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EXECUTIVE SUMMARY 
 
The importance of sustainability within structural engineering has become more widely accepted in recent 
decades. When structural engineers think of sustainability, they often limit their scope to material selec-
tion and recycling. Few structural engineers recognize the relationship between sustainability and disaster 
resilience, an area in which they can make significant contributions. Consequently, the aims of this report 
are to 
 

• Raise awareness of the relationship between disaster resilience and sustainability by discussing 
how a holistic view of sustainability must recognize the need for disaster resilience, and to 

• Provide a critical review of resilience-related efforts and resources available to practicing struc-
tural engineers and related professionals. 

 
Sustainability encompasses three spheres: economic, environmental, and social. Within each of these 
spheres, sustainability requires providing for the needs of the present while allowing future generations to 
meet their own needs. Disaster resilience pertains to the ability to suffer less damage and recover more 
quickly from adverse events such as hurricanes and earthquakes. A resilient structure provides socially 
valuable services such as shelter and safety, even in the face of disaster, and it should do so while mini-
mizing economic and environmental costs. Ignoring resilience during design can lead to structures that 
may seem green but that cannot reliably provide the services that we expect from them. Sustainability and 
disaster resilience are related in complex ways. Often times striving for one will help achieve the other as 
when a more robust structure reduces the environmental and economic cost of repairing extensive dam-
age. Sometimes the two are at cross-purposes. For example, striving for material efficiency may render a 
structure less redundant, and hence less safe in a disaster. 
 
The main section of this report discusses a variety of efforts to promote resilience and resources for resili-
ent design. Some of these are prescriptive, offering a set of design rules more stringent than existing 
building codes. Others are performance-based, offering performance criteria and methods for predicting 
the performance. Prescriptive criteria are simpler, but do not explicitly assure better performance. Perfor-
mance-based approaches allow the designer to provide specified improvements in performance, but this 
requires much more effort to achieve. Some of the efforts are voluntary and others are intended to become 
model codes. Voluntary efforts depend on the desire of the owner or developer to enforce the guidelines. 
Model codes aim to become law that all designers and builders must follow. Voluntary initiatives may 
become accepted more quickly and be more adaptable to changing times, but efforts to change model 
codes have the potential to effect change more broadly. 
 
The report also discusses current efforts to quantify the connection between disaster resilience and sus-
tainability through life cycle methods. There is no current agreement as to the best way of achieving this, 
nor are there standard tools for the structural engineer to use in everyday practice. However, it is im-
portant to remain aware of developments in this area, as it will likely become a common consideration in 
structural design. The structural engineer who stays abreast of developments – and even better, who con-
tributes to them – will be at an advantage when these methods mature. 
 
In the interest of encouraging positive and meaningful action, the report provides the following sugges-
tions for structural engineers who are interested in supporting disaster resilience and sustainability: 
 

1. Becoming better informed by using the references and links in this document. 
2. Participating in the code adoption process to encourage resilient design standards. 
3. Supporting legislation that requires or provides incentives for resilient construction. 
4. Educating owners regarding the importance and value of resilient construction. 



 
 

5. Advocating with insurance companies and portfolio managers to offer decreased costs for 
better performing facilities. 

6. Advocate with ASCE, SEI and other professional organizations to raise the profile of struc-
tural engineers. 

 
Concluding the report is a thoughtful afterword on resilience and sustainability in developing countries. 
The afterword suggests considerations for those interested in projects in these countries and provides po-
tential solutions to common challenges, some of which can inform design practices in developed coun-
tries such as the United States. 
 
 
 



 
 

INTRODUCTION 
 
The importance of sustainability within structural engineering has become more widely accepted in recent 
decades. Structural engineers most often think of sustainability as pertaining to material selection and re-
cycling. Many professionals also consider issues such as durability, obsolescence, and the impact of struc-
ture on operational efficiency (Kestner et al. 2010). While the link between disaster resilience and sus-
tainability has been recognized for some time (e.g., FEMA 2000; NIBS 2012), the structural engineering 
community has not yet embraced this relationship (some notable exceptions are Kneer and Maclise 2008 
and Bocchini et al. 2013). In light of this, the aims of this report are to: 
 

• Raise awareness of the relationship between disaster resilience and sustainability by discussing 
how a holistic view of sustainability must recognize the need for disaster resilience, and to 

• Provide a critical review of resilience-related efforts and resources available to practicing struc-
tural engineers and related professionals (guidance for other sustainability-related topics is pro-
vided by Kestner et al. 2010). 

 
This introduction reviews sustainability, resilience, and natural disasters. Following the introduction, the 
report presents important considerations for resilient design and summaries of current efforts and availa-
ble resources. Funding and policy initiatives are then discussed briefly, followed by a section on life cycle 
assessment, which presents the status of current approaches for incorporating resilience and sustainability 
metrics. The report concludes with recommendations for effective actions practitioners can take to pro-
mote resilience of their projects and communities. A short piece on resilience and sustainability in devel-
oping countries is included in an afterword. The afterword suggests considerations for those interested in 
projects in these countries and provides potential solutions to common challenges, some of which can 
inform design practices in developed countries such as the United States. 
 
 
Sustainability 
 
Within the civil engineering profession, two definitions are commonly offered for sustainability. These 
are the Brundtland Definition which is stated as “meeting the needs of the present without compromising 
the ability of future generations to meet their own needs” (WCED 1987) and the Triple Bottom Line 
(Figure 1), which views sustainability as satisfying three objectives: not only economic but social and 
environmental as well (Elkington 2004). This is also 
sometimes referred to as “People-Planet-Profit” or the 
“Three Pillars of Sustainability”. In current practice, 
this entails designing in a cost-effective manner while 
reducing environmental impacts. The social aspect, 
while less clearly defined, includes considerations such 
as safe and healthy work environments, reduced traffic 
delays, and quality of life in the community. The fol-
lowing references are available for additional infor-
mation on definitions of sustainability. Kestner et al. 
(2009) provide more details from the structural engi-
neering point of view. Tapia and Padgett (2012) sum-
marize sustainability with an emphasis on life cycle 
methods and natural hazard risk mitigation. Rodriguez-
Nikl (2011) proposes a more formal treatment of the 
concept of sustainability. Brandon and Lombardi 
(2011) provide a comprehensive understanding of sus-
tainability. 

 
Figure 1: Triple Bottom Line 



 
 

To date, most efforts to promote sustainability have resulted in green1 certifications, codes and standards, 
whose focus is primarily on the direct impacts of the project on its surrounding environment. Leadership 
in Energy and Environmental Design (LEED n.d.) is arguably the most well-known of the currently avail-
able building sustainability rating systems in the United States. The Institute for Sustainable Infrastructure 
(ISI) has released Envision, a similar rating system for infrastructure (ISI n.d.). These rating systems have 
different but similar sets of criteria that encourage the designer to consider issues such as site selection, 
energy efficiency, material use, water use and pollution, indoor environmental air quality, and quality of 
life. Envision also provides five credits related to resilience. When analyzing impacts of construction ma-
terials, considerations include greenhouse gas emissions, energy use, and amounts of materials used. 
These are influenced by the extraction of raw materials, manufacture of construction materials, delivery to 
the site, construction practices, and total quantities of material used. Some building designers also consid-
er the effect of the structure on the operational performance. For example, use of the high thermal mass of 
concrete or reduction of thermal bridging in steel buildings can reduce HVAC (heating, ventilation, and 
air conditioning) loads. These important considerations are discussed in depth by Kestner et al. (2010). 
 
Less often considered but no less important is enhancing service life. The following are the three main 
considerations for enhancing service life: 
 

• Durability against environmental attack (preventing deterioration) 
• Design for adaptability and deconstruction (preventing obsolescence) 
• Disaster resilience (protecting against disasters) 

 
Each of these topics merits in-depth consideration. Kestner et al. (2010) address durability (related to en-
vironmental exposure) and design for adaptability and deconstruction (related to obsolescence and chang-
es in usage). Disaster resilience is the topic of this paper. All of these considerations should influence de-
cisions about the designed service life of a facility. 
 
 
 
Disaster Resilience 
 
Various organizations and individuals define disaster resilience differently. The concept of resilience per-
tains to the response of systems to disruptive events. The National Academy of Sciences (NAS) defines 
resilience as: 
 

the ability to prepare and plan for, absorb, recover from, and more successfully adapt to 
adverse events (NAS 2012). 

 
The Department of Homeland Security 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 upon its ability to anticipate, absorb, 
adapt to, and/or rapidly recover from a potentially disruptive event (NIAC 2009). 

 
  

                                                      
 
 
1 As used in this document, “green” will refer to efforts to reduce environmental impacts in some way. It is not used 
as a carefully defined technical term. 



 
 

A recent presidential policy directive (PPD 2013) defines resilience as 
 

the ability to prepare for and adapt to changing conditions and withstand and recover rap-
idly from disruptions. Resilience includes the ability to withstand and recover from delib-
erate attacks, accidents, or naturally occurring threats or incidents. 

 
Bocchini et al. (2013) concluded there are two constants in most definitions of resilience: “(i) resistance 
to an unusual external shock (often referred as ‘robustness’) and (ii) ability to recover quickly (often 
called ‘rapidity’)”. 
 
Important aspects of resilience can be 
seen in the resilience triangle suggested 
by Bruneau et al. (2003) and adapted in 
Figure 2. This figure represents the “qual-
ity of infrastructure”, where 100 is the 
pre-disaster level. A disaster occurs at 
time to, causing an immediate loss of 
quality from 100 to Qo. Mitigation efforts 
try to reduce the magnitude of this loss. 
After the event, recovery efforts aim to 
restore (or even improve) pre-disaster 
quality. The time at which this is accom-
plished is at time tf. Resilience is affected 
by both the magnitude of the loss of 
quality at to and the speed of recovery 
between to and tf. The ratio of the area 
under the curve to the total area between 
to and tf can be viewed as a metric of resil-
ience. The structural engineer’s main con-
tribution is to mitigation (limiting the 
losses at to). Through intelligent design – e.g., designing easily repairable structural elements such as fus-
es in seismic force resisting systems – the structural engineer can also contribute to recovery efforts (re-
ducing time to tf). 
 
The concept of resilience applies to systems of different scales. At a broad scale is the resilience of a 
community. At this scale, system level considerations are paramount, and there are many complex inter-
actions to consider, including non-technical considerations such as policies, procedures, and a variety of 
stakeholders. At this scale, we are concerned with the resilience of engineering systems such as power 
grids, transportation networks, water distribution systems, and the building stock as a whole. With ade-
quate infrastructure design and emergency response plans, a community can be resilient even if some of 
the structures within the community fail. This is related to the risk categories in ASCE 7 (ASCE 2010) 
that attempt to capture the relative importance of different building types. Within this context, in their 
day-to-day practice, structural engineers focus on the resilience of a single structure. The focus is mitigat-
ing the losses due to the disaster, but it is also important to design in such a way that the losses incurred 
help a speedy recovery. 
 
  

 
Figure 2: Resilience Triangle 

(adapted from Bruneau et al. 2003) 
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McAllister (2013), who reviews the history and present state of resilience concepts and summarizes re-
search needs, provides a good source for additional information on resilience. The document identifies the 
following research needs (copied verbatim here): 
 

• Identify technical gaps and research needs from reviews of past disaster events and existing mod-
el codes and standards 

• Define resilience terminology for the built environment to help communicate new concepts 
• Develop guidance for community resilience planning 
• Develop risk-based performance goals for resilient communities 
• Develop tools and metrics to support quantitative technical assessment, policy development, and 

decision making 
• Develop guidelines on risk-based performance goals and criteria for inclusion in standards for 

voluntary reference. 
 
