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Abstract

During tsunami inundation coastal structures are subject to hydrostatic and hydrodynamic
forces from the run up and run down and to impact forces from floating debris that is picked up
by the flow. A new chapter in the upcoming revised U.S. design load standard covers these loads.
To illustrate the application of this methodology for impact loading, it is applied to the
determination of shipping container impact loads for locations in Hilo, Hawaii. The steps
include: the identification of the tsunami design zone, the computation of the shipping container
impact hazard region, and the computation of the design flow velocity and depth within that
region. The flow velocity is used to determine the design impact force for the structure, and the
depth is used to define up to what height impact must be considered. The standard provides a
new, relatively simple ‘energy grade line’ (EGL) method that can be used to obtain estimates of
these quantities. Because the method has not been widely validated within the archival literature,
the results of the method are compared with results from a two-dimensional tsunami inundation
simulation. A simple extension is proposed that can improve the results of the EGL. The paper is
meant to provide a reference for those applying these provisions in practice, as well as to indicate

areas for improvement.

Introduction

The on-shore flow during tsunamis transports a significant amount of debris. Larger debris,
such as wood utility poles and logs, shipping containers, and marine vessels, can provide a
significant impact force to on-shore structures during collision. Building codes and standards, if

they consider debris impact events on structures as a result of tsunami and/or flooding, typically
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suggest the application of procedures based on simple rigid body impact; see, e.g., ASCE (2010)
and USACE (2006). Guidance on debris impact loads in ASCE 7-10 (ASCE 2010) is relegated to
the commentary to that standard. Although that guidance is based on impulse-momentum for
rigid body impact, it relies heavily on the experimental work by Haehnel and Daly (2002, 2004)
on impact by woody debris. Recently, a significant amount of experimental and numerical
research has been carried out on the impact forces related to tsunami debris such as poles, logs,
and shipping containers (Yeom et al. 2009; Nouri et al. 2010; Madurapperuma and
Wijeyewickrema 2012; Como and Mahmoud 2013; Piran Aghl et al. 2013; Naito et al. 2014;
Piran Aghl et al. 2014a,b; Riggs et al. 2014; Ko et al. 2015; Piran Aghl et al. 2015). This later
work has allowed the development of more physically-realistic models. The rigid body impact
model appears to have been abandoned for the most part; the debris and, in some cases the

structure, are treated as flexible.

An important aspect of debris impact is the probability of impact for a given site. Relatively
little work has been done in this area. Some initial experimental studies have been undertaken to
understand debris transport and dispersion onshore; see for examples, Rueben et al. (2011) and
Yao et al. (2014). Some systematic work based on post-event surveys has also been carried out
(Naito et al. 2014). However, the state-of-art is insufficient to quantify the risk of debris impact

for a given site.

Currently, there is no U.S. national standard for either hydrodynamic loads or debris impact
loads as a result of tsunamis. The American Society of Civil Engineers (ASCE) develops the
U.S. design load standard ASCE 7, “Minimum Design Loads for Buildings and Other Structures”
(ASCE 2010). The 2016 edition of the standard will include a new chapter on tsunami loading,
which will apply to coastal regions of California, Oregon, Washington, Alaska and Hawaii. It
includes hydrodynamic loads and debris impact loads, as well as effects such as scour. The debris
impact loading provisions have been developed based on much of the previously mentioned
recent research. Herein, reference to the ‘standard’ is to this new chapter of ASCE 7-16, and
reference to the ‘commentary’ is to the commentary for this chapter. Although the standard is
currently being published, many of the provisions in the standard have appeared elsewhere.
Recent references are Chock (2015) and Carden et al. (2015), and an earlier reference is Chock
(2012). A preliminary examination of the ASCE method for debris impact is presented in Riggs
et al. (2015).
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If a site is near a shipping container yard, the proposed ASCE 7 standard specifies a
procedure to determine if impact by shipping containers, which can easily float if closed, must be
considered in the structural design. While these provisions will affect a relatively small
percentage of the overall buildings subject to tsunamis, the design impact loads can be quite
large and they therefore may be significant for buildings that are affected. The procedure to
determine the susceptibility to container impact involves a number of separate steps. While the
steps are neither computationally nor theoretically difficult, they will be unfamiliar to most
engineers faced with applying the standard. Furthermore, depending on the circumstances,
engineering judgment may be required to obtain the design loads, especially in regards to
determining the design flow depth and velocity. An understanding of the source of the
provisions, the reasons for the assumptions, and the general methodology used to obtain the
background data will enhance the quality of these judgments. This paper is meant to contribute to

this understanding.

