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Prior efforts to numerically model the complex fluid-structure interactions that occur as
tsunami inundations pass through coastal communities have failed to consistently reproduce
experimentally-measured flow velocities and depths. These deficiencies have led to inaccu-
rate estimates of the forces and pressures acting on individual structures due to shielding
and channeling effects caused by neighboring structures, which tend to reduce and increase
structural demands, respectively. To address these shortcomings, the primary goals of this
dissertation were to produce an experimental data set for a range of neighboring structure
configurations from which shielding and channeling effects on force demands were identified
as well as to develop an experimentally-validated computational fluid dynamics model that
was capable of accurately reproducing the observed effects. Additionally, a parametric study
that varied neighboring structure locations was conducted using the validated CFD model
in order to develop a streamwise force-prediction design equation, which improves upon the
methods provided in the ASCE 7-16 design provisions used to estimate force amplifications

due to neighboring structures.
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Chapter 1
INTRODUCTION

Tsunamis present one of the most challenging physical phenomena to accurately model
as well as one of the most difficult natural hazards for which to adequately design structures.
This dissertation attempts to address these issues by demonstrating that fluid-structure in-
teraction (FSI) of coastal structures during tsunami inundation events can be successfully
modeled using three-dimensional computational fluid dynamics (CFD) methods to accurately
reproduce both total and component-level wave-induced loads determined through experi-
mentation. Furthermore, by expanding upon validated numerical models through parameter
studies, improved force-prediction relations based upon the interaction of several structures
in a coastal community were determined in order to allow for more accurate assessment of

tsunami impact loading for future structural design and retrofit calculations.

1.1 Research Objectives

As is discussed in Chapter 3 - Prior Tsunami Impact Research, prior efforts aimed at pre-
dicting tsunami-like wave loading of coastal structures have focused primarily on resultant
forces applied to such structures and have failed to precisely replicate experimental results in
terms of structural demands. Thus, the principal aim of this dissertation was to extend this
research through conducting an in-depth study of tsunami-induced loading of an elevated
structure at both total and component levels, using three-dimensional computational fluid
dynamics (CFD) methods to validate and extend experimental results. To this end, a series
of numerical studies on an elevated rectangular building were conducted, following an exper-
imental program. This work was carried out in two phases, namely a validation step, where

the numerical models were calibrated to accurately simulate empirical results, and a param-



eter study step, where additional simulations extrapolating beyond the experimental cases
were completed. The validation and extension of these results will allow future researchers
and structural designers to better estimate both total and local demands on structural com-
ponents during a tsunami event, demonstrating that the complex fluid-structure interactions
that occur between multiple structures during an inundation can be accurately reproduced
in terms of pressures and forces using CFD software.

Furthermore, this work attempts to address the fact that current engineering design pro-
visions do not adequately account for the effects of structural geometries and neighboring
structures. For instance, the AASHTO code for bridges focuses on wave impacts and surges
due to coastal storms and does not address tsunami loading, whereas ASCE 7-16 for build-
ings has an entire chapter devoted to tsunami loading, yet does not sufficiently treat the
influence of neighboring structures, providing force amplification factors for a limited range
of applicability (AASHTO, 2008; ASCE, 2017). To improve upon the current ASCE 7-16 de-
sign provisions concerning the effects of neighboring structures on the demands for a design
structure, numerical parametric study results for the streamwise force acting on the elevated
structure model were utilized to develop an improved force amplification factor equation for
the maximum tsunami-induced streamwise force acting on a design structure due to flow

conditions resulting from the influence of neighboring structures.

1.2 Dissertation Outline

This dissertation is organized as follows:

Chapter 2 - Tsunamis: Causes, Effects, and Future Risks: provides background infor-
mation on tsunamis explaining how they are generated, their propagation behavior, and
the resulting effects of coastal inundations caused by them. Additionally, the risk of future
tsunami events is discussed at length, focusing on subduction zone earthquake sources in the
Ring of Fire surrounding the Pacific Ocean. In particular, the Cascadia Subduction Zone is

highlighted as a key potential source of a future tsunami disaster.



Chapter 3 - Prior Tsunami Impact Research: introduces the broad range of tsunami
engineering research topics including tsunami generation and inundation, tsunami impact
forces on coastal structures, and tsunami-resilient design methods. However, the primary
focus of this discussion was tsunami-induced forces on coastal structures and structural com-
ponents. In particular, a strong emphasis was placed on shielding and flow channeling effects
due to multi-structure arrays, where these effects were studied for a single structure within
such configurations. Key observations are made concerning the two overall themes of this
dissertation, particularly the experimental determination of shielding and flow channeling
effects caused by neighboring structures as well as the development of a computational fluid
dynamics model that is capable of accurately reproducing such effects.

Chapter 4 - Experimental Methodology: shows the experimental test configurations used
during the elevated structure tests that were conducted at the Hinsdale Wave Research
Lab in the Large Wave Flume (Higgins et al., 2017). The details discussed in this chapter
include the types and locations of measurement devices, the wave types and their generation
methods, the wave tank or flume experimental facilities, and the test structure on which
wave impact demands were measured.

Chapter 5 - Experimental Results: presents an in-depth presentation and discussion of
the elevated building test results, focusing on fluid velocities, pressures, and forces imparted
on the design structure as well as free-surface elevation measurements. A particular emphasis
is made on observations and measurements that demonstrate evidence of flow shielding and
channeling phenomena.

Chapter 6 - Numerical Methodology: gives an explanation of how the OpenFOAM soft-
ware package works and was used to simulate both bridge and building models (The Open-
FOAM Foundation, 2019). This includes the governing equations, turbulence models, and
numerical methods implemented in the software as well as how it was applied to setup up
the models in terms of physical properties, boundary conditions, and mesh generation.

Chapter 7 - Numerical Model Validation: describes how the OpenFOAM numerical model



was validated against experimental data in terms of matching peak forces as well as the
general trends of force time histories. Additionally, comparisons of free-surface elevation as
well as local fluid pressures on the design structures were made.

Chapter 8 - Force-Prediction Design Equation Development: outlines the selected pa-
rameters and the ranges of values used for numerical parametric studies concerning resultant
streamwise loading of an elevated rectangular structure. The position and number of neigh-
boring structures were varied as well as the width of the numerical wave flume to assess the
influence of these changes on both local and total structural demands. Furthermore this
section lays out the development of a phenomenological model that estimates the maximum
streamwise, horizontal force on a rectangular design structure due to the size and proximity
of neighboring rectangular structures in terms of a normalized force ratio relative to the
reference case without neighboring structures. Three key factors based on the geometric
configuration of the structures as well as basic fluid mechanics, which determine the normal-
ized force ratio when multiplied, were developed. Additionally, two coefficients relating to
the size and shape of the wakes behind neighboring structures were incorporated into these
factors, which were calibrated using the parametric study data to determine optimum values
of these coefficients that are representative of the variations in wave impact loads for the
entire set of building configurations.