 
 
Relation between Disaster Resilience and other Aspects of Sustainability 
 
Sustainability is a complex concept that touches on many aspects of the built environment. Resilience is 
just one consideration to achieve sustainability; many other traditional design considerations are also nec-
essary (e.g., those presented by Kestner et al. 2010). For example, if a new LEED certified building with 
all the latest green features is rendered useless after a disaster, many resources will be wasted in recon-
struction; this building cannot be considered 
sustainable. On the other hand, if a building is 
made robust with no consideration of its envi-
ronmental and social impacts, then it cannot 
be considered sustainable either. However, a 
more robust structure may cause greater envi-
ronmental impacts initially, but if it requires 
few repairs after subsequent disasters, its im-
pacts over its service life may be lower than a 
less robust building that requires demolition 
and reconstruction. Both traditional sustaina-
ble design considerations and disaster resili-
ence are necessary for sustainability. This is 
shown in Figure 3. 
 
Figure 3 also shows that these two different areas can be related to each other in positive or negative 
ways. The wide range of different requirements can create situations where resilience and other aspects of 
sustainability are not compatible. This can occur, for example, in the following cases. 
 

• A recycled material may not be as reliable as a traditional material 
• An innovative design may not be as reliable as a traditional design 
• A design that strives for minimum material use may be less redundant 
• The added weight of a green roof may be detrimental to the seismic performance of a building 

 
The Federal Emergency Management Agency (FEMA) has outlined other ways in which sustainable de-
sign features may affect the disaster resilience of residential structures (FEMA 2010b). Table 1 summa-
rizes some of the connections between sustainable design and resilience. Many other connections between 
traditional sustainable design and disaster resilience could and should be explored. The design team 

 
Figure 3: Relation between traditional sustainable design, 

disaster resilience, and sustainability 
 



 
 

should bear in mind the concepts summarized in Figure 3. Traditional sustainable design and disaster re-
silience can both influence each other in both positive and negative ways. Such considerations greatly 
increase the complexity of a design project. 
 
An effective design process that considers both resilience and sustainability requires cooperation among 
many professionals, e.g., architects, structural engineers, mechanical engineers, contractors, and suppliers. 
The owner also plays a crucial role in decision-making. To bring these issues to the table, SEs must be 
included in the design process from the early design stage. Accomplishing this will likely require a mar-
keting effort supported by professional societies such as SEI to highlight the value that structural engi-
neers bring to an integrated design team during all stages of the design process. 
 
 
 
 
 
 
 

Table 1: Some links between resilience and sustainability. The importances were determined from an infor-
mal poll conducted for this report of SEI Sustainability Committee members. 

Design Consideration 
Importance ( H  = High,  M  = Medium, L = Low) 

For 
Sustainability 

For Hazard Resistance 
Fire Seismic Wind Flood 

Building geometry and orientation H L H H M 
Construction material type 
(steel, concrete, masonry, wood, etc.) M H H M H 

Design for adaptability and deconstructability H L H M M 
Flood-resistant design M L L L H 
Green roof M L M L L 
HVAC system H M L L L 
Operable windows (natural ventilation) H M L M L 
Reuse of structural components H M M M M 
Risk assessment M H H M M 
Safe room L M M M L 
Site and perimeter design H M L L M 
Structural durability H L H M M 
Structural system M M H H M 
Urban wildland interface (fire protection) M H L L L 
Use of recycled materials H L M L L 
Use of regional materials M L L L L 
Water (runoff) management H L L L M 
Window system H M L L L 

 
 
 
  



 
 

Natural Disasters and their Consequences 
 
In 2011, the U.S. experienced 14 sepa-
rate disasters, each with an economic 
loss of $1 billion or more, totaling $55 
billion and surpassing the record set in 
2008 (NOAA 2012). According to rein-
surer Swiss Re, insurers lost at least 
$108 billion on disasters globally in 
2011, the second-worst year in the indus-
try's history. Only 2005, with Hurricane 
Katrina and other major storms, was 
more costly (AFP 2011). In 2012, there 
were 11 natural disasters costing $1 bil-
lion or more in damage, making 2012 the 
second highest year with billion-dollar 
disasters. Figure 4 shows the historical 
trend in billion dollar weather disasters. 
 
Figure 5 shows the number of hurricanes 
in each decade and the corresponding 
increase in losses (similar trends exist for 
other types of disasters). The increase in 
losses can be attributed mostly popula-
tion migration and increase in wealth. In 
the last several decades, population in 
the United States has migrated toward 
the coasts, concentrating along the earth-
quake-prone Pacific coast and the hurri-
cane-prone Atlantic and Gulf coasts 
(CRS 1997). In addition, the economic 
value of possessions has increased sub-
stantially. While the high concentration 
of people in coastal regions has produced 
many economic benefits, this has also 
increased the consequences of natural 
hazards. Moreover, many elements of the 
aging infrastructure in these areas are 
highly vulnerable to breakdowns that can 
be triggered by relatively minor events. 
 
Climate change is also implicated in the rise in storm-related losses. The National Academy of Sciences 
(NAS 2012) states, “Impacts of climate change and degradation of natural defenses such as coastal wet-
lands make the nation more vulnerable.” Larsen et al. (2011), writing on green buildings and climate re-
sistance, conclude that climate change is already increasing storm intensity, raising sea levels, and accel-
erating coastal erosion, among other effects. They state, “The effects of climate change will likely be 
more extreme than what we have observed so far. With each additional increase in the global mean annual 
temperature, the severity of the effects is likely to worsen”. 
 
Despite the increased risk, there is strong evidence that hazard mitigation can be implemented successful-
ly and with significant benefit. The Multihazard Mitigation Council (MMC) of the National Institute of 

 
Figure 4: Billion Dollar U.S. Weather/Climate Disasters 1980-

2012 (2012 Dollars) 
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Building Sciences conducted an independent study on the effectiveness of government sponsored disaster 
mitigation activities (MMC 2005). The council quantified the future savings, in terms of losses avoided, 
for programs between 1993 and 2003. Savings included reduced property damage; business disruption; 
non-market damage (environmental damage to wetlands, parks, wildlife and historic structures); deaths, 
injuries and homelessness; and cost of emergency response (ambulance and fire service). The study found 
that the natural hazard mitigation grant programs funded by FEMA were cost-effective and did in fact 
reduce future losses from earthquakes, wind, and floods. The mitigation programs resulted in significant 
net benefit to society and potential savings to the federal treasury in terms of future increased tax revenue 
and reduced hazard related expenditures. The FEMA grant programs cost the federal government $3.5 
billion from 1993 to 2003 but yielded a societal benefit of $14 billion. In other words, every dollar spent 
on hazard mitigation provided four dollars in future benefits.  
 
Spending time and money up front to reduce the likelihood of loss during a natural disaster can bring sig-
nificant benefits to owners and communities. These benefits are many and include lowering insurance 
costs, raising property values, providing security to residents, maintaining a consistent tax base, and min-
imizing the cost of disaster response and recovery. No community can ever be completely safe from all 
hazards, but resiliency planning gives communities the knowledge and abilities to protect themselves be-
fore and mend themselves after a disaster. Structural engineers play a vital role in resilient communities. 
To assist them in the effort, the following sections provide a critical review of resilience-related efforts 
and resources available to practicing structural engineers and related professionals. 
  



 
 

GENERAL CONSIDERATIONS FOR RESILIENT DESIGN 
 
Strategies for achieving resilient designs vary from prescriptive approaches to detailed analyses that in-
clude probabilistic assessments of the hazard and the resulting damage. The simplest approach is prescrip-
tive. In a prescriptive approach, rules specify what the engineer must achieve and avoid in the design. 
These rules are similar to traditional code regulations, but with stricter requirements. For example, the 
rules may state an increased design load or additional detailing requirements. Prescriptive guidelines are 
built upon many assumptions about the nature of the hazard, the structural response, and the design objec-
tives. When using a prescriptive approach the design professional must evaluate these assumptions 
against the objectives of the project. If the two are not consistent, a more detailed analysis should be con-
ducted. 
 
Kneer and Maclise (2008) highlight the importance of thinking beyond prescriptive requirements and 
provide examples of projects in which performance was an explicit consideration that led to improve-
ments of code-base designs. Some of these examples are deterministic in nature. Other examples use 
probabilistic calculations that consider the likelihood of a disaster occurring, the likely costs of mitigation, 
and the expected benefits resulting from the mitigation efforts. In probabilistic approaches, design loads 
depend on probabilities of occurrence for events of varying magnitudes. Considering a range of possible 
event yields a hazard curve that describes the probability occurrence for different hazard levels. Structural 
performance can be assessed probabilistically to obtain fragility functions, which describe the likelihood 
of suffering a defined level of damage given an intensity measure for a hazard (e.g., wind speed or peak 
ground acceleration). An established methodology to estimate losses due to seismic events is available 
from FEMA (2012) as is a broader loss estimation methodology for a range of hazards (FEMA 2003a). 
The fragility functions can be paired with hazard curves to determine the probable losses during the 
lifespan of a facility (see, e.g., Comber et al. 2012). This approach takes into consideration a range of pos-
sible disasters of varying magnitudes and their respective probabilities of occurrence to gain a holistic 
understanding of the expected damage the facility might suffer to during its lifetime. 
 
The design team must conduct a thorough cost-benefit analysis to balance increased costs2 with improved 
performance resulting from structures that are more resilient. For instance, designing a structure to with-
stand the anticipated forces induced by a category V hurricane will generally require more materials and 
resources than a design that only considers a category III hurricane. Appropriate resilient design will con-
sider the differences in materials and resources required for structures that are more robust and weigh 
them against the potential benefit gained in terms of added resilience. The probabilistic process discussed 
above can be repeated for varying levels of robustness in design to determine the optimum balance be-
tween additional materials required for construction and probable savings in damage during the facility’s 
life. 
 
As an example of a holistic design approach that takes into account the performance of all aspects of the 
facility, consider a hypothetical building intended for use as a manufacturing facility in a high seismic 
zone. This building contains partitions, many mechanical, electrical, and plumbing (M/E/P) components, 
and large amounts of equipment. These components are damaged by different phenomena. The M/E/P 
components and equipment are damaged when the structure they are attached to accelerates too quickly. 
The partitions, on the other hand, are attached to two adjacent levels in the structure and will be damaged 

                                                      
 
 
2 A higher-performing structure is not always synonymous with additional materials and construction expenses. In 
many cases, a more resilient structure can be realized for the same or even a reduced cost than a less resilient struc-
ture through appropriate performance-based design and careful attention to detailing in both the structure and the 
connections to nonstructural elements. 



 
 

by relative displacements between those two levels (interstory drift). One might be tempted to focus on 
lateral strength & stiffness and use a stiff steel braced frame system because it uses less material than a 
more flexible moment frame. One should however consider the possibility that the stiffer braced frame 
system will generate lower drifts and higher structure accelerations during a given seismic event than the 
comparable moment frame system. Given the sensitivity of a majority of the nonstructural components 
and contents to damage induced by floor accelerations as opposed to interstory drifts, the braced frame 
system will likely cause a much higher level of overall damage to the building in a major event. Although 
the moment frame system may require a larger initial investment in materials and resources, consideration 
of the potential savings due to reduced damage to building components may reveal that this initial in-
vestment will lead to lower expected lifetime impacts. To achieve overall benefits through resilience 
strategies it is important to considerer these tradeoffs holistically to find a solution that protects the whole 
system efficiently and effectively. 
  



 
 

TECHNICAL GUIDANCE FOR RESILIENT DESIGN AND DISASTER MITIGATION 
 
The National Institute of Building Sciences (NIBS 2013) reminds us that 
 

Unsustainable development is one of the major factors in the rising costs of natural disas-
ters. Given that hazard mitigation is at the core of disaster resistance, then, many design 
strategies and technologies serve double duty, by not only preventing or reducing disaster 
losses but serving the broader goal of long-term community sustainability. 

