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SECTION 1 

INTRODUCTION 

1-1

1.1—BACKGROUND  C1.1 

The goal of these Guide Specifications is to provide 
Owners and Designers with methods to evaluate the 
hazard posed by tsunamis to a particular bridge, and to 
identify accepted methodologies and details to mitigate 
that hazard in design. 

These Guide Specifications are intended for use in 
new bridge design, and do not directly address the retrofit 
of existing bridges.  

 These Guide Specifications were developed as part 
of a Transportation Pooled Fund Study, TPF-5(307), that 
included the states of Alaska, California, Hawaii, Oregon, 
and Washington, as well as the Federal Highway 
Administration, and was led by Oregon. Reports of the 
Pooled Fund Study 5(307) have been published by ODOT 
(Lynett et al., 2021; Istrati and Buckle, 2021a, 2021b). 
The impetus for this project, and the development of these 
Guide Specifications, is twofold: recent damaging 
tsunamis such as the Japanese earthquake and tsunami of 
2011 and the Indonesian tsunami of 2004 which 
demonstrated the potential damaging power of tsunamis, 
and the growing realization of the hazard posed by a 
potential Cascadia Subduction Zone event to a substantial 
portion of the west coast of the United States, as well as 
the hazard posed by more distant seismic events. 

The December 26, 2004 Indonesian tsunami and the 
March, 2011 Japanese tsunami included a 70-m broken 
bore (i.e., wave), significant overland flows, and debris 
accumulation in the flow which all affected the 
performance of bridges. These tragedies, among others, 
provided graphic examples of the dangers posed by 
tsunamis, and the potential failure mechanisms that need 
to be addressed. 

1.2—APPLICABILITY  C1.2 

These Guide Specifications are intended for the 
design and construction of conventional bridge structures 
to resist the effects of tsunamis. For the purposes of these 
Guide Specifications, conventional bridges are taken as 
those that: 
• Have slab, beam, or box girder superstructures;

• Are supported by pier and abutment substructures;

• Are founded on shallow or deep foundations;

 Non-conventional bridges outside the applicability 
of these Guide Specifications include bridges with truss, 
cable-stayed, or cable-suspended superstructures; bridges 
with tower supports; arch bridges; and culverts. 

• Have minimal changes in elevation along the bridge 
length; 

• Are straight in plan view (including skewed but not 
curved); and 

 The requirement for minimal elevation change is not 
intended to exclude cambered girder bridges. Sloped 
profile grades may not have significant effects on 
tsunami-induced bridge superstructure forces, but can 
introduce moments on the superstructure. See Lynett et 
al. (2021) for more information. 

• Have supports oriented with the direction of the 
tsunami flow.

 These provisions apply to bridges with piers and 
abutments oriented parallel to the tsunami flow direction, 
whether skewed to the superstructure direction or not. For 
cases where the tsunami flow direction is within 
20 degrees of the support orientations, the equations 
provided herein can be applied with an acceptable degree 
of accuracy. For cases where the tsunami flow direction 
is not parallel to the support orientation but the total 
tsunami flow depth is such that the superstructure is not 
impacted by the tsunami, these Guide Specifications are 
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1-2 GUIDE SPECIFICATIONS FOR BRIDGES SUBJECT TO TSUNAMI EFFECTS 
 

applicable. See Articles 4.4 and C5.3.5 for additional 
information. 

For bridges outside of this scope, the Owner may 
specify appropriate site- and project-specific design 
requirements. 

The provisions in these Guide Specifications shall be 
used to establish minimum requirements for tsunami 
loads on bridges. Additional provisions may be specified 
by the Owner to achieve higher performance under 
tsunami loads. All other aspects of design shall be in 
accordance with the AASHTO LRFD Bridge Design 
Specifications and Owner-specified requirements. 

