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Notice

Any opinions, findings, conclusions, or recommendations expressed in this publication do not necessarily
reflect the views of the Federal Emergency Management Agency (FEMA), the National Oceanic &
Atmospheric Administration (NOAA), or the Applied Technology Council (ATC). Additionally, neither
ATC, FEMA, NOAA, nor any of their employees, makes any warranty, expressed or implied, nor
assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any
information, product, or process included in this publication. Users of information in this publication
assume all liability arising from such use.

Cover Images: Photographs showing various examples of potential vertical evacuation structures. Clockwise from top left: (1)
designated vertical evacuation building in Kesennuma Port, Japan, where numerous residents found safe refuge at the roof level
during the 2011 Tohoku tsunami; (2) sports complex where large numbers of people could gain easy access to elevated concourse
and seating levels; (3) multi-level cast-in-place reinforced concrete parking garage in Biloxi, Mississippi, that survived storm
surge inundation during Hurricane Katrina; and (4) earthen mound with ramp access to a safe elevation. Photographs provided
courtesy of lan Robertson, University of Hawaii at Manoa and Magnusson Klemencic Associates, Seattle, Washington.



This publication was equally funded by the National Oceanic and
Atmospheric Administration (NOAA), which leads the National Tsunami
Hazard Mitigation Program (NTHMP) and by the Federal Emergency
Management Agency (FEMA), which is responsible for the implementation
portion of the National Earthquake Hazard Reduction Program (NEHRP).

FEMA initiated this project in September 2004 with a contract to the Applied
Technology Council. The project was undertaken to address the need for
guidance on how to build a structure that would be capable of resisting the
extreme forces of both a tsunami and an earthquake. This question was
driven by the fact that there are many communities along our nation’s west
coast that are located on narrow spits of land and are vulnerable to a tsunami
triggered by an earthquake on the Cascadia subduction zone, which could
potentially generate a tsunami of 20 feet in elevation or more within 20
minutes. Given their location, it would be impossible to evacuate these
communities in time, which could result in a significant loss of life. Many
coastal communities subject to tsunami located in other parts of the country
also have the same potential problem. In these cases, the only feasible
alternative is vertical evacuation, using specially design, constructed and
designated structures built to resist both tsunami and earthquake loads.

The significance of this issue came into sharp relief with the December 26,
2004 Sumatra earthquake, the Indian Ocean Tsunami, and the March 11,
2011 Tohoku Japan Tsunami. While these events resulted in a tremendous
loss of life, this would have been even worse had not many people been able
to take shelter in multi-story reinforced concrete buildings or been able to get
to high ground sites after the tsunami warning was delivered. Without
realizing it, these survivors were demonstrating the concept of vertical
evacuation from a tsunami.

This publication presents the following information:
e General information on the tsunami hazard and its history;

e Guidance on determining the tsunami hazard, including the need for
tsunami depth and velocity on a site-specific basis;

o Different options for vertical evacuation from tsunamis;
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o Determining tsunami and earthquake loads and structural design criteria
necessary to address them; and,

e Structural design concepts and other considerations.

This is the second edition of FEMA P-646, originally published in June
2008. In this second edition revisions were made throughout the document,
but particularly to the following items:

e Inclusion of observations and lessons learned from the March 11, 2011
Tohoku tsunami;

e Revision and enhancement of the debris impact expression to remove
over-conservatism in the prior edition; and

e Updating of all reference documents to the most current version.

FEMA also issued a companion document in 2009, FEMA P-646A, Vertical
Evacuation from Tsunamis: A Guide for Community Officials, that presents
information on how the use of this design guidance can be encouraged and
adopted at the State and local levels.

FEMA is grateful to the original Project Management Committee of Steve
Baldridge, John Hooper, lan Robertson, Tim Walsh, and Harry Yeh. We are
also grateful to the Project Review Committee, the members of which are
listed at the end of the document, and to the staff of the Applied Technology
Council. The updates included in this second edition were made thanks to
Gary Chock, John Hooper, lan Robertson, Tim Walsh, and Harry Yeh. Their
hard work has provided this nation with a first document of its kind, a
manual on how citizens may for the first time be able to survive a tsunami,
one of the most terrifying natural hazards known.

— Federal Emergency Management Agency
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Preface

In September 2004 the Applied Technology Council (ATC) was awarded a
“Seismic and Multi-Hazard Technical Guidance Development and Support
contract (HSFEHQ-04-D-0641) by the Federal Emergency Management
Agency (FEMA) to conduct a variety of tasks, including one entitled
“Development of Design and Construction Guidance for Special Facilities
for Vertical Evacuation from Tsunamis,” designated the ATC-64 Project.
This project included a review of available international research and state-
of-the-practice techniques regarding quantification of tsunami hazard and
tsunami force effects.