 
This section summarizes and evaluates some of the existing programs that can aid structural engineers in 
reducing disaster losses and thereby promoting sustainability. Depending on location, many disasters can 
threaten a facility. These include natural disasters such as earthquake, wind, flood, and wildfire as well as 
deliberate attacks on structures. This section begins by describing general, multi-hazard programs and 
then describes programs that are limited to one or a few hazards.3 
 
From a policy point of view, disaster mitigation programs are divided into voluntary or mandatory. In 
voluntary programs, communities or owners choose to implement programs to reduce their risk from nat-
ural disaster. Alternately, mandatory programs seek to enforce standards through law. In the same way 
that governments adopt model codes as law (e.g., International Building Code), mandatory mitigation 
programs provide language for governments to adopt as law with the objective of reducing losses from 
natural hazards. One program discussed below, High Performance Building Requirements for Sustainabil-
ity, aims to enhance model codes. The rest of the programs are voluntary. From a technical point of view, 
disaster mitigation programs are divided into performance-based or prescriptive, as discussed in the pre-
vious section. Despite the superiority of a performance-based approach, many of the programs discussed 
are prescriptive. This is due to the relative simplicity of prescriptive approaches, as well as their likeli-
hood of being adopted by owners or governments. 
 
 
 
Comprehensive, Multi-Hazard Programs 
 

FORTIFIED for Safer Living and Safer Business 
 
The Insurance Institute for Business and Home Safety (IBHS) has created a voluntary program called 
FORTIFIED for Safer Living and Safer Business  (IBHS n.d.). The goal is to incorporate improved tech-
niques into construction to provide a greater level of protection against a variety of natural hazards. IBHS 
is a not-for-profit applied research and communications organization supported by the insurance industry. 
Their focus is to reduce residential and commercial property losses due to wind, water, fire, hail, earth-
quake, ice, and snow. The programs also address other business continuity issues such as interior fire, 
burglary, lightning protection, and electrical surge. 
 
IBHS promotes the need for strong, well-enforced building codes but also realizes that building codes 
offer minimum life safety standards and often do not have the necessary provisions to provide disaster 
resilience. For that reason, IBHS developed its FORTIFIED programs. The programs provide specific 
design criteria and the necessary construction and inspection oversight to ensure resilient structures that 
are designed to standards beyond the code. 
                                                      
 
 
3 Due to space limitations some programs are not discussed in this report. A comprehensive list of programs and 
publications is provided by the National Institute of Building Sciences (NIBS 2013). 



 
 

 
Over 250 homes have been designated as FORTIFIED since 2001. The program was tested by Hurricane 
Ike on the Bolivar Peninsula in Texas, in September 2008. Ten of the thirteen FORTIFIED homes sur-
vived a direct hit from Hurricane Ike, which included a 20 ft. storm surge. The FORITIFED homes were 
the only structures left standing for miles around because they were specifically designed and built to 
withstand extreme wind and water damage (IBHS 2009). 
 

High Performance Building Requirements for Sustainability  
 
The Portland Cement Association (PCA) is leading an effort to modify model codes in the interest of in-
creased resilience. As described by PCA, “detailed criteria that combine functional resilience with the 
other key aspects related to the design and construction of green buildings are presented as a compilation 
of modifications to the International Code Council International Building Code … as High-Performance 
Building Requirements for Sustainability (HPBRS)” (PCA n.d.). HPBRS provides design recommenda-
tions in five main topic areas: service life, structural components, fire-protection components, interior 
components, and exterior components (see PCA 2010 for proposed code amendments). The following list 
provides a brief summary of the recommendations in HPBRS for buildings (excluding low-rise residential 
buildings). Some of these criteria are directly influenced by the structural engineer, some will influence 
the structural engineer’s design, and some are less relevant to the structural engineer, but are presented for 
a full overview of the PCA functional resilience design recommendations. The term functional resilience 
is related to all three causes of reduced service life: deterioration, obsolescence, and disasters. 
 
HPBRS required that buildings be designed to a minimum service life of 50 years. Although some com-
ponents may have a lower design life, the 50-year requirement applies to structural components and any 
other components that are difficult or cost-prohibitive to replace during the design service life. A service-
life plan provides the owner with decision-making information on what the overall maintenance cost will 
be based on the materials selected. Information on determining service life can be found in the Canadian 
Standards Association (CSA) standard for durability in buildings (CSA 2007). 
 
For structural components, provisions are made for fire, flood, earthquake, snow, and wind loads as fol-
lows: 
 

• For fire resistance, all structural load-bearing elements should have a minimum fire rating of 1 
hour.  

• For flood damage resistance, structural components should comply with ASCE 24 (ASCE 2005) 
as well as state building codes. Foundations located in Coastal Zone A should be designed to the 
same criteria as those located in Coastal Zone V. Levees and flood walls should not be considered 
flood protection when renovating or designing new buildings for resistance to flood damage. 
There are additional requirements, including compliance with Appendix G of the International 
Building Code (International Code Council 2012a). 

• For seismic, in locations where the 0.2 second spectral response acceleration is 0.4 g or higher, 
HPBRS requires seismic loads that are 20% greater than that currently required by code. In the 
opinion of the working group, this requirement is inadequate, as it could lead to stiffer buildings 
and consequently, more non-structural damage and slower post-disaster recovery. 

• For snow, buildings should be designed for 20% greater snow load than required by code. 
• For wind, buildings should be designed for an increased basic design wind speed by 20 mph. Ad-

ditionally, roof coverings, their attachments, and gutter attachments should comply with UL and 
FM standards. Storm shelters should be provided for all building occupants when design wind 
speed is 160 mph or greater (in hurricane- and tornado-prone areas). Storm shelters should be de-
signed according to ICC 500 (International Code Council 2008). 



 
 

 
Other requirements that can interest structural engineers are as follows: 
 

• For fire protection, all buildings should have sprinkler systems, unless the occupancy category is 
low-hazard manufacturing (Type F) or storage (Type S). Fire separations should be rated at 2 
hours and concealed spaces should have fire stopping and draft stopping. Areas of collection of 
recyclables should have enhanced fire protection. 

• For moisture protection, HPBRS requires use of hard, smooth, non-absorbent surfaces where wa-
ter is likely to be present during the use phase of the building as well as protection of any mois-
ture-sensitive materials during construction. 

• HPBRS also provides requirements for exterior components. For exterior fire damage resistance, 
when structures are located close to one another, such as in dense, urban areas, openings should 
be limited in size. In addition, combustible materials should not be used in exterior walls that are 
located close to other structures. For wildfire damage resistance, buildings should meet the re-
quirements of the International Wildland-Urban Interface Code (International Code Council 
2012b). For wind damage resistance, if located in hurricane- or tornado-prone areas, use of exte-
rior cladding that is susceptible to wind damage is limited. Finally, for hail damage resistance, if 
located in moderate-to-severe hail exposure areas, use of exterior cladding that is susceptible to 
hail damage is limited. 

 
 
 
Other Resources 
 

High Performance and Integrated Design Resilience (multi-hazard, focus on security) 
 
In 2009, the U.S. Department of Homeland Security (DHS) Science & Technology Directorate (S&T) 
created the High Performance and Integrated Design Resilience Program (DHS n.d.). The goal of the pro-
gram is “to better prepare buildings and infrastructure to recover from human-caused and natural disaster 
events such as explosive blasts; chemical, biological, and radiological agents; floods; hurricanes; earth-
quakes, and fires”. The program consists in publications and software for use by engineers and other 
building professionals. It pays close attention to blast and security issues, but addresses all hazards to 
some extent. 
 
The program fosters an integrative approach to the design, construction, and operation of buildings and 
infrastructure. This approach incorporates resilience as one of the primary goals during design. Achieving 
such integration requires active collaboration, starting at the initiation of the project, among all of the 
team members involved in the design process. When the integrative approach is done well, the resulting 
facilities are more likely to be resilient, cost effective, resource efficient, durable, and high-performing. 
 
The Science and Technology Directorate has developed a series of software tools and publications, called 
the Building and Infrastructure Protection Series (BIPS), to provide guidance on risk assessment and mit-
igation against various hazards. These tools emphasize strengthening and protecting critical infrastructure 
from the impacts of a terrorist attack. Objectives are to reduce physical damage to structural and nonstruc-
tural components of buildings and critical infrastructure, and reduce resultant casualties from impact 
events that include human-caused hazards (including explosive blast, and chemical biological, or radio-
logical agents) and natural hazards (including floods, hurricanes, and earthquakes). 
 
Some of the BIPS publications and tools (DHS n.d.) are: 
 



 
 

• BIPS 06/FEMA 426, Reference Manual to Mitigate Potential Terrorist Attacks against Build-
ings, 2nd Edition–provides architects and engineers with an updated version of risk assessment 
techniques, a new concept on infrastructure resiliency, and identifies new protective measures and 
emerging technologies to protect the buildings, related infrastructure, and people. 

• BIPS 07, Primer to Design Safe School Projects in Case of Terrorist Attacks and School Shoot-
ings, 2nd Edition–provides the design community and school administrators with the basic prin-
ciples and techniques to design a school that is safe from potential physical attacks and, at the 
same time, offers an aesthetically pleasing design that is functional and meets the needs of the 
students, staff, administration, and general public.  

• BIPS 09, Urban Blast Tool–quantifies the effects of blast in urban environments, including the 
influence of buildings on blast pressures propagating from explosions located in urban settings. 
The tool also quantifies the potential for these blast pressures to damage primary structural mem-
bers and accounts for the sensitivity of several common building types to progressive collapse 
due to damage of key support members. The tool also evaluates the likelihood that blast pressures 
may damage equipment needed for Emergency Evacuation, Rescue and Recovery (EERR) opera-
tions. 

• BIPS 10, High Performance Based Design for the Building Enclosure–provides owners, devel-
opers, and designers with a methodology to evaluate the benefits of increasing performance of 
key building attributes to help them plan buildings that are resilient as well as energy efficient, 
durable, and sustainable. The Owners Performance Requirements (OPR) software tool has been 
made available to assist with this process (NIBS n.d.). 

 
BuildingGreen (multi-hazard, focus on storm and energy interruption) 

 
Alex Wilson, the founder of BuildingGreen, writes a blog with regular entries on the topics of green and 
resilient design. Wilson argues that consideration of climate change should influence structural designs. 
Wilson pays particular interest to energy interruptions and increased severity and frequency of storms. 
BuildingGreen and Environmental Building News have a library of references on resilient design and 
green design. The following are Wilson’s suggestions on designing for greater resilience: 
 
To improve storm resistance Wilson (2011a) suggests that buildings should be designed to more-stringent 
provisions, such as those listed in the Miami-Dade County Building Code. This code requires, for exam-
ple, tie-down strapping or clips between roof trusses and wall framing. Wilson also suggests including 
safe rooms, or shelters, in hurricane- and tornado-prone areas. Wilson emphasizes the need to keep rain 
away from structures. Gutters, basement drainage, rain screens, adequate overhangs, damp-proofing, and 
downspouts are mentioned as solutions. With greater frequency of storms and more hardscape added dur-
ing development, there is a greater need to manage stormwater. By increasing pervious surfaces and min-
imizing erosion, among other strategies, both localized flooding and the burden on our streams and rivers 
can be reduced. 
 
