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Abstract: As the tsunami threat across the Pacific coast becomes better understood, vertical evacuation structures are being widely considered
in order to improve life safety. The design of such structures requires careful consideration of fluid-induced forces. Recently, core walls have
been used as a preferred system for lateral force resistance in tsunami-resistant structures. These structures require high strength and stiffness
provided by walls both orthogonal and parallel to the demands; detailing and limiting shear stress demands provide the necessary ductility.
There are, however, potential challenges to utilizing core wall systems for tsunami-resisting systems. Primarily, walls orthogonal to flow tend to
draw large hydrodynamic and hydrostatic forces during tsunamis. Therefore, accurate estimates of these demands are needed for the design of
resilient structures. A four-phase research program utilizing integrated experimental and numerical methods was undertaken to investigate these
demands and the efficacy of current design standards in providing reasonable but conservative estimates for the forces imparted. The first phase
of the program used computational fluid dynamics (CFD) to simulate the experiments, building on prior research. The second phase used the
results from the simulations to define the bathymetry in the flume and the placement of instrumentation. In the third phase, a 1:6 prototypical
scale core-wall structure was tested in the large wave flume at the Hinsdale Wave Research Laboratory, a Natural Hazards Engineering Re-
search Infrastructure (NHERI) testing facility. The experimental setup permitted the testing of the full core-wall system, including the pile
foundation and rough estimates of the impact of soil restraint on the demand. Strain gauges, load cells, and pressure distributions were used to
provide advanced measurements of the structural response. These measurements were then used to validate the modeling approach. The fourth
phase involved comparing the measured peak forces from experiments to standard design equations for imparted force against structures due to
tsunami inundation using data acquired from the experiments with the intent of investigating tsunami load demand imparted to a structure after
an earthquake. Earthquake loads were not taken into account in experimentation or analysis; they simply dictate a building’s capacity against
the initial event. DOI: 10.1061/(ASCE)ST.1943-541X.0003506. © 2022 American Society of Civil Engineers.

Introduction earthquake (i.e., with a moment magnitude of 9.0 or greater) that re-
sults in a tsunami can occur. Geological as well as Native American
and Japanese historical records show that a significant seismic event
occurred within the CSZ in the year 1700 (Atwater et al. 2015),
generating a major tsunami that inundated the coasts of Washington,
Oregon, and California, and an orphan tsunami that traveled across
the Pacific Ocean to Japan (Petersen et al. 2014). The short travel
time of tsunami waves generated in the ocean to nearby coastlines
does not permit typical evacuation (i.e., travel away from the region
or moving to higher ground) in low coastal regions. Numerous
locations on the coasts of Washington, Oregon, California, and
eastern Japan and western South America are susceptible to these
events. As communities in the Pacific northwest of the United

Along the Pacific coast, earthquakes and tsunamis are a significant
risk, in particular in Hawaii and the Pacific northwest (PNW). Large
magnitude subduction earthquakes may cause tsunamis, which could
reach the coast within minutes after an earthquake. Based on geo-
logical evidence compiled by the US Geological Survey, every
525 years on average a major Cascadia subduction zone (CSZ)
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States have come to recognize the threat of the CSZ and its po-
tential to produce both large magnitude earthquakes as well as
incredibly destructive tsunamis, some have started to prepare for
such events by constructing vertical evacuation structures. Vertical
evacuation structures (VESs) may be the only practical method of
protecting inhabitants located in low-lying coastal regions suscep-
tible to tsunamis (Heintz and Mahoney 2008).

VESs are typically comprised of elevated shelters designed to
resist forces from large-magnitude earthquakes and tsunamis; occu-
pants of nearby buildings and communities can take refuge in these
structures during a tsunami. To provide a safe refuge during sequen-
tial events, such structures must be designed to sustain inertial forces
during earthquakes, fluid forces during tsunami inundation, and
impact forces due to tsunami-borne debris. Consequently, engi-
neers must design VESs with the strength and stiffness needed to
support a large number of people above the inundation of a tsu-
nami wave and to resist sequential earthquake and tsunami loads.
ASCE 7-16 (ASCE 2017) provisions for tsunami loads and effects
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offer reasonable approximations for maximum building shear force
magnitude in simplified conditions. The design equations are built
from the fundamental physics of steady state flow in tsunami con-
ditions and have proven to offer conservative values for the estimated
base shear for a given probabilistic tsunami hazard analysis (Chock
et al. 2016).

Research Objectives

This research aimed to add to the existing literature by developing a
novel test setup to measure the internal and external demands on a
scaled structural system and use the results to validate a model that
can be utilized for CFD analysis of structures subject to coastal
inundation events such as tsunamis. The model can assist in the
evaluation of demands in new parameter spaces, including the nu-
merical simulation of tsunami-like bores impinging against struc-
tures at full scale, something that may be of great use to the natural
hazard and risk and resilience communities. The research involved
four distinct phases. The phases were as follows: (1) an evaluation
of existing standards for determining appropriate demands for a
representative vertical evacuation structure; (2) an experimental in-
vestigation of a 1:6-scale prototype specimen of a representative
VES concrete core wall lateral force resisting system; (3) a numeri-
cal investigation involving a CFD model of the 1:6-scale experi-
ments to demonstrate the efficacy of utilizing modeling to predict
the hydrodynamic forces of wave impingement upon a structure;
and (4) an evaluation of predictions from existing standards to re-
sults extrapolated at similitude from experiments to full scale and
associated discussion.

The experiment was first modelled to investigate the impact
of the beach slope and location on the demands to design the
bathymetry for the experimental study, as well as to determine
the appropriate placement of instrumentation. The experimental in-
vestigation was designed to measure the demands on a 1:6-scale
structural prototype core-wall model that included a pile foundation
using a large wave flume and extensive instrumentation, including
pressure sensors, strain gauges, and a series of load cells to measure
all base reactions. The prototype model included the structural and
foundation systems and coarse methods of capturing the boundary
condition provided by the soil. The experimental study investigated
the influence of wave breaking and soil height on the demand. After
experimentation, the numerical modeling approach was validated
by comparing the numerically simulated and experimentally mea-
sured demands, including wave velocity, pressure distribution, and
reaction forces, to develop recommendations for computational
fluid dynamics (CFD) modeling. This involved applying boundary
conditions to the numerical model that correlated with the experi-
mentally measured values, particularly the wavemaker paddle
movement at the anterior end of the flume. Following the validation
of the numerical and experimental results, codified predictive equa-
tions were evaluated. The correlated numerical and experimental re-
sults were scaled using Froude number similitude laws and
compared to ASCE codified design equations for tsunami inunda-
tion forces due to a flow at an equivalent height to the similitude-
scaled experimental values.

Literature Review

Significant research investigating tsunami or tsunami-like waves on
structures has been conducted over the last three decades, with ad-
vancements in probabilistic, experimental, and numerical simula-
tion methods. Small scale tests have shown that load cells work
well to provide a realistic fixed boundary condition at the base of
a structure when testing structures against tsunami-like events in
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laboratories. However, when structures become larger and heavier,
additional restraints may be required for stability or load isola-
tion, complicating the accurate measurement of force (Wienke and
Oumeraci 2005). Without a load cell or pressure sensors in the main
direction of loading, it may be impossible to resolve the base shear
imparted to a structure accurately (Wilson et al. 2009). Demands
from wave and tsunami-like bore impact can be measured or va-
lidated with load cells and pressure sensors on the front face of
a test specimen (Shafiei et al. 2016). For larger specimens, multiple
pressure-sensor layouts can be used and integrated to capture the
pressure distribution over the front face (Gills 2018).