The tsunami loading provisions do not apply to all buildings. The standard defines four
Tsunami Risk Categories, which are the risk categories defined in the existing standard with
some modifications. The tsunami loading provisions apply to Tsunami Risk Categories III and
IV, and, when required by the local building code, to a few (tall) buildings in category I It is
assumed herein that the target building is in a risk category that requires tsunami loads to be
considered. In that case, the following steps are required to apply the tsunami provisions for a

given building site:
1. Determine if the site is subject to flooding from tsunami
2. Determine the maximum flow depth and flow velocity at the site

3. If the site is near a discrete source of debris, such as a shipping container yard, determine
the debris impact zone of the debris source and determine if the site is in the zone

4. Use the flow velocity and depth to calculate the design impact loads and the locations at

which those loads must be applied

In the next several sections, each of these steps is illustrated. To demonstrate the application
of the provisions, they are applied to the vicinity of a container yard at Hilo Harbor, Hawaii.

However, the approaches and discussion are kept general and therefore will be of interest to
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practicing engineers faced with applying the standard to other regions. The determination of the
maximum design flow depth and flow velocity is key to obtaining the design impact forces. One
approach to obtain these is through a site-specific inundation analysis. However, the standard
allows the use in many cases of a much simpler method. That method is used herein to
demonstrate its use, and the results are compared with values from a site-specific analysis to
determine its performance for the Hilo region in the context of impact loading. A straightforward

modification of the method is proposed to improve the results.

The methodology reported herein will be applied by practicing engineers, and a major
objective is to illustrate its application. One unique aspect of the present work is that rather than
consider a single building site, the impact forces at a number of locations are determined. This
allows contour lines of impact force to be drawn for the impact zone of the container yard. While
this is more work than application to a single site, it might be useful in practice for site selection

purposes and for urban planning.

Tsunami Design Zone

Based on site-specific tsunami inundation modeling for the maximum considered tsunami
for a given locale, ASCE has produced maps that show the extent of inundation (inland extent of
the water flow) for much of the populated coasts of the five affected states. If an area does not
have an inundation map, the standard specifies a procedure to estimate the runup based on the
offshore wave height, which is provided for all locations. In addition, it is anticipated that state
and local jurisdictions will produce additional inundation maps. The area between the shore and
the inundation limit is defined as the Tsunami Design Zone (TDZ). The ASCE inundation data
(area of inundation and runup data along the inundation limit) will be available on an ASCE
website (the ASCE website is not public at the time of writing). The first step is to obtain from
this site the kmz file (keyhole markup language zipped) that shows the TDZ for the specific area.
Figure 1 depicts the TDZ for Hilo using Google Earth (Google 2015) (Although this TDZ is
based on the final ASCE inundation modeling, the TDZ illustrated in this paper is preliminary
and minor details may exist between it and the final TDZ). Due to the topography and the
characteristics of the inundation, dry pockets are present in the TDZ. It is a simple matter to
determine if a given building site is in the TDZ. The kmz file also contains the longitude,

latitude, and simulated tsunami runup height (i.e., the water elevation relative to a specified
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datum) for discretized points along the inundation limit; see Figure 2. These data are required
input to the procedure to obtain the water depth and flow velocity within the TDZ, as explained

subsequently.

Maximum Flow Depth and Maximum Velocity

Assuming the building site is in the TDZ, the next step is to determine the maximum design
flow depth and flow velocity for the site. If the maximum flow depth is less than 0.914 m (3 ft),
the standard does not require debris impact to be considered. The rationale for this is that many
important types of debris will interact significantly with the ground in smaller water depths, and
that because of the already small flow velocities, impact forces are expected to be relatively
small. At greater flow depths it is assumed that debris will move at the flow velocity. The
standard allows two approaches to determine the maximum design flow depth and maximum

design flow velocity.

The first approach is a site-specific inundation analysis. Such an analysis requires at least a
depth-integrated two-dimensional model for the fluid flow. There are several software packages
available to do these analyses, such as MOST/ComMIT (Titov et al. 2011), COULWAVE (Lynett
et al. 2002), COMCOT (Liu et al., 1995), GeoClaw (LeVeque and George 2008), and
NEOWAVE (Yamazaki et al. 2011). However, it is the authors’ opinion that these analyses

should be carried out only by specialists experienced in tsunami inundation modeling.

For most structures, the standard does not mandate the use of a site-specific inundation
analysis. Instead, it allows use of a simplified ‘Energy Grade Line Analysis’, which
computationally is a straightforward calculation procedure that can be done easily in, for
example, a spreadsheet program and that can be carried out in a typical structural design office.
Even when a site-specific analysis is used, an energy grade line (EGL) analysis is also required
because the velocities from a site specific analysis cannot be used to reduce the design values

below a specified percent of those from an EGL analysis.
Prior to calculating the depth and velocity, an elevation map of the region is required.

