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ABSTRACT
Wave experiments were conducted on a 1:20 length scale at the Hybrid Tsunami Flume in Ujigawa (HyTOFU) to
measure the pressure, velocity and water surface elevation on and around structural elements. Many design equations use
bare-earth water surface elevations to predict design tsunami pressures; therefore, we compared the maximum water surface
elevations of waves propagating across a bare beach to the water surface profiles recorded in front of an experimental obstacle.
Adding structural elements to represent urban macro-roughness obstacles significantly changed the water profile for broken
waves. For trials in which waves propagated across the beach as turbulent bores, the water surface elevation measured in front
of a structure was between 4.5 and 7 times as large as the water surface elevation measured without urban roughness elements,
depending on the horizontal location of the structure from shore. Design equations that recommend bare-earth water surface
elevations to estimate tsunami-induced pressures were evaluated, and estimated values were compared with peak pressures
recorded by gauges positioned on the structural element. Results indicated good agreement for nonbreaking waves but
underestimation of peak pressures for breaking waves. Consideration of the water profile including wave-structure interaction
yielded better agreement between predicted and measured pressures.
KEWORDS: tsunami design, macro-roughness effects, pressure impulse, slamming coefficient.
INTRODUCTION
Tsunamis pose significant threats to coastal communities worldwide: recent tsunamis that have caused significant
damage in coastal regions include the Indian Ocean Tsunami (2004), the South Pacific Tsunami (2009), and the Tohoku
Earthquake Tsunami (2011). The Indian Ocean Tsunami on 26 December, 2004, generated waves up to 30 m high that left
over 230,000 people dead or missing and caused extensive damage in countries bordering the Indian Ocean (e.g. Dalrymple
and Kriebel, 2005, Papadopoulos et al., 2006, Tsuji et al., 2006, Koshimura et al., 2009, Leone et al., 2011). The South Pacific
Tsunami of 29 September 2009 and the Chilean Tsunami of 27 February 2010 also caused substantial damage and loss of life
in local villages (e.g. Reese et al., 2011, Mas et al., 2012). On 11 March 2011, the Tohoku Earthquake Tsunami caused severe
damage to over 400,000 homes and catastrophic loss of life along the east coast of Japan (e.g. Mimura et al., 2011, Mori et
al., 2011, Udo et al., 2012, Suppasri et al., 2013). The magnitude and extent of damage was surprising given Japan’s extensive
history of tsunamis, which led to the country’s development of sophisticated tsunami countermeasures and warning systems
(Zaré and Afrouz, 2012). Therefore, local and national governments across the globe must evaluate their tsunami response
and preparedness plans to protect citizens, defend structures from damage, and ensure the safety and vitality of coastal
communities.
Post disaster field surveys have been useful in evaluating the design and construction of tsunami mitigation structures in
their ability to withstand a tsunami and prevent damage to local communities. However, it is difficult to estimate many
hydrodynamic conditions from survey data; therefore, many reconnaissance-based fragility functions derived from damage
surveys assume that the entire tsunami-induced load is based on the maximum water depth (Reese et al., 2011, Mas et al.,
2012, Suppasri et al., 2013). Numerical simulations such as COULWAVE (Lynett et al., 2002), and NHWAVE (Ma et al.,
2012) have simulated tsunami events over real topographies and given useful estimates of inundation, runup, and current
velocities. Recent fragility models have included results from such numerical simulations to relate structural vulnerability to
local hydrodynamic conditions (e.g. Suppasri et al., 2011). However, wave-structure interaction is difficult to model
(Petukhin, et al., 2012), and many phase resolving models remove buildings and the related macro-roughness effects on wave
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transformation in order to allow for efficient calculations (e.g. Westerink et al., 2008, Parsons et al., 2014, Grilli et al., 2015,
Zhang et al., 2014). A more thorough understanding of wave propagation through urban environments will enhance the
validity and robustness numerical simulations.
In addition to numerical models, laboratory experiments provide valuable datasets of tsunami propagation. Recent