A statistically dependable methodology for determining the
overall magnitudes of force that can be imparted to structures from
tsunami wave impacts is the ASCE 7-16 minimum design loads and
associated criteria for buildings and other structures (ASCE 2017).
These provisions offer a conservative estimate of fluid-induced
forces using the fundamental physics of hydrostatics and hydrody-
namics; they are experimentally validated and were built upon dec-
ades of research into tsunami inundation events and their impacts
upon structures within their region of effect. The demand equations
and design provisions are intended to improve both tsunami resil-
ience and the overall life safety of coastal communities and their
buildings (Chock et al. 2013, 2018; Chock 2016; Foster et al. 2017).
Although the magnitude of the force imparted to structures from
tsunamis at a global scale can be determined using equations such
as those provided by these provisions, this simplified analysis tells
us nothing about the local forcing effects upon a structure, nor do
they tell us anything about the load flow of the full load from the
structure to the ground. Nonlinear static pushover analysis of struc-
tures subject to tsunami loading has been conducted in studies such
as Baiguera et al. (2019, 2022), Rossetto et al. (2018, 2019) studied
the postearthquake resilience of structures subject to tsunami load-
ing. However, these studies were limited in that their consideration
of the postyield effects of structures cannot account for second order
effects due to fluid bearing or dynamic impact or intrusion of fluid
within a building perimeter after impingement of a tsunami against
the facade or glazing of the structure. However, analysis and design
techniques such as those cited in this section are state of the art and
are considered to be the most comprehensive methods available for
performance-based tsunami resilience engineering.

In cases of experimental or theoretical uncertainty, integrated
numerical/experimental validation studies can provide confidence
in both numerical and experimental results whose accuracy is ques-
tionable due to experimental and numerical variability and error;
such studies have a long history in the field of aerodynamics and
aeroelasticity. Examples of integrated computational/experimental
studies go as far back as the 1980s, in which CFD predictions were
utilized by US National Aeronautics and Space Administration en-
gineers to determine wind tunnel testing parameters and estimate
drag and lift forces and pitching moments (Melton et al. 1989).
Such studies, when performed properly, provide researchers with
the means to both predict and extend results from experiments. Pre-
liminary numerical analysis can aid in the design setup and deter-
mination of testing parameters for experimentation to allow for
expedited testing schedules and can also provide baseline expected
responses of a test system. Measured values from experiments can
then be cross-validated with preliminary simulations, and simula-
tions and data therefrom can be used to advance the CFD models by
comparing the experimental and numerical results. Once validated,
a model can provide data that cannot be measured, thereby advanc-
ing the understanding of the demands and system response. For
example, Motley et al. (2016) investigated bore-type tsunami load-
ing on a model bridge at various skew angles numerically and ex-
perimentally to examine the effect of skew upon the nature of the
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force time histories imparted against the bridge. They found that
bore impact forces on skewed decks occur in different directions
over time, often one direction immediately after another, including
pitching and spinning moments. The nature of these forces can lead
to increased horizontal reactions in substructure components, re-
sulting in the unseating of a bridge deck. This investigation also
included a CFD study of the experimental setup that showed a
strong correlation between forces calculated by the numerical model
and the measured values from experiments. Similar studies of wave-
induced forces against structures that demonstrate the use of CFD as
a predictive tool for wave-induced forces and as a verification and
validation tool for experimentally acquired data include Seiffert et al.
(2015), Xiang et al. (2020), Winter et al. (2020), and Yang et al.
(2021).

Experimental Investigation

Representative Vertical Evacuation Structure

Using ASCE 7-16 to determine both site-specific earthquake and
tsunami demands, a representative vertical evacuation structure con-
taining concrete shear core walls was designed to remain linearly
elastic under design loads. All calculations for the demands and the
design of the representative vertical evacuation structure can be
found in Chapter 3 and Appendix A of Pyke (2020). An abridged
summary of these calculations is provided here for reference. Sea-
side, Oregon was selected as a potential site to place the evacua-
tion structure. The region was examined in prior research projects
to determine potential tsunami inundation depths within the city,
and for simplicity, a site was chosen somewhere within the region

for which experimental modeling had already been completed at
reduced scale (Rueben et al. 2011) and numerical modeling had
been carried out at full scale (Qin et al. 2018). A building footprint
with exterior dimensions of 45.720 m x 18.300 m with a height of
22.860 m (5 stories total, with a story height of 4.572 m) was se-
lected. A floor plan of this representative vertical evacuation struc-
ture is shown in Fig. 1. Initial sizing of the proposed structure led
earthquake loading from ASCE 7-16 provisions to be of signifi-
cantly greater magnitude than tsunami loading. As an academic
exercise, the building was sized in width perpendicular to the in-
undation flow such that the codified earthquake and tsunami forces
were approximately equal. This was completed by iteratively reduc-
ing the width of the structure subject to incoming flow from tsunami
inundation, which reduced the seismic weight of the structure and,
in turn, reduced the expected magnitude of earthquake forces. The
premise of this exercise was to develop a lateral force resisting sys-
tem for earthquake induced forces and to investigate the effects
of tsunami-generated forces upon a system designed solely for seis-
mic effects. In practice, this may not be a direct approach; this will
depend on local site conditions related to both local seismic and
tsunami hazards. The structure contained three concrete shear wall
cores, one at each end of the 45-m side of the building on opposing
corners and one near the center of the floor plan. The structure’s
design was intended to ensure that the upper levels were capable of
being used for evacuation during a tsunami. If nonessential walls
beneath the evacuation structure were capable of washing away in
an inundation event, the amount of force imparted to the structure
as a whole could be minimized. The upper levels of the structure
would house essential facilities and serve as an evacuation shelter.
Functions for this sacrificial first story of the building could in-
clude lobby space, parking, retail, or other open shared spaces that

FULL SCALE REPRESENTATIVE VERTICAL EVACUATION STRUCTURE (VES)
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Fig. 1. Floor plan of representative full scale vertical evacuation structure. From this design, the prototype specimen which was utilized in testing and
numerical analysis was developed. (1) The longest wall of the shear core system was taken and made into a square; (2) the square was scaled down to

1:6 of original size; and (3) the prism was shortened to 1.83 m in height to fit within the test facility.
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are unlikely to be occupied during a multihazard event. Assuming
that a 0.254-m-thick, two-way, reinforced concrete slab with mild
reinforcement (7.18 kN/m?) was used as the floor system at each
level including the roof, a seismic weight of 1,530,900 kg per
story was determined. Using the equivalent lateral force (ELF)
procedures detailed in ASCE 7-16 and the site-specific accelera-
tions from a given maximum considered earthquake (MCE) event
for the chosen structural properties and estimated building period,
the overall design base shear imparted to the full scale
representative VES from an earthquake that could precede a tsu-
nami was found to be 56.2 MN. Tsunami loads were calculated
using inundation heights and fluid velocities obtained from the
energy grade line (EGL) method detailed in ASCE 7-16, Chapter
6, Section 6.6. This method calculates inundation depths and flow
velocities at a specific location, taking into account energy losses
in the tsunami from changes in elevation and surface friction
along the ground using topographical data from the tsunami
run-up trajectory. The largest inundation depth and flow velocity
at the building site were 8 m and 8.9 m/s, respectively. Using
the equations in ASCE 7-16 Section 6.10, assuming that a uni-
form pressure acts over the face of the structure that is closest to
the shore, the tsunami load for the whole structure was estimated
to be 65.7 MN. Tsunami loading was the controlling load case for
the onshore direction (perpendicular to the 45.7-m side of the
building), while earthquake loads were the controlling load case
for the direction parallel to the shore. Earthquake and tsunami
forces were distributed to the multiple shear cores of the overall
structure based on the ratios of the stiffness values of the different
core wall systems to the overall structural stiffness, acting as the
load transfer mechanism for the lateral forces to the ground. The
core walls and their reinforcement were then detailed to fully re-
sist the design earthquake and tsunami loads while remaining lin-
early elastic.