Digital Elevation Model (DEM)
Although Google Earth is convenient to view the TDZ and the inundation line, the ground

elevations in Google Earth are not necessarily sufficiently accurate for calculations. More
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accurate digital elevation data can be obtained from the National Oceanic and Atmospheric
Administration (NOAA) National Centers for Environmental Information (NCEI) (NOAA 2015).
The metadata associated with the dataset will specify the resolution. For many areas, a cell size
of 1/3 arc sec, i.e. approximately 10 m (33 ft), will be available. The data is provided in the
format of a ‘matrix’ of elevation values referenced to a vertical datum of Mean High Water
(MHW), North America Vertical Datum of 1988 (NAVDSS), or Mean Sea Level (MSL). The
metadata specify the datum as well as the latitude and longitude of the bottom left cell. The
coordinates of the other data points are obtained by incrementing the starting coordinates with
the cell size (e.g., 1/3 arc sec). These data can be viewed in a variety of software tools, including
ArcGIS (ESRI 2015) and Matlab (MathWorks 2015). The DEM data for the specific building
site, including the region from the coast to the inundation limit, can be combined with ASCE’s

digital runup data from step 1.

Figure 3a, which was created using Matlab, shows for Hilo the topography based on the
NOAA DEM data (Love et al. 2011), referenced to MHW, and the ASCE inundation limit. Note
that the ASCE inundation data consists of discrete data points consisting of latitude, longitude,
and runup elevation. It should be noted that the runup points from Figure 2 were used to produce

a more functional inundation line in Figure 3.

The ASCE runup heights are referenced to the vertical datum of MHW and NAVDS8S8 for
coastal regions of Washington, Oregon, and California. Because the NAVD88 datum is not
available in Alaska and Hawaii, the runup heights in coastal regions of these two states are
referenced to MHW. To use the ASCE runup elevations, one should ensure that the elevations are

relative to the same datum as used for the DEM datum.

Reconciling DEM data and runup elevation

There can be a mismatch between the DEM elevation and the runup elevation; that is, the
elevation for given latitude and longitude in the DEM data may not match the ASCE runup
elevation for the same point. There are several reasons for this. First, the DEM data that a user
has obtained per the previous section may differ from the DEM data that was used for the runup
modeling. For Hilo, the topographic data in the Hilo DEM used for the ASCE inundation
simulations were obtained from the National Geospatial-Intelligence Agency (NGA) Hawaii

Interferometric Synthetic Aperture Radar (IfSAR). The IfSAR dataset is more accurate than the
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United States Geological Survey (USGS) 1/3-arc-sec National Elevation Dataset (NED)
available to the general public through the NCEI. Love et al. (2011) reported that the IfSAR data
has a vertical accuracy of 2 m or better in areas of unobstructed ground. This vertical accuracy is
poorer than topographic lidar (0.14 to 0.2 m) but much greater than the USGS NED 1/3-arc-sec
data, which may have as poor as 7 to 15 m vertical accuracy (Love et al., 2011). In situations
where the DEM data used for the ASCE runup simulations are not available, one should use the

ASCE inundation limit together with the most accurate DEM data that is available.

A comparison of the DEMs using IfSAR and USGS NED topography is presented in Figure
3. The DEM using the IfSAR topography (Figure 3a) provides a greater level of accuracy than
the one using the USGS NED topography (Figure 3b). The errors in elevation between the two
DEMs are illustrated in Figure 3c. As illustrated the elevation errors for this region occur
primarily outside of the tsunami design zone. The sensitivity of results to the difference in DEMs

will be investigated subsequently.

To understand the second reason for possible discrepancies, one must understand how the
runup data are obtained. The runup modeling is two-dimensional using a grid in the horizontal x-
v plane, and each cell (element) is given a constant elevation. The grid size used for the ASCE
runup simulations was 2 arc sec (~ 60 m). If the DEM data are at 1/3 arc sec (~ 10 m), then there
are 36 DEM cells per runup modeling element, and the runup element uses an average elevation.
Therefore, it is possible for the runup elevation (the sum of the element elevation and the
calculated water depth) to be either larger or smaller than the DEM elevation for a given point.
Figure 4 illustrates a hypothetical situation where the ground profile is increasing in elevation
from left to right. The ‘DEM data’ is shown as discrete points on the ground profile. Programs
will typically interpolate linearly when queried for the elevation between defined DEM data
points. Clearly, the ground elevation of a point corresponding to the last ‘wet’ element can be
either below the calculated water elevation or above it. Even if the same data and same grid
spacing were to be used, there could be a mismatch because the modeling software can only
calculate a finite water depth; that is, it will never calculate a water elevation that will equal the
elevation of the element. Indeed, the runup model used to compute the ASCE TDZ considers the

cell to be ‘dry’ when the water depth in that cell is less than 0.1 m.

The standard assumes the water depth at the inundation limit is zero. However, it should be
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obtained by subtracting the DEM ground elevation from the ASCE runup elevation. The
situation when the runup elevation is significantly higher than the ground elevation is discussed

subsequently.

Flow transect

The next step to determine the maximum depth and velocity is to establish a flow transect
from the shoreline, through the building site, to the inundation limit. The basic approach is to
establish a point on shore where a line parallel to the shore, averaged over 304 m (1,000 ft), i.e.,
+152 m (£500 ft) on either side, has a normal that passes through the building site. Consider
building site A in Figure 5. The line “Flow Transect” illustrates an appropriate transect for this
site (the same transect could be used for any building site that falls on the line). This transect
then needs to be rotated £22.5° about the building site (site A), to obtain a ‘cone’ that extends
from the building site to the inundation line. The design flow conditions may be obtained from
the transect within this cone that results in the most conservative conditions. As explained in the
commentary of ASCE 7-16, the requirement to consider this 45° arc reflects both some
variability in the flow direction, and hence the direction of force, as well as a desire to obtain

conservative design values.