In 2008, this work resulted in the publication of the FEMA P-646 report,
Guidelines for Design of Structures for Vertical Evacuation from Tsunamis,
providing technical guidance and approaches for tsunami-resistant design,
identification of relevant tsunami loads and applicable design criteria,
development of methods to calculate tsunami loading, and identification of
architectural and structural system attributes suitable for use in vertical
evacuation facilities. In 2009, the companion FEMA P-646A report, Vertical
Evacuation from Tsunamis: A Guide for Community Officials, was released
providing information on how to use vertical evacuation design guidance at
the state and local government levels.

Following its publication in 2008, FEMA P-646 was used in conceptual
design studies as part of tsunami evacuation planning in Cannon Beach,
Oregon. It was also used in ongoing research related to the development of
Performance-Based Tsunami Engineering conducted at the University of
Hawaii at Manoa, under the George E. Brown, Jr. Network for Earthquake
Engineering Simulation (NEES). Based on findings from these activities,
FEMA initiated a follow-up contract, designated the ATC-79 Project, to
review the design guidance contained in FEMA P-646, and to consider
updates, if needed, based on this new information.

As a result of this review, selected revisions were deemed necessary.
Technical updates contained in this Second Edition of the FEMA P-646
report are related to: (1) inclusion of observations and lessons learned from
the March 11, 2011 Tohoku tsunami; (2) revision of the debris impact
expression to remove over-conservatism deemed to be present in the prior
edition; (3) additional explanation of the definition of tsunami elevation as it
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relates to runup elevation used in tsunami force equations; and (4) update of
reference documents to the most current version.

ATC is indebted to the members of the ATC-79 Project Team responsible for
the technical development of this Second Edition of the FEMA P-646 report.
The Project Management Committee, including lan Robertson (Project
Technical Director), Gary Chock, John Hooper, Tim Walsh, and Harry Yeh,
reviewed new technical information relative to guidance contained in the
original report, and decided on the necessary updates.

ATC remains indebted to the members of the ATC-64 Project Team who
participated in the development of the original FEMA P-646 report. The
Project Management Committee, consisting of Steven Baldridge (Project
Technical Director), Frank Gonzalez, John Hooper, lan Robertson, Tim
Walsh, and Harry Yeh, were responsible for the development of the technical
criteria, design guidance, and related recommendations. Technical review
and comment at critical developmental stages were provided by the Project
Review Panel, consisting of Christopher Jones (Chair and ATC Board
Representative), John Aho, George Crawford, Richard Eisner, Lesley Ewing,
Michael Hornick, Chris Jonientz-Trisler, Mark Levitan, George Priest,
Charles Roeder, and Jay Wilson. The affiliations of all individuals who
participated in the development of the original and second edition reports are
provided in the list of Project Participants.

ATC also gratefully acknowledges the input and guidance provided by
Michael Mahoney (FEMA Project Officer), Robert Hanson (FEMA
Technical Monitor), William Holmes (ATC Project Technical Monitor),
William Coulbourne for ATC project management, and Peter N. Mork for
ATC report production services.

Jon A. Heintz Christopher Rojahn
ATC Director of Projects ATC Executive Director
vi Preface FEMA P-646
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Chapter 1

Introduction

1.1 Objectives and Scope

Tsunamis are rare events often accompanied by advance warning. As such,
strategies for mitigating tsunami risk have generally involved evacuation to
areas of naturally occurring high ground outside of the tsunami inundation
zone. Most efforts to date have focused on the development of more

A Vertical Evacuation Refuge
from Tsunamis is a building or

earthen mound that has sufficient
height to elevate evacuees above

effective warning systems, improved inundation maps, and greater tsunami the level of tsunami inundation,
awareness to improve evacuation efficiency. and is designed and constructed

with the strength and resiliency
In some locations, high ground may not exist, or tsunamis triggered by local needed fo resist the effects of
events may not allow sufficient warning time for communities to evacuate fsunami waves.

low-lying areas. Where horizontal evacuation out of the tsunami inundation
zone is neither possible nor practical, a potential solution is vertical
evacuation into the upper levels of structures designed and detailed to resist
the effects of a tsunami.

The focus of this document is on structures intended to provide protection
during a short-term high-risk tsunami event. Such facilities are generally
termed refuges. A vertical evacuation refuge from tsunamis is a building or
earthen mound that has sufficient height to elevate evacuees above the level
of tsunami inundation, and is designed and constructed with the strength and
resiliency needed to resist the effects of tsunami waves.