 

  

1.3—APPROACH  C1.3 
   
The designer shall consider three main components 

to addressing tsunami design of bridges: hazard 
determination, load development, and design and 
detailing to address the loadings. The hazard is based on 
the expected wave parameters for a probabilistic tsunami 
event corresponding to a 7 percent probability of 
exceedance in 75 years. The design loadings are based on 
wave impact loads which were calibrated to wave flume 
tests and numerical simulations of a number of bridge 
configurations. Design guidance is provided based on 
past successful practice and the overlap with solution 
strategies for bridges subjected to coastal storms. 

 The development of the AASHTO Guide 
Specifications for Bridges Vulnerable to Coastal Storms 
addressed many of the issues that also impact bridges 
during tsunami loading. However, there are significant 
differences in the nature of the waves and the variation of 
the loading with time that call for separate treatment. The 
wave flume tests were undertaken at the Public Works 
Research Institute of Tsukuba, Japan, and Oregon State 
University in Corvallis, OR. The numerical simulations 
were undertaken using software packages for 
computational fluid dynamics and fluid–structure 
interaction. 

Bridges shall be designed to resist loads from 
tsunamis without significant inelastic behavior. 

Design for tsunami effects, including scour, shall be 
considered an extreme event limit state. 

 Several different design strategies can be utilized 
when considering design for tsunami events; see Section 
7. Unlike seismic design, allowing the structure to absorb 
energy inelastically is not an effective approach, as 
loadings likely to be experienced include substantial 
quasi-static components which would result in excessive 
displacements and likely collapse should behavior well 
into the inelastic range be allowed. 

The effects of strong ground motions on the ability 
of the bridge to withstand loading from tsunamis is not 
considered by these Guide Specifications. 

 Significant inelastic behavior due to ground shaking 
will reduce the lateral stiffness of the structure, and may 
result in a degradation of strength available to resist 
tsunami loadings. 

   
1.4—PERFORMANCE CRITERIA  C1.4 

   
Connection failures between the superstructure and 

various substructures, including girder unseating, are not 
expected in bridges designed according to these 
specifications, regardless of bridge type. 

These Guide Specifications were developed based on 
performance criteria for Ordinary bridges, which may 
result in closure following a tsunami with a 7 percent 
probability of exceedance in 75 years. Higher 
performance levels may be obtained by increasing the 
magnitude of the design loads. Owners may specify 
appropriate factors to achieve the higher performance 
goals of Recovery and Critical bridges. 

 Larger tsunamis than the one used in these 
specifications have a finite probability of occurrence and 
may cause greater damage than described in this Article. 
In this event, a lower level of performance should be 
expected. 

The bridge operational categories Ordinary, 
Recovery, and Critical are defined in Murphy et al. 
(2020). 
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SECTION 2 
 

DEFINITIONS 
 

2-1 

2  
2.1—DEFINITIONS 
 
Aleatory Uncertainties—Uncertainties associated with the natural randomness of an event. 
 
Angle of Incidence—The direction of tsunami flow relative to the transverse axis of the bridge (i.e., a value of zero 
defines a direction of flow that is orthogonal to the longitudinal axis of the bridge). 
 
Bathymetry—The measurement of water depths in oceans, seas, and lakes, and information derived from such 
measurements. 
 
Bore—A broken wave propagating across the surf zone characterized by turbulent white water. 
 
Buoyancy—The net vertical component of the pressure forces on a body due to the surrounding fluid. Numerically equal 
to the weight of the fluid displaced by the body. 
 
Datum—Any permanent line, plane, or surface used as a reference to which elevations are referred. 
 
Debris—Any object transported by water that has the potential to strike against a structure. 
 
Diffraction—The phenomenon by which energy is transmitted laterally along a wave crest. 
 
Drawdown—Decrease in water level due to retreat of tsunami inundation. 
 
Ebb—The period when the tide level is falling. 
 
Energy Grade Line (EGL)—A line representing the hydraulic energy between the stillwater level and the inundation or 
runup limit for tsunami flows. 
 
Epistemic Uncertainties—Uncertainties associated with model parameters. 
 
Focusing—A phenomenon in which the combination of refraction and diffraction causes wave energy to be concentrated 
on certain geometric features along the shoreline. 
 
Inundation—Overland flow due to a tsunami wave or river flooding. 
 