There can be several challenges to determining the appropriate transect for certain practical
conditions. The most easily identifiable transect normal to the shore going through Site B
intersects the inundation line before reaching the site, and a different transect must be chosen.
Site C has multiple potential transects. One possibility is to use the closest coast normal;
however, engineering judgment would need to be used, applying an understanding of the likely
direction of flow. The standard also allows a site-specific analysis to be used. If one is carried
out, then it can be used to determine the direction of flow and an appropriate transect can be

chosen.

Once the flow transect has been determined, the distance from the shore to the inundation
limit, xz, is determined. Also, the ground elevations along the transect with a maximum
horizontal spacing of 30.5 m (100 ft) must be determined from the inundation limit to the
building site (or possibly the shore). The result is a set of points (x, z), with the x—coordinate
increasing in the direction from shore to the inundation limit (i.e., directed inland) and z is

directed upwards. For subsequent computation, it is convenient if the first point is at the
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inundation limit and the last point is at the building site. Also, along the transect appropriate
values for Manning’s coefficient must be chosen. The standard provides common values for
different surfaces, ranging from open land to urban development. Other values from the literature
can be used, e.g., Bunya et al. (2010). It should be noted that it is fairly common for the runup
modeling to be based on a uniform value of 0.03, which is close to ‘bare earth’. However, the
commentary states that the inherent conservatism designed into the EGL analysis typically would
not require the use of a value above 0.05. (As will become clear, using larger values of

Manning’s coefficient results in larger design depths and velocities in the EGL analysis.)

Once xg, the points (x, z), the runup depth /g, and the Manning’s coefficients have been
determined, an EGL analysis can be used to obtain the maximum flow depth and velocity at the

building site.

Energy Grade Line Analysis

The EGL analysis defined in the standard is a somewhat ad hoc method to use the
inundation and runup from a site-specific probabilistic tsunami hazard analysis to obtain the
design flow depth and design flow velocity at a building site. It is a simplified engineering tool to
make tractable for many design situations a problem that would otherwise require sophisticated
numerical modeling. It has been developed to provide statistically conservative results, at least
for the maximum momentum flux that is used for the hydraulic loading. The development and
validation of the method is presented in Kriebel et al. (2016), with some initial tuning of the
method carried out by Wiebe (2013) using FUNWAVE-TVD (Shi et al. 2011). The method has
been based on a very large number of simulations for essentially idealized topographies. It is
therefore important to evaluate the method for real-world scenarios. Comparisons with field
measurements during the Tohoku tsunami indicated that the method provided conservative
values for the sites considered (Carden et al., 2015). Given that it is the velocities that are used
for impact, detailed comparisons between the EGL results and a site-specific analysis are made

herein to contribute to the continuing evaluation of the EGL method.

The EGL analysis is based on the concept of an energy grade line for steady, one-
dimensional flow. Because tsunami flow is not steady, some ad hoc modifications are required,
as introduced subsequently. The coordinate along the transect, x, is assumed to increase from

shore to the inundation limit. For steady, one-dimensional flow, the energy equation can be
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written as

dEg

0= —(§p+5) (1)
in which the head above ground elevation is E; = h + u?/2g, with h = flow depth and u = flow

velocity; ¢ = dz/dx is the ground slope, and s:uz/ [(k/n)*h**] is the standard Manning

formulation for frictional losses. The parameter n is the Manning coefficient and k is 1.0 for SI

units and 1.49 for US customary units.

The standard uses a (forward) Euler approach to solve Eq. (1). Such an approach results in a
simple recursive relation to calculate E,, if the calculation is started at a location where Eg, 4 and
u are known. The only location where these are known in advance is at the inundation limit,
where u is assumed to be zero. It should be noted that the standard assumes # is (essentially) zero
at the inundation limit. However, as discussed previously, the ASCE runup height may be larger
than the ground elevation at the inundation limit. As shown subsequently herein, it is better to
modify the procedure to obtain more conservative results in such cases. The commentary to the
standard suggests using a small nominal depth (0.03 m or 0.1 ft) at the inundation limit. This was
chosen to avoid a problem with s when 4 = 0, but a cleaner solution, used herein, is to set s = 0

whenever 4 = 0.

Because the initial conditions at the inundation limit are known, the standard cleverly
reverses the direction of evaluation, going from the inundation limit towards shore, and the

relation becomes
Egiv1 = Eg; + (¢ +5) - Ax; ()

where Eg,i and s; are evaluated based on /; and wi, Ax; = X; — Xj41, and ¢; = (z; — z;41) /Ax;.