Wilson also advocates for common-sense smarter design (2011b). If possible, buildings should not be 
built in areas prone to flooding, fires, and other disasters. For flood damage resistance Wilson suggests 
elevating living spaces above potential flood elevation (this working group has concerns with this sugges-
tion in seismic areas). For moisture protection in flood-prone areas, Wilson suggests avoiding materials 
that are damaged by or trap moisture. Wilson also suggests optimizing square footage. Smaller structures 
typically use fewer resources in their operation, but are also easier to keep warm in the winter if the power 
happens to go out. 
 
Wilson has also written on strategies to minimize consequences of energy interruptions (2012abc): 
 

• Increasing insulation and thermal mass in envelope elements. 



 
 

• Using triple-glazed windows, which, although expensive, can reduce energy consumption signifi-
cantly. 

• Keeping building envelopes tight to minimize energy loss. 
• Using the sun to a building’s advantage—through use of direct-gain, indirect-gain, or isolated-

gain solar systems—reduces their dependence on energy. 
• Orienting buildings with their long axis in the east-west direction maximizes solar gains in the 

winter and minimizes solar gains in the summer. Minimizing fenestration on the east and west 
faces of the building minimizes cooling loads in the case of a power outage in the summer 
months. 

• Shading windows from direct sun in the summer months, when the sun is highest in the sky, min-
imizes cooling loads on a building. 

• Lighter colored roof and wall coverings reflect more of the sun’s heat, minimizing cooling loads. 
• Operable windows can allow for natural ventilation in the cool evenings during summer months 

in the event of a power outage. 
 

ATC-58 / FEMA P-58 (seismic) 
 
Present-generation performance-based seismic engineering, e.g., ASCE 41 (ASCE 2006), expresses per-
formance “in terms of a series of discrete performance levels identified as Operational, Immediate Occu-
pancy, Life Safety, and Collapse Prevention. These performance levels are applied to both structural and 
nonstructural components, and are assessed at a specified seismic hazard level. Although they established 
a vocabulary and provided a means by which engineers could quantify and communicate seismic perfor-
mance to clients and other stakeholders, implementation of present-generation procedures in practice un-
covered certain limitations and identified enhancements that were needed” (FEMA 2012). FEMA-P58 
(FEMA 2012) proposes a new seismic performance assessment methodology based on: 
 

• the probability of experiencing an earthquake of specified intensity,  
• the probability, given an earthquake intensity, of experiencing a specified response (e.g., accel-

erations or drifts), 
• the probability, given a response, of experiencing a specified damage state, and  
• the probability, given a damage state, of incurring specified consequences. The consequences of 

interest are repair costs, repair time, casualties, and unsafe placarding. 
 
The total probability of different consequences is calculated by considering a range of possible earth-
quakes, responses, damage states, and consequences. This calculation is impractical to perform in a closed 
form or by hand. A computer software program, the Performance Assessment Calculation Tool (PACT), 
is provided as part of ATC-58, the precursor project to FEMA P-58, to assist with the calculations. The 
tool has an extensive database of structural and non-structural elements but allows significant user-
specified input if necessary. The user needs to perform a seismic analysis independently and import the 
response parameters into PACT. The analysis can be a simplified linear analysis with dispersion factors 
applied to the response parameters. The most updated version of PACT is available from the ATC-58 
website (ATC n.d.). A methodology to add environmental impact assessments to the seismic performance 
assessment procedures has been developed and may be implemented in a future project (Court et al. 
2012). 
 

U.S. Resiliency Council / CoRE Rating (seismic) 
 
The US Resiliency Council (USRC n.d.) is a non-profit organization that has developed a rating system 
for evaluating the resilience of individual buildings and for communicating the results to decision-makers 
(Reis et al. 2012). The Certification of Resilient Engineering (CoRE) Rating uses the ATC-58 methodol-



 
 

ogy and a rating system similar to the Earthquake Performance Rating System (EPRS) developed by the 
Structural Engineers Association of Northern California (Mayes et al. 2011). The CoRE rating system is 
reproduced in Table 2. It offers two tiers of ratings. One is a star based rating that considers safety, repa-
rability, and functionality. The second is a simple certification that considers only safety. The US Resili-
ency Council hopes that their rating system will “become a standard for due diligence in real estate trans-
actions and for quantifying the value of improved disaster resilience.” This would help owners and devel-
opers recover investments made toward resilient design in the same way that LEED has allowed them to 
recover costs for sustainability-related improvements. The focus of the USRC is currently on earthquakes, 
but they plan to expand their efforts for wind and flood events. 
 

Table 2: CoRE Rating 

USRC CoRE 
Rating Safety Reparability Functionality 

***** Safe Loss <5% Occupiable 
Immediately Functional < 72 hours 

**** Safe Loss <10% Occupiable 
Immediately Functional < 1 month 

*** Safe Loss <20% Occupiable < 1 month 
Functional < 6 months 

Certified Safe Not estimated Not estimated 
Not Certified Safety Hazard Not estimated Not estimated 

 
REDi Rating System (seismic) 

 
The Resilience-based Earthquake Design Initiative (REDi) Rating System is a framework for owners, 
architects, and engineers to implement a holistic beyond-code design, planning and assessment approach 
to facility resilience (Almufti and Willford 2013). The REDi ratings (Platinum, Gold, and Silver) estab-
lish objectives in the following categories: 
 

• Building Resilience: Minimize expected damage to structural, architectural and MEP compo-
nents through enhanced design 

• Organizational Resilience: Contingency planning for utility disruption and business continuity 
• Ambient Resilience: Reduce risks that external earthquake-induced hazards damage building or 

restrict site access 
• Loss Assessment: Evaluate financial losses and downtime to meet resilience objectives (based on 

the FEMA P-58 methodology) 
 
By establishing categories that are based on FEMA P-58 and that are easy to communicate to decision-
makers, REDi is similar in many ways to the CoRE Rating. Table 3 illustrates the requirements in the loss 
assessment that must be met at the various levels. However, REDi is broader in scope, involving prescrip-
tive design requirements that address different components of resilience to help owners and operators 
achieve their specific resilience goals. The most novel of these are the requirements for organizational 
resilience (Table 4). With this breadth in scope, REDi has the potential to engage owners and all building 
professionals in a coordinated effort to provide resilience. 
  



 
 

 

Table 3: Requirements of the loss assessment component of the REDi rating system 

Rating Re-Occupancy Functional 
Recovery 

Financial 
Loss Occupant Safety 

Platinum Immediate < 72 hours < 2.5% Injuries Unlikely 
Gold Immediate < 1 month < 5% Injuries Unlikely 
Silver < 6 months < 6 months < 10% Injuries Unlikely 

 
Table 4: Requirements of the organizational resilience component of the REDi rating 

system 
Requirement Platinum Gold Silver 
Establish a resilience plan 
to identify risk drivers and 
mitigation options 

Required Required Required 

Provide continued opera-
tions of primary functions 
when utilities are disrupted 

Required Recommended  Recommended 

Provide back-up of com-
munications systems  Required Required Recommended 

Contingency planning to 
reduce downtime due to 
‘impeding factors’ 

Required Required Required 

Business continuity plan-
ning including supply 
chain risk 

Required Recommended  Recommended 

Provide supply of food and 
water Required Required Recommended 

 
Storm shelters 

 
Including a safe room built in a home, business, or community building can help provide excellent protec-
tion from injury or death caused by the dangerous forces of extreme winds and debris. Safe rooms can be 
designed to function as regular rooms so that they do not waste space; windowless rooms such as closets, 
gymnasiums, and storage areas are ideal for safe rooms. FEMA provides two guidelines to help designers 
assess risk of tornado and hurricane force winds and design storm shelters: FEMA P-320 (FEMA 2008b) 
and FEMA P-361(FEMA 2008a). Recently, the International Construction Code developed standards for 
the design and construction of storm shelters (ICC 2008). Although the building codes do not require 
storm shelters, these standards can be followed if an owner decides to build one. 
 

Wind and Flood 
 
There is significant guidance on flood resistant construction. Those interested in details can consult the 
following documents. 

• ASCE 24-05, Flood Resistant Design and Construction (ASCE 2005) is referenced in the Interna-
tional Building Code. 

• FEMA P-55 (FEMA 2011) is a two-volume publication primarily for design professionals that 
provides a comprehensive approach to planning, siting, designing, constructing, & maintaining 
homes in the coastal environment.  



 
 

• FEMA P-499 (FEMA 2010a) consists of 37 fact sheets illustrating the National Flood Insurance 
Program (NFIP) regulatory requirements, the proper siting of coastal buildings, and recommend-
ed design and construction practices for building components, including structural connections, 
the building envelope, and utilities. 

• FEMA 543 (FEMA 2007) is a design guide for improving critical facility safety from flooding 
and high winds. 

 
 
  



 
 

FUNDING AND POLICY INITIATIVES FOR RESILIENCE 
 
Funding and policy initiatives at the federal, state and local level could help provide incentives for com-
munities and owners to build to disaster resilient standards. For example, reductions in insurance premi-
ums can encourage communities to develop fortified structures and to enforce building codes and land-
use management measures. Such reductions can be provided to all policyholders in the area based on the 
stringency of land-use regulations, building code standards, and inspection. The Federal Insurance Ad-
ministration created such a community rating system in 1990 as a way to recognize and encourage com-
munity flood plain management activities. This model could be applied to other hazards as well. Govern-
ment grants and legislation can also be effective in encouraging change. Legislation providing tax incen-
tives (similar to energy efficiency incentives) for owners who build to a disaster resilient standard might 
be another way to encourage resilience. Structural engineers can help shape these policy programs by get-
ting involved in political action through their local and national professional associations. Some examples 
of policy and legislation designed to encourage disaster mitigation are:  

• The Housing and Community Development Act of 1974 authorized communities to use commu-
nity development block grants to construct tornado-safe shelters in manufactured home parks.  

• FEMA’s Hazard Mitigation Grant Program (FEMA n.d.a) provides grants to state and local gov-
ernments to fund projects that provide protection to both public as well as private properties. Pro-
jects that are eligible under the program include acquiring and demolishing or relocating struc-
tures from hazard-prone areas; retrofitting structures to protect them from floods, high winds, 
earthquakes, or other natural hazards; and constructing residential and community shelters in tor-
nado-prone areas. 

• FEMA's Pre-Disaster Mitigation Program (FEMA n.d.c) provides funding for communities that 
have an approved hazard mitigation plan. Priority is placed on projects that address repetitive loss 
properties due to flooding but other projects such as safe rooms can be funded. Funding grant re-
quest for FEMA projects must come from state agencies tied directly to FEMA.  

• FEMA manages the National Flood Insurance Program (FEMA n.d.b). Nearly 20,000 communi-
ties across the United States and its territories participate in the program by adopting and enforc-
ing floodplain management ordinances to reduce future flood damage including building flood re-
sistant homes and buildings. In exchange, the program makes federally backed flood insurance 
available to homeowners, renters, and business owners in these communities. Community partici-
pation in the program is voluntary. Flood insurance is designed to provide an alternative to disas-
ter assistance to reduce the escalating costs of repairing damage to buildings and their contents 
caused by floods. Flood damage is reduced by nearly $1 billion a year through communities im-
plementing sound floodplain management requirements and property owners purchasing flood in-
surance (FEMA 2003b). 

• The Disaster Savings and Resilient Construction Act of 2013 (Congress 2013) would provide a 
tax credit when a structure receives a designation as FORTIFIED for Safer Living/Business. 
Building owners would be eligible for a tax credit if they built disaster resilient homes or build-
ings within a federally declared disaster zone up to three years following the occurrence of the 
disaster (up to $3,000 for residential property and up to $25,000 for commercial property). In ad-
dition, homeowners could reduce insurance costs because insurance companies would be able to 
improve the accuracy of their risk assessment. According to the Alabama Press-Register, an Ala-
bama couple who retrofitted their home to meet resilient standards saw their annual insurance 
premiums reduced from $3,488 to $1,800 – a $1,688 yearly savings to the homeowner (Jumper, 
2011). 