Chapter 9 - Conclusions and Future Work: summarizes the main conclusions of the
experimental and numerical work and highlights the principal contributions of this disser-
tation. Recommendations for future work concerning the improvement of tsunami impact

force estimation methods are proposed.



Chapter 2
TSUNAMIS: CAUSES, EFFECTS, AND FUTURE RISKS

Before addressing tsunami modeling and force-prediction, it is important to understand
the level of damage that tsunamis inflict, the risk of future tsunami events occurring, and
what prior scholars have achieved towards improving tsunami inundation modeling and struc-
tural demand estimation. Assessment of the aftermath of tsunami inundations demonstrates
how urgent it is that scientists improve upon the current state of the art in tsunami engineer-
ing, providing the motivation for the research presented in this dissertation. The urgency
of the need for improved tsunami engineering methods is heightened further by tying it to
the frequency of major tsunami events as well as where such events are likely to occur in
the near future. Additionally, by conducting a thorough review of the state of the art in
tsunami engineering, the areas of greatest need for improvement have been identified as: 1)
how to successfully use CFD to reproduce experimental tsunami loading scenarios on a local
scale and 2) how to use the results of such modeling to determine improved force estimation
equations for a subset of structures in a coastal community. Each of these topics is dealt
with at length in separate sections in this introduction, which is concluded by summaries
of the overall research objectives of this dissertation and the contents of each subsequent

dissertation chapter.

2.1 The Destructive Nature of Tsunamis

Tsunami inundation poses a serious risk to coastal communities, wreaking havoc around
the globe. A tsunami, which translates as harbour wave from Japanese, consists of a series
of waves known as a wave train, which have considerably longer wave lengths (100 to 500

km) than wind-driven ocean waves (30 to 40 m for normal sea states), even when compared



to hurricane-induced waves (up to 1 to 2 km). In deep ocean conditions where tsunamis are
generated, their velocity can exceed 800 km/hr, which is comparable to that of a jet airplane;
however, upon reaching coasts they reduce to 32 to 48 km/hr due to shoaling effects caused
by shallow-water conditions. Conversely, tsunamis are often unnoticeable in the deep ocean
since they commonly have amplitudes less than 1.0 m, but when they reach coastal regions,
wave shoaling and focusing due to geometry of the continental shelf and coast results in
amplitudes that typically range from 3 to 30 m. Such tall waves are unstable and soon
break to form turbulent bores that rapidly flow over land, inundating large coastal regions
and causing widespread devastation. During such events, the highest elevation a tsunami
inundation reaches, the run-up elevation as shown in Figure 2.1, can range from 10 to 100

m for severe events depending on the local topography of the coastal region being inundated

(Robke and Vott, 2017; Koshimura, 2019; NTHMP, 2019).
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Figure 2.1: Tsunami Size and Inundation Terminology (ASCE, 2017)

The destructive nature of tsunamis is directly tied to wave shoaling, the physical phe-
nomenon by which decreases in ocean depth as waves propagate towards a shoreline result
in decreases in wave velocity and length, but increases in wave height and energy density.
Assuming the wave train is moving in a single direction for the sake of brevity, the velocity
is governed by the water wave dispersion relation, w? = gk tanh(kh), where g = 9.81 m/s? is
the acceleration due to Earth’s gravity at its surface, h is the ocean depth, w = 27/T = 270 f

is the angular wave frequency, 7" is the wave period, f is the linear frequency, k = 27/, is the



angular wave number, and A is the wave length (Dean and Dalrymple, 1991). This relation
may be derived using linear or Airy wave theory and is a direct consequence of the kinematic
free-surface boundary condition for waves. The wave velocity or celerity, ¢ = A\/T = w/k, can
be determined from the angular frequency and wave number, which results in Equation 2.1

that tends to deep and shallow water limits.

(/g h
or for 3 0.5 (deep water)
A 27h h
€= I tanh [ ZZ2) for 0.5 < — <0.5 (intermediate water) (2.1)
2m A A
h
|V gh for 1< 0.05 (shallow water)

Note that since tsunami wave lengths are so large relative to the depths of the Earth’s
oceans, the ratio h/\ falls within the shallow water range of wave behavior. For instance,
the average depth of the Pacific ocean is about 4.3 km, whereas typical tsunami wave lengths
range from 100 to 500 km, which gives 0.0086 < h/A < 0.043, demonstrating that tsunamis
are indeed a shallow water phenomenon based on linear or Airy water wave theory. Assuming
the same average ocean depth, the resulting deep ocean tsunami velocity would be about
205 m/s or 740 km/hr, whereas near the coast at a depth of 10 m the velocity would reduce
to about 10 m/s or 36 km/hr as shown in Figure 2.2.

As a direct result of such velocity decreases, the wave length, A, must also decrease as
depicted in Figure 2.2. This behavior is related to the fact that the number of wave crests is a
conserved quantity, which imposes the requirement that the linear wave frequency, f = ¢/,
and consequently the wave period, 7" must remain fixed too. Thus when reductions in ocean
depth force the wave velocity to decrease, the wave length must also decrease to maintain a
constant wave frequency (Dean and Dalrymple, 1991).

Similar to the wave length and velocity, the wave height is also influenced by decreasing
ocean depth. Changes in wave height are dictated by the fact that waves must conserve

their mean energy flux in the direction they propagate, F = Eec, which is per unit width



Depth [m] Velocity [ms'] Wavelength [km]

8000 280 504
4000 198 356
1000 99 178
200 44 79
50 22 40
10 10 18

Figure 2.2: Variations in Tsunami Velocity and Wave Length due to Wave Shoaling Caused
by Changes in Ocean Depth (T = 1800 s, Robke and Vott 2017).

perpendicular to the wave propagation direction, where c is the wave velocity, £ = % pgH? is
the total wave energy density (i.e. energy per unit area beneath the wave) considering both
potential and kinetic energy densities, p is the density of water, and H is the wave height.
Since a tsunami must maintain a constant energy flux as it travels across an ocean, energy
fluxes at different depths can be equated to give E,c,b, = Ecb, which may be used to derive
Green’s Law, H = H,Ks = H,\/h,/h, assuming that b, = b (i.e. 6, = 0°), where an o
subscript indicates an initial deep ocean value, no subscript indicates a near shore value, b,
and b are the distances between adjacent wave rays perpendicular to the wave propagation
direction as shown in Figure 2.3, and Ky is the shoaling coefficient for long waves, which
determines the increase in wave height as tsunamis propagate from the deep ocean to shallow
coastal waters (Green, 1838; Dean and Dalrymple, 1991).