The index i is 1 at the inundation limit and increases toward the building site. The change in sign
between Eqgs. (1) and (2) is because the latter equation progresses in the —x direction. The
calculation can also be extended to the shore if the velocity and flow depth at the shore are

desired.

It should be noted that one can also proceed from shore to the inundation limit. In that case,
however, one must iterate on the flow depth at the shore to obtain the specified flow depth at the

inundation limit (or at whichever target point is used).

10
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Eq. (2) involves both 4 and u. For steady flow, the continuity equation for steady flow is
used to provide a second relation. However, this can’t be used in the case of unsteady tsunami

flow, and therefore the standard assumes a relation between the two variables. Specifically, it is
assumed that the Froude number, Fr = u/ \gh, varies from a maximum value, o, at the shore to

zero at the inundation limit via

Fr=a (1 - i)1/2 (3)

XR

The square root relation in Eq. (3) was taken as a result of the investigation by Wiebe (2013).
The parameter o is the Froude number at the shore. The standard allows this to be taken as 1.0
unless it is known that the tsunami hits the shore as a bore, in which case a value of 1.3 is to be
used. The standard provides guidance on the conditions that might result in a bore. See Carden et
al. (2015) for justification of the 1.3 value. Eq. (3) allows the Froude number to be determined
for all points prior to evaluating Eq. (2). Although the standard distinguishes between tsunamis
that hit the shore as bores or not to calculate the velocity, the debris impact scenario assumes that

the impact is post-bore, i.e., it does not consider explicitly debris contained in the bore front.

It is now straightforward to formulate Eq. (2) as an explicit algebraic equation in the single

unknown A;+;:

_ hi(1+0.5FTi2)+(¢i+Si)Axi

h; =
i+1 2
1+0.5Fr{,

(4)

The calculation can be stopped once the building site is reached; there is no need to continue to
the shore. Given the maximum design depth, the maximum design velocity is readily calculated
from the Froude number. However, the standard states that the maximum design velocity cannot

be taken smaller than 3.0 m/s (10 ft/s) and it need not be taken greater than 15.2 m/s (50 ft/s).

In some cases, the transect may intersect an elevated portion of land that has a higher
elevation than the runup point. The standard requires the runup point to be at least equal to the
highest elevation along the transect. Therefore, the elevation of the runup point must be raised
artificially to equal the highest elevation along the transect. This was done in Figure 6, which
shows the result of the EGL analysis for the flow transect at Site A. Note that the zero location

for this site corresponds to the building site, not the shore.

11
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Performance and Modifications of EGL Analysis

The EGL approach is compared with the results of the ASCE site specific analyses for the three
transects at each site (A, B and C) identified in Figure 5. The site-specific inundation analyses
were carried out with the tsunami model MOST (Method of Splitting Tsunamis) (Titov and
Gonzalez 1997; Titov and Synolakis 1998). The maximum velocity and maximum inundation
depth at the site from the site specific analyses are given in Table 1; note that the maximum
depth and maximum velocity do not occur simultaneously. The results from the EGL analyses
for the three transects at each site are also shown. The most likely scenario will be to use the
values from the transect with the maximum momentum flux to define the inundation at the site,
as compared to using different values for different directions. These results are noted in bold in
the table. As illustrated, the difference in the transect path and topography can result in a
considerable variation in estimated inundation for a given site. The EGL method underestimated
the site specific inundation at all but one site and underestimates the velocity at all sites. Part of
the underestimation can be attributed to the fact that the velocity and inundation height at the run
up is assumed to be zero in the EGL analysis, when in reality this may not be the case. Utilizing
the known inundation elevation at the run up line, which is provided as part of the available TDZ
data, a modified approach to the EGL analysis is proposed here to account for the fact that the

inundation at the run up point may not be zero.
Extended EGL Analysis

The modified EGL analysis, referred to as the Extended EGL, involves extending the
transect past the run up to a point where the ground elevation is equal to the runup height at the
inundation limit. The EGL analysis is then performed following the same procedure outlined
previously from the extended EGL end point to the site. Extending the EGL results a non-zero

inundation elevation at the run up as well as a non-zero velocity at this location.

The EGL and extended EGL are compared in Figure 6 for site A and in Table 1 for sites A,
B, and C. The extended EGL transects are also illustrated in Figure 5. Note that due to the
ground topography and the water depth at the run up the extension can in some cases be very
long (see transect C1) or very short (see transect B2). Because the length of the transect is
extended and the starting elevation is higher, the velocity and inundation increase. This is clear

from the comparison of the EGL and extended EGL for the flow transect at site A (Figure 6). As

12
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Table 1 reveals, the Extended EGL results in a conservative estimate of the inundation depth at
all three sites. While the corresponding velocities also increase significantly, they are still
underpredicted, in this case by an average of 16%. Based on these comparisons the extended

EGL method is recommended.