physical models have measured tsunami-induced water surface elevations, velocities, and pressures on and around structures
and on scale models of cities; other experiments have tested the reliability of tsunami protection structures (e.g. Fujima et al.,
2009, Bradner et al., 2009, Hsiao and Lin, 2010, Thomas and Cox, 2012, Park et al., 2013). However, many previous
experiments have considered idealized tsunami profiles; real tsunami events have shown complex water surface profiles that
involve both slow and quick water level increases (Fujima et al., 2009, Kawai et al., 2012, Goseberg et al., 2013). Likewise,
waves breaking on structures are associated with complex turbulent and nonlinear effects; this turbulent impact can cause
impulsive forces that generate debris and may cause significant structural damage. Laboratory measurements of tsunamiinduced pressures have recorded very large, short-duration pressure peaks corresponding with wave impact and a following
quasi-hydrostatic pressure (e.g. Fujima et al., 2009, Bradner et al., 2009, Thomas and Cox, 2012). Although Bradner et al.
(2009) found that for large-inertia structures the impulse pressure may not translate to a slamming force, these pressures must
not be neglected for non-engineered structures or when considering localized or debris-generating damage. However, it is
difficult to relate wave conditions to expected peak pressures: previous experiments have noted that identical wave conditions
have shown large variations in measured peak pressures (Chen and Melville, 1998). The energy transferred when a wave
impacts a vertical structure causes splash effects that may be observed as a water jet accelerating vertically up the wall (Cooker
and Peregrine 1995). This splashing can increase inundation and damage in nearshore communities during a tsunami.
As physical and numerical simulations of wave-structure interaction continue to improve, engineers, city planners, and
governmental agencies use existing historical damage data, numerical simulations, and laboratory experiments to provide
tsunami mitigation practices for communities located in vulnerable regions. These practices include developing sophisticated
tsunami warning and evacuation systems for community residents as well as publishing conservative tsunami design equations
for structural resilience. For example, both the American Society of Civil Engineers (ASCE) and the Japanese Cabinet Office
(JCO) provide methods to estimate the maximum pressure caused by a tsunami. The equations provided by the ASCE and
JCO calculate tsunami-induced loads based on the maximum tsunami inundation depth, hmax. This depth is an important
consideration in tsunami design; however, due to the complexity of recent tsunami profiles and the processes associated with
the interaction of the tsunami wave with a coastal structure, inputs into design equations are subject to error. Tsunamis
propagate shoreward as a turbulent bore, a gradual rise and fall of the water level, or as a breaking wave; the Tohoku
Earthquake Tsunami of 2011 was characterized by leading short, peaky waves with a long tail (Yeh, et al., 2009, Kawaii et
al., 2012). Furthermore, the onshore propagation of waves will be affected by local topographies, structures, and tsunami
countermeasures, termed macro-roughness elements (Irish et al., 2014, Thomas, et al., 2015). Design equations must make
simplifying assumptions in order to be applicable to a wide range of coastal developments and wave characteristics; both the
ASCE (2015) and JCO (2005) equations assume that hmax is the maximum depth at the structure’s location with no obstacle
affecting tsunami propagation. We analyzed the effects of macro-roughness elements on changing the water surface profile
and peak pressure of waves with varied offshore characteristics through a series of experiments conducted at Kyoto
University’s Hybrid Tsunami Open Flume in Ujigawa (HyTOFU). Using experimental data, we compared the onshore water
surface profiles recorded on a bare beach and with the addition of a structural obstacle, and we compared pressures predicted
by design equations to peak pressures measured by pressure gauges mounted on an experimental specimen.
DESIGN STANDARDS
The design equation proposed by the JCO (2005) is based on laboratory measurements performed by Asakura et al.
(2000) on 2d scale models. From these experiments, Asakura et al. (2000) developed an empirical relation that estimated the
tsunami pressure as a triangular distribution with base pressure p max equal to three times the hydrostatic pressure (see Figure
1a); that is,