 
 

• In 2013, the city of San Francisco signed into law the Mandatory Seismic Retrofit Program for 
Soft Story Wood Frame Buildings (City and County of San Francisco 2013a), which will lead to 
seismic strengthening of vulnerable soft story buildings4. Over 55,000 people live in these build-
ings, which also house 7,000 businesses and employ 2,000 people (City and County of San Fran-
cisco 2013b). The new law will be implemented over seven years, starting with a mandatory no-
tice and evaluation period beginning in late fall, 2013. Buildings shown to have a soft story will 
be classified into four tiers with phased requirements for completing the work to meet current 
seismic standards (City and County of San Francisco n.d.). 

  

                                                      
 
 
4 Wood frame, soft story buildings built before 1978 having five or more units and at least two floors over a weak 
story. 



 
 

INCORPORATING DISASTER RESILIENCE WITH LIFE CYCLE ASSESSMENT 
 
It was argued in the introduction that disaster resilience is an important component of sustainability. The 
National Institute of Building Science (NIBS 2012) concurs, “given that hazard mitigation is at the core 
of disaster resistance, then, many design strategies and technologies serve double duty, by not only pre-
venting or reducing disaster losses but serving the broader goal of long-term community sustainability.” 
However, just making the argument is not good enough. The connection between disaster resilience and 
sustainability has to be quantifiable. There is an ongoing effort among practitioners and researchers to 
develop methods and tools to do just this. It is important to remain aware of developments in this area, as 
it will likely become a more common consideration in structural design. 
 
 
 
Life Cycle Assessment 
 
The Life Cycle Assessment (LCA) methodology is a well-established framework that can be adapted for 
this task, although traditional LCAs are not conducted with disaster resilience in mind. The Life Cycle 
Assessment (LCA) methodology, as defined by the ISO 14040 standard (ISO 2006), is used to quantify 
and assess many possible environmental impacts, e.g., greenhouse gas emissions, energy used, water pol-
lution, and many more. These impacts are considered from cradle to grave, e.g., from procurement of the 
basic construction materials, through the service life of the facility, to decommissioning. Different practi-
tioners and researchers use the term LCA differently, some taking the term to mean “Life Cycle Analy-
sis”. While ISO 14040 limits LCA to environmental impacts, LCAs can be extended to include social im-
pacts and economic impacts as well. The latter is usually referred to as life cycle costing. Tapia and 
Padgett (2012) review the life cycle costing literature as it relates to sustainability. 
 
LCA is a mature and robust methodology. Numerous LCA studies have been performed for buildings and 
for infrastructure (Cole and Kernan 1996; Guggemos and Horvath 2005; Horvath and Hendrickson 1998; 
Junilla and Horvath 2003; Junilla et al. 2006). These studies provided insight to the environmental foot-
print of different structural and non-structural materials and systems. Various software programs are 
available for conducting LCAs and there are many professionals qualified to perform LCAs for the built 
environment. 
 
One methodological distinction in LCA pertains to the way of accounting for environmental impacts. To 
determine impacts by the bill of materials (or process-based) method, one starts with a bill of materials, 
consults a database (called a life cycle inventory or LCI), performs an impact assessment for each materi-
al or product, and sums the impacts. Although precise, this method requires comprehensive databases that 
may be proprietary or simply do not exist. It is also not well suited to the conceptual design stage during 
which member sizes and arrangements are not known. A second method, called Economic Input/Output 
LCA (EIO-LCA, Carnegie Mellon University Green Design Institute n.d.), draws from national databases 
that quantify environmental impacts in various economic sectors as functions of dollars spent. While this 
method is less exact, it is not as sensitive to missing data and can provide estimates of impacts at the con-
ceptual design level. Hybrid methods combining both approaches have also been proposed. 
 
 
 
Incorporating Disaster Resilience 
 
Although the LCA methodology is mature for buildings and infrastructure, it is not common practice to 
consider disaster resilience in such studies. None of the major commercial software programs do so, and 
the profession has only recently begun to discuss the subject. Nonetheless, all of the studies discussed 



 
 

next have found that consideration of disaster resilience can make a significant difference in the LCA re-
sults. 
 
The most common approach is to introduce impact estimation into existing methods for seismic loss as-
sessments. The goal of these methods is to provide decision makers with a range of metrics for each de-
sign option being considered. These metrics include casualties, damage, and business downtime as well as 
environmental impacts. While this approach does not fall strictly within the LCA methodology as defined 
by ISO 14040, it seems like the most appropriate for decision making in the context of buildings and in-
frastructure. There is also potential for these approaches to be used for durability threats and multi-hazard 
scenarios. 
 
There is significant uncertainty in conducting LCAs that include disaster resilience in the calculations. In 
addition to uncertainty in the impact data used for any LCA, there is additional uncertainty in the charac-
teristics of the disasters, the damage that may result from the disasters, and in the consequences of the 
damage. These sources of uncertainty must be acknowledged when conducting an analysis of this type. 
Despite the uncertainty, useful results can be obtained, especially when comparing options instead of 
seeking exact results for any one option. Even during the early design stage, several design options can be 
compared with a goal of selecting the structural systems (and related architectural and mechanical, elec-
trical, and plumbing systems) that minimize the impacts relevant to the project. 
 
 
 
Details of Research and Development Efforts 
 
Details are provided next for specific efforts to combine LCA and disaster resilience. These are divided 
into efforts from FEMA& ATC, private practice, and academic researchers. Approaches by private prac-
tice and FEMA & ATC have focused on a common set of tools that are familiar to practioners in earth-
quake engineering. In contrast, academic research has focused on frameworks applicable to any damage 
type and customized use of fundamental statistical methods. 
 

FEMA and ATC 
 
The Federal Emergency Management Agency (FEMA) contracted with the Applied Technology Council 
(ATC) to initiate the ATC-86 project in the spring of 2011 to make recommendations for including envi-
ronmental impacts in the FEMA P-58 seismic performance assessment methodology. The ultimate project 
objective is to add environmental impact assessment capability to the FEMA P-58 methodology so that 
environmental impacts can be calculated in parallel with costs and other consequences of earthquakes on 
individual buildings at specific sites (Court et al. 2012). 
 
The resulting report outlines a two stage developmental effort consisting of a preliminary EIO-LCA based 
procedure then a detailed process-based LCA procedure to be incorporated into the FEMA P-58 Perfor-
mance Assessment Calculation Tool (PACT) so that probability distributions of environmental impacts of 
earthquakes on buildings can be assessed and reported. 
 
The FEMA P-58 methodology uses sophisticated probabilistic seismic performance assessment proce-
dures to calculate consequences of earthquakes. The first step in the methodology is to assemble a de-
tailed building model to represent both the structural and non-structural systems and their fragility func-
tions (defined on page 8). The next step is to consider a range of seismic hazards or specific scenario 
earthquakes and integrate the predicted seismic responses with the building fragility model to generate 
probabilistic estimates of damage, repair, and cost consequences. The modification to FEMA P-58 is to 
use these estimates to assess the probable range of environmental impacts. These are reported in terms of 



 
 

multiple impact metrics that include global warming potential. The methodology is planned to provide 
detailed environmental impact assessments of probable earthquake damage that can then be integrated 
into full-building life cycle assessments. Whereas the existing EIO-LCA procedures are typically envi-
sioned as providing tools for preliminary planning and comparisons, the FEMA P-58 methodology prom-
ises a tool for assessments that are more detailed and are thus useful for comparison of specific design 
alternatives later in the design process. 
 

Private Practice 
 
Degenkolb has developed an analysis methodology called Environmental Impact Seismic Assessment 
(EnvISA; Comber et al. 2012). EnvISA pairs a seismic loss assessment with LCA data to determine the 
expected environmental impacts of repairing a seismically damaged building. Impacts are calculated from 
single event scenarios (a deterministic approach) or from a wide range of hazards that may occur over the 
life of the building (a probabilistic approach). Seismic losses are estimated using a customized procedure 
based on HazUS, a software program produced by FEMA to estimate losses due to natural hazards (FE-
MA 2003a). Degenkolb has extended the methodology used in the HazUS single-building seismic module 
to enable analysis of unique building systems such as base isolation and viscous damping or of unique 
characteristics of existing buildings when assessing seismic retrofit strategies. Environmental impacts, 
measured in terms of global warming potential greenhouse gasses, are estimated using a hybrid EIO-LCA 
database that Degenkolb developed in conjunction with a specialized LCA consulting firm.  
 
The EnvISA approach is approximate due to its use of the HazUS-based seismic assessment procedure 
and the national average EIO-LCA data. This approach is not suited for assessing the potential impacts of 
detailed changes in a design. It is however well suited for a comparative analysis of general building sys-
tem types and seismic design strategies during the early phases of a project before any details are devel-
oped. An analysis can be easily run during these early phases to provide information on which general 
approach might be best suited to the project’s lifetime impact objectives. EnvISA is proprietary, not being 
developed further, and there are no plans for releasing it to the public. 
 
Skidmore, Owings & Merrill (SOM) has developed a similar methodology and software called the Envi-
ronmental Analysis Tool (EA Tool) to calculate the embodied carbon of structural systems (Sarkisian et 
al. 2012). The Environmental Analysis Tool considers probable seismic loss through assessments of tradi-
tional and non-traditional seismic force resisting systems. Embodied carbon data are obtained from sever-
al public databases. In preliminary design stages, the Environmental Analysis Tool can produce results 
with just five user inputs: number of stories, average area per floor, structural system, expected design 
life, and site conditions that determine wind and seismic loads. For use during more advanced stages of 
design, the Environmental Analysis Tool allows the user to modify all parameters for detailed carbon ac-
counting, e.g., travel distance of aggregate. The algorithms of the Environmental Analysis Tool are de-
scribed in its user manual (SOM n.d.). The EA Tool has been used on hundreds projects at SOM. Since its 
public release, it has also been employed by numerous practitioners and researchers outside of SOM. Alt-
hough both EnvISA and the Environmental Analysis Tool are applied to buildings, the same methodolo-
gies could be applied to infrastructure. 
 

Academic Researchers 
 
Several academic studies have also focused on merging environmental accounting with seismic loss as-
sessments. Many of these efforts are similar to those already discussed in their overall methodology. The 
various efforts involve detailed structural models and probabilistic modeling of a hazard such as an earth-
quake to obtain probabilities of different levels of damage. These different damage levels can then be tied 
to any of a number of economic, social, or environmental impacts. Using this approach, Itoh et al. (2006) 
considered CO2 emissions for a steel bridge and Russell-Smith and Lepech (2009) studied primary energy 



 
 

and global warming potential of fiber reinforced polymer (FRP) and steel jacket bridge retrofits. In addi-
tion to presenting a particular methodology, these studies also yield concrete results on specific types of 
structures. For instance, Itoh et al. found that CO2 emissions due to lifetime seismic risk were 26% of 
construction costs. Russell-Smith and Lepech examined several different earthquake magnitudes and 
damage states and found that in all cases the impacts due to the FRP retrofits were lower. 
 
All of the efforts discussed so far are limited to seismic hazard. It is of interest to extend the concept to 
include durability, other single hazards (such as hurricane), and to multiple hazards (such as hurricane 
with flood or corrosion with earthquake). Flint and Billington (2011) approached durability problems 
with a proposed framework called Performance-Based Durability Engineering (PBDE). In its overall 
structure, this is the same as performance-based earthquake engineering. Flint and Billington describe in 
broad strokes a series of four linked analyses for a concrete structure exposed to chloride. The first analy-
sis stage, exposure analysis, determines the characteristics of chloride exposure from the environment. 
Deterioration analysis follows, in which the rate and manner of deterioration are calculated. The repair 
analysis stage determines the necessary remediation efforts and the materials expended to make the re-
pairs. Using the results of this analysis, any of a number of impacts (including economic, environmental, 
and social) can be determined during the impact analysis stage. 
 