This document is a resource for engineers, architects, state and local
government officials, building officials, community planners, and building
owners who are considering the construction and operation of tsunami-
resistant structures that are intended to be a safe haven for evacuees during a
tsunami event. It provides guidance on the design and construction of
structures that could be used as a refuge for vertical evacuation above rising
waters associated with tsunami inundation, and includes specific
recommendations on loading, configuration, location, operation, and
maintenance of such facilities. It is intended for use in areas of the United
States that are exposed to tsunami hazard, but that should not preclude the
use of this guidance for facilities located in other areas exposed to similar
hazards.
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Tsunami Hazard is o measure of
the potential for a tsunami to occur
at a given site.

Tsunami Risk is a measure of
the consequences given the
occurrence of a fsunami, which can
be characterized in terms of
damage, loss of function, injury
and loss of life.

1.2 Deciding to Construct a Vertical Evacuation Structure

Many factors influence the decision to construct a vertical evacuation
structure, including:

o the likelihood of a region being affected by a tsunami event,

o the potential consequences of a tsunami event (e.g., damage, injury, and
loss of life),

o the elements of a local emergency response plan, including available
evacuation alternatives,

¢ the planned and potential uses for a refuge facility, and

e the cost of constructing a tsunami-resistant structure.
1.2.1 Tsunami Hazard versus Risk

Hazard is related to the potential for an event to occur, while risk is related to
consequences, given the occurrence of an event. Tsunami hazard is a
measure of the potential for a tsunami to occur at a given site. Itisalso a
measure of the potential magnitude of site-specific tsunami effects, including
extent of inundation, height of runup, flow depth, and velocity of flow.
Tsunami risk is a measure of the consequences given the occurrence of a
tsunami, which can be characterized in terms of damage, loss of function,
injury and loss of life. Risk depends on many factors including vulnerability
and population density.

Similar to other hazards (e.g., earthquake and wind) structural design criteria
for tsunami effects are based on relative tsunami hazard. The decision to
build a vertical evacuation structure, however, may ultimately be based on
real or perceived risk to a local population as a result of exposure to tsunami
hazard.

1.2.2 Decision-Making and Design Process

A flowchart outlining the decision-making and design process for vertical
evacuation structures is shown in Figure 1-1.

Given a known or perceived tsunami threat in a region, the first step is to
determine the severity of the tsunami hazard. This involves identification of
potential tsunami-genic sources and accumulation of recorded data on
tsunami occurrence and runup. Chapter 3 provides guidance on the
assessment of tsunami hazard, which can include a probabilistic assessment
considering all possible tsunami sources, or a deterministic assessment
considering the maximum tsunami that can reasonably be expected to affect a
site. Once potential tsunami sources are identified, and the level of tsunami
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hazard is known, site-specific information on the extent of inundation, height
of runup, flow depth, and velocity of flow is needed. Some of this
information may be obtained from available tsunami inundation maps, where
they exist; however site-specific tsunami inundation studies should be
performed to obtain reliable estimates of tsunami flow characteristics at the
site of the proposed vertical evacuation structure.

Given a Known or Perceived
Likelihood for Tsunamis
in the Region

Y

Quantify Tsunami Hazard
(Chapter 3)

e Local Emergency

Evaluate Risk of: Acceptable

Response Plan

* Tsunami Warning * Damage Risk Vertical Evacuation
System * Loss of Function not Necessary

¢ Evacuation Alternatives ® Injury

» Loss of Life

* Available Shelter
Facilities

Unacceptable
Risk

Consider Vertical Evacuation
Options
(Chapter 4)

Y

Identify Potential Refuge Sites
and Size Requirements
(Chapter 5)

Y

Design Vertical Evacuation
Structures
(Chapters 6, 7)

Figure 1-1 Decision-making and design process for vertical evacuation
structures.

Given the tsunami hazard and extent of inundation, the potential risk of
damage, injury, and loss of life in the region must then be evaluated. Explicit
evaluation of tsunami risk is beyond the scope of this document, and will
depend on a number of different factors including the presence of a tsunami
warning system, existence of a local emergency response plan, availability of
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various evacuation alternatives, vulnerability of the existing building stock,
and locations of existing short- and long-term shelter facilities. The
feasibility of evacuation to existing areas of refuge, as well as the tsunami-
resistance of these areas, must be considered. Vertical evacuation structures
will likely be most useful when there is not enough time between the tsunami
warning and tsunami inundation to allow a community to evacuate out of the
inundation zone or to existing areas of high ground. In most cases this will
be in communities at risk for near-source-generated tsunamis.

Where the risk to a coastal community is deemed to be unacceptably high,
vertical evacuation can be a possible solution for mitigating tsunami risk.
Chapter 4 outlines a number of potentially viable options for design and
construction of vertical evacuation structures.

Implementat