pmax  3 ghmax

,
(1)
where ρ and g are the density of water and the acceleration due to gravity, respectively. In Equation (1), h max is taken as the
height of the bore at the structure, without considering splash or other phenomena associated with wave-structure interaction.
Using this pressure, the maximum force may then be estimated by applying the triangular distribution over a height (3h max).
This equation has been examined by multiple studies; for example, Nakano (2008) observed damage after the Indian Ocean
Tsunami and calculated a coefficient, α, for damaged homes by assuming the tsunami pressure was equal to the lateral
resistance of the structure at elevation z above ground level:

p 'max   g ( hmax  z )
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Nakano (2008) found that the coefficient α=3 was reasonably able to distinguish between damaged and surviving
structures, but debris and other environmental factors may make the equation less conservative. Similar evaluations of
Equation (1) have been performed experimentally (e.g. Fujima et al., 2009, Achmed, et al., 2009), and alternative coefficients
have been suggested; however, Equation (1) remains the standard for tsunami-resistant design in Japan.

Figure 1: Design tsunami pressure distribution, as recommended by (a) JCO (2005), and (b) ASCE 7 (2015).

Prior to 2011, no design guidelines existed in the United States for estimating tsunami-induced pressures on coastal
structures. This circumstance was partially because the United States has experienced fewer damaging tsunamis than other
regions in the Pacific Ocean; the most destructive tsunami affecting the West Coast of North America was the 1964 Great
Alaska Earthquake Tsunami, which caused damage and loss of life in Alaska, California, Oregon, and British Columbia
(Parsons, et al., 2014). However, many areas of the United States remain vulnerable to damage by earthquake-generated
tsunamis. Therefore, in early 2011, the ASCE developed a subcommittee to develop the first U.S. standard for use by coastal
engineers to design coastal structures with increased resilience to tsunami damage. These standards will be published in ASCE
7-16 as a new chapter (ASCE, 2014) and have been developed for the Pacific Coast of the United States. The guidelines
include tsunami hazard maps for Alaska, the Pacific Coast, and Hawaii, and the chapter provides procedures for estimating
tsunami inundation, runup, flow characteristics, and hydrostatic and hydrodynamic loads (ASCE, 2015). Equation 6.10.1-1
(ASCE, 2015) presents the following equation to estimate the simplified equivalent uniform lateral static pressure (p max),
which represents the combination of the unbalanced lateral hydrostatic and hydrodynamic loads caused by a tsunami:

pmax  1.25I tsu s hmax

(3),
In Equation (3), Itsu=1.0 or 1.25 based on the Importance Factor of the structure and γs is the minimum fluid weight density
for hydrostatic loads, equal to 1.1 times the specific weight of seawater. Substituting conservative coefficients for I tsu, and γs,
Equation (3) may be reformulated to resemble Equation (1):

pmax  1.72  ghmax

(4).
Comparison of Equations (1) and (4) imply that the ASCE recommended pressure is less conservative than the JCO
equation. Note, also, that ASCE recommends a different pressure distribution when estimating the tsunami-induced force on
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a structure, applying pmax uniformly over 1.3 times the inundation depth in the direction of flow (Figure 1b).
INSTRUMENTATION AND EXPERIMENTAL CONDITIONS
HyTOFU measures 45 m long by 4 m wide by 2 m deep. It is capable of three types of wave generation mechanisms: a
mechanical piston capable of producing a solitary wave with height up to 1 m, a 70 Kw pump that can produce constant flow
rates between 0 and 0.8 m3/s, and a constant volume water storage tank that can be dropped from a distance above the water
surface to induce a shock wave. A profile view of the flume may be seen in Figure 2; in this experiment, a constant flow rate
was generated for 60 seconds before the mechanical paddle was used to create a wave that propagated 14.05 m across a flat
bathymetry with initial water depth h0=0.700 m, up a 7.95 m long slope with θ=0.10, and across a flat beach to the end of the
flume.

Figure 2: Profile schematic of hydraulic flume. Wave characteristics were measured near the base of the slope (xwg2=14.50
m). Onshore water surface elevations were compared with and without an obstacle present.