Sensitivity of EGL Analysis to DEM

The sensitivity of the EGL results to variations in DEMs is examined using the IfSAR and
USGS DEM ground elevation data. The results of the Extended EGL method are compared to the
site specific analyses. The extended EGL was run for each of the three transects from site A. The
velocity and inundation depth and ground elevation from the site to the extended run up are
shown in Figure 7. Because the site specific data are based on the IfSAR data, but at a reduced
sampling resolution as discussed above, these two elevations are comparable. The elevations
between the USGS and IfSAR data show some differences, most notably for the +22.5 and
Center transects beyond the inundation limit. The EGL estimates of velocity and inundation are
similar for both DEMs. Depending on the differences in topography, in some cases the IfSAR
data result in higher values and in other cases lower. Based on this comparison the difference in
DEMs would not result in considerable differences in estimated demands. That is, the method

appears to be relatively stable with respect to small differences in elevation models.

Recommended Flow Depth and Velocity for Design

For steady flow, the depth and velocity from the energy approach occur at the same time, but
this is not the situation for a tsunami. It is assumed that the depth and velocity determined by the
EGL analysis are the maximum values over all time, but clearly in a tsunami these maxima do
not occur simultaneously. Based on video analysis after the Tohoku tsunami (Ngo and Robertson,
2012) as well as numerical simulations, the standard assumes a phase-shifted variation of these
two quantities. Based on this variation, the standard specifies three Load Cases. Load Case 1 is
meant primarily to check building buoyancy effects on initial arrival of the tsunami. Although
there are some cases where it might govern for impact, it is building-specific and will not be
considered herein. In Load Case 2, the maximum velocity obtained in the EGL analysis is
assumed to occur with a flow depth equal to 2/3 the maximum depth computed in the EGL

analysis. In Load Case 3, the velocity is taken to be 1/3 the maximum from the EGL analysis
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with the maximum flow depth.

As mentioned, if the maximum flow depth at the building site is less than 0.914 m (3 ft),
then the standard does not require one to consider debris impact. Otherwise, the container impact
hazard region must be determined to ascertain whether or not the building site is within this

region.

Container Impact Hazard Region

The procedure to define the tsunami hazard zone was based on the post-Tohoku analysis of
the displacement of containers and boats documented in Naito et al. (2014). A second EGL
analysis is required to determine the container impact hazard region. In this case, the ‘building
site’ in the previous section is taken to be the container yard. That is, the transect goes from
shore, through the center of the yard, to the inundation limit; see Figure 8. The depths along this
transect are calculated as above. The nominal container impact hazard region extends from the
container yard along the transect until a depth of 0.914 m (3 ft) is reached. As before, a 45° cone
is drawn, with a vertex at the container yard. Multiple transects in this cone can be evaluated to
determine the extent of the inflow hazard region based on this depth criterion. In this case, the

minimum flow depth is reached very close to the inundation limit; see Figure 8.

The inflow hazard region can be terminated prior to the 0.914 m (3 ft) water depth based on
the ‘density’ of the dispersed shipping containers. An estimate of the total plan areas of all the
shipping containers likely to be at the container yard is made. This area is then distributed across
the land area until the cone has an average ‘container density’ (container plan area to ground
area) of 2%. If the extent of this area is less than the depth limit, the extent of the hazard region

can be curtailed.

As noted previously, relatively little work has been done on tsunami debris dispersion,
especially in a quantitative sense that can then be applied to structural design. There is no
“model” available. The method in the standard is based on relatively limited data from one event,
the 2011 Tohoku tsunami (Naito et al. 2014). Therefore, application of this hazard region
specification requires engineering judgement. If an engineer has reason to believe that the hazard
region should be expanded, then that should be done. The standard specifies minimum design

loads.

For the Hilo example illustrated in Figure 8, the authors estimate a worst case of 514 — 6.2 m
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(20 ft) and 1,418 — 12.2 m (40 ft) standard shipping containers at the container yard. With an
average density of 2%, this equates to a 45° arc with a radius of 2.52 km (8,260 ft). For this case
the 2% arc exceeds the runup line and therefore this criterion is not effective at this location and

the limit of 0.914 m (3 ft) governs the extent of the impact hazard region.

The extent of the hazard area can also be curtailed if there are structural steel and/or
concrete structures inland of the yard that are deemed to form an effective barrier to dispersal of
the containers. The height of these structures must be at least the calculated water depth minus
0.61 m (2 ft). If there is more than 0.61 m (2 ft) of water over the structures, then it is assumed

the containers can float over them. The Hilo area provides no such barrier.

Once the inflow hazard region is determined, the cone is ‘flipped’ so that the vertex is now
at the inland extent of the region, which in this case is the 0.914 m (3 ft) inundation depth along
the central transect. This cone is extended to the shore to define the outflow hazard region; see
Figure 8. The union of these two areas defines the container impact hazard region. If the building
site is in the inflow (outflow) region only, it need be designed only for impact on the shore
(leeward) side of the structure. If it is in both regions, it must be designed for impact in both

directions.