Prototype Test Specimen

From this representative VES, a prototype concrete core shear wall
test specimen was developed by scaling down the design of the full-
scale lateral force resisting system (LFRS) from the representative
vertical evacuation structure to meet the dimensional constraints
of the experimental facility. More specifically, the geometry of the
specimen was designed by taking the longest wall of the LFRS
shown in Fig. 1, the 7-m side of the exterior core wall, and making
a square box. At the scale possible within the flume (1:6 scale)
this translated to a test specimen that was 1.168 x 1.168 m with
0.127-m-thick walls. In order to cut down on weight, the height
of the specimen was reduced to 1.830 m. The specimen also
had a 0.165 m slab at the base of the walls, representative of a struc-
tural slab that would transfer lateral loads to the substructure. The
slab thickness of the 1:6 prototype specimen was dictated by how
large it would need to be to fit rebar with appropriate dimensions
(clearances, bend radius of bars, cover, etc.). The width of the speci-
men was designed to allow sufficient space between the flume wall
and the specimen to permit water to flow around the structure
freely, maximizing the clear distance and allowing for a 1:6-scale
model, permitting use of actual structural materials. Number 4
reinforcing bars were placed in the specimen, with a reinforcement
ratio of 0.02 in each direction. Based on the loads applied to the
specimen from preliminary modeling, the concrete was not ex-
pected to crack under wave loading. To avoid consolidation issues
in the 12.7-cm-thick walls with 2 curtains of rebar, a 9.5-mm pea
gravel concrete mix with a high slump was used.

This rectangular concrete core specimen sat on four piles em-
bedded into the corners of the walls and the base of the soil box,
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supporting the core and its slab when there was no soil beneath.
Foundation pile sizing was determined using the largest possible
commercially available steel tube that could fit into the walls of
the shear core between the curtains of reinforcement. No specific
calculations were completed in design of the piles other than to
check that they would not buckle under the weight of the specimen.
The steel tube casing of the pile acted as both a confining and ten-
sion element for reinforcement of the concrete matrix, precluding
the need for additional rebar within the pile. The lengths of the piles
were chosen to allow the bottom of the specimen to meet the bathym-
etry of the flume at the height desired with the soil box assembly
beneath it. After reinforcement was placed, the steel tubes used for
the piles were placed inside the rebar cage and run to 2 cm from the
top of the specimen’s walls.

The specimen atop its piles was located within a 2 x 2-m steel
and concrete box containing gravel, representing soil. This soil box
was intended to allow for the effects of the presence of soil around
the foundation piles upon structural response to be investigated,
which would offer some information about changes in the perfor-
mance of the structure if it were subjected to scour of the soil around
the foundation. To investigate the effects of the removal of soil on
the load transferred from the piles to the soil, the tests were com-
pleted with the soil box filled to various levels, with the soil box
covered by impermeable floor panels. The floor panels were in-
tended to protect the specimen’s soil from uncontrolled scour and
to allow for the same soil conditions to be in place for repeated wave
impact trials by preventing removal of the soil from the box. While
this did not capture the progression of scouring around the structure,
it did provide a physical representation of various levels of scour.
Steel walls were attached around the edge of the concrete base to
make the sides of the soil box and support the floor panels. The
specimen’s piles were cast at their lower end into the concrete base,
which formed the bottom of the soil box and acted as a load transfer
diaphragm from the piles to the load cells. Pea gravel was selected as
the representative soil because it was readily available at Oregon
State University (OSU) and was not likely to be removed from the
soil box by wave action; mixes containing sand and other aggregates
of smaller diameter were not permitted during testing. The speci-
men’s foundation piles were embedded in 0.99 m of compacted soil
when the box was completely full. The soil box was attached to a
series of pin—pin connected load cells, which themselves were at-
tached to the flume walls and floor via a reaction frame. The reaction
frame consisted of two W12x106 beams running parallel to the
length of the flume. These beams had another section welded up-
right to them in order to connect the streamwise load cells. Two
other W12 x 106 beams were placed transversely over the lower
beams, and the assembly was tensioned to the floor of the flume.
Specimen design, construction drawings, and more information
about the development of the experimental procedures utilized are
described in detail in Appendix B of Pyke (2020).

Test Setup and Instrumentation

The dimensions of the specimen and the test set up, including in-
strumentation, is shown in Fig. 2. This complex setup was used
to support the soil box from below and the sides to restrain the
structure while measuring reactions in three primary directions—
vertical forces, transverse forces (forces perpendicular to the length
of the flume), and streamwise forces (forces acting parallel to the
length of the flume). A variety of instruments, including load cells,
pressure sensors, and strain gauges, facilitated redundant measure-
ments and validation for base shear and overturning moment.
An instrumentation bridge spanned across the flume above the
specimen, allowing for the measurement of water surface elevation
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around the wave impact zone by means of ultrasonic wave gauges.
This instrumentation bridge and the pressure sensors on the up-
stream face of the specimen are shown in Fig. 3. Multiple wire re-
sistance wave gauges were used to record free-surface elevations
from the tests at points specified in Fig. 4 along the length of the
flume; these measurements were compared more closely with the

CFD model. Fluid velocities were measured using acoustic Doppler
velocimeters (ADVs) located at points along the flume near the test
structure, as shown in Fig. 5. The exact geometric locations, trial
counts, and coefficients of variation of the wave gauges, ADVs, and
pressure sensors utilized in this study are listed in Table 1. USWG 3
and USWG 4 were not used in comparison or for data analysis due
to excessive noise caused by water droplets splashing on the sen-
sors from the mist generated by wave impingement on the bathym-
etry. Data from ADV 4 was omitted due to a lack of discernible
information obtained from the sensor, because the noise magnitude
at the onset of inundation of the ADV was too great to measure ac-
curate velocities from the instrument.

Streamwise forces were measured using two rod end load cells
connected to the back end of the soil box and to the base reaction
frame. Uplift and overturning forces were measured by four pancake-
type load cells attached to the bottom of the soil box. Transverse load
cells were secured to channels attached to the flume walls on either
side of the specimen. Each load cell connection consisted of a swivel
at both ends that allowed the load cells to only carry axial com-
pression and reduced the interference between load cells oriented
orthogonally. Moments were calculated by multiplying each load
cell’s contributions to the global reaction force by the moment arm
from the center of the load cell to the center of mass of the structure.