Inundation Distance—Horizontal distance that a tsunami wave travels past the shoreline (inland). 
 
Mean High Water (MHW)—The average of all the high water heights observed over the National Tidal Datum Epoch. 
For shorter periods of observation, simultaneous observational comparisons are made with a control tide station in order 
to derive the equivalent datum of the National Tidal Epoch. 
 
Momentum Flux—Measure of tsunami hazard intensity that is a function of both inundation depth and flow velocity. 
 
National Tidal Datum Epoch—The specific 19-year period adopted by the National Ocean Services as the official time 
segment over which tide observations are taken and reduced to obtain mean values for tidal datums. 
 
Probabilistic Tsunami Hazard Analysis (PTHA)—Analysis method that involves the integration of tsunami hazard from 
a model of all possible events to determine the exceedance rate of a specified tsunami hazard metric. 
 
Refraction—The phenomenon by which the direction of a wave moving in shallow water at an angle to the contours is 
changed; the part of the wave advancing in shallower water moves more slowly than that part still advancing in deeper 
water, causing the wave crest to bend toward alignment with the underwater contours. 
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Return Period—The average period of time between occurrences of a given event. 
 
Runup—Vertical distance from the stillwater level to the water elevation at the inundation limit. 
 
Sacrificial Elements—Bridge components that are purposefully designed to fail or break away when subject to tsunami 
loading in order to reduce the magnitude of the total load on the remaining intact structure. 
 
Scour—Removal of underwater material by waves and currents, especially at the base or toe of a substructure. 
 
Shallow Water—Water with a depth such that surface waves are noticeably affected by bottom topography. 
 
SSH—Site-specific hazard. 
 
Still Water Level—The surface of the water if all wave and wind action were to cease. 
 
Structural Skew Angle—The angle between the centerline of a support and a line normal to the roadway centerline. 
 
Subsidence—Sinking or downwarping of a part of the earth’s surface. 
 
Transect—Profile of vertical elevation data versus horizontal distance along a cross section of the terrain in which the 
orientation of the cross section is perpendicular or at some specified orientation angle to the shoreline, used in the energy 
grade line analysis. 
 
Tsunami—A long-period water wave caused by an underwater disturbance such as a landslide on the sea floor or an 
earthquake or a volcanic eruption. 
 
Venting—Provision for air to flow and escape as a means to reduce forces on a bridge superstructure. 
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SECTION 3 

NOTATION 

3.1—NOTATION 

A = tsunami amplitude; cross-sectional area of the superstructure including any trapped air (ft2) (C4.1.1) 
(5.3.2.1) 

bd = width of bridge deck (ft) (5.3.2.1) 
C1, C2 = factors for horizontal loading accounting for superstructure type (5.3.1.1) 
C3, C4, 
C5, C6 = factors for vertical loading accounting for superstructure type (5.3.2.1) 
Cdr = debris correction factor (5.3.1.1) 
Cim = impact loading factor (5.3.1.1) 
Cse1, Cse2, 
Cse3 = superelevation correction factors (5.3.1.1) (5.3.4) 
Cθ1, Cθ2, 
Cθ3, Cθ4 
Cθ5 = correction factors for skew angle (5.3.1.2) (5.3.5) 
c = added mass coefficient (C5.5) 
D50 = bed material size (ft) (C8.1.2) 
DC = dead load of structural components and nonstructural attachments (6.1) 
DW = dead load of wearing surface and utilities (6.1) 
d = girder depth (ft) (6.3.2) 
db = depth of the superstructure (ft) (5.3.1.1) 
dp = pier diameter (ft) (8.1.2) 
Ei = hydraulic head at point i (ft) (4.2.2) 
Eo = total energy at shoreline (Fig. 4.2.2-1) 
EL = miscellaneous locked-in force effects resulting from the construction process, including jacking apart of 

cantilevers in segmental construction (6.1) 
e = superelevation (percent) (5.3.4) 
Fdr = debris impact force (kip) (5.2.3) (C5.5) 
FH0 = base horizontal loading per unit length of bridge (kip/ft) (5.3.1.1) 
FHL = horizontal longitudinal force parallel to the tsunami flow direction on the superstructure per unit length of 