Impact Force and Duration

In lieu of further analysis, the standard allows a conservative prescriptive design load of 955
kN (214.5 kips) to be used. This load should be multiplied by the importance factor, which is 1.0
for Tsunami Risk Category II buildings and 1.25 for Tsunami Risk Category III and IV buildings.
The Tsunami Risk Categories are based on ASCE 7 Risk Categories with minor modifications
for tsunami effects. In the following, all forces are computed based on an importance factor of

1.0.

The standard specifies equations to obtain a design load that may be smaller than above. The

equation for the nominal instantaneous impact force, Fy;, is

F, =uyfkm, 5)

in which u is the flow velocity, k is most often the container stiffness, and my is the mass of the
empty container. The standard provides values of £ for 6.1 m (20 ft) and 12.2 m (40 ft)
containers: 42.9 MN/m (245 kip/in) and 29.8 MN/m (170 kip/in), respectively. The
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corresponding values for empty mass (weight) are 2,270 kg (5,000 1b) and 3,810 kg (8,400 1b).
The flow speed is used as a conservative estimate, based on the assumption that the container has
had sufficient time to obtain that speed, and has not been hindered by interaction with the ground
or other obstacles. The maximum value of F}; is obtained by using the maximum flow speed at
the site calculated in the EGL analysis. In any event, the value of F,; need not be taken larger
than 980 kN (220 kips). Interestingly, for 6.1 m (20 ft) and 12.2 m (40 ft) containers, Eq. 5
results in the limiting force being reached at 3.1 m/s (10.2 ft/s) and 2.88 m/s (9.45 ft/s),
respectively. Therefore, the limit will almost always be reached, although there is still an
advantage of doing the calculations because of the different load cases. In addition, the stiffness &
in Eq. 5 is actually to be the lessor of the container stiffness and the stiffness of the structural
member being impacted, such as a column or a wall. Therefore, it is possible to obtain smaller

impact forces if the stiffness of the structural member is smaller than the container stiffness.

The structural member can be impacted in a flexural mode or in a shear mode. The flexural
column stiffness associated with a mid-height impact is illustrated in Figure 9. The flexural
member stiffness for fixed-fixed, simple-simple, and simple-fixed boundary conditions are
illustrated and compared to the recommended container stiffness of 42.9 MN/m (245 kip/in) and
29.8 MN/m (170 kip/in) for the 6.1 m (20 ft) and 12.2 m (40 ft) shipping containers under
longitudinal impact. The column stiffness are expressed as functions of the shear stiffness EI/L>,
where E is the elastic modulus, / is the gross moment of inertia, and L is the span. Hence, Figure
9 can be used for any generic column. For example, to determine the stiffness to use in Eq. 5 for
impact of a 12.2 m (40 ft) container on a 457 mm (18 in) square concrete column, the EI/L* value
would need to be computed. If the column is 6.10 m (20 ft) long with an elastic modulus of 25.2
GPa (3650 ksi), the EI/L* would be 405 kN/m (2.31 kip/in). For a simple-simple boundary
condition, the structural stiffness of the component would control and the stiffness would be 19.3
MN/m (110 kip/in). However, for simple-fixed or fixed-fixed boundary conditions, the container
stiffness would control and the stiffness would be limited to 29.8 MN/m (170 kip/in). For a shear
dominated impact (i.e., one near the support) the shear stiffness of the structural member would
exceed the container stiffness for most common elements. For example the shear stiffness for an
impact point load on a 457 mm (18 in) square concrete column located one column depth from

the support would be 5,040 MN/m (28,800 kip/in).

Eq. 5 gives the nominal maximum instantaneous impact force. The design instantaneous
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impact force, F;, is obtained from F,; by multiplying by two factors (in addition to the
importance factor discussed above). The equation for F,; is based on a conservative head-on
impact scenario. To reflect that the impact will most probably be at an oblique angle, which
would result in a lower force, F,; is multiplied by an orientation coefficient of 0.65. For example,

this drops the 980 kN (220 kip) force to 637 kN (143 k).

The second factor relates to the dynamics of impact. A typical design approach is to apply
the force statically, and therefore a dynamic response factor, Ryqx, must be applied. R.qx depends
on the ratio of the duration of impact to the natural period of the structural member being

impacted. The duration of impact is taken as

2m u
td — d”"max (6)
for an empty container and
t = (md + mc'(mtents)umax (7)
=
for a loaded container. m_ 1is assumed to be 50% of the maximum rated content capacity of

the container, and values are given in the standard. Based on these two durations, the maximum
dynamic response factor is selected to obtain Fi. The dynamic response factor is essentially the
same as specified in ASCE 7-10 in the flood commentary (ASCE 2010). It has a minimum value
of 0 for a duration of 0, has a peak of 1.8, and levels off at 1.5 for impact durations that are long
relative to the natural period of the structural member. Because Rua depends on the structural
member’s period, the forces presented subsequently do not include this factor (i.e., they are for a

factor of 1.0).

Results of EGL Analysis for Hilo

A debris source consisting of a container yard is identified at coordinates (19.7303°,—
155.0536°). The geometry of the yard is demarked using imagery from Google Earth as
illustrated in Figure 2. The geometric center of the yard is identified and used as the vertex for

the inflow hazard region as previously illustrated in Figure 8.