Shear and axial forces from specimen response were measured
using strain gauges attached to concrete-filled tubes (CFTs) acting
as piles; these were located within the soil box below the specimen.
Four strain gauges were located along the height of each concrete-
filled tube foundation pile, near the bottom and top of both the front
and back of each pile. Exact locations of the strain gauges are shown
in Fig. 6. Axial forces were easily calculated from the shortening
of the strain gauges and the axial section properties of the piles, but
calculating shear forces required first calculating the curvature of the
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Fig. 4. Wave gauge locations.
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Table 1. Instrument locations

x-position  y-position z-position No. of Coefficient of

Instrument (m) (m) (m) trials  variation (%)
WGI1 13.96 —1.39 1.33 20 0.9
WG2 17.6 -1.39 1.32 20 1.4
WG3 21.28 —1.39 1.31 20 1.8
WG4 24.93 —1.38 1.32 20 2.9
WG5 28.59 —1.38 1.32 20 4.1
WG6 32.24 —1.38 1.32 20 4.4
USWG1 36.04 —1.38 3.63 20 1.6
USWG2 39.97 —0.03 3.82 20 2.3
ADV1 28.57 —1.45 0.92 20 0.6
ADV2 32.22 —1.45 0.93 20 1.3
ADV3 36.08 —1.46 0.93 20 19.6
AO1 40.77 —0.20 1.52 10 9.0
BO1 40.77 0.00 1.52 10 15.0
DO1 40.77 0.39 1.52 10 5.0
Co06 40.77 0.20 0.76 17 6.0
BO6 40.77 0.00 0.76 10 1.0
D06 40.77 0.39 0.76 10 1.0
All 40.77 —0.20 0.02 17 2.0
B11 40.77 0.00 0.02 37 2.0
D11 40.77 0.39 0.02 10 1.0
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Fig. 6. Strain gauge locations.

concrete-filled tube section at each instant in time at eight stations
with strain gauges at both external fibers, two for each pile. The
moments calculated at these eight points from the section properties
and curvatures were then used to calculate shear forces within the
piles. Overall specimen shear forces, axial forces, and moments
were computed by summing forces at known stations about the
specimen’s center of rigidity, which was presumed to be at the center
of the base of the concrete portion of the specimen.
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Thirteen pressure sensors were used to characterize the pressure
distribution over the front face of the wall. They were placed in
different layouts over several trials in order to fully capture the sur-
face pressure field characteristics. Five different pressure sensor
layouts were used. These pressure sensor layouts were used to-
gether in various trials to determine an interpolated pressure distri-
bution over the upstream face of the specimen, which was then
integrated to obtain the applied force. This force was compared to
the measured forces from both the load cell and the strain gauge
resultants. Pressure sensors were labeled numerically and spaced
equally along vertical grid lines—the locations of each pressure
sensor in each layout was mapped to its grid location on the wall.
The exact locations of the pressure sensors on the upstream face of
the specimen are shown in Fig. 7.

The purpose of utilizing load cells, strain gauges, and pressure
sensors collectively for determination of base shear was to inves-
tigate the overall behavior of the system as it sat in situ. Pressure
measurements allowed for the determination of applied forces on
the upstream face of the specimen; strain gauges in flexural mem-
bers (foundation piles) allowed for the measurement of the response
during loading; and load cells placed beneath and behind the foun-
dation allowed for an understanding of the total load applied to the
instrumented subassembly. Unfortunately, the load cells picked up
load from the region surrounding the specimen as well as the speci-
men itself, resulting in large inaccuracies with respect to the mea-
sured values for vertical force obtained from strain gauges. These
discrepancies are addressed in the following section.

During all testing, a National Instruments (Austin, Texas) PXI
architecture data acquisition system (DAQ) was used. Data were
sampled at a rate of 100 Hz. In total, 51 channels were used to
collect data from the 13 pressure sensors, eight load cells, 16 strain
gauges, four ultrasonic wave gauges, six wire wave gauges, and
gauges in the wave maker that determined its displacement, water
level in front of the paddle, and motion start time. A separate DAQ
was synchronized to collect data for the ADVs, because they re-
quired a special proprietary software to change their signal into usa-
ble velocity data.

Test Facility

The 1:6-scale VES prototype was tested in the large wave flume
(LWF) at the Hinsdale Wave Research Laboratory (HWRL) at OSU.
The LWF is 104.0 m long, 3.7 m wide, and 4.6 m deep. Waves are
generated by a piston-type wavemaker on the upstream end of the
flume. The wavemaker at HWRL is capable of producing any user-
defined wave capable of being generated within the physical con-
straints of the motion of the pistons with a provided still water level.
Its maximum stroke is 4.0 m with a maximum velocity of 4.0 m/s.
The maximum still water level (SWL) in the flume that a wave can
be generated in is 2.0 m. The maximum stable wave height the fa-
cility is capable of creating given these constraints is a 1.40-m soli-
tary wave. Unstable waves can be produced by generating waves
of taller height than this; such waves then break and propagate as
a turbulent bore.
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Fig. 7. Pressure sensor locations.

To provide an adjustable flume bathymetry, a set of 0.15-m-
thick, 3.66-m-square movable concrete slabs were used as the
flume bed. The flume bathymetry used in this study consisted
of a submerged horizontal bottom section starting at the wavemaker
followed by a sloped beach and dry horizontal sections formed by
the movable slabs. To determine what bathymetry slope and wave
height would produce the largest force on the test specimen, a series
of preliminary analyses were performed using a numerical model of
the flume. This modeling was also used to determine the approxi-
mate forces that would act upon the test specimen in order to design
the test setup. A parametric study on the test specimen location and
bathymetric slope was completed to determine where the structure
should be placed in the flume and what slope should be used to
achieve the largest possible wave and wave force. The model uti-
lized was the same height and width as the LWF at OSU. A de-
scription of all variables and model information is available in
the model description section.

Ramp slopes of 1:1, 1:2.5, 1:5, 1:10, and 1:15 were simulated,
while the ramp location was varied. The distance from the wave
maker neutral position to the top of the ramp was changed from
20 to 70 m in increments of 10 m to investigate best location of
the beach for development of the wave. For each possible combi-
nation of ramp slope and distance, a 1.40-m solitary wave was gen-
erated in 2 m of still water by the wave maker; the calculated free
surface height at the top of the ramp, obtained from preliminary

simulations at the location of ultrasonic wave gauge USWG2, was
recorded. It was found that the steeper the slope of the ramp, the
larger the wave generated at the top of the ramp. From this study, it
was decided that a ramp with a slope of 1:1 should be used and the
specimen should be placed as close to the wave maker as possible.
To avoid having to build a custom slope, the ramp slope chosen for
the experiments was 6.56:10 or 33.1, with a height of 2 m, because
the LWF utilizes precast concrete slabs with a length of 3.66 m to
create bathymetries in the flume. Upon discussions with staff from
the LWE, it was decided that the structure should be placed between
bays 9 and 10 in the flume, approximately 40.77 m from the neutral
position of the wave maker. This gave the waves time to fully de-
velop after generation and provided room to place wave instruments
before the slope to help characterize the wave. The position of the
specimen within the flume, with dimensions, is shown in Fig. 8.
Two wave types of nearly identical time scale were utilized in
this study (7 & 2.25 s). The first wave type is referred to as the
1.40-m wave, and can be classified as an unbreaking solitary wave.
The second was slightly taller and is referred to as the 1.45-m wave;
this wave broke almost immediately after forming. This wave ap-
proached the structure as a broken bore and can be characterized
as a spilling breaker wave. These two waves of similar height
were chosen to investigate the effects of the turbulent bore of the
broken wave upon the forces imparted to the specimen. Tsunami
events often involve multiple waves, but they show up individually
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Fig. 8. Specimen location in flume.
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Table 2. Experimental test matrix: number of trials for each soil condition