In addition to shoaling effects, changes in wave height are also caused by water wave
refraction, which occurs when waves approach a coast obliquely (i.e. 6, > 0°). Refraction
is caused by reduced depths near coasts that result in waves being redirected toward prop-
agating in the cross-shore direction (i.e. normal to the shoreline) the shallower the water

gets, which consequently invalidates the Green’s Law assumption of b, = b. This behavior
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Figure 2.3: Water Wave Refraction due to Decreasing Ocean Depth as Waves Approach a
Shoreline (Based on Dean and Dalrymple 1991).

is analogous to light passing through different media and having its path bent and as such
it is also dictated by Snell’s Law, sin(f,)/c, = sin(f)/c, where 6 is the angle between the
wave propagation direction and the cross-shore direction as shown in Figure 2.3. Using the
geometry of Figure 2.3, an equation relating the distances between adjacent wave rays at
different positions, b,/b = cos(f,)/ cos(), can be used along with the fact that energy flux
is conserved to derive the relation H = H KsKy = H, (‘/ho/h\/cos(ﬁo)/ cos(#), where Ky is

the wave refraction coefficient.
Comparing the shoaling and refraction coefficients shows that Kg > 1 always amplifies
wave heights, whereas Kr < 1 always reduces wave heights. For instance, assuming an initial

wave height of 1.0 m, an initial orientation of 6, = 15°, a final orientation of 6 = 5°, and
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using the same wave example given earlier, where the initial depth was 4.3 km and the final
depth was 10 m, results in Kg = 4.55, Kr = 0.985, and a near shore tsunami wave height
of about 4.48 m. However, as demonstrated in this example and as was noted previously,
shoaling and refraction alone cannot explain the size of past tsunamis that have been found
to reach heights near 30 m, demonstrating that other factors such as wave focusing effects
due to coastal bathymetries cause additional wave height amplifications.

Overall, the combined effects of velocity decreases, wave length shortening, and wave
height increases in near shore regions result in massive tsunami waves that break at a critical
point to form rushing bore-like walls of water. This occurs when the depth reaches a specific
fraction of the wave height, which is dependent on the slope of the beach that the wave is
approaching. For example, McCowan (1894) determined that this fraction k = Hy/hy = 0.78
for a flat beach, where H, and h;, are the wave height and depth at the breaking point.
The beach slope dependence of this ratio has also been investigated by many researchers
such as Weggel (1972), who found that k = b(m) — a(m)H,/(¢gT?), where m is the beach
slope, a(m) = 43.8(1 — e~ '™) and b(m) = 1.56/(1 + e 1?*™) (Dean and Dalrymple, 1991;
Robertson et al., 2013a). Furthermore, in order to maintain conservation of energy flux when
the wave velocity diminishes with decreasing ocean depth, the energy density of the wave
must increase accordingly to maintain a constant energy flux, which results in towering waves
that deliver high-energy impact forces to coastal structures, causing widespread destruction

of the built environment.

2.1.1 Farthquake-Induced Tsunamis

Such mighty waves require considerable energy input sources in order to generate the
initial conditions necessary for tsunamis to propagate across oceans and inundate coasts.
Tsunami wave trains are set in motion by a wide range of physical phenomena, including
earthquakes, landslides, volcanic activities, and extreme meteorological conditions (Robke

and Vott, 2017; NTHMP, 2019). In the case of earthquake-induced tsunamis, sudden, upward
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or downward shifts in seafloor elevation due to tectonic plate motions cause the water above
to also displace vertically as shown in Figure 2.4, which results in waves that propagate
away from the earthquake source perpendicular to it due to gravity (Robke and Vott, 2017,
Koshimura, 2019). The rate at which sea floor displacement occurs has been demonstrated
to have a strong influence on the resulting wave profile at the ocean surface such that rapid,
impulsive motions produce wave forms similar to the sea floor displacement profile, whereas
slow, creeping motions produce waves that are qualitatively similar to the shape of the
velocity time history of the sea floor motion (Hammack, 1973). Additionally, Hammack
(1973) found that linear wave theory is applicable if the maximum sea floor displacement is
small relative to the surrounding, uniform water depth, which was confirmed by Jamin et al.
(2015). These effects are further complicated by the local shape of the sea floor and if inertial
effects are considered too, then initial tsunami wave heights may exceed the maximum seabed
displacement (Dalrymple and Derakhti, 2018). Lateral plate motions can also contribute to
increasing the severity of a tsunami, but to a much lesser degree unless they occur along steep
sea floor slopes and the horizontal displacement is large relative to the vertical displacement
(Tanioka and Satake, 1996).

Throughout the last two decades, a number of catastrophic earthquake-generated tsunamis,
particularly those that occurred in the Indian Ocean in 2004, Chile in 2010, and Japan in
2011, as well as many smaller-scale events (e.g., Peru in 2001, Sumatra in 2006, 2010, and
2018, the Solomon Islands in 2007, 2010, and 2013, and Samoa in 2009) have led to a signif-
icantly increased public awareness of how frequent and potentially devastating these natural
disasters can be (Esteban et al., 2013). All told, these events resulted in losses that num-
bered in the hundreds of thousands in terms of lives lost and caused widespread destruction
of the built environment and transportation infrastructure. For instance, the 2004 Indian
Ocean tsunami, which was caused by an earthquake with a moment magnitude (My) of
9.1, resulted in estimated damages and relief aid costing roughly 15 billion USD (Athukorala
and Resosudarmo, 2005; Bandara and Naranpanawa, 2005), left approximately 1.5 million

inhabitants without homes, and resulted in a reported death toll of over 220,000 (Saatcioglu
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Figure 2.4: Earthquake-Induced Tsunami Generation and Propagation Normal to its Source

Fault Shown at the Cascadia Subduction Zone (City of Richmond, 2017).

et al., 2005; Ghobarah et al., 2006; Yeh et al., 2007; Imamura, 2008; Suppasri et al., 2012c,
2013b,a; Shibayama et al., 2016). Similarly, the My 9.1 Great East Japan Earthquake in
2011 caused a tsunami that resulted in over 20,000 casualties and fully or partially destroyed
128,000 to 837,000 structures (Mimura et al., 2011; Kazama and Noda, 2012; Mori and Taka-
hashi, 2012; Suppasri et al., 2012c,a,b; Foytong et al., 2013; Mase et al., 2013; Mori et al.,
2013; Suppasri et al., 2013c; Leelawat et al., 2014; Naito et al., 2014), reaching estimated
losses in the range of 195 to 305 billion USD (Nanto et al., 2011). Coastal devastation due
to these events extended beyond the immediate impacts of monetary losses, lives lost, and
structural damage to include long-term consequences such as significant erosion of coastlines,
the washing away of both agricultural and natural forests and other vegetation, and residual
flooding in low-lying regions as shown in Figure 2.5. The combination of these effects has

led to significant delays in the recovery of coastal regions with poorer communities tradi-
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tionally engaged in farming and aquaculture industries suffering most, resulting in livelihood
changes for large proportions of surviving populations in affected areas due to lack of usable
land, disparities in road reconstruction rates between communities, and reconstruction costs
(Matsumaru et al., 2012; Daly et al., 2017; Ismail et al., 2018; Syamsidik et al., 2018; Adella
et al., 2019).