Few researchers have addressed multi-hazard scenarios. Tapia et al. (2011) examined a multi-span bridge 
under seismic impact with potential corrosion due to marine exposure. Tapia et al. introduced a family of 
fragility functions that depend on time-dependent deterioration. Using this approach, they were able to 
issue recommendations on the best repair procedures taking cost, energy, and CO2 emissions into consid-
eration. Rodriguez-Nikl et al. (2012) proposed a framework for comparing the environmental impacts of a 
structure under any multi-hazard scenario (including durability concerns such as corrosion). The method 
focused on the idea of “functional equivalence”, which is defined within the ISO 14040 LCA methodolo-
gy and which refers to comparing options that have equivalent function. Using safety as the measure of 
functional equivalence, structural reliability methods were used to develop design options with the same 
probability of failure. Having established options with the same probability of failure, a standard LCA 
was conducted to determine environmental impacts. Rodriguez-Nikl et al. applied the method to a con-
crete bridge exposed to earthquakes and chloride due to marine spray. They measured energy use, green-
house gas emissions, and virgin aggregate use in a bridge using various concrete mixtures: with ordinary 
cement, high volumes of fly ash, and recycled aggregate. Considering disaster resilience had a significant 
influence on the LCA results in all cases. In some cases the influence was detrimental and in others bene-
ficial. 
 
All studies demonstrate that disaster resilience must be considered to obtain an accurate estimate of envi-
ronmental, social, and economic impacts of structures on the environment. The academic studies are more 
general and make use of fundamental concepts more directly. The efforts from private practice and pro-
fessional committees use tools more common to practioners and are well suited for drawing rough con-
clusions for structures early in the design process. While the Environmental Analysis Tool is available to 
the public, its results are only starting to be validated by the structural engineering community. It should 
be considered a work in progress. The ATC-86 project is defined but not completed. For everyday prac-
tice, the structural engineer currently has no fully vetted options for quantifying the influence that disaster 
resilient design has on lifetime impacts. However, over the next decade it will likely be ever easier to per-
form these calculations. Given the rising prominence of sustainability as a design consideration, engineers 
able to address these concerns will be increasingly in demand. 
  



 
 

RECOMMENDATIONS 
 
If you are interested in doing more to support disaster resilience and sustainability, consider taking action 
in the following ways: 
 

1. Become better informed. Reading this report is an important first step. Use the reference list and 
links provided to research initiatives that are important to your areas of practice. 

2. Participate in the code adoption process in your state and/or community. Many cities adopt 
amendments to state codes. Engineers can look to PCA’s High Performance Building Standards 
for Sustainability for model language. Encourage your local building authority to add their re-
quirements even if your state does not. Look beyond just building codes. Participate in all aspects 
of urban planning that limit your ability to provide resilient and sustainable designs. 

3. Support legislation that requires or provides incentives for resilient construction. Write your rep-
resentatives to support legislation. Encourage your structural engineers association to advocate 
for legislation. 

4. Educate owners regarding the importance and value of resilient construction. Be committed to 
the importance of resilience when setting project objectives. Be in the discussions as early as pos-
sible. 

a. Many owners are willing to spend money and resources on obtaining LEED certification. 
When working on a LEED project, suggest an innovation in design credit or pilot credit 
for resilient design. Remind owners that resilient design safeguards the investment they 
made in obtaining LEED certification. 

b. Programs such as FORTIFIED, CoRE, and REDi offer a similar concept to LEED: a cer-
tification for leading edge design. As these rating systems become fully developed, they 
will become standard practice that owners and occupants expect. Encourage owners to 
seek certification. 

c. Discuss performance-based design (PBD) directly with owners. Frame PBD as a method-
ology for achieving a level of performance defined by the owner to meet their specific 
needs. Bring case studies to show the owner how they can benefit from resilient design. 

5. Advocate with insurance companies and portfolio managers. If insurance companies can pro-
vide decreased costs to owners with better performing buildings, this may help sway owners to 
invest in higher performance. Portfolio managers may decide to take out less insurance if they in-
vest in making the buildings more resilient. 

6. Advocate with ASCE, SEI and other professional organizations to raise the profile of struc-
tural engineers. It is difficult for individual structural engineers to effect change. Professional or-
ganizations can market the value that structural engineers bring to all stages of an integrated de-
sign process. 

 
  



 
 

AFTERWORD: RESILIENCE AND SUSTAINABILITY IN DEVELOPING COUNTRIES 
 
The rest of the report has considered sustainability and disaster resilience with emphasis on the United 
States and other developed countries. In this afterword, we discuss the topic through the lens of develop-
ing countries. The main goals of this section are to share important considerations for getting involved in 
and lessons learned from projects in developing countries. Some of these lessons are also relevant to pro-
jects in developed countries. These are drawn from the direct experience of working group members with 
involvement in developing countries. Concluding this section are short descriptions of organizations in-
volved in such work for those interested in getting further involved. 
 
In developing countries, several major issues restrict the ability to build for sustainability and resilience. 
These include lack of capital, lack of natural resources and raw materials, lack of manufacturing infra-
structure, inadequate education, non-existent or ineffective building standards, and lack of modern con-
struction experience. Often times, solutions that work in developed countries will not work and may even 
be detrimental when attempted in developing countries. When designing for resilience and sustainability 
in developing countries, one must think creatively, outside the bounds of regular practices in developed 
countries. Often, technological advances cannot be used because there is little infrastructure to support 
their implementation. One must use local knowledge and resources. The concept of the triple bottom line 
is useful here. Social responsibility and economic viability are equally important to environmental stew-
ardship; without knowledge of local economies and communities, striving for environmental stewardship 
can cause damage to the other two. Because of these differences, the following considerations are relevant 
to those who are becoming involved in projects in developing countries: 
 

• How can new or modern engineering practices contribute to (or harm) the local economy? 
• How can the design support and reinforce existing cultures of local communities? 
• Can we learn from and expand on vernacular construction techniques, thereby lowering the tech-

nical and economic barriers? 
• Does existing local labor support the construction typology, or is a new construction industry 

needed? 
• What local resources are available and adaptable? 
• Can materials be introduced to create new local economies or drive existing economies? 
• How can construction processes minimize environmental impact and affect communities positive-

ly? 
 
While all countries, communities, and projects differ in important ways, the following solutions may like-
ly be relevant to new projects in developing countries. Some of these ideas can be used beneficially for 
projects in the United States and other developed countries. 
 

• Identify regional weather patterns and research the local history of natural disasters as a 
means to understand prevalent impacts or future events that may help guide the building design 
and construction process. 

• Use locally available materials to enhance the economical, viable, and replicable aspect of new 
construction rather than imposing the use of commercial, imported, or advanced materials that 
may not be available in the region. 

• Understand the local code policies and procedures. Are standards not being successfully fol-
lowed or mandated? What are the intentions of this code and how can the codes support the de-
sign of the building? Be mindful and respectful of existing practice and policies that may or may 
not apply to the country’s existing codes or the familiar codes such as the International Building 
Code. 



 
 

• Build upon local construction techniques, skillsets, and economies to build a stronger, fiscally 
sound building industry for the future. Avoid making assumptions about the means and methods 
by which the structure will be built. 

• Identify materials of appropriate strength that are locally available and can be procured regu-
larly at an expected quality. 

• Consider performance-based design. The structure’s level of importance should dictate the re-
quired level of performance for a given design event. 

• Tailor building geometries to simple forms, avoiding significant vertical or horizontal irregu-
larities that create vulnerabilities in the building structural system during disasters.  

• Create redundancy in the design of the structural system, allowing for alternate load paths down 
to the foundation to avoid a progressive collapse if a structural element is compromised during a 
disaster or if construction techniques have not met a high standard. 

• Consider using locally prefabricated structures or components, e.g., wall assemblies that can 
resulting in higher quality construction because of controlled fabrication matched with quick on-
site assembly. 

• Provide for quality assurance in design and construction by employing trained, third-party in-
spectors. 

 
Gryc (2012) addresses many of these issues in her description of a pro bono project by Arup to design a 
kindergarten in Ghana. Arup used a systematic approach called ASPIRE (A Sustainability Poverty and 
Infrastructure Routine for Evaluation). As Gryc describes it: 
 

The key to this development design approach is to have sustainability and resilience at its 
heart. In developing nations sustainability should focus on affordability, buildability, rep-
licability, durability and structural integrity and safety. The success of this project also re-
lied on effective project management, liaison with the Government departments, and 
building relationships with district authorities and communities. 

 
Haiti suffered a devastating earthquake in 2010 with over 300,000 deaths in large part due to inadequate 
construction methods. Kijewski-Correa et al. (2012ab) made several post-disaster trips to Haiti. Their ex-
perience led them to similar conclusions. They argue strongly that importing practices from developed 
countries without regard to local needs and abilities will result in permanent dependence on foreign aid. 
They developed a paradigm for guiding reconstruction in Haiti. Called the “empowerment model” this 
paradigm emphasizes resilience, use of existing local capacity, use of local and affordable materials, and 
cultural acceptance of any proposed solution. 
 
Individuals can get involved in volunteer efforts in developing countries through organizations such as 
Architecture for Humanity (AFH n.d.), RedR (n.d.), and Engineers without Borders (EWB n.d.). Cameron 
Sinclair and Kate Stohr founded Architecture for Humanity in 1999. Their goal was to bring design ser-
vices to deserving communities while also attempting to find compelling architectural solutions to our 
world’s most pressing humanitarian crises. Since its inception, AFH has led the way in promoting socially 
conscious architecture. The organization has teams deployed around the world. Current locations include 
Haiti, India, Brazil, Gaza, Iran, Thailand, China, Afghanistan, and the United States. Each team’s effort is 
part of a long-term reconstruction plan that includes design and construction services, training in sustain-
able building techniques, providing consumer awareness and construction bid opportunities. Through ed-
ucational forums, community design-build workshops and local partnerships, they hope to promote better 
building techniques with the support of local economies in mind. Topics addressed include Disaster Re-
construction, Housing Development, Community Growth & Development, Basic Services & Materials, 
Politics, Policy & Planning including peace & security. RedR (Register of Engineers for Disaster Relief) 
is an international charity that coordinates the deployment of skilled engineers and other professionals to 



 
 

locations where they can have most impact in emergencies. Current locations include Australia, India, 
Lanka, Malaysia, New Zealand, and the UK. With over 12,000 volunteers of various professions, the US 
chapter of Engineers without Borders has worked on over 350 small-scale infrastructure projects in over 
45 developing countries. Their main goal is to help provide the fundamental human needs (clean potable 
water, sanitation systems, energy, agricultural development, etc.) to various communities through practi-
cal and sustainable engineering methods while considering the local socio-economic conditions and long-
term viability of these projects. 
 
Other opportunities for action can be found through firms and professional organizations through pro bo-
no projects. For example, the U.S. Green Building Council (USGBC) collaborated with the Clinton Glob-
al Initiative (CGI) to spearhead an effort to design a LEED certified orphanage in Haiti as part of the re-
building effort following the earthquake in 2010. The architectural firm HOK designed the orphanage 
(USGBC n.d.). Not open to individual membership, the goal of the Clinton Global Initiative is “turning 
ideas into action” by bringing together global leaders to create solutions to the world’s pressing issues. 
The group’s main themes are divided into “tracks,” three of which are relevant to resilience and sustaina-
bility in the built environment: built environment, environmental stewardship, and response & resilience 
(CGI 2014). 
 