Wave height (m) 1.40 1.45
Soil condition E H F

Trials 30 35 37 20
PL1 10 10 10 5
PL2 10 10 10 5
PL3 10 10 10 5
PL4 0 5 0 0
PL5 0 0 7 5

Note: E = empty; H = half full; and F = full.

with gaps in time between their occurrence. While the flume is not
capable of generating a true tsunami wave, the facility represents
the state-of-the-art in the experimental wave loading of a structure.
In order to reproduce the turbulent bore flow characteristics of a
tsunami inundation within the flume, breaking waves were created
by generating a solitary wave that then propagated along the flume
until it broke due to flume bathymetry variations or its own initial
height. With respect to the nature of the waves studied, while spill-
ing breaker and unbroken solitary waves are not exact when it
comes to modeling the effects of tsunamis at scale (Madsen et al.
2008), the methodology utilized in this experimental study was the
best available science to the authors and has been used previously
in studies investigating tsunami effects at scale (Robertson and
Mohamed 2009; Swigler 2009; Lynett 2009). However, caution
should be taken when extrapolating results from this study and
others utilizing solitary waves to determine the behavior of struc-
tures subjected to tsunami loading, because the time scales of the
waves utilized in this study and those of true tsunamis vary greatly.

Experimental Results

The experimental study parameters and the number of trials asso-
ciated with each parameter are documented in Table 2. Three exper-
imental phases were conducted with a wave height of 1.40 m; one
experimental phase was conducted with a wave height of 1.45 m.
For each experimental phase, a minimum of three pressure sensor
layouts were required to fully characterize pressures across the front
face of the specimen. For the first experiment, the 1.40-m wave with
the soil box full, 10 trials were run for each pressure sensor layout to
ensure repeatability of the pressures. The specimen was tested with
the soil box full, half full, and empty in order to investigate how loss
of soil around the piles affects load transfer and loss of restraint and
stiffness. Based on the results from our experiments and the absence
of a noticeable difference between forces measured from the various
soil conditions, it is believed that the soil box was not large enough
for the presence of soil to have any effect on the motion of the piles

Table 3. Peak forces and moments by study parameter

by means of a confining force. The trials involving the 1.45-m wave
were run only with the soil box empty, because the soil level was
shown to have little, if any, effect on the measured forces. Due to
the consistency of pressure measurements between trials for the
1.40-m wave height, experiments were run with only five trials
for each pressure layout for the 1.45-m wave height. Overall, a total
of 30 trials were run for the 1.40-m wave with the soil box empty,
35 trials were run for the 1.40-m wave with the soil box half full, 37
trials were run for the 1.40-m wave with the soil box empty, and
20 trials were run for the 1.45-m wave with the soil box empty.

Peak forces and moments in all directions for each study param-
eter are listed in Table 3. Peak streamwise force was computed in
multiple ways, using load cells, strain gauges, and through the in-
tegration of pressure sensors by means of a linear interpolation be-
tween the locations of the pressure sensors. Pressures measured
along the height of the wall on the streamwise face were reflected
about the centerline of the specimen, then mapped to a discretized
grid over the entire face. Integration over the discretized grid uti-
lizing linearly interpolated pressures was then completed to resolve
the applied force to the upstream face of the specimen from the
pressure sensor measurements. For a wave with a maximum crest
height of 1.45 m and a celerity (the velocity with which a wave
advances) of 5.82 m/s, the structure experienced forces near 30 kN
in the streamwise direction, with an overturning moment of over 20
kN-m in the pitching direction. These are among the largest forces
that can be generated in the flume for a still water level of 2.0 m.
With just a slightly larger wave height, forces from the 1.45-m wave
case were considerably higher than those of the 1.40-m wave. It is
assumed that this was due to the turbulent bore developed by the
spilling breaker wave produced by generating an unstable wave
height of 1.45 m.

Floor panels spanning from the edge of the soil box to the face
of the specimen took vertical force from the water bearing upon the
panels near the specimen as the wave passed by. These forces were
measured by the load cells located under the soil box directly be-
neath the specimen’s foundation piles. The location of the flooring
from which the additional forces originated can be seen in Fig. 3 as
black regions near the base of the structure. Forces in the stream-
wise direction from the impact of the waves against the flooring
surrounding the specimen were transferred through the soil box
and measured by load cells positioned downstream from the speci-
men, resulting in a discrepancy in forces in the streamwise direction
between the load cell and strain gauge resultants.

A small asymmetry in either the placement of the specimen
within the flume or the stiffness of the instrumentation assembly
holding the specimen resulted in slight rolling and yawing moments
upon the specimen about its minor axes of rotation as well as trans-
lation reaction forces associated with these actions. This can be seen

Wave height (m) Measurement origin Soil box condition Fx (kN) Fy (kN) Fz (kN) Mx (KN-m) My (kN-m) Mz (kKN-m)
1.40 Pressure sensors Empty 23.46 N/A N/A N/A N/A N/A
1.40 Strain gauges Empty 23.04 0 8.83 1.25 20.5 2.01
Half full 21.01 0 8.46 1.33 18.26 2.07
Full 22.25 0 7.43 3.53 19.67 1.86
1.40 Load cell Empty 3243 0.42 104.17 0.69 17.01 1.94
Half-full 32.44 0.43 105.36 0.75 16.92 1.94
Full 3247 0.42 105.54 0.54 17.19 1.94
1.45 Pressure sensors Empty 2591 N/A N/A N/A N/A N/A
1.45 Strain gauges Empty 25.74 0 11.13 2.28 2431 0.41
1.45 Load cell Empty 37.62 0.61 106.09 0.8 22.41 2.57

Note: Fx = streamwise; Fy = transverse; Fz = lift; Mx = roll; My = pitch; and Mz = yaw.

© ASCE

04022200-8

J. Struct. Eng.

J. Struct. Eng., 2022, 148(12): 04022200



Downloaded from ascelibrary.org by University of Washington Libraries on 10/10/22. Copyright ASCE. For personal use only; all rights reserved.

Force [kN]

7 8 9 10 11 12 13
(a) Time [s]
‘l i
) L
o 0 =
2
S
s 9
1 . . . . . )
7 8 9 10 11 12 13
(c) Time [s]
0
)
o -50
2
)
=
-100
7 8 9 10 11 12 13
(e) Time [s]

E
Z 1
% () S
2 1 e
LT? <
5 . . . s . |
7 8 9 10 11 12 13
(b) Time [s]
g
)
(5]
2
o
~ -30F
40 b
7 8 9 10 11 12 13
(d) Time [s]
5 -

Force [kN-m]
(=}

7 8 9 10 11 12 13
(f) Time [s]

Load Cells and Strain Gauges (All)
==m=m | 45 m Wave - Load Cells (Average)
==m== | 45 m Wave - Strain Gauges (Average)
| 4 m Wave - Load Cells (Average)
e | 4 m Wave - Strain Gauges (Average)

Fig. 9. Wave impact forces—all trials (gray); and trial averages from 1.40-m (solid) and 1.45-m (dashed) wave height sequences—force comparison
between load cell measurements and strain gauge measurements: (a) streamwise force; (b) roll moment; (c) transverse force; (d) pitch moment;

(e) vertical force; and (f) yaw moment.

in the upper- and lower-right panels of Fig. 9. The specimen first
experienced a force in the positive roll direction when the wave
initially struck, then a reversal of the sign of the moment back
to the negative direction as the wave bore rolled around its sides.
In this instance, the soil box appeared to experience a slight trans-
verse force (<0.5 kN) associated with this rolling moment and its
effects on the flow around the structure.