(a) Near Banda Aceh, Indonesia (2004) (b) The Port of Onagawa, Japan (2011)

Figure 2.5: Before and After Comparison Showing Tsunami Damage in Coastal Communi-

ties: Deforestation, Erosion, Residual Flooding, Debris, and Loss of Buildings.

Such severe structural damage caused by the initial impact of tsunami waves and their
subsequent inundation of inland regions is often compounded by widespread failure of trans-
portation infrastructure components. These failures cut off escape, rescue, and recovery
routes for those trapped in regions affected by tsunamis. For example, 81 of the 186 bridges
along the only road connecting the major Indonesian cities of Banda Aceh and Meulaboh
were either wiped out or damaged to the point of being unusable as a result of the 2004

Indian Ocean tsunami with 8 of the 42 major bridges in Banda Aceh suffering similar fates
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as well (Iemura et al., 2005; Saatcioglu et al., 2005; Ghobarah et al., 2006; Unjoh and Endoh,
2006). Likewise, the tsunami induced by the 2011 Great East Japan Earthquake resulted in
the loss of over 300 bridges out of approximately 3,200 surveyed bridges in the region affected
by the tsunami (Hosoda and Maruyama, 2011; Aglipay et al., 2012; Akiyama et al., 2012;
Kasano et al., 2012; Kawashima, 2012; Kazama and Noda, 2012; Maruyama et al., 2012;
Unjoh, 2012; Akiyama et al., 2013; Fu et al., 2013; Maruyama et al., 2013; Zheng et al.,
2013; Koon and Lau, 2015). Examples of such bridge failures are given in Figure 2.6, which
shows bridge deck segments were uplifted or overturned without being destroyed during the
2011 Tohoku, Japan tsunami and a superstructure that collapsed due to the initial tsunami

impact in the 2018 Palu, Indonesia tsunami.

(a) Utatsu Ohashi Bridge, Japan (2011) (b) Palu, Indonesia (2018)

Figure 2.6: Tsunami-Induced Bridge Damage

2.1.2 Landslide-Induced Tsunamis

Significant tsunami events of a similar magnitude as those caused by earthquakes have
been caused by landslides too. Landslide-generated tsunamis are produced by either subma-
rine landslides that displace the water above them similar to earthquake-generated tsunamis,
or, subaerial landslides that generate massive waves when they impact bodies of water. The

submarine variety of landslide-induced tsunami is most commonly caused by accompany-
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ing earthquakes that dislodge unstable sections of shorelines and the seafloor as shown in
Figure 2.7, which are commonly referred to as submarine mass failures or slumps. Prior to
the 1998 Papua New Guinea Tsunami, during which waves reaching up to 15 m killed over
2100 people, the generation of tsunamis due to submarine landslides was considered a rare
phenomenon and not considered a major tsunami hazard (Kawata et al., 1999; Tappin et al.,
1999; Synolakis et al., 2002; Tappin et al., 2008). Initial modeling that only considered the
coseismic seafloor displacement contributing towards the generation of the tsunami failed to
reproduce the measured wave heights, giving run-up elevations of less than 2 m (Synolakis
et al., 2002), which led researchers to search for evidence of an alternative or additional
tsunami generation mechanism. During sea floor mapping investigations, it was discovered
that 3.8 to 4.6 km? of a seafloor escarpment dropped 380 m as a result of the My, 7.0 quake
(Sweet and Silver, 2003). Further analysis utilizing both the coseismic seafloor displacement
and landslide motion produced accurate tsunami run-up elevations, demonstrating the sig-
nificance of submarine slides in the generation of tsunamis (Heinrich et al., 2001; Synolakis
et al., 2002; Imamura and Hashi, 2003; Satake and Tanioka, 2003; Heidarzadeh and Satake,
2015). A similar scale earthquake of My, 7.1 occurred more than half a century earlier on
April 1, 1946 near Unimak, Alaska in the eastern Aleutian Islands that resulted in a massive,
highly-directional tsunami, which reached a maximum run-up elevation of 42 m at Unimak
Island, killed 167 people in Alaska, California, Hawaii, and the Marquesas Islands, and prop-
agated roughly 15,000 km from its origin reaching Winter Island, Antarctica (Okal et al.,
2002). Such strong directivity is a key characteristic of landslide-generated tsunamis with
similar behavior having been observed during the 1896 Sanriku, 1929 Grand Banks of New-
foundland, 1983 Nihonkai-Chubu, 1992 Flores Island, 1993 Hokkaido Nansei-Oki tsunami
events (Iwasaki, 1997). However, it wasn’t until after the turn of the 215" century and the
1998 Papua New Guinea Tsunami that investigations of seafloor bathymetry before and after
the 1946 quake led to the discovery of a submarine landslide consisting of 200 - 300 km? of
seafloor debris, which was determined to have been dislodged by the quake and triggered a

tsunami that propagated parallel to the direction in which the slide occurred (Fryer et al.,
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2004).
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Figure 2.7: Submarine Landslide-Induced Tsunami Generation (Rébke and Vott, 2017).