 
 
 
 
  



 
 

REFERENCES 
 
AFP (2011). “Catastrophes cost economy $350bn in 2011: Swiss Re”, News Release, Dec 15, 2011, 

Agence France Presse. 
AFH (n.d.). Architecture for Humanity website, <http://architectureforhumanity.org/>, accessed May 

2014. 
Almufti, I. and Willford, M. (2013). REDi Rating System: Resilience-based Earthquake Design Initiative 

for the Next Generation of Buildings, Version 1.0, October, ARUP, San Francisco, CA. 
ASCE (2005). Flood Resistant Design and Construction, ASCE/SEI 24-05, American Society of Civil 

Engineers, Reston, VA. 
ASCE (2006), Seismic Rehabilitation of Existing Buildings, ASCE/SEI 41-06, American Society of Civil 

Engineers, Reston VA. 
ASCE (2010). Minimum Design Loads For Buildings and Other Structures, ASCE 7-10, American Socie-

ty of Civil Engineers, Reston VA. 
ATC (n.d.). ATC-58 Series, <https://www.atcouncil.org/projects-sp-1235934887/project-atc58>, ac-

cessed May 2014. 
Carnegie Mellon University Green Design Institute (n.d.). Economic Input-Output Life Cycle Assessment 

(EIO-LCA), US 1997 Industry Benchmark model, <http://www.eiolca.net>, accessed May 2014. 
Bocchini, P., Frangopol, D.M., Ummenhofer, T., and Zinke, T. (2013). “Resilience and Sustainability of 

the Civil Infrastructure: Towards a Unified Approach”, J. Structural Engineering, accepted for 
publication, posted ahead of print July 1. 

Brandon, P.S., and Lombardi, P. (2011). Evaluating Sustainable Development in the Built Environment, 
second edition, Wiley-Blackwell. 

Bruneau, M., Chang, S., Eguchi, R., Lee, G. O’Rourke, T, Reinhorn, A., Shinozuka, M., Tierney, K., 
Wallace, W., and von Winterfeldt, D. (2003). “A Framework to Quantitatively Assess and En-
hance the Seismic Resilience of Communities”. Earthquake Spectra 19(4), 733-752. 

City and County of San Francisco (2013a). Building Code – Mandatory Seismic Retrofit Program – 
Wood-Frame Buildings, File No. 130119, Ordinance No. 66-13, signed 4/18/13, <http://www.
sfgsa.org/modules/showdocument.aspx?documentid=10118>, accessed May 2014. 

City and County of San Francisco (n.d.). Mandatory Soft Story Program, <http://sfdbi.org/mandatory-
soft-story-program>, accessed May 2014. 

City and County of San Francisco (2013b). Mayor Lee & Supervisors Sign City's Mandatory Seismic 
Retrofit Program For Soft Story Buildings, <http://www.sfmayor.org/index.aspx?recordid=289&
page=846>, accessed May 2014. 

CGI (2014). Clinton Global Initiative website, <http://www.clintonglobalinitiative.org>, accessed May 
2014. 

Cole, R. J., and Kernan, P. C. (1996). “Life-cycle energy use in office buildings.” Building and Environ-
ment, 31(4), 307-317. 

Comber, M. V., Poland, C., and Sinclair, M. (2012). “Environmental Impact Seismic Assessment: Appli-
cation of Performance-Based Earthquake Engineering Methodologies to Optimize Environmental 
Performance.” Proc. 2012 Structures Congress, American Society of Civil Engineers, Reston, 
VA, 910–921. 

Congress (2013). H.R.2241 - Disaster Savings and Resilient Construction Act of 2013, 
<http://beta.congress.gov/bill/113th-congress/house-bill/2241/text>, accessed May 2014. 

Court, A., Simonen, K., Webster, M., Trusty, W., and Morris, P. (2012). “Linking Next-Generation Per-
formance-Based Seismic Design Criteria to Environmental Performance (ATC-86 and ATC-58)”, 
Proc. 2012 Structures Congress, American Society of Civil Engineers, Reston, VA, 922–928. 

CRS (1997). Oceans & Coastal Resources: A Briefing Book, Congressional Research Service Report 97-
588 ENR, <http://www.cnie.org/NLE/CRSreports/BriefingBooks/Oceans/>, accessed Sep 2013. 

CSA (2007). Guideline on Durability in Buildings, Standard S478-95 (R2007), Canadian Standards Asso-
ciation, Toronto, ON. 

http://architectureforhumanity.org/
https://www.atcouncil.org/projects-sp-1235934887/project-atc58
http://www.eiolca.net/
http://www.sfgsa.org/modules/showdocument.aspx?documentid=10118
http://www.sfgsa.org/modules/showdocument.aspx?documentid=10118
http://sfdbi.org/mandatory-soft-story-program
http://sfdbi.org/mandatory-soft-story-program
http://www.sfmayor.org/index.aspx?recordid=289&page=846
http://www.sfmayor.org/index.aspx?recordid=289&page=846
http://www.clintonglobalinitiative.org/
http://beta.congress.gov/bill/113th-congress/house-bill/2241/text
http://www.cnie.org/NLE/CRSreports/BriefingBooks/Oceans/


 
 

DHS (n.d.), High Performance and Integrated Design Program, <http://www.dhs.gov/high-performance-
and-integrated-design-resilience-program>, accessed May 2014. 

Elkington, John (2004). “Enter the Triple Bottom Line, in Adrian Henriques and Julie Richardson (ed), 
The triple bottom line: does it all add up?, Earthscan, Sterling, VA. 

EWB (n.d.). Engineers without Borders website, <http://www.ewb-usa.org/>, accessed May 2014. 
FEMA (2000). Planning for a Sustainable Future: The Link Between Hazard Mitigation and Livability, 

FEMA 364, Federal Emergency Management Agency, Washington, DC. 
FEMA (2003a). HAZUS-MH MR4 Technical Manual,  Federal Emergency Management Agency, Wash-

ington, D.C. 
FEMA (2003b). “Reducing Flood Risk Is Up To You”, news release number 1464-53, June 6, <http://

www.fema.gov/news-release/reducing-flood-risk-you>, accessed Sep 2013. 
FEMA (2007). Design Guide for Improving Critical Facility Safety from Flooding and High Winds: 

Providing Protection to People and Buildings, FEMA 543, Federal Emergency Management 
Agency, Washington, DC. 

FEMA (2008a). Design and Construction Guidance for Community Safe Rooms, second edition, FEMA 
P-361, Federal Emergency Management Agency, Washington, DC. 

FEMA (2008b). Taking Shelter From the Storm: Building a Safe Room For Your Home or Small Busi-
ness, third edition, FEMA P-320, Federal Emergency Management Agency, Washington, DC. 

FEMA (2010a). Home Builder's Guide to Coastal Construction, FEMA P-499, Federal Emergency Man-
agement Agency, Washington, DC. 

FEMA (2010b). Natural Hazards and Sustainability for Residential Buildings, FEMA P-798, Federal 
Emergency Management Agency, Washington DC. 

FEMA (2011). Coastal Construction Manual: Principles and Practices of Planning, Siting, Designing, 
Constructing, and Maintaining Residential Buildings in Coastal Areas, fourth edition, FEMA P-
55, Federal Emergency Management Agency, Washington, DC. 

FEMA (2012) Seismic Performance Assessment of Buildings: Volume 1 – Methodology. FEMA P-58, 
Federal Emergency Management Agency, Washington, DC. 

FEMA (n.d.a). Hazard Mitigation Grant Program, <http://www.fema.gov/hazard-mitigation-grant-
program>, accessed May 2014. 

FEMA (n.d.b). National Flood Insurance Program, <http://www.fema.gov/national-flood-insurance-
program>, accessed May 2014. 

FEMA (n.d.c). Pre-Disaster Mitigation Grant Program, <http://www.fema.gov/pre-disaster-mitigation-
grant-program>, accessed May 2014. 

Flint, M. M., and Billington, S. L. (2011). “A Probabilistic Framework for Performance-Based Durability 
Engineering: Application to Corrosion in Reinforced Concrete.” Proc. 2011 Structures Congress, 
American Society of Civil Engineers, 1949-1960. 

Guggemos, A. A., and Horvath, A. (2005). “Comparison of Environmental Effects of Steel- and Con-
crete-Framed Buildings.” J.Infrastructure Systems, 11(2), 93-101. 

Gryc, H. (2012). “Sustainable Structural Engineering – Gaining Greater Benefits to Communities in De-
veloping Nations.” Proc. 2012 Structures Congress, American Society of Civil Engineers, 
Reston, VA, 2025–2036. 

Horvath, A., and Hendrickson, C. (1998). “Steel versus steel-reinforced concrete bridges: environmental 
assessment.” J. Infrastructure Systems, 4(3), 111-117. 

IBHS (2009). Hurricane Ike: Nature’s Force vs. Structural Strength. Institute for Building and Home 
Safety, Tampa, FL, <http://disastersafety.org/wp-content/uploads/hurricane_ike.pdf>, accessed 
Sep 2013. 

IBHS (n.d.). FORTIFIED Overview, <https://www.disastersafety.org/fortified-main/>, accessed May 
2014. 

International Code Council (2008). ICC/NSSA Standard for the Design and Construction of Storm Shel-
ters, ICC 500-2008, International Code Council, Washington, DC. 

http://www.dhs.gov/high-performance-and-integrated-design-resilience-program
http://www.dhs.gov/high-performance-and-integrated-design-resilience-program
http://www.ewb-usa.org/
http://www.fema.gov/news-release/reducing-flood-risk-you
http://www.fema.gov/news-release/reducing-flood-risk-you
http://www.fema.gov/hazard-mitigation-grant-program
http://www.fema.gov/hazard-mitigation-grant-program
http://www.fema.gov/national-flood-insurance-program
http://www.fema.gov/national-flood-insurance-program
http://www.fema.gov/pre-disaster-mitigation-grant-program
http://www.fema.gov/pre-disaster-mitigation-grant-program
http://disastersafety.org/wp-content/uploads/hurricane_ike.pdf
https://www.disastersafety.org/fortified-main/


 
 

International Code Council (2012a). International Building Code, International Code Council, Washing-
ton, DC. 

International Code Council (2012b). International Wildland-Urban Interface Code, International Code 
Council, Washington, DC. 

ISI (n.d.). Envision Sustainable Infrastructure Rating System, 
<http://www.sustainableinfrastructure.org/rating/index.cfm>, accessed May 2014. 

ISO (2006). Environmental management - Life cycle assessment - Principles and framework, ISO 14040. 
International Organization for Standardization, Geneva. 

Itoh, Y., Wada, M., and Liu, C. (2006). “Lifecycle environmental impact and cost analyses of steel bridge 
piers with seismic risk”, in M. Augusti, G., Schuëller, G.I., Ciampoli, ed., Safety and Reliability 
of Engineering Systems and Structures, IOS Press, Farifax, VA. 

Jumper, K. (2011). “Fortified homes get insurance break in south Alabama”, Alabama Press-Register, 
Nov 6, <http://blog.al.com/press-register-business/2011/11/fortified_homes_get_insurance.html>, 
accessed Sep 2013. 

Junnila, S., and Horvath, A. (2003). “Life-Cycle Environmental Effects of an Office Building.” Journal of 
Infrastructure Systems, 9(4), 157-166. 

Junnila, S., Horvath, A., and Guggemos, A. A. (2006). “Life-Cycle Assessment of Office Buildings in 
Europe and the United States.” Journal of Infrastructure Systems, 12(1), 10-17. 

Kestner, D.M., Goupil J., and Lorenz, E., editors (2010). Sustainability guidelines for the structural engi-
neer, ASCE, Reston, VA. 