For illustration purposes the inundation depth and maximum flow velocity were calculated
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over the entire container impact hazard region. An EGL analysis was conducted over the region
every 0.001° longitude and latitude, which corresponds to a grid spacing of approximately 110 m
(360 ft). The maximum inundation depths and velocities are illustrated as contour plots in Figure
10. From the velocity data the design instantaneous debris impact force can be computed. Herein
the force generated from a 6.1 m (20 ft) container is illustrated. As noted previously due to the
requirement that the minimum inundation velocity be 3.05 m/s (10 ft/s) and that the maximum
impact force may be limited to 637 kN (143 kip), load case 2 results in the 637 kN (143 kip)
demand over the container impact region where inundation depth exceeds 0.914 m (3 ft). For
load case 3 the velocities are reduced to 1/3 and therefore the maximum force is only achieved

for sites near the coast (Figure 11).

Conclusions

The 2016 edition of the ASCE 7 Load Standard details an approach to determine design
forces generated by impact of tsunami borne debris. The approach consists of the identification
of the tsunami design zone, determination of a debris site within the tsunami design zone,
computation of impact hazard region from the debris site, and the computation of the design flow
velocity and depth using the EGL method. The flow depth is used to determine if debris can
travel to the building site as well as the height of impact loads. The flow velocity is used to
determine the design impact load for the structure. The paper provides a case study that
illustrates the methodology for Hilo, Hawaii. In addition to demonstrating the procedures for
practicing engineers, a modification of the EGL method is proposed for when the ASCE-
provided inundation depth at the inundation limit is not zero. In addition, results indicate that the
EGL results may not be overly sensitive to reasonably small variations in the DEM. The paper

should be of interest to practicing engineers faced with applying the new methodology.

The standard represents a first attempt to provide design engineers with appropriate loads to
design for container impact. The standard uses a combination of state-of-the-art methodology
(e.g., the site specific inundation analysis) and practical, simplified approaches (e.g., the energy
grade line method). There are a number of areas in which improvements can be made. First, the
inundation simulation tools have been validated primarily in terms of inundation and runup;
Although studies have been carried out to validate nearshore flow velocities (Arcas and Wei,

2011; Yamazaki et al., 2012; Arcos and LeVeque, 2014; Admire et al., 2014; Zhou et al., 2014),
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additional validation is needed for the flow velocities based on field measurements in the
flooding zone. The EGL method should be developed further, including validating or improving
the assumption of the variation of Froude number and considering more complicated scenarios
than straight transects. The impact force equation is based principally on either a rigid structure
or a rigid debris; this can be improved; see Khowitar et al. (2014, 2015) for improved
formulations. The authors anticipate that the 2022 edition of ASCE 7 will have some of these,

and other, improvements.
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Tables

Table 1: Comparison of EGL, extended EGL and site specific analyses

Inundation Depth [m (ft)] Velocity [m/s (ft/s)]

Extended Site Extended
Site | Transect EGL EGL Specific EGL EGL Site Specific
A | (225 | 6.19(20.31) | 7.03(23.08) 5.98(19.61) | 6.48(21.26)
A | Center | 5.75(18.88) | 10.23(33.57) | 7.70(25.27) | 5.48(17.97) | 7.52(24.67) | 7.59(24.89)
A | (+)225 | 3.61(11.83) | 9.05(29.68) 4.22(13.86) | 6.81(22.33)
B 1 0.62(2.03) | 3.05(10.00) 0.75(2.45) | 2.26(7.42)
B 2 0.41(1.36) | 1.66(5.44) | 2.62(8.61) | 0.59(1.93) | 1.21(3.97) | 2.93(9.60)
B 3 0.81(2.66) | 3.25(10.67) 1.03(3.38) | 2.25(7.38)
C 1 1.26(4.12) | 10.19(33.43) 2.43(7.97) | 8.55(28.04)
C 2 6.73(22.07) | 8.76(28.74) | 7.68(25.19) | 7.05(23.14) | 8.17(26.80) | 11.31(37.12)
C 3 8.12(26.63) | 9.36(30.70) 7.85(25.74) | 8.46(27.76)
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Figure 2. Points of runup height along the inundation limit for Hilo
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Figure 7. Comparison of DEMs with site specific data at Site A
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Figure 8. Container Impact Hazard Region (adapted from Riggs et al. 2015)
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Figure 9. Stiffness of structural component based on mid-height impact Click here to download Figure figure9.tif =
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Figure 10. Maximum inundation depth (a) and flow velocity Click here to download Figure Figure10a.tif %
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Figure 10. Maximum inundation depth (b) in container impact hazard region Click here to download Figure Figure10b.tif %
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Figure 11. Design instantaneous debris impact force for 6.1 m (20 ft) containers in Click here to download Figure Figure11a.tif =
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Figure 11. Design instantaneous debris impact force for 6.1 m (20 ft) containers in Click here to download Figure Figure11b.tif %
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