a multidisciplinary
subject and not limited to a field of practice. It also requires one to
consider natural hazards, man-made hazards, and other plausible
unusual events. The advantage that the construction community enjoys
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is resourcefulness stemming from the tools and equipment frequently
used at a construction site.

8.2 RESILIENCE CONSIDERATIONS IN THE DESIGN AND
CONSTRUCTION COMMUNITY

Traditional planning processes focus on two broad components:
anticipation of consequences of an event and proper response to absorb or
mitigate the disruption caused by such an event at every step. Studies have
shown that without proper planning, the recovery costs can be
astronomical, and hence, proper attention to resilient design and
construction is warranted.

As a professional community, we reach deeper and recognize the
resilience and interdependence of its key features—robustness,
resourcefulness, recovery, and redundancy in planning, design and the
execution of successful projects. On the broader level of real community, the
Federal Emergency Management Agency (FEMA), through its 2018 to 2022
strategic plan (FEMA 2021), embraces the holistic approach to preparedness
in collaboration with the state and local governments and the design and
construction community—a collaborative top-down bottom-up approach.

Examples of top-down leadership in resilient design are plenty.
Following the aftermath of the Superstorm Sandy, New York State created
the Governor’s Office of Storm Recovery (GOSR n.d.) to support and fund
rebuilding projects with resilience as the main focus of reconstruction.
New York City is an example of a city that created its own special initiative
for inclusion of resiliency in rebuilding through a newly created Office of
Recovery and Resiliency. Multiple large projects in the states of New York,
New Jersey, and Connecticut are in various stages of design and
implementation under these or similar programs.

On the private level, developers, especially those in coastal cities, have
made the promotion of resilience strategies a cornerstone of their future
development projects and have mobilized resources through a global
access to a network of experts. Professional organizations such as the
American Institute of Architects (AIA) advocates for the architect’s role in
resiliency planning and direct assistance to communities through a
network of experts to help before, during, and after an event. ASCE,
through its Engineering Mechanics Institute, has dedicated resources to
study resilience objectively and to address resilience in collaboration with
governmental agencies. The engineering community and the American
Council of Engineering Companies have embraced resilience design and
continuously promote education in resilience.

Engineers have also adopted new paradigms in design. As an
example, on several recent projects, Jacobs has been involved in the
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evaluation of the economics of location of sensitive mechanical and
electrical equipment. Whereas traditionally, mechanical, and electrical
equipment were installed in basements and subbasements, we explore
ideas with the owners and evaluate cost-benefit scenarios to place such
critical equipment on higher floors investing in potentially additional
ductwork piping and cable routing. Such costs when compared with the
costs of losing services or business continuity losses often prove
nonconsequential.

The Resilient Design Institute has a list of recommended design
strategies such as locating critical elements within a building to withstand
severe events and introducing redundancy in utility supplies among many
others. The US Green Building Council (USGBC n.d.) has announced that
it has adopted the RELi Resilience Rating System with almost 200 different
metrics and indicators. The RELi rating system focuses on the specific
issues related to resilient design and for projects at all scales of development,
from individual buildings to entire communities.

8.3 THE 4RS

The terms sustainability, resilience, and risk are frequently used
interchangeably; however, it is important to emphasize that while there are
similarities, they have distinct differences. Risk defines the relationship
between a hazard that negatively impacts an asset or a process and the
consequences of the event taking place. In simple terms, risk is a function
of consequence threat and vulnerability, whereas resilience is related to
robustness, resourcefulness, recovery, and redundancy (4Rs). It has been
shown that sustainability can be considered a subset of resilience and
resilience and the 4Rs a subset of consequence, threat, and vulnerability,
and, therefore, risk (Ettouney and Alampalli 2012).

Although the essential components of resilience have been defined in
other chapters of this manual, it is worth a refresh while we focus on their
applicability to construction and project execution. Robustness refers to
comprehensive planning and building the capability within the system to
maintain critical operations and function, which puts focus on the holistic
approach to planning for postdisaster functionality identification and
reinforcement of weak links in the system. Resourcefulness indicates
planning for preparation and the ability to respond to disruption of
operations. Recovery, more important, rapid recovery, is the preparation
and plans put in place for postdisaster ability to return to functionality and
operations quickly. Redundancy suggests the backup resources that can
quickly be tapped into in case of failure.