Numerical Investigation

The following section presents the investigation into the efficacy
of CFD in simulating wave—structure interactions from paddle-
generated breaking solitary waves and the resolution of experimental
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forces for integrated study of fluid behavior using a model at 1:1
scale with the experiments.

Model Description

Numerical analysis and modeling was completed using CFD with
the open-source Field Operation and Manipulation (OpenFOAM
version 7) (Weller 1998) software package. OpenFOAM is a col-
lection of C++ libraries that can be compiled to create individual
applications, which are broadly categorized as either solvers or
utilities. The cases examined here were simulated using the
olaFlow solvers (Higuera 2018), an open source project developed
within the OpenFOAM framework that solves the three-
dimensional volume-averaged Reynolds-averaged Navier-Stokes
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equations (VARANS) using finite volume discretization; this al-
lows the simulation of physically correct two-phase incompress-
ible fluid wave generation and active wave absorption.

The two incompressible phases (water and air) were tracked us-
ing the volume of fluid (VOF) technique to represent complex free
surface configurations (Hirt and Nichols 1981). An indicator func-
tion v was defined for the volume fraction of the two-phase fluid; it
had a value of 1.0 corresponding to regions occupied by one phase,
in this case water (p = 1,000 kg/m3, r=10x10""° m/s2), and a
value of 0.0 for the other, in this case air (p = 1.22kg/m?, v =
1.48 x 107> m/s?), where p = mass density of the fluid; and v =
kinematic viscosity. Intermediate values indicate cells that contain
a mixture of water and air, for which the free surface between the
fluids is not resolved explicitly. When free-surface tracking was
necessary in this study, a volume fraction of 0.5 was used to iden-
tify an approximate free surface. The « field was initialized at a still
water level of 2 m to match the free surface of the water at rest in the
experiments.

The k-w shear stress transport (k-w SST) model was utilized
for the modeling of turbulence. The k-w SST model, described by
Menter et al. (2003), models turbulent kinetic energy k, turbulent
kinetic energy dissipation rate within the boundary region w, and
turbulence viscosity v,. This turbulence model formulation captures
the turbulent kinetic energy generation in the near field of the wall
much better than k-e models, resulting in higher fidelity of shear
stresses and forces imparted upon objects or structures within
the flow. The variable € in these equations represents rate of dis-
sipation of turbulent kinetic energy farther away from the boundary.
The k-w SST model is essentially an extension of k-¢ models, with
almost identical behavior of the k-w SST model and k-e models far
away from boundaries; however, the authors found that slightly
better results for viscous shear were generated near structures with
the k-w SST model. The turbulence model was initialized with the
following values for turbulence coefficients: k = 9.54 x 1073, ¢ =
4.45x 1074, C,=0.90x 107!, and w = 0.52.

Model dimensions can be seen in Fig. 10. Atmospheric boun-
dary conditions for variables U (velocity) and p,,, (dynamic pres-
sure) were applied to the topmost boundary of the model. All walls

(@)

except the atmosphere boundary were assigned standard wall boun-
dary conditions for the simulation. Specific boundary condition
types for the turbulence model and dynamic mesh library were ap-
plied to necessary regions of the model for initialization of mesh
movement and satisfaction of the requirements for numerical sta-
bility. Waves were generated by a pneumatically powered piston at
one end of the wave flume and then propagated down the length of
the flume to a sloped bathymetry, forcing the waves to initially spill
and then fully break, resulting in a turbulent bore prior to the flow
reaching the test structure.

In order to replicate the experimental wave motion and mea-
sured fluid loads imparted on the structure, the displacement of
the paddle during experiments was recorded as a time history. This
paddle displacement history was imposed on the wavemaker pad-
dle surface in the OpenFOAM model using the olaFlow boundary
condition function wavemakerMovement to specify the mesh mo-
tion. More specifically, mesh-morphing wave generation boundary
conditions were used to mimic the piston-driven paddle wavemaker
at the Hinsdale Wave Research Laboratory by prescribing the
variable pointDisplacement within OpenFOAM. All boundary con-
ditions applied in the models are listed in Table 4. For further infor-
mation and a comprehensive evaluation of OpenFOAM boundary
conditions used in large wave flume models such as those utilized
in this study, see Winter (2019). The computational domain was
comprised of 3.2 million points and 3 million cells, with cell sizes
varying from 10 x 10 x 10 cm, far from the structure, to 1.5 x
1.5 x 1.5 cm, near the structure. Time discretization was initialized
with a 1 x 107* maximum and 1 x 10~° minimum time step, with
time step size governed by a Courant Friedrichs Lewy condition of
0.5. The models were run on 28 processors, with 128 GB of
memory per processor, and took approximately 50 h to complete.

Computational Results

The simulated results for wave movement, pressure distribution
over the specimen, and structural forces were compared against the
measured responses to evaluate the accuracy of the model. Fig. 11
shows elevation views of the simulated wave at various points of

42m -~ 0 Z Axis

-1

Fig. 10. Model dimensions: (a) flume; and (b) beach.
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Table 4. Model boundary conditions for all field variables

Field Atmosphere Walls ‘Wavemaker
U pressurelnletOutletVelocity noSlip movingWallVelocity
Droh totalPressure fixedFluxPressure fixedFluxPressure
v, calculated nutkWallFunction nutkWallFunction
k inletOutlet kqRWallFunction kqRWallFunction
w inletOutlet omegaWallFunction omegaWallFunction
€ inletOutlet epsilonWallFuction epsilonWallFuction
e inletOutlet zeroGradient zeroGradient
pointDisplacement fixedNormalSlip/fixed Value fixedNormalSlip/fixed Value wavemakerMovement
T=0 Seconds X Axis [m]
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Fig. 11. Side elevation of OpenFOAM model at selected times.

travel down the flume as well as the end state (fully extended) of the
prescribed motion of the wavemaker as the water moves toward the
test specimen. Side-by-side comparisons of simulation results and
videos obtained from experiment trials are shown in Figs. 12(a—c).
General shapes of the free surface of the multiphase air—water mix-
ture agreed well with those observed in videos of the experiments,
with a reasonable resolution of the splashing of the fluid around
the structure upon impact. As shown in Fig. 12(c), the experimen-
tal and numerical postimpact wake shapes behind the specimen
matched well.

Experimental time histories of the free-surface height for the
wave-gauge instruments and the calculated location of the free sur-
face of the simulated fluid air—water boundary at identically located
sample points within the computational model are shown for com-
parison in Fig. 13. The measured values for the free surface and the
location of the free surface calculated in OpenFOAM show strong
agreement. Velocities for ADVs 1 and 2 match well with velocities
calculated in OpenFOAM. ADVs 3 and 4 experienced a large de-
gree of noise from bubbles being created and collapsing, producing
acoustic waves and the broken wave bore near the test structure.
A comparison of ADV 3 with its associated OpenFOAM velocity
probe are shown in Fig. 14; the figure shows the substantial amount
of noise for ADV 3’s measured values.