bridge (kip/ft) (5.3.1.1) 
Fri = Froude Number at point i (4.2.2) 
FHT = horizontal transverse force perpendicular to the tsunami flow direction on the superstructure per unit length 

of bridge (kip/ft) (5.3.1.2) 
FVD = vertical downward force on superstructure per unit length of bridge (kip/ft) (5.3.2.2) 
FVD0 = base vertical downward loading per unit length of bridge (kip/ft) (5.3.2.2) 
FVU = vertical upward force on superstructure per unit length of bridge (kip/ft) (5.3.2.1) 
FVU0 = base vertical upward loading per unit length of bridge (kip/ft) (5.3.2.1) 
f(mi) = probability density function for earthquake events of magnitude m (C4.1.1) 
g = acceleration due to gravity (ft/sec2) (4.2.2) 
H = total tsunami flow depth measured from the stream bed, ocean floor, or ground level (ft) (4.3.2) 
HL = total head loss across the flooded transect (ft) (C4.2.2) 
Hscour = depth of soil below a footing removed by scour (ft) (8.2.6) 
h = inundation depth (ft); depth of still water level (ft) (4.2.2) (5.3.2.1) 
h0 = wave or bore height over ground (ft); flow height relative to bottom of bridge girder (ft) (4.2.2) (5.3.1.1) 
hg = height from stream bed, ocean floor, or ground level to bottom of girder (ft) (5.3.1.1) 
hi = inundation depth at point i (ft) (4.2.2) 
k = stiffness of the system (kip/ft) (C5.5) 
L = length of the superstructure measured along the longitudinal axis of the bridge (ft) (5.3.3) 
MHL = moment about the horizontal longitudinal axis per unit length of bridge (kip-ft/ft) (5.3.3) 
MHT = moment about the horizontal transverse axis per unit length of bridge (kip-ft/ft) (5.3.3) 
MHT0 = moment about the horizontal transverse axis before correcting for skew per unit length of bridge (kip-ft/ft) 

(5.3.3) 
MV = moment about the vertical axis per unit length of bridge (kip-ft/ft) (5.3.3) 

3-1
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3-2 GUIDE SPECIFICATIONS FOR BRIDGES SUBJECT TO TSUNAMI EFFECTS 

 
m = magnitude of an earthquake event; mass of the debris (slug) (C4.1.1) (C5.5) 
n = Manning coefficient (4.2.2) 
P = probability of exceedance (C4.1.1) 
Rt = scour time reduction factor (8.1.1) 
RU = total uplift reaction at a support line caused by the application of FVU,  calculated using a rational structural 

analysis that accounts for span arrangement and continuity (kips) (6.3.1) 
S = stopping distance of the debris (ft); girder spacing (ft) (C5.5) (6.3.2) 
Si = friction slope of the energy grade line between points i and i+1 (4.2.2) 
T = tsunami loads on the superstructure (6.1) 
Te = time required to reach equilibrium scour depth (sec) (8.1.2) 
Tt = duration of tsunami flow capable of causing significant scour (sec) (8.1.2) 

*
tT  = normalized tsunami high flow duration (sec) (8.1.2) 

t = time period (years) (C4.1.1) 
u = tsunami velocity vector (ft/sec); horizontal flow velocity (ft/sec); velocity of debris (ft/sec); tsunami flow 

velocity (4.3.2) (5.3.1.1) (C5.5) (8.1.2) 
uc = the critical velocity for the channel (ft/sec) (8.1.2) 
ui = overland flow velocity at point i (ft/sec) (4.2.2) 
umax = maximum flow velocity (ft/sec) (5.2.1) 
v = tsunami velocity vector (ft/sec) (4.4) 
W = weight of debris (kips) (C5.5) 
wo = overhang width (ft) (6.3.2) 
xi = horizontal distance from the shoreline to point i (ft) (4.2.2) 
xr = mapped inundation distance at the runup limit (ft) (4.2.2) 