In this chapter, we discuss resilience in the field of building and
infrastructure construction as a thought stimulator.
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8.4 ROBUSTNESS

Improving robustness helps resist shocks to the system and ensures
efficient operations. Proper planning analysis and management of potential
events are the critical elements of an economically viable and robust solution.
FEMA, as part of its website, has a location-specific rich database of past
natural hazards events (FEMA n.d.) that can help planners obtain the type
and magnitude of events that a project can potentially be exposed to based
on historical events. “Project Impact: Building Disaster-Resistant
Communities,” an initiative that was put in place in 1997 following Hurricane
Floyd, is a good example of how FEMA is working with communities and
government leaders to raise awareness and preparedness. The aim of the
initiative is to look beyond financial comfort that flood insurance or
government assistance provides. The government documentation and
evaluation requirements can be lengthy and the disruption to the community
post event is often cumbersome. Building robustness into the system will
better prepare communities for events and to be less reliant on the
government’s speed and level of response. FEMA’s 2018 to 2022 Strategic
Plan set its number one goal as “building a culture of preparedness.”
Although FEMA is charged to push the agenda of resilience forward, other
federal, state, local, and nongovernmental organizations play a vital role in
bringing the diversity of thought and local overall knowledge to the effort.

Building robustness into a project is necessary; however, it is not adequate
to properly address the topic of resilience of a system (community).
Catastrophic events are usually widespread, affecting systems or communities
with complex interdependencies. Properly planned and designed systems
require a recognition of, and attention to, the interdependencies to be better
prepared and a proper functioning of critical operations. A systemwide
robustness plan requires detailed attention to the vulnerable links in an
ecosystem and its overall performance. An example is to address the need to
provide critical access to those trapped in remote areas.

Ready access to proper equipment and first responders” knowledge of
the availability of equipment and vehicles capable of traveling through
rough terrain would be critical. Local heavy civil constructors usually have
the required equipment and play an important role to maintain critical
access and assist in restoring critical operations and functions. It is equally
important to ensure that the equipment is in a work-ready condition and
spare parts are available.

8.5 RESOURCEFULNESS

Resourcefulness is essential and the resources can be tools as simple as
readily available mobile generators or ensuring availability of spare parts
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for the equipment, especially those parts that can easily be damaged in
case of an event. Supply chain management is an important topic to
consider in planning for resources.

The construction supplier industry is populated by small businesses
with an extremely complex network of supply chain. On larger projects,
the number of separate supplying businesses runs into hundreds if not
thousands. Proper resource planning needs to consider effective
management and relationship of the entire supply chain to achieve best
value, while ensuring robustness of the supply chain. The COVID-19
pandemic greatly tested the previous supply chain system. Plenty of
examples exist where hospitals and healthcare organizations paid huge
premiums (factors of over 10 times regular pricing) on their normal
supplies. However, most organizations have now revamped their supply
chain plan and are getting their resources in closer proximity of their
operations even if normal costs are marginally higher than before.

Other examples of resourcefulness are to adopt measures such as a more
expensive yet reliable satellite communication system. While the
suggestion of a satellite communication system may seem farfetched in an
urban environment, it has proven useful. Following the catastrophic events
of September 11, 2001, many cell phones in New York City did not operate,
because major cell phone antennas were located on the collapsed twin
towers of the World Trade Center. Priority to restore cell phone service was
given to those with special need and first responders who were already
registered with the mobile carriers. Those with satellite-operated cells had
an advantage of being able to communicate.

Resourcefulness also applies to the availability and readiness of expert
manpower. Investigations into the British Petroleum (BP) oil-drill
platform’s explosion (Grondahl et al. 2010) revealed a late response
because of a lack of resources and available expert manpower as a major
contributor to the event quickly become a crisis.

8.6 RECOVERY

Recovery, more important, postdisaster rapid recovery, refers to
preparations and plans put in place to enable the users to return to
operations quickly. However, quick recovery is not purely a function of
business operations and might need to deal with higher urgency needs. An
example is the events of August 2010 in Chile where 33 miners were
trapped during mining operations in a collapsed mine at a depth of
approximately 700 m. Fortunately, all the miners were rescued, although
it took 17 days to determine the condition of the miners. Postevent
investigations of the preparedness plans revealed that a disorganized
safety protocol and a lack of emergency plans were partly responsible for
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the length of time for the occurrence of the event and the recovery
operations to take place (Bonnefoy 2013). The rescue efforts utilized
innovative techniques and were fortunately successful, however, at higher
costs as compared with the scenario of following restricted safety protocols
and proper planning and preparedness. Rapid recovery requires
emergency preparedness and a trained team of first responders, but
equally important, a detailed safety protocol, well-planned and practiced
procedures, and easy access to proper equipment and to spare parts.