Similar to the 1998 Papua New Guinea event, the 2010 Haitian earthquake, another My,
7.0 event, induced a pair of twin tsunamis that were generated by submarine landslides.
The worst damage occurred within the Bay of Grand Goave near the earthquake epicenter,
where about 400 m of the coastline failed due to the ground shaking and resulted in tsunami
waves that exceeded 3 m (Fritz et al., 2013). The city of Jacmel also experienced tsunamis
over 3 m high to the south on the opposite coast of Haiti, demonstrating how important
the local bathymetry and geology are with respect to the generation of earthquake-induced,
submarine landslides. Concerning the most recent instance of a notable submarine mass
failure, a mysterious local tsunami that struck Palu, Indonesia in 2018 took the scientific
community by surprise due to the My, 7.5 earthquake that caused it having occurred along a
strike-slip fault since they do not typically result in vertical tectonic plate motions significant
enough to produce tsunamis. The tsunami, which reached run-up elevations of roughly
9.0 m, caused 2256 deaths, 4612 non-fatal injuries, the destruction of 5864 homes, and
overall damages costing 912 million USD (NOAA, 2019). Through numerical modeling and
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investigations of tidal gauge data, run-up elevation measurements, and the before-and-after
bathymetry of Palu Bay, it was found that there was a high likelihood that the tsunami was
primarily caused by or at the very least amplified by a combination of earthquake-induced
submarine and coastal landslides within the Palu Bay through which the Palu-Koro fault
runs in addition to any seafloor elevation changes that occurred due to the fault slip during
the earthquake (Arikawa et al., 2018; Muhari et al., 2018; Heidarzadeh et al., 2019; Omira
et al., 2019; Putra et al., 2019; Sassa and Takagawa, 2019; Takagi et al., 2019; Widiyanto
et al., 2019).

When caused by subaerial landslides, these types of events often result in mega-tsunamis,
which are named for the extreme wave run-up elevations caused by rapid land mass move-
ments displacing large quantities of water. For example, the 1958 landslide in Lituya Bay,
Alaska resulted in a wave that wiped out trees up to an altitude of 524 m on a mountainside
as illustrated by Figure 2.8, but did not result in major damages with only 5 casualties
having been recorded (Mader, 1999; Fritz et al., 2001; Mader and Gittings, 2002; Fritz et al.,
2009; Gonzalez-Vida et al., 2019). On the contrary, the 1963 landslide at the Vajont Dam in
northeastern Italy sent roughly 270 million cubic meters of rock and soil into the reservoir,
which caused a tsunami wave that initially destroyed the village of Casso on the opposing
mountain slope due to a 260 m wave run-up before it over-topped the dam by up to 245
m, wiping out the villages of Longarone, Pirago, Villanova, Rivalta and Fae below and re-
sulting in the loss of over 2500 lives (Kiersch, 1965; Kilburn and Petley, 2003). A year later
in 1964, the Alaskan city of Valdez was obliterated by a series of tsunami waves, including
a primary earthquake-induced tsunami due to the My, 9.2 Great Alaskan or Good Friday
Earthquake as well as roughly 20 further tsunami waves generated by both subaerial and
submarine landslides, which were induced by the ground motion, that plunged into Prince
William Sound (Hansen et al., 1969; Lander, 1996). All told the earthquake and tsunamis
resulted in at least 129 deaths and 2.3 billion USD of damage to infrastructure and ships
with the tsunamis inflicting damage in British Columbia, Washington, Oregon, California,

Hawaii, and Japan and the shaking being registered in every U.S. state except Connecticut,
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Delaware, and Rhode Island (Brocher et al., 2014; Parsons et al., 2014).
915 m

524 m

Figure 2.8: Subaerial Landslide-Induced Tsunami Generation in Lituya Bay, Alaska 1958
(Heller and Hager, 2014).

2.1.3 Volcanogenic Tsunamis

Volcanic eruptions, pyroclastic flows, landslides, and debris flows known as lahars may in-
duce tsunami waves when they reach an ocean. For example, on December 30, 2002, subaerial
and submarine landslides occurred on Stromboli Island, Italy, when the northwestern flank
of the volcanic island known as the Sciara del Fuoco collapsed. The landslides sent roughly
10 million cubic meters of material into the Mediterranean Sea that resulted in a tsunami
that caused 760,000 USD in damage to the villages of Stromboli and Ginostra as well as
other surrounding Aeolian Islands, reaching the surrounding coasts of Campania, Calabria,
and northern Sicily too (Willan, 2003; Tinti et al., 2005; Chiocci et al., 2008). In addition to
Stromboli, which has a rich history of past tsunami events with five having occurred during
the 20th century, the entire Aeolian archipelago is part of an arc of volcanic island that
have also generated tsunamis in the past and risks for future volanigenic tsunamis (Maramai
et al., 2005). More recently on December 22, 2018, the Indonesian volcano Anak Krakatau
erupted and subsequently collapsed partially, which caused a submarine landslide-induced

tsunami in the Sunda Strait that claimed 437 lives, non-fatally injured over 14,059 people,
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and destroyed 2,752 homes and 510 ships (Associated Press Jakarta, 2018; The Star, 2018).
Additionally, volcanoes have been known to cause tsunamis when lava domes collapse to
form calderas, which results in large debris and pyroclastic flows that cause sudden changes
in the local sea level that generate tsunami waves. The most notorious event of this type
is the 1883 eruption of Krakatau during which roughly two-thirds of the island exploded
and then collapsed into a caldera that is occupied by the aforementioned Anak Krakatau
volcano today. Although the exact mechanism is widely disputed in the scientific literature,
the combined effects of the eruption including air blasts, pyroclastic flows, and final caldera
collapse generated a series of towering tsunami waves, which reached a maximum height of
46 m at the city of Merak, Indonesia, and resulted in 36,417 deaths according to Dutch East
India Company authorities (Verbeek, 1884, 1886; Symons, 1888; Self and Rampino, 1981;
Yokoyama, 1981; Camus and Vincent, 1983; Francis, 1985; Self, 1992; Mandeville et al., 1994;
Carey et al., 1996; Choi et al., 2003; Pelinovsky et al., 2005; Mader and Gittings, 2006; Maeno
and Imamura, 2011; Paris et al., 2014).

2.1.4 Meteotsunamis

Weather-induced tsunamis or meteotsunamis are produced when large, rapid changes in
air pressure occur that lead to Proudman resonance, where the wind and wave velocities be-
come equivalent, which amplifies initially very small waves that continue to grow further due
to wave shoaling as depicted in Figure 2.10. The largest meteotsunami on record occurred in
Vela Luka Bay, Croatia on June 21, 1978, when sudden, intense flooding due to 6 m waves,
which were induced by intense small-scale air pressure disturbances, resulted in millions of
dollars in damages. The incident lasted for several hours and came as a complete surprise
since it did not coincide with preceding inclement weather conditions (NTHMP, 2019). Sim-
ilar waves in the 3 to 6 m range have been recorded throughout the Mediterranean and Black
Seas where the necessary atmospheric conditions are consistently generated with the most

severely hit regions being Ciutadella Inlet on Menorca Island in Spain, Vela Luka Bay on
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Figure 2.9: Volcanogenic Tsunami Development Stages Based on the 2003 Eruption of the
Soufriére Hills Volcano, Montserrat (Trofimovs et al., 2008).