Experiments were conducted using a 1:20 length scale and Froude Number similitude: target offshore water perturbations
between 0.40 m and 0.48m were specified to represent waves with amplitudes between 8 m and 9.6 m, and the dimensions of
the structural element (0.4 m wide x 0.4 m long x 0.5 m tall) corresponded with those of a narrow Japanese house with base
dimensions 8 m x 8 m. The water surface elevation was recorded using wire resistance wave gauges. Mechanical and pumping
inputs were chosen to create waves with similar offshore total water surface perturbations (ηwave+ηflow) while varying the ratio
of the mechanically-generated wave height (ηwave) to the total water perturbation produced by the combination of pumping
flow (ηflow) and mechanical soliton (ηwave). Wave characteristics were defined at wave gauge 2 (WG2), positioned near the
base of the slope, xWG2=14.50 m. Table 1 shows the seven combinations of mechanically-generated waves and pumpgenerated flow rates used for experimental measurements, as well as the ensemble average and standard deviation of the total
water surface perturbation for all trials. Each of the seven test conditions listed in Table 1 was generated twice for each
experimental configuration to check the repeatability of wave characteristics; as seen in Table 1, waves with the same inputs
were nearly identical for all configurations. Wave combinations were generated for three configurations: one configuration
with no onshore obstacles and two configurations with obstacles positioned at locations shown in Figure 3, either (a), 2.39 m,
or (b), 1.59 m from shore. We compared the water surface elevation time series with and without obstacles at wave gauges
located directly in front of the structure, for configuration (a), xWG11=2.3 m, and for configuration (b), xWG9=1.3 m to evaluate
the effects of adding a macro-roughness element on variation in the water surface profile.
Table 1: Experimental combinations of mechanically-generated wave and pump flow inputs and average water surface
perturbation above h=0.700 m at horizontal position x=14.50 m for each trial. Tests produced waves of varying characteristics but
similar total water surface perturbations at x=14.50 m.

Test
1
2
3
4
5
6
7

Mechanical
Input (m)
0
0.10
0.15
0.20
0.25
0.35
0.40

Pump Input
3

(η͞wa͞v͞e͞+η
͞ ͞fl͞o͞w ) (cm)
x=14.50 m
40.85
41.29
39.80
40.26
39.61
41.94
47.789

(m /s)
0.80
0.60
0.40
0.30
0.20
0.10
0.10

Standard
deviation (cm)
0.10
0.14
0.27
0.12
0.16
0.12
0.16

In addition to measuring the water surface elevation, 50 kPa pressure gauges were mounted on the front, lateral, and rear
sides of the structural element to measure the wave impact pressure and following quasi-hydrostatic pressure. On the front
side of the structural element, nine pressure gauges were positioned in three rows of three at elevations 0.01 m, 0.05 m, and

4

0.15 m. On the lateral and back sides, seven pressure gauges were positioned in two rows of three at elevations 0.01 m and
0.05 m with one gauge located at elevation 0.15 m along the centerline of the face of the structure. Pressure gauge data was
recorded using a frequency of 200 Hz to record the short-duration impulse spike felt by the obstacle upon impact with breaking
waves. Data was checked for contamination by local utility frequencies using a band pass filter. Cleaned and raw pressure
data were compared, and peak pressure recordings differed by less than 5%. The maximum recorded pressure for all
experiments was by a gauge mounted on the front face of the specimen.

Figure 3: Schematic of experiment. Water surface elevations 2.3 m and 1.3 m from shoreline with no obstacles present were
compared with water surface elevations when an obstacle was positioned at either (a) or (b), behind the wave gauges.