The Project Management Institute’s publication PMBOK—Project
Management Body of Knowledge (PMI 2019)—published by the American
National Standard Institute offers a rational focus to developing a model
for efficient management of disaster recovery operations. It is recommended
that a disaster management board be identified and be at the center of the
process with the major task of driving planning and implementation.
Pictorial planning of the recover process using the rich picture diagram
(RPD) has proven helpful. Examples of the RPD are simple hand sketches
or complex relationship flowcharts that can be generated using low-cost
collaboration software. Focus areas for the model should, as a minimum,
include the following: communications—to address the communication
protocol and technology human resources and claims management to
manage behaviors during and after an event and a recovery plan for
business recovery and continuity protocol that aligns with financial aspects
and cost management.

8.7 REDUNDANCY

Most often, planners focus on designing or accommodating utility
generation systems (power-chilled water and hot water). In practice or in
the literature, terms such as N + 1 are used to signify the level of additional
resources necessary to achieve a redundant plan (Woo and Grayson 2018).
For example, N + 1 redundant utility refers to planning for one level of
backup in the loss of the normal utility system or service. A critical system,
which can be the lifeline of first responders, usually requires a more robust
redundant design. This strategy can deliver higher levels of redundancy
often in the form of systems that are paralleled. In this plan, any component
in one system can be out of service without affecting the operation of the
other systems.

Determining the level of needed redundancy requires a clear definition
of the risks involved with the loss of utility including lost production, lost
revenue, and possible loss of life. The need for the level and the means of
delivering redundancy is usually evaluated in terms of costs and benefits,
and, in general, the higher the level of redundancy, the higher the cost, but
not always. For example, on planning for power redundancy, one can
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attempt tackling the challenges involved in this exercise through multiple
service sources such as distribution served from separate substations or
grid services from separate utilities and substations and should consider
the stability and reliability of the entire system.

Renewable or alternate power sources like photovoltaic systems and
fuel cells or uninterruptible power supplies can also be excellent sources
of supply service. Backup power must also be provided for the supporting
cooling and heating systems, fire detection and suppression systems,
lighting and control systems, and any other system required for critical
facility operations such as security and access control and so on. Mobile
combined heat and water plants provide a plausible option for redundant
service. Resilience in a mechanical system is more challenging as this
system is multilayered, and for the system to reach a certain redundancy,
certain components of the system must be resilient.

8.8 PLAN

Risk is inherent in the construction industry because of the very nature
of the industry, and as a result, constructors are very familiar with risk
management and mitigation. Risk is made up of the uncertainties and
vulnerabilities of a project delivery process, which if it occurs, can change
the outcome or the achievement of the objectives of a project. The level of
risk management is influenced by the project importance, its complexity
execution factor, and internal and external factors. Addressing resilience
requires the same rigor in planning and documentation of procedures to
ensure that robustness, resourcefulness, recovery, and redundancy are
fully thought-through and warranted for a given project or the community
that houses the project.

The resilience plan shall also give equal consideration to pre- and
postdisaster conditions in building robustness and redundancy into the
system. Predisaster planning deals with identification, estimation, and
preparation to mitigate risks that can cause an event. Postdisaster planning
assumes that an event has occurred and deals with activities to help get
normal operations back on track efficiently and quickly.

A properly devised resilience plan shall consider all attributes related to
hazard identification, risk management, safety planning, and resource
allocation. The probability of the occurrence of an event, sometimes called
“hazard analysis,” is the estimation of a threat and measuring a hazard
effect. We can learn quite a bit by studying the well-established process
and procedures in the petrochemical industry. Critical industries exposed
to high hazard operations have long faced challenging hazards
(traditionally natural and more recently man-made) and have used
mitigation identification and analysis techniques such as the what-if the
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fault-tree HAZOP event-tree checklists and so on to tackle these hazards
(Sutton 2015). Similar methodologies can be used in construction to build
better resilience in the design and execution while being cognizant of costs.