Korcula Island in Croatia, and Mazara del Vallo harbour on Sicily in Italy (Sepi¢ et al.,
2015). In contrast to these unexpected European events, meteotsunamis in the U.S. have
been induced by squall lines consisting of high winds and thunderstorms that form ahead of
cold fronts. For example, a 3 m wave produced by a squall line impacted the coast of Lake
Michigan on June 26, 1954, which swept away eight people to their deaths near Chicago.
Similarly on June 13, 2013 in Barnegat Inlet, New Jersey, a derecho, which is a more intense
form of squall line with sustained winds instead of gusts, was responsible for generating a

nearly 2 m wave that injured three people when it struck the jetty on which they stood
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(NTHMP, 2019).
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Figure 2.10: Meteotsunami Generation and Evolution (Sepi¢ et al., 2015).

Regardless of the triggering mechanism that causes them it is clear that tsunamis present
a serious risk to coastal communities as side effects of other dangerous geophysical and at-
mospheric conditions, making their impact as a secondary phenomenon that much more
devastating. To be adequately prepared for such disasters in the future, the varying lev-
els of risk of tsunamis around the globe must be recognized and understood. A thorough
understanding of the primary causes and risks will allow cities to devise evacuation plans
and implement improved tsunami detection systems as well as provide geophysicists and
engineers with the necessary information to predict the severity of tsunami inundations and

improve design provisions for tsunami impact loading.

2.2 The Threat of Future Tsunamis

Even though tsunamis generated by landslides, volcanic eruptions, and meteorologi-

cal anomalies can result in the same degree of devastation as that of earthquake-induced
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tsunamis, their frequency of occurrence is low, whereas tsunamis caused by earthquakes
occur quite regularly as shown in Figure 2.11b. For instance, the majority of documented
tsunamis, specifically 88% of the 811 tsunamis recorded since 1900 in the Global Historical
Tsunami Database, have been of the earthquake-generated variety, making them the greatest
source of risk for coastal cities (NTHMP, 2019). These tsunamis have largely occurred in
the Pacific Ocean, which is home to the Ring of Fire, a roughly horseshoe-shaped region
following the edges of the Pacific Ocean tectonic plate that is riddled with highly-active
volcanoes and earthquake-generating faults in the Earth’s lithosphere (i.e. the combination
of the Earth’s crust and the outermost, rigid section of its mantle, which are broken up into
tectonic plates) as shown in Figure 2.12. Since tsunamis propagate radially away from their
sources many countries surrounding the Pacific Ocean may be affected during each event.
For instance, the United States coasts have been ravaged by over 500 tsunamis, which is over

60% of recorded tsunami events (Dunbar and Weaver, 2015).
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Figure 2.11: Global Distributions of Tsunami Generation Locations and Mechanisms from

1610 to 2017 (Adapted from NOAA (2017))
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Figure 2.12: Earthquakes and Volcanoes in the Ring of Fire (Adapted from USGS 2013)

2.2.1 Subduction Zone Earthquake Tsunamigenesis

Focusing on tsunamis in the Pacific Ocean, the Ring of Fire has been the source of 78%
of the logged in the Global Historial Tsunami Database (NTHMP, 2019), increasing from
70% just two years prior as shown in Figure 2.11a. The primary reason for this is the
prevalence of subduction zone fault regions that surround the Pacific Ocean tectonic plate,
where one tectonic plate of the earth subducts or descends beneath the other adjacent plate
at a convergent plate boundary. During this geologic process, pairs of tectonic plates often
become locked due to friction and interlocking of rough edges, which leads to a build up of

stress in and deformation of the plates along the fault. Upon reaching a critical level of strain
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energy stored in the plates due to deformation, the friction and interlocking forces between
the plates are overcome causing the fault to rupture as the plates slip along their edges and
the stress in them is released, which generates seismic waves that result in earthquakes. After
such large fault slips, the end of the overriding plate above the subducting plate tends to rise
up, whereas the overriding plate surface tends to subside above where the subducting plate
plunges beneath it into the asthenosphere, which is the ductile portion of the Earth’s mantle
involved in the convection processes that cause tectonic plate motion. Sudden changes in
seafloor elevation due to these plate motions cause large volumes of water to be displaced
upward, which results in gravity-driven tsunami waves that propagate away from faults
normal to them along their length and radially near their ends.

Earthquakes may occur along any of the three major fault types shown in Figure 2.13,
which include reverse, normal, and strike-slip faults; however, tsunami-inducing subduction
behavior only occurs for reverse faults along convergent tectonic plate boundaries where
they become locked. Subduction zone earthquakes are commonly referred to as megathrust
earthquakes due to producing the largest magnitude earthquakes, which can exceed 9.0 on the
moment magnitude scale. Conversely, normal faults exist along divergent plate boundaries,
where the plates are pulled away from each other due to convection of the Earth’s mantle,
such as along the mid-Atlantic Ocean ridge. Earthquakes caused by normal faults are among
the lowest in magnitude, typically measuring lower than 7.0 on the moment magnitude scale,
and the plate motions usually do not result in seafloor elevation changes that cause tsunamis.
In the case of strike-slip or transform faults, pairs of tectonic plates displace parallel to their
edges, which results in grinding of their edges and a potential for plate locking to occur
in a similar fashion as with reverse faults. However, the earthquakes caused by strike-slip
faults have smaller magnitudes than those caused by subduction at reverse faults, usually
reaching up to about 8.0 on the moment magnitude scale, and do not typically result in
tsunamis either. Other minor types of faults are also known to exist too such as oblique
faults, which undergo combined reverse and strike-slip fault motions and may potentially

generate tsunamis, or listric faults, which have curved fault planes and experience motions
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similar to normal faults that would not result in a tsunami.

(a) Reverse Fault (b) Normal Fault (c) Strike-Slip Fault

Figure 2.13: Primary Lithospheric Fault Types (NWS, 2005)

Of the sixteen earthquakes with moment magnitudes (My,) of 8.5 or greater that have
occurred since 1900 listed in Table 2.1, thirteen have been megathrust subduction zone
earthquakes that occurred at submarine reverse faults and resulted in tsunamis (USGS,
2016). The faults that caused these events are manifested at the seafloor as deep troughs,
including the Aleutian, Japan, Kuril-Kamchatka, Peru-Chile, and Sunda Trenches. Other
Pacific Ocean subduction zones that have experienced major earthquakes of magnitudes
less than 8.5 within the last half century include the Bougainville, Izu Bonin, Kermadec,
Marianas, Middle America, Philippine, Ryukyu, and Tonga Trenches. This summary of
seismically active subduction zones accounts for all of the Pacific Plate subduction zones
besides one, the Cascadia Subduction Zone (CSZ), which has lain dormant for an extended
period and currently presents the greatest risk of a megathrust earthquake that may reach

up to magnitude 9.0 and trigger massive tsunami inundations.