Table 5 shows that, with respect to the values for base shear and
overturn moment calculated from the strain gauges upon the sup-
porting CFTs and the forces obtained from the numerical model,
shear and vertical forces were overmeasured by the load cells but
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overturn moments were undermeasured. This was assumed to be due
to the presence of large magnitudes of water near the upstream face
of the specimen weighing down the panels surrounding the speci-
men and, consequently, imparting the force of its weight on the load
cells nearest the front of the structure and reducing their contribution
to the overturn moment. This floor-loading phenomenon was simu-
lated within OpenFOAM and compared to the measured values from
the load cells, shown in the solid and dashed black lines of Fig. 15.
Forces from the simulations upon the test specimen varied slightly
from those obtained from the experiments, but the simulated force
trends and magnitudes fell within 10 percent of the measured loads,
which were unaffected by slight asymmetries in the test frame’s stiff-
ness. These differences need to be investigated in future research;
however, the agreement between forces obtained from experiments
and numerical models was assumed to be within an acceptable range
for justifying further refinements to the modeling methodologies and
advancement of the techniques implemented for tsunami resilience
engineering purposes.

Contour plots of the pressure over the upstream face of the
specimen obtained from OpenFOAM simulations and experiments
at the instant the peak base shear occurred are shown in Fig. 16.
The experimentally obtained pressures are shown in the right-hand
panel—this contour was constructed by reflecting pressure measure-
ments from all pressure sensors about the centerline of the specimen
and using a cubic interpolation function between values of pressure
at discrete locations. The signal from the pressure sensors utilized
in the experiments seems to have been attenuated around the peak
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Fig. 13. Test simulation free surface height comparison: 1.45 m wave.

pressure; this was manifested as lower overall pressure magnitudes
over the upstream face of the specimen at the instant of peak stream-
wise force. Consequently, the contours of the experimental and
simulated pressures do not appear to match very well at the peak
force instance; however, local pressure sensor location comparisons

show reasonable agreement, with slight temporal and magnitude
variations.

Pressure contours upon the upstream face of the specimen help
determine the nature of the instantaneous and sustained loading
profiles upon structural elements and walls subject to bore impact
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Fig. 14. Test simulation velocity comparison: 1.45 m wave.

Table 5. Wave force comparison for 1.45-m wave: simulated versus
experimentally measured

Fx Fy Fz Mx My Mz
Measurement origin  (kN) (kN)  (kN)  (kN-m) (kN-m) (kN-m)
Strain gauges 2574 0 11.13  2.28 24.31 0.41
Load cell 37.62 0.61 —106.09 0.8 22.41 2.57
Pressure sensors 2591 0 0 0 0 0
Simulation 31.79 0 —111.01 0 22.65 0

and flow entrainment; the shape of the loading profile is significant
in evaluating the force response of critical structural elements. Lo-
cally measured and simulated pressures showed strong agreement
over the duration of the loading. This also applied to time-integrated
pressure values and resultant impulses, particularly near the base
of the structure, where cell sizes were smaller than higher up on the
wall. Trial averaged pressure and impulse time histories at two
representative points along the seaward face of the structure chosen
for comparison of experimentally measured values and those simu-
lated by the numerical model are shown in Figs. 17(a—d). These
sensors, BO6 and D11, were located near the center and near the
lower right-hand corner of the specimen’s upstream face, respec-
tively. While pressures matched well at an order of magnitude, at
the local level the pressure distribution over the face of the specimen
could be better resolved temporally and spatially with a finer mesh
in the plane perpendicular to the flow of the wave. It is presumed
that due to the size of the cells, some averaging occurred between
peaks and troughs in pressures that otherwise would have resulted in

a closer match to experimental pressure measurements. For the
current study the mesh was kept at a moderate level of refinement
to keep numerical model run times within reasonable limits; this
was deemed acceptable for the phenomenological purposes of this
investigation.

Discussion

Evaluation of ASCE 7-16 Section 6.10.1 at Test Scale

The measured forces were compared with design equation forces
using ASCE 7-16 and the experimental values for flow depth and
velocity. Egs. (1) and (2) were used to determine the estimated
unbalanced hydrostatic loading described in Section 6.10.1 of
ASCE 7-16

Puw = 1.25 X Ipgy X Hyax X g (1)

where p,,, = pressure on the streamwise face of the structure due to
a tsunami; I/pgy = importance factor for tsunami loading (from
ASCE 7-16 Tables 6.8-1); Hyax = minimum inundation depth at
the site = 1.39 m; , = density of seawater = 10.78 kN/m?> x ks;
and ks = 1.1 to account for suspended solids and other small
debris in the tsunami flow

Prsy = 1.3 X p, X Hyax X by, (2)

where Prgy = streamwise force from tsunami inundation; p,,, =
pressure from the tsunami, calculated by 1; Hyjax = minimum
inundation depth at the site = 1.39 m; and b,, = width of the face
of the building closest to the incoming wave = 1.17 m.

For this comparison, the experimental wave height was obtained
from the closest wave gauge to the structure with statistically re-
peatable measurements, USWG2. For both the unbroken solitary
wave and the spilling breaker, this was measured to be 1.39 m, and
this value was used to calculate the total theoretical pressure and
force on the structure without the 1.25 multiplier in Eq. (1) and the
1.3 multiplier in Eq. (2) and /gy = 1 (rather than 1.25). Experi-
mental forces were calculated from the pressure distribution over
the face of the structure averaged over all trials per wave type. The
results are shown in Table 6. The point of this exercise was to dem-
onstrate that (through testing the core wall specimen subject to in-
undation at reduced scale then scaling up the forces obtained from
experimentation by Froude number similitude) forces measured
and extrapolated compared well to the ASCE 7-16 demands calcu-
lated without safety factors or importance factors. The results show

Streamwise Force s Pitch Moment Vertical Force
————— Strain Gauges
40 Load Cells
sess[@+++ Integrated Pressures
= = = Simulation
30 —
- g -
) ) )
g20f g g
) g )
= 5 =
10 =
20+ ’l, ————— Strain Gauges -100 ‘\ ————— Strain Gauges
0 Fy Load Cells - Load Cells
= = = Simulation -120 = = = Simulation
. 5 . . . . . . )
7 8 9 10 11 12 13 7 8 9 10 11 12 13 7 8 9 10 11 12 13
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Fig. 15. Wave impact forces—comparison between trial averaged experimental and simulated principal forces and overturn moment. Experimental
streamwise forces were measured through load cells, pressure sensors, and strain gauges. Simulated forces were calculated with OpenFOAM.
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Fig. 16. Trial averaged upstream face pressures at peak base shear (time = 9 s).
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Table 6. ASCE 7-16 equation 6.10—1: comparison to experimental results

Wave

height  Hyax 5 <g> p <g> B,  Prsy Pexp Error
(m) (m) Iy A\’ “\m?) ) kN) kN) (%)
1.40 1.39 1 10.78 15.03 1.17 2447 2346 4.31
1.45 1.39 1 10.78 15.03 1.17 2446 2591 590

that the expressions estimated the force well, with a maximum dif-
ference between the theoretical force and the measured force of
under six percent. It is important to note that despite this compari-
son matching very well, the fluid elevation was the only variable of
concern in this equation. In addition, fluid elevation was not mea-
sured directly at the specimen, but at USWG2, 0.8 m upstream from
the front face of the specimen—differences in fluid elevation be-
tween this location and the upstream face of the specimen could
lead to variations in prediction accuracy.