Preparedness is essential to keep the high standards of safety. The
industry documents daily events diligently. Such documents are then used
in preparedness of well-thought-through planning for potential events and
hazards. Anyone working or even visiting a chemical facility is required to
be educated of the potential risks of what can go wrong and what to do in
case something does go wrong. The moto is “safety is everyone’s
responsibility.” The journal of events and documentation processes
provide input to lessons learned to help with root cause analysis and
identify and anticipate potential mishaps. Abiding by the safety rules and
risk management protocol are enforced vigorously. Not only are risks very
actively managed, a crisis management protocol is put in place to help
minimize the effects of an undesirable event and for expeditious return to
normal operations.

Planning is an important part of construction management. Constructors
spend significant effort in developing detailed construction schedules,
paying attention to the risks that can adversely affect the achievement of
critical milestones. The plan is first developed broadly and then given
granularity with finer details. The thought process that goes into regular
planning and risk assessment for construction projects can readily be
expanded to identify the steps one can take to improve robustness and
resilience as a natural extension of regular construction planning of a
project.

First, costs in most cases become decision drivers and cause complexities
in the matter of justification of expenditures in preparation for a major
event. The identification of potential events is critical in planning, as those
that are not properly identified, planned for and mitigated, or mismanaged
can lead to crisis. An example is the BP oil-drill platform’s explosion on
April 2010 in the Gulf of Mexico. The explosion caused eleven deaths and
more than seventeen injuries and resulted in extensive pollution to the
Gulf of Mexico’s waters. Investigations following the event revealed two
major miscalculations in building robustness into the execution plan:
(1) The response to the emergency and steps to control the situation and
limit the implications were not properly planned, and (2) the risks
associated with the construction process were not properly mitigated.

Alack of proper resilience planning for events such as the BP explosion
in 2010 turns an otherwise regular event into a crisis. Building robustness
into the system is a good tool for crisis management.

Unfortunately, in construction projects, there is no generic management
theory that simplifies the process of crisis management. Inherent robustness
and proper communication tools and protocol seem to be the weak links
in crisis management. RPDs based on the grounded theory methodology
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are proposed as a tool for making a thorough analysis and achieve
improved preparedness and communication (Sutrisna and Barrett 2007).
The analysis includes an in-depth understanding of potential failures and
planning for recovery with an eye on the project management constraints
of time and cost, while keeping focus on value and quality. Examples of
other considerations for robustness and crisis management are as follows:
risk evaluation and safety planning according to the historical data of
accidents and disasters, installation of safe work areas, focus on
construction method improvement, embracing continuous worker safety
training, and effective safety planning.

8.9 ECONOMICS

Economics and costs associated with the plan play an important factor
in the process. One will have to consider the costs and benefits of a solution
and the methods by which to mitigate the risks of getting the project or the
system or the community back on track and properly functioning. While
there is still debate on climate change and its impacts, those who live or
work in coastal regions, especially those affected by past unusual natural
and weather events, understand that investing in resilience is crucial.

Economic considerations require the justification of expenditures, and
typically those who have experienced an extreme event will be more
amenable to investment with the aim of prevention of another catastrophic
outcome. Take for example the superstorm Sandy. New York City was hit
with Superstorm Sandy in 2012, and as of 2019, while major milestones
have been achieved in bringing New York City to the pre-event operating
and functioning city, the efforts to rebuild parts of New York City are
ongoing (NYC n.d.). The plan currently in place considers the 4Rs and
includes topics such as the following:

Storm simulations and evacuation,

Enhancements to long-term forecasting,

Rapid warning system enhancement,

Flooding impacts on transportation and infrastructure,
Flooding impacts on electric power systems,

Flooding impacts on wastewater infrastructure, and
Flooding impacts on drinking water systems.

An economically viable approach will consider not only the technical
considerations previously outlined but also an assessment of critical
facility and the community’s economic vulnerabilities, prioritization of
community reconstruction, investment strategies along with the resilience
metrics for infrastructure investments, and the impacts of strategies on
insurance premiums and property market value. Economic motivators
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such as incentives will help resilience design decisions to proceed to final
adoption and implementation. The motivators can be finance-based
incentives, technology-based incentives, regulatory-based incentives, and
property-market-based incentives.