RESULTS AND DISCUSSION
Figure 4 shows a comparison of the water surface elevation time series with and without macro-roughness effects for
configurations (a) and (b) for the wave generated using inputs for Trial 7 in Table 1. The control, bare-earth time series in
Figure 4 indicates that the wave propagated past both wave gauges positioned 2.3 m and 1.3 m from shore with a very low
water surface elevation η; visual observation and video analysis of the trial confirmed that the wave passed these gauges as a
turbulent bore with a high propagation speed. As seen in Figure 4, adding a structure significantly changed the water surface
profile when the wave propagated past the location of interest. When the wave impacted the obstacle, the interaction of the
wave with the structure created a large vertical jet that was nearly five times the height of the water surface elevation with no
obstacle present for the wave gauge positioned 1.3 m from shore and over five times that for the wave gauge positioned 2.3
m from shore. Configurations (a) and (b) showed similar splash effects; however, the water series comparison when the
obstacle was positioned further inland (Figure 4a) recorded a larger splash than that of the obstacle positioned 1.59 m from
shore (Figure 4b) despite having a lower peak water surface elevation when the wave propagated across the no-obstacle
topography. Therefore, the difference between numerically-predicted water surface elevations by models which remove
macro-roughness elements and true water surface profiles may increase moving inland while waves still contain a great
amount of energy. Moving further inland, however, waves are expected to dissipate, and these weaker waves are expected to
create smaller splash effects when they come in contact with macro-roughness elements. Therefore, after a certain distance
inland, error in numerical simulations should decrease with increasing distance from shore.
In Table 1, Trial 7 was generated by the largest mechanical wave input (0.40 m target wave height) and the smallest
pumping flow input (0.10 m3/s). Other trials considered waves with increased flow rates and decreased mechanical soliton
inputs. To parameterize these varying wave characteristics, we defined the offshore solitary wave fraction as the ratio of the
mechanically-generated wave perturbation ηwave to the total water surface perturbation above the stillwater depth caused by
both the constant flow and the mechanical wave (ηwave+ηflow):
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(5).
As the wave profile approaches that of a solitary wave, with no constant-flow water level increase, η* approaches 1. Likewise,
for pure pumping conditions in which the water level steadily increases but no mechanical wave is generated, both ηwave and
η* equal 0. Such a condition can be thought of as similar to the water level rise associated with a storm surge generated by a
hurricane.

Figure 4: Macro-roughness-induced wave reflection and amplification. Water surface elevation time series for Trial 7 (0.4 m
mechanical wave generated after one minute of pumping flow at 0.1 m3/s) at (a) xWG11=2.3 m (b) xWG9=1.3 m from shore. Blue
line: no onshore structure; and red line: obstacle positioned behind the respective WG.

In experiments, waves with large pumping flow inputs corresponded to those with small solitary wave fractions (η*<0.5);
these waves did not break on the obstacle. Because splashing is associated with turbulent effects caused by a wave breaking
on an obstacle, we expected the maximum difference between water surface elevations with and without a structure to occur
for larger values of η*. This hypothesis was confirmed by comparing the maximum water surface elevation including splash
(ηobstacle) to that recorded when no structure was behind the wave gauge (ηno obstacle). The ratio ηobstacle/ηno obstacle was plotted
against η* for Trials 1-7 of Table 1 for both configurations (a) and (b) in Figure 5. For both setback distances, increasing
values of η* corresponded with larger water surface amplification ratios. As η* approached 1, ηobstacle/ηno obstacle increases
rapidly. Note that increasing the obstacle setback distance from 1.59 m to 2.39 m increased the water surface amplification
ratio for Trials 6 and 7. However, positioning the obstacle a large enough distance from shore so that waves can dissipate is
expected to reduce the water surface amplification caused by wave-structure interaction.
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Figure 5: Ratio of maximum water surface elevation with an obstacle (ηobstacle) to that measured with no structures (ηno
ηobstacle/ηno obstacle increased with the solitary wave fraction for both setback distances 2.3 m (red exes), and 1.3 m (blue
circles).

obstacle).