Table 2.1: Earthquakes since 1900 with My, > 8.5

Max Total
Earthquake Fault

Year | Mw Location Tsunami Deaths | Losses
Event Type

Height (m) (USD)
Sumatra, | Strike-

2012 | 8.6 Aceh 1 12 N.A.
Indonesia Slip
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Great East Tohoku, 360
2011 | 9.1 Reverse 40.5 20896
Japan Japan billion
Pelluhue, 15-30
2010 | 8.8 Maule Reverse 2.6 525
Chile billion
Nias- Sumatra, 915-
2005 | 8.6 Reverse 3 N.A.
Simeulue Indonesia 1314
Indian Sumatra, 15
2004 | 9.1 Reverse 30 227898
Ocean Indonesia billion
Alaska,
1965 | 8.7 Rat Islands Reverse 10.7 0 10,000
USA
Great Alaska, 2.3
1964 | 9.2 Reverse 67 131
Alaskan USA billion
Kuril Kuril Isl.,
1963 | 8.5 Reverse 15 N.A. N.A.
Islands Russia
Lumaco, 1000- 3.4-6.8
1960 | 9.5 Valdivia Reverse 25
Chile 7000 billion
Andreanof Alaska, 5
1957 | 8.6 Reverse 16 0
Islands USA million
Severo- Kamchatka,
1952 | 9.0 Reverse 18 2336 N.A.
Kurilsk Russia
Assam- Medog, Strike-
1950 | 9.0 N.A. 4800 N.A.
Tibet Tibet Slip
Unimak Alaska,
1946 | 8.6 Reverse 42 167 N.A.
Island USA
1938 | 8.5 Banda Sea Indonesia | Oblique 1.5 N.A. N.A.
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Atacama, 5-25
1922 | 8.5 Vallenar Reverse 9 1000
Chile million
Ecuador- Esmeraldas, 500-
1906 | 8.8 Reverse 5 N.A.
Colombia Colombia 1000

2.2.2 Cascadia Subduction Zone

As shown in Figure 2.14, the Cascadia Subduction Zone stretches from northern Vancou-
ver Island down to northern California and has not experienced a megathrust earthquake
since the year 1700 based on comparisons of Japanese records of an orphan tsunami (i.e.
a transoceanic tsunami inundation where the earthquake that generated it was locally un-
detectable due to how far away it occurred) and geological investigations (Atwater et al.,
2015). The Cascadia Subduction Zone is comprised of a set of convergent plate boundaries
where the Explorer, Juan de Fuca, and Gorda Plates sink beneath the continental North
American Plate, which has been shown to have an extensive, recurring history of megathrust
earthquake events. For example, Atwater and Hemphill-Haley 1997 compared prior work
(e.g., Adams 1990; Atwater 1987, 1992; Clarke and Carver 1992; Darienzo and Peterson
1995; Meyers et al. 1996; Nelson 1992a,b; Nelson et al. 1996; Peterson and Darienzo 1996;
Shennan et al. 1996) to their own investigation of Willapa Bay, Washington, demonstrating
that seven major earthquakes with magnitudes that likely exceeded 8.0 occurred along the
Cascadia Subduction Zone over a period of roughly 3500 years prior to the year 2000 with
a mean recurrence interval in the range of 500 to 540 years. This range was determined
by surveying outcrops along the Willapa and Niawiakum rivers where soil layers, marine di-
atom fossils, and radiocarbon dating were used to show that land that once existed as coastal
marshes or forests had experienced tsunami inundations and subsided due to subduction zone
earthquakes, becoming lower-lying estuarine wetlands or mudflats. Similar studies carried

out by Witter et al. 2003 at the Coquille River estuary in southern Oregon revealed that
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twelve major earthquake events took place over an approximately 6700 year period with an
average recurrence interval ranging from 570 to 590 years. Further evidence of organic and
sedimentary tsunami deposits have been found along the Oregon coast at Sixes River (Kelsey
et al., 2002) and Bradley Lake (Kelsey et al., 2005), which showed thirteen major seismic
events occurred about once every 500 years dating back over the last 7000 years after the

last eruption of Mount Mazama in Oregon.
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Figure 2.14: Cascadia Subduction Zone Plate Tectonics

Whereas the aforementioned investigations relied upon studying onshore conditions left
behind by earthquakes and tsunamis, researchers such as Adams 1990, Goldfinger et al. 2003,
Goldfinger et al. 2008, and Goldfinger et al. 2012 focused on analyzing seafloor turbidites,

which are the sedimentary remnants of turbidity currents that consist of rapidly-flowing
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mud or sand-laden water. These avalanche-like debris flows are set in motion by severe
earthquakes and eventually settle on the abyssal planes of the ocean floor to form sedimentary
rock. Adams 1990 found turbidite deposits in drilling cores at four sites spanning 580 km
of the Washington and Oregon coasts, indicating that major earthquake events occurred
thirteen times with a mean recurrence interval of 590 4+ 170 years. Similarly, Goldfinger
et al. 2003 collected a series of seafloor drilling cores along the entire Cascadia Subduction
Zone in order to determine the frequency of strong ground motion events, which showed
signs of eighteen major quakes. Goldfinger et al. 2012 conducted further analysis on the
data gathered by Goldfinger et al. 2003 and Goldfinger et al. 2008, coming to the conclusion
that during the last 10,000 years nineteen to twenty earthquakes occurred where the entire
Cascadia Subduction Zone ruptured in addition to twenty-one to twenty-four partial rupture
earthquakes where only portions of the subduction zone slipped.

In an attempt to combine all of the empirical data gathered to date while updating the
United States National Seismic Hazard Maps, Petersen et al. 2014 arrived at a recurrence
interval of 526 years for major Cascadia Subduction Zone earthquakes with moment mag-
nitudes of 9.0 or more. However, it should be noted that in all of the sequences of major
earthquake dates determined by the aforementioned researchers that there were large gaps of
up to about 1000 years where no earthquakes occurred, but also that there were clusters of
three to four earthquakes within 1000-year periods. Thus, even though the given recurrence
interval was chosen to provide the best, average estimate based on all of the paleoseismic data
gathered since the late 1980s, it must be viewed with caution since much shorter recurrence
intervals have been observed to occur in clusters somewhat periodically in the past.