CSUsy  = predicted scour depth using the “CSU equation” as specified in HEC-18 (ft) (8.1.1) 

corrsy  = expected scour depth (ft) (8.1.1) 

FDOTsy  = predicted scour depth using the “FDOT methodology” as specified in HEC-18 (ft) (8.1.1) 

tsy  = tsunami-induced scour (ft) (8.1.1) 
α = angle of incidence (degrees) (4.4) 
Δt = debris impact duration (sec) (C5.5) 
Δxi = horizontal distance between points i and i+1 (ft) (4.2.2) 
η = tsunami flow depth measured from still water level, or ground surface if still water level is zero (ft) 

(5.3.1.1) (8.1.2) 
ηmax = maximum flow depth (ft) (5.2.1) 
θ = structural skew angle (degrees) (5.3.5) 
ρ = density of water, including allowance for sediment (slug/ft3) (5.3.1.1) 
ϕ (s) = annual frequency of exceedance (year–1) (C4.1.1) 
ϕi = average ground slope between points i and i+1 (4.2.2) 
γp = load factor for permanent loads (6.1) 
γT = load factor for tsunami forces (6.1) 
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SECTION 4 
 

HAZARD 
 

4-1 

 
 
 
4.1—GENERAL  C4.1 

 
This section describes the methodology of the 

Probabilistic Tsunami Hazard Analysis (PTHA) that was 
used in the development of an offshore hazard database. 
Analysis methods are presented for determining 
hydrodynamic flow properties needed to generate design 
loads. 

  
The methodology and results presented in this 

Section are the culmination of several projects originating 
with the initial development of the offshore probabilistic 
tsunami hazard analysis supported by the U.S. Geological 
Survey (USGS) under the National Earthquake Hazards 
Reduction Program (NEHRP) program (Thio et al., 
2007). In this work, the methodology of using Green’s 
law to efficiently compute tsunami waves from sources 
around the Pacific Ocean used for the development of 
models of probabilistic offshore wave-height exceedance 
was established. This methodology was further 
developed and applied to California probabilistic 
inundation hazard by Thio et al. (2010), funded by 
Caltrans through the  Pacific Earthquake Engineering 
Research Center (PEER). A major improvement in that 
study included the inclusion of aleatory variability in the 
tsunami calculations and the computation of probabilistic 
inundation anchored on the offshore exceedance 
amplitudes. This analysis was further developed and 
applied for the California Geological Survey (CGS), with 
the development of probabilistic inundation maps for 
multiple return periods for California, and the American 
Society of Civil Engineers (ASCE), for the development 
of 2,500 year inundation maps for the five western states. 
These inundation maps include significant improvements 
in source characterization, on-shore model resolution (33 
ft for inundation), characterization of aleatory variability 
and epistemic uncertainty, and updated methodologies 
and algorithms for inundation modeling. The research 
behind these Guide Specifications (Lynett et al., 2021) 
builds directly on the ongoing CGS study and the ASCE 
7-16 funded work. 

The tsunami flow velocity, u, tsunami flow depth, η, 
and the angle of incidence, α, are determined in this 
Section. These parameters are used in Section 5 to 
determine the tsunami loads acting on the bridge. 

 
4.1.1—Offshore Probabilistic Tsunami Hazard 
Analysis Methodology 

 C4.1.1 

   
In a Probabilistic Tsunami Hazard Analysis (PTHA), 

probabilistic offshore wave heights shall be computed 
using tsunami functions from all potential sources. This 
approach enables the integration over a wide range of 
source locations and magnitudes as well as the inclusion 
of epistemic uncertainties and aleatory variability. 

 

 The PTHA methodology is similar to that used in 
Probabilistic Seismic Hazard Analysis (PSHA), as both 
use an integration over a range of earthquake magnitudes 
and locations (Thio et. al., 2007; Thio et. al., 2012). The 
earthquake occurrence model used is the same for both 
methods, the difference being that PTHA is not concerned 
with earthquakes that occur completely inland. The 
difference in methodology lies in the treatment of wave 
propagation. In PSHA, earthquake magnitude is related 
to ground motion parameters as a function of distance, 
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