As discussed above, many design equations for estimating the maximum tsunami-induced pressure use the water surface
elevation in front of the structure without considering wave-structure interaction. We evaluated Equation (1) and Equation (4)
using the water surface elevation recorded in the bare-earth trial, and compared these estimated values with peak pressures
measured during experiments. Figure 6 shows the pressures predicted by design equations plotted against the measured peak
pressures for both setback configurations (a) and (b). As seen in the figure, disregarding water surface amplification caused
by wave-structure interaction and using no-obstacle water surface elevations in prediction agreed reasonably well for low
pressures, which were associated with nonbreaking wave conditions. However, after wave breaking, design equations using
hmax without considering wave amplification due to macro-roughness generally underestimated measured peak pressures.
Equations (1) and (4) were reevaluated with modified hmax inputs, taking hmax as the maximum water surface elevation
recorded when the structure was positioned in the flume. As shown in Figure 6, using these modified inputs in the equations
produced better agreement between estimated tsunami pressures and experimentally measured peak pressures caused by
breaking waves. In particular, the equation suggested by the JCO (2005) agreed well with even the largest pressure
measurements for both configurations, and it produced conservative estimations of peak pressures for nonbreaking wave
cases. The equation provided by the ASCE (2015) agreed well for low and intermediate pressures, but still underestimated
the maximum peak pressures recorded by the structural element. Better understanding of the environmental conditions
occurring at a structure and the processes associated wave impact may provide a more reliable estimation of expected peak
pressures.
Note that both the ASCE and Asakura design equations provide conservative pressure distributions for estimating the
total force associated with a tsunami wave impacting a coastal structure. Therefore, the overall force predicted by design
equations may be conservative, even using the recommended bare-earth input for hmax. Additionally, Cooker and Peregrine
(1995) noted that laboratory experiments may record pressures that are significantly larger than those recorded in the field.
Although there remains some debate as to whether the large pressure peaks associated with wave impact translate to a force
on large inertia structures and need to be included in design (Bradner, 2009), these large impulsive pressures should not be
neglected in the design of coastal residences, particularly when considering small inertia structures or localized damage to
house components.
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Figure 6: Predicted vs. measured peak pressure for configurations (a), obstacle positioned 2.39 m from shore, and (b),
obstacle positioned 1.59 m from shore. Cyan triangles: JCO (2005) equation, hmax=hno obstacle; magenta diamonds: ASCE (2015)
equation, hmax=hno obstacle; blue circles: JCO (2005) equation, hmax=hobstacle, red squares: ASCE (2015) equation, hmax=hobstacle.

CONCLUSIONS
Experiments conducted at Kyoto University’s Hybrid Tsunami Open Flume in Ujigawa generated a benchmark data set
that showed that the addition of urban macro-roughness elements significantly affected wave propagation and transformation
onshore. The water surface elevations of waves propagating across a bare beach was significantly different than those
measured when obstacles were positioned onshore, especially for waves that broke before the obstacle and travelled across
the beach as high velocity, turbulent bores. The effect of macro-roughness elements on a wave’s profile may therefore cause
errors in numerical models that calculate water surface elevations and velocities using the post-storm, bare-earth topography
of a region. For breaking waves, this error is expected to increase up to a certain distance inland, at which point the largest
energy transfer occurs when a wave interacts with a structure, thus maximizing the amplification of the water surface. As
waves lose energy propagating further inland, error in numerical models should likewise decrease.
Water surface elevations measured with and without onshore structures were applied to design equations recommended
by both the ASCE (2015) and JCO (2005). Using bare-earth water surface elevations in design equations yielded pressures
that agreed with measured peak pressures for nonbreaking waves. However, these bare-earth inputs for hmax significantly
underestimated measured peak pressures for breaking waves. In contrast, using modified water surface elevations that
included the effects of wave-structure interaction provided much closer agreement between predicted and measured pressures
for breaking wave trials. In particular, using modified hmax values in Equation (1) produced good agreement between estimated
and measured peak pressures as η* approached one, and the equation resulted in conservative estimates for trials with smaller
solitary wave fractions.
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In practice, a coastal engineer must account for case-specific parameters associated with local bathymetry, community
layout, and offshore wave characteristics. Therefore, the pressures measured here may not directly apply to structural design
criteria. In addition, due to the short duration of these very large impact pressures, such conservative design should be applied
to structures of significant community importance, and more research is required to fully understand the effects of impulsive
wave loads on coastal structures. However, coastal structures must be designed to resist the hydrodynamic loads generated by
tsunamis, including wave impacts on structural components, debris impact, and other uncertainties. Engineers, city planners,
and homeowners must work together to understand the full effects of macro-roughness elements on wave propagation so that
we may find cost-effective, innovative design techniques that prepare our coastal communities to robustly withstand future
tsunami events.
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