Extrapolation of Demands from Experiments to
Full Structural Scale Representative Vertical
Evacuation Structure

The measured forces imparted to the specimen scaled to repre-
sentative VES dimensions by the means of Froude number simili-
tude (length scale factor of A = 6, force scale factor of A =216,
work and moment scale factor of \* = 1,296) indicated that a struc-
ture geometrically similar to the one tested at realistic building
scales would experience 5.56 MN (\? x 25.74 kN) of base shear
from the initial bore impact in combination with an overturn mo-
ment of 31.0 MN-m (\* x 24.31 kN-m). Initial ASCE 7-16 cal-
culations for prediction of design forces offered 65.7 MN as the
total base shear to the full seaward face of the structure (45.72 m
wide). Reduction of this force by the ratio of the width of the shear
wall in cross flow to the ratio of the full width of the structure
(7.01:45.72 m = 1:6.52) gives 10.08 MN as the force predicted by
ASCE 7-16’s equation for inundation force imparted to the core wall
due to an inundation at the height predicted by the energy grade line
(EGL) method and corresponding sections of the design provisions.
Reduction of this calculated value by the amplification factors ap-
plied to pressure and density values within Egs. (1) and (2)
(1.3 x 1.1 x 1.25 = 1.7875) yielded 5.63 MN, which was within
1.5% of the experimentally measured force.

It is important to note that the waves considered in this study
were not truly representative of those that would be experienced in
a tsunami, and no effort was made during experimentation to match
the wave height and speed at similitude within the flume to the in-
undation heights and velocities calculated by the EGL method from
the preliminary design of the representative VES. It is also impor-
tant to note that due to the difficulty in scaling experiments that are
hydrodynamically similar to tsunamis to realistic building scales,
not many testing facilities currently offer small-scale (geometric
scale within 1:6 to 1:10) testing procedures that will scale appro-
priately to tsunami wave lengths. Consequently, the paddle-driven
wave methodologies presented here were considered the best avail-
able science to the researchers. With a fluid elevation in the experi-
ments close to that of the EGL method at 1:6 scale (Table 7), the
forces from the presented experiments scale following Froude num-
ber similitude laws closely (Forcey ygescale = A3 x Forcesmaiiscale)
to tsunami hydrostatic inundation forces predicted via the EGL
method (Table 8).
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Table 7. ASCE 7-16 Section 6.6 site topology transect results scaled to
1:6 by means of hydrodynamic similitude using Froude number scaling

(length scale A = 6, velocity scale \%° = /6)

Fluid height source EGL 1:6 EGL Experiment

Inundation depth (m) 7.99 1.33 1.39

Flow velocity (T> 8.90 3.63 5.82 (celerity)
S

Table 8. Force results: comparison of ASCE 7-16 Section 6.6 site topology
transect calculated inundation base shear force with experimentally scaled
shear force using Froude number hydrodynamic similitude (length scale
A\ = 6, force scale \3 = 216)

Base shear source EGL  EGL (no amplifiers)  A*x experiment

Maximum force (MN)  10.08 5.63 5.56

Conclusions

In summary, preliminary numerical models were utilized to deter-
mine specimen and instrument placement as well as the flume
bathymetry to be used in experimentation. Experiments were then
conducted, and simulations of the experiments were created from
the information obtained from these experiments. The results from
the simulations were then correlated with experimentally measured
values for specimen reaction force, fluid velocity, fluid elevation,
and local dynamic pressure at several locations, and measured de-
mands were compared to theoretical expected values for demand
according to measured variables.

Changing the soil level had little effect on load transfer to the
soil box base slab. The total shear in the piles showed only a slight
increase from the full to the empty soil box condition. Total shear
also showed a decrease in force between the full and half-full soil
box experiments. More strain gauges need to be used to understand
axial force in piles. The total axial force on the specimen as mea-
sured by the strain gauges varied between the top and bottom strain
gauge locations, indicating that something was off with their mea-
surements. This may have been due to the angles for attaching the
moving braces welded to the piles about 3.8 cm above the top strain
gauges. Due to the close proximity of the strain gauges to this dis-
continuity in the section axial strains may have not redistributed
evenly by the time they reached the top strain gauges, invalidating
the assumption that strains varied linearly between the strain gauges
on the front and back of the piles. Additional strain gauges placed in
the middle of the piles would help to better understand the distri-
bution of strains in the piles.

A spilling breaker wave induces a greater streamwise force on a
test specimen than an unbroken solitary wave of roughly the same
height. All three methods of measuring streamwise force showed
a 10%—15% increase in force between the unbroken solitary wave
and the spilling breaker wave. Similar centerline pressure distribu-
tions and pressure distribution centroid locations were found for
both wave types. The pressures recorded for the 1.45-m wave were
slightly higher, however, and showed a sharper decrease in pres-
sures near the top of the wall.

It was found that Egs. (1) and (2) taken from Section 6.10.1 of
ASCE 7-16 did a good job of estimating the total force from the
tsunami waves on the test specimen when the safety factors were
removed from the equation. ASCE 7-16 offers a simplistic, yet con-
servative approach for reasonable approximation of tsunami wave
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inundation force. This demonstrates that the provided equations are
valid for a wide range of scenarios. It also implies that work can
be done to improve the equations so that they are more applicable
to a specific set of scenarios; this would be beneficial for tsunami-
resilient design. Though overall magnitudes of force may be esti-
mated properly, the possibility of these loads fluctuating is not
something that was accounted for. Assumptions can be made about
the nature and shape of the loading profile from the tsunami inun-
dation, but without a comprehensive analysis of the fluid behavior in
and around the structure, the true nature of the interaction between
the tsunami and the structure cannot be known. Without a thorough
understanding of the load flow of the tsunami wave inundation
through the structure to the ground, from the structure to the foun-
dation, and from the foundation to the surrounding soil, we may not
truly understand the demands on structures subject to such events.

While the equations provided by the standard did a good job of
estimating the overall magnitude of force for a given inundation
height, our tests using paddle driven waves showed that there are
parameters such as bore type and local fluid velocity that may have
a considerable effect on the forces imparted against structures. Lo-
cal fluid effects due to these parameters cannot be predicted for all
wave types by the equations; therefore, it may be of interest to in-
vestigate higher fidelity modeling methods that can offer better op-
portunities for understanding how we can improve resilience. The
OpenFOAM simulation did a good job of predicting the free sur-
face elevation and velocity of the wave tested experimentally, with
free surface elevation and velocities showing differences between
simulation and experiment of less than 4% on average. The com-
puted simulation pressures varied more from the experimental pres-
sures, with large differences observed between the experimental
pressure distribution and the simulated pressure distribution. While
the experiments seemed to show a linear decrease up the height of
the wall, the simulations showed lower pressures at the bottom of
the wall and larger pressures in the middle of the wall. Total force
from the experiment was overestimated in the OpenFOAM simu-
lation by about 10%.

Because more complicated testing methodologies involving
wave generation methods that would most resemble tsunamis at full
scale are rare and expensive, it may be of use to investigate numeri-
cal methods such as CFD for determination of appropriate demands
to structures at full scale, because cost, time schedule, and feasibility
are far less of a hurdle in numerical simulations at full scale than in
experimentation at full scale. By validating numerical models of ex-
periments conducted at a reduced scale, validated models can be
used to simulate events at full scale in order to assess the accuracy
of design equations. In order to determine actual forces and im-
pulses imparted against structures from tsunami inundation events,
it may be necessary to expand the numerical analysis size to realistic
length scales for design of structures subject to tsunamis. Therefore,
the intention in future research is to expand the modeling method-
ology so that the validated simulation methodologies can be utilized
for the purposes of simulation of full-scale structural responses to
extreme hydrodynamic impulses. The validated methodologies will
assist engineers in determining tsunami forces at realistic scales
when testing prototypical structures is not feasible or when exper-
imental results from small-scale tests cannot be extrapolated accu-
rately beyond their test scales.

Data Availability Statement
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