Kijewski-Correa, T. and Taflanidis, A.A. (2012). "The Haiti Housing Dilemma: Can Sustainability and 
Hazard-Resilience Be Achieved," Bulletin of Earthquake Engineering, 10(3), 765-771. 

Kijewski-Correa, T., Taflanidis, A. A., Mix, D. and Kavanagh, R. (2012). “An Empowerment Model for 
Sustainable Residential Reconstruction in Léogâne, Haiti, After the January 2010 Earthquake," 
Leadership and Management in Engineering, 12(4), 271-287. 

Kneer, E., and Maclise, L. (2008). “Consideration of Building Performance in Sustainable Design: A 
Structural Engineer’s Role.” SEAOC Convention Proceedings, Structural Engineers Association 
of California. 

Larsen, L.; Rajkovich, N.; Leighton, C.; McCoy, K.; Calhoun, K.; Mallen, E.; Bush, K.; Enriquez, J.; 
Pyke, C.; McMahon, S.; and Kwok, A. (2011). Green Building and Climate Resilience: Under-
standing Impacts and Preparing for Changing Conditions, University of Michigan; U.S. Green 
Building Council. 

LEED (n.d.). LEED website, <http://www.usgbc.org/leed>, accessed May 2014. 
Mayes, C. R., Hohbach, D., Bello, M., Bittleston, M., Bono, S., Bonowitz, D., Cole, C., McCormick, D., 

Reis, E., and Stillwell, K. (2011). “SEAONC Rating System for the Expected Earthquake Per-
formance of Buildings.” SEAOC Convention Proceedings, Structural Engineers Association of 
California. 

McAllister (2013). Developing Guidelines and Standards for Disaster Resilience of the Built Environ-
ment: A Research Needs Assessment, NIST Technical Note 1795, National Institute of Standards 
and Technology, Gaithersburg, MD, <http://dx.doi.org/10.6028/NIST.TN.1795>. 

MMC (2005), Natural Hazard Mitigation Saves: An Independent Study to Assess the Future Savings from 
Mitigation Activities, Multihazard Mitigation Council of the National Institute of Building Sci-
ences, Washington, DC, < http://www.floods.org/PDF/MMC_Volume1_Findings
ConclusionsRecommendations.pdf>, accessed Sep 2013. 

NAS (2012), Disaster Resilience: A National Imperative, National Academy of Sciences, National Acad-
emies Press, Washington, D.C., <http://www.nap.edu/catalog.php?record_id=13457>, accessed 
Sep 2013. 

NIAC (2009). Critical Infrastructure Resilience: Final Report and Recommendations, National Infrastruc-
ture Advisory Council, Department of Homeland Security, Washington, D.C., <http://www.dhs.
gov/xlibrary/assets/niac/niac_critical_infrastructure_resilience.pdf>, accessed Sep 2013. 

http://www.sustainableinfrastructure.org/rating/index.cfm
http://‌/blog.al.‌com/‌press-‌register-business/‌2011/‌11/‌fortified_‌homes_‌get_‌insurance.html
http://www.usgbc.org/leed
http://dx.doi.org/10.6028/NIST.TN.1795
http://www.floods.org/PDF/MMC_Volume1_FindingsConclusionsRecommendations.pdf
http://www.floods.org/PDF/MMC_Volume1_FindingsConclusionsRecommendations.pdf
http://www.nap.edu/catalog.php?record_id=13457
http://www.dhs.gov/xlibrary/assets/niac/niac_critical_infrastructure_resilience.pdf
http://www.dhs.gov/xlibrary/assets/niac/niac_critical_infrastructure_resilience.pdf


 
 

NIBS (2013). Natural Hazards and Security, <http://www.wbdg.org/design/resist_hazards.php>. dated 26 
Sep 2014, accessed May 2014. 

NIBS (n.d.). Owners Performance Requirements (OPR) Tool – Beta Version, <http://www.oprtool.org/>, 
accessed May 2014. 

NOAA (2012). “Billion Dollar Weaer/Climate Disasters”, National Oceanic and Atmospheric Admin-
istration, < http://www.ncdc.noaa.gov/billions/>, Accessed Sep 2013. 

PCA (n.d.), Functional Resilience: Prerequisite for Green Buildings, Portland Cement Association, 
<http://www.cement.org/codes/pdf/HPBRS_prerequisites.pdf>, accessed Sep 2013. 

PCA (2010), Proposed Amendments to the International Building Code, 2009 edition, Relating to High 
Performance Building Requirements for Sustainability, Portland Cement Association, Skokie IL, 
<http://www.cement.org/codes/pdf/HPBRS%20&%20Commentary%20v2.0.pdf>, accessed Jan 
13, 2013. 

PPD (2013). Presidential Policy Directive – Critical Infrastructure Security and Resilience, PPD-21, the 
White House, Washington, D.C., <http://www.whitehouse.gov/the-press-office/2013/02/12/
presidential-policy-directive-critical-infrastructure-security-and-resil>, accessed Sep 2013. 

RedR (n.d.). RedR website, <http://www.redr.org/>, accessed May 2014. 
Reis, E., Von Berg, E., Stillwell, K., and Mayes, R. (2012). “The U.S. Resiliency Council Principles of 

Formation”, SEAOC Convention Proceedings, Structural Engineers Association of California. 
Rodriguez- Nikl, T. (2011). “What does it mean to be sustainable?”, Proc 2011 Structures Congress, 

American Society of Civil Engineers, Reston, VA, 1074-1085. 
Rodriguez-Nikl, T., Christiansen, J., and Walters, K. (2012). “Reliability-Based Life Cycle Assessment of 

Green Concrete Structures”, in Holland, T., Gupta, P., and Malhotra, V.M., eds., Recent Advances 
in Concrete Technology and Sustainability Issues, SP-289, American Concrete Institute, Farm-
ington Hills, MI. 

Russell-Smith, S. V., and Lepech, M. D. (2009). “Life Cycle Assessment of FRP Seismic Retrofitting.” 
Proceedings of US-Japan Workshop on Life Cycle Assessment of Sustainable Infrastructure Ma-
terials. 

Sarkisian, M., Hu, L., and Shook, D. (2012). “Mapping a Structure’s Impact on the Environment.” Proc. 
2012 Structures Congress, American Society of Civil Engineers, Reston, VA , 898–909. 

SOM (n.d.). Environmental Analysis Tool, <https://somhpd.com/eatool/>, accessed May 2014. 
Tapia, C., Ghosh, J., and Padgett, J. E. (2011). “Life Cycle Performance Metrics for Aging Seismically 

Vulnerable Bridges.” Proc. 2011 Structures Congress, American Society of Civil Engineers, 
Reston, VA, 1937–1948. 

Tapia, C., and Padgett, J. E. (2012). “Examining the Integration of Sustainability and Natural Hazard Risk 
Mitigation into Life Cycle Analyses of Structures.” Proc. 2012 Structures Congress, American 
Society of Civil Engineers, Reston, VA, 1929–1940. 

USGBC (n.d.). Project Haiti, <http://www.usgbc.org/initiatives/projects/haiti>, accessed May 2014. 
USRC (n.d.). US Resiliency Council, <http://www.usrc.org/>, accessed May 2014. 
WCED (1897). “Our Common Future: Report of the World Commission on Environment and Develop-

ment”, United Nations. 
Wilson, Alex (2011a). “Resilience: Designing Homes for More Intense Storms”, December 20, <http://

www2.buildinggreen.com/blogs/resilience-designing-homes-more-intense-storms>, accessed Sep 
2013. 

Wilson, Alex (2011b). “Resilience: Designing Smarter Houses”, December 27, <http://www2.
buildinggreen.com/blogs/resilience-designing-smarter-houses>, accessed Sep 2013. 

Wilson, Alex (2012a). “Resilient Design: Dramatically Better Building Envelopes”, Jan 3, <http://www2.
buildinggreen.com/blogs/resilient-design-dramatically-better-building-envelopes>, accessed Sep 
2013. 

Wilson, Alex (2012b). “Resilient Design: Passive Solar Heat”, December 10, <http://www2.
buildinggreen.com/blogs/resilient-design-passive-solar-heat>, accessed Sep 2013. 

http://www.wbdg.org/design/resist_hazards.php
http://www.oprtool.org/
http://www.ncdc.noaa.gov/billions/
http://www.cement.org/codes/pdf/HPBRS_prerequisites.pdf
http://www.cement.org/codes/‌pdf/HPBRS%20&%20‌Commentary‌%20‌v2.0.pdf
http://www.whitehouse.gov/the-press-office/2013/02/12/presidential-policy-directive-critical-infrastructure-security-and-resil
http://www.whitehouse.gov/the-press-office/2013/02/12/presidential-policy-directive-critical-infrastructure-security-and-resil
http://www.redr.org/
https://somhpd.com/eatool/
http://www.usgbc.org/initiatives/projects/haiti
http://www.usrc.org/
http://www2.buildinggreen.com/blogs/resilience-designing-homes-more-intense-storms
http://www2.buildinggreen.com/blogs/resilience-designing-homes-more-intense-storms
http://www2.buildinggreen.com/blogs/resilience-designing-smarter-houses
http://www2.buildinggreen.com/blogs/resilience-designing-smarter-houses
http://www2.buildinggreen.com/blogs/resilient-design-dramatically-better-building-envelopes
http://www2.buildinggreen.com/blogs/resilient-design-dramatically-better-building-envelopes
http://www2.buildinggreen.com/blogs/resilient-design-passive-solar-heat
http://www2.buildinggreen.com/blogs/resilient-design-passive-solar-heat


 
 

Wilson, Alex (2012c). “Resilient Design: Natural Cooling”, January 17, <http://www2.buildinggreen.
com/blogs/resilient-design-natural-cooling>, accessed Sep 2013. 

Wunderground (n.d.). “Hurricane Archive”, <http://www.wunderground.com/hurricane/hurrarchive.asp> 
accessed July 2013. 

http://www2.buildinggreen.com/blogs/resilient-design-natural-cooling
http://www2.buildinggreen.com/blogs/resilient-design-natural-cooling
http://www.wunderground.com/hurricane/hurrarchive.asp

	WORKING GROUP MEMBERS
	ACKNOWLEDGEMENT
	CITATION INFORMATION
	CONTENTS
	EXECUTIVE SUMMARY
	INTRODUCTION
	Sustainability
	Disaster Resilience
	Relation between Disaster Resilience and other Aspects of Sustainability
	Natural Disasters and their Consequences

	GENERAL CONSIDERATIONS FOR RESILIENT DESIGN
	TECHNICAL GUIDANCE FOR RESILIENT DESIGN AND DISASTER MITIGATION
	Comprehensive, Multi-Hazard Programs
	FORTIFIED for Safer Living and Safer Business
	High Performance Building Requirements for Sustainability

	Other Resources
	High Performance and Integrated Design Resilience (multi-hazard, focus on security)
	BuildingGreen (multi-hazard, focus on storm and energy interruption)
	ATC-58 / FEMA P-58 (seismic)
	U.S. Resiliency Council / CoRE Rating (seismic)
	REDi Rating System (seismic)
	Storm shelters
	Wind and Flood


	FUNDING AND POLICY INITIATIVES FOR RESILIENCE
	INCORPORATING DISASTER RESILIENCE WITH LIFE CYCLE ASSESSMENT
	Life Cycle Assessment
	Incorporating Disaster Resilience
	Details of Research and Development Efforts
	FEMA and ATC
	Private Practice
	Academic Researchers


	RECOMMENDATIONS
	AFTERWORD: RESILIENCE AND SUSTAINABILITY IN DEVELOPING COUNTRIES
	REFERENCES