Financial incentives could encourage the adoption of hazard mitigation
by reducing the initial cost of implementation. Financial incentives can be
in terms of tax credits and deductible-reduced insurance premiums, public
low-interest loan programs, reduced permit fees, fee waivers, and a cost-
sharing approach. Regulatory-based incentives include implementing
mandatory disclosure of risks, risk assessment in property valuation, and
improving building standards, guidelines, and building codes.
Technological innovations such as cost-effective retrofitting design solutions
promote more advanced ways of achieving risk reduction through the use
of new technology innovative solutions and/or advanced analytical
techniques.

A focus on raising hazard and vulnerability awareness among
stakeholders and an emphasis on the benefits of business continuity
planning help bring focus to the economic viability of solutions. The
economic and decision-making considerations of risk mitigation to some
natural hazards such as earthquakes have been well studied (Egbelakin
etal. 2011). A similar approach and framework can be adopted for resilience
considerations. The challenge is the complex nature of assessment of the
vulnerability of the existing built environment and its interdependencies
and interconnections with the wider context of communities.

8.10 ENFORCEMENT

Authorities having jurisdiction on a project (Occupational Safety and
Health Administration, Building Officials Fire Marshals, etc.) have
enforcement powers to ensure that the health safety and environmental
procedure are followed. Currently, their authority does not apply to
resilience and preparedness planning, and, therefore, resilience planning
becomes voluntary.

Some bigger cities and municipalities, especially those with large coastal
exposure, have begun the process of codifying resilience planning. Codes
represent the legal minimum enforceable requirements and standards, and
it seems reasonable to expect that incorporating sustainability and
resiliency into codes will make new and renovated buildings better and
more marketable. The International Green Construction Code (ICC 2018)
and California’s CALGreen building standard (ICC 2019) have published
guidelines and standards to do just this.
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8.11 CONCLUSIONS

This chapter explored the disaster recovery approach using resilience in
the construction framework in parallel with the project management
standards based on Project Management Body of Knowledge (PMBOK)’s
knowledge areas. We acknowledged the key features and essential
components of resilience—robustness, resourcefulness, recovery, and
redundancy and their interdependence in a successful planning design
and execution of a project. This framework addresses a range of factors
from the social, regulatory, institutional, economic, behavioral, and
enforcement perspectives related to disaster preparedness. Economic
decisions regarding disaster preparedness, risk mitigation, and motivators
can be used to encourage voluntary adoption of mitigation, even though
regulatory agencies are advancing their efforts to codify the practice.
Regardless of the approach, success will depend on the recognition that the
framework needs to be adopted as a collaborative effort between
stakeholders—public and private entities.

8.12 RECOMMENDATIONS

Past criticism in the area of natural hazard and disaster management
has been the lack of a holistic framework. We hope that the approach
presented here will address this concern.

In summary, the 4Rs (robustness, resourcefulness, recovery, and
redundancy) framework embraces the following general steps. A more
specific challenge-oriented approach can be built on top of this framework.
The important perspectives of the framework are as follows:

e Risk and safety management planning stage: The processes of risk
analysis should begin with the establishment of a disaster
management board and its roles and responsibilities in case of an
event. The board will then clearly define the desired redundancy
levels the robustness to be implemented and consider economic
ramifications. The board helps chart the path for resilience planning
and assigns a senior officer in charge of the implementation team.

e Emergency response plan: The implementation team defines the
emergency response plan and resources allocated for a speedy
response to an event. It is critical to practice emergency protocols to
ensure seamless execution.

e Preparation planning: The implementation team also defines the
scope, steps, time, and controls for the recovery, preparation, building
the robustness and redundancy, and allocating resources. The supply
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chain in response planning should be clearly identified and the
availability of alternate resources checked.

e Communication planning and preparedness stage: The team then
addresses the issues of communication protocol and technology,
human resources, and claims management to manage behaviors
before, during, and after an event.

e Quality planning: Similar to any other plan, regular evaluation and
review of the steps of the plan should be checked regularly and
adjustments made as necessary. As new technology or equipment
becomes available, consider adding such resources to the plan.

e Recovery planning stage: The board and the senior officer address
the recovery and continuity protocol which aligns with financial
aspects and cost management goals.

e Legal and ethical planning stage: The board also addresses a
disaster’s implications to human lives and preparation for the
rebuild.
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