The scale of the impact that a magnitude 9.0 Cascadia Subduction Zone earthquake-
induced tsunami would have on coastal communities would be of global proportions. Based
on the aforementioned paleotsunami research as well as modern documentation of similar
disasters, a tsunami of this magnitude would be capable of inundating the entire U.S. west
coast, Hawaii, Alaska, Central and Southern America, Japan, Southeast Asian island nations,

and possibly Oceania too. Hence, conducting further investigations of tsunami impacts on



coastal structures is of paramount importance.
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Chapter 3
PRIOR TSUNAMI IMPACT RESEARCH

To mitigate losses of the magnitude that would be associated with a My, 9.0 CSZ
earthquake-induced tsunami, such as those for the 2004 Indian Ocean and 2011 Japanese
tsunamis described in Section 2.1 - The Destructive Nature of Tsunamis, significant improve-
ments in terms of structural design methods, particularly the determination of tsunami wave
impact forces, are required. Owing to this need, considerable engineering research efforts
have been dedicated in recent years towards improving structural load estimation methods
for the design of new infrastructure and assessment of the existing built environment. These
efforts have been focused on a range of tsunami engineering topics, including tsunami gen-
eration and propagation from ocean waters to coasts, tsunami run-up elevations resulting
from inundation flows over land, tsunami wave impact loading on structures, wave trans-
ported debris impact loading (Nouri, 2008; Paczkowski et al., 2011; Naito et al., 2014), and
design methods for tsunami-resistant structures (e.g., Yeh 2007; Riggs et al. 2011; Robert-
son 2014). The chief focus of this dissertation is upon tsunami wave loading of structures;
however, in-depth knowledge of tsunami behavior in oceans, near coasts, and on land as well
as the methods used by researchers to simulate these phenomena is essential to being able

to conduct physically realistic experimental or numerical simulations of tsunami events.

3.1 Tsunami-like Wave Generation and Propagation

Tsunami generation as described in Section 2.1 - The Destructive Nature of Tsunamis,
where vertical displacement of water due to vertical sea floor motions caused most commonly
by earthquakes, volcanic activities, or landslides, has not been directly replicated in the vast

majority of experimental and corresponding numerical model validation work that has been
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conducted to date. Instead, tsunamis are commonly idealized either as single solitary waves
generated by a piston-type wavemaker that are forced to shoal and break as they travel over
sloped beach bathymetries, or, as dam-break generated waves, where a gate or valve confining
a reservoir of water is suddenly released to flow under the influence of gravity alone, which
results in a broken bore-like wave soon after the release due to the almost immediate shock
that forms when a reservoir is released from rest. Neither approach produces waves that
are truly tsunami-like since tsunamis are initiated as wave trains that consist of multiple
solitary-like waves, which transform to broken, bore-like flows on land after shoaling and
breaking. However, both approaches replicate specific aspects of tsunami behavior during
tsunami events that they are intended to mimic.

For instance, solitary waves scaled to match tsunami proportions will accurately replicate
shoaling, breaking and initial inundation behavior, but often result in lesser run-up elevations
and shorter duration inundations due to wavemaker device limitations in terms of the water
volumes they can displace. Such waves subject structures to both initial impulsive loading
due to broken wave fronts and sustained, post-impact loading due to the initial lengths of
such waves, albeit for a limited time compared to an actual tsunami, where multiple waves
and larger water volumes maintain significant inundation depths (Simamora et al., 2007;
Goseberg, 2013; Goseberg and Schlurmann, 2011, 2014). On the other hand, dam-break
waves do not replicate the tsunami propagation and shoaling phases. Dam-break waves
produce turbulent, broken bore-like wave fronts that are intended to be similar in nature to
the initial tsunami impact phase of an inundation. This also results in highly-transient wave
impact forces being imparted to structures, but without a sustained post-impact flow (Nouri
et al., 2010; Moon et al., 2015). To achieve similar post-impact behavior with the dam-
break method, very large initial reservoir volumes would be required to maintain a sustained
inundation flow, which is typically not the case in such simulations. In an attempt to
overcome inundation flow duration limitations due to wavemaker capacities, Tomiczek et al.
(2016) and Tomiczek et al. (2017) devised an experimental setup that combined a shoaling,

long, solitary wave generated by a piston-type wavemaker with a continuously pumped flow
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to better capture the post-impact flow that was observed during the 2011 Tohoku, Japan
tsunami.

The solitary wave and dam-break methods work well in both laboratory and numerical
modeling settings, but they fail to produce tsunami travel time estimates or model tsunami
propagation across oceans and the subsequent run-up process, which consists of wave shoal-
ing and inundation flow. If a purely numerical approach is taken, sea floor displacement
profiles due to earthquakes or other submarine tsunamigenic phenomena are used as initial
conditions at the ocean surface above where they occur. The accuracy of such methods at
simulating tsunami wave propagation and run-up largely depends on the characteristics of
the numerical methods being employed and the assumptions that come with each method.
For example, the Navier-Stokes equations as defined by Equations 6.8 and 6.9 provide a
full 3D description of all possible incompressible, viscous fluid flows. However, except for
use in modeling very localized regions of tsunami inundations, where Reynolds-Averaged
Navier-Stokes, Large-Eddy Simulation and Smoothed-Particle Hydrodynamics models are
often used, the Navier-Stokes equations and alternatives such as Lattice Boltzmann Meth-
ods are impractical to use as a basis for ocean scale tsunami propagation simulations due
to their mathematical complexity and the computational resources required to accurately
model tsunami behavior in 3D. The most common alternative approaches used in practice
to model tsunamis are based upon varying forms of the non-linear shallow water equations
(NLSWE), which are a 2D depth-integrated form of the Navier-Stokes equations assuming
a hydrostatic pressure distribution, and the Boussinesq equations, which are another 2D
depth-integrated form of the Navier-Stokes equations that include higher-order derivative
terms to model non-hydrostatic pressure distributions. The Boussinesq equations work well
for long waves in deep ocean waters (i.e. shallow water waves) and they model frequency
dispersion effects too, which are not accounted for by the NLSWE; however, difficulties arise
when waves reach dry land since the treatment of wetting and drying in the context of the
Boussinesq equations requires the use of complicated moving shoreline algorithms. Some

researchers have attempted to remedy this deficiency by devising hybrid methods that tran-
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sition from using the Boussinesq equations to the NLSWE based on the local depth where
waves are propagating such that the NLSWE are used both near shore and for over land in-
undations. On the other hand, researchers have attempted to improve the NLSWE through
the development of non-hydrostatic models, which are augmented forms of the traditional
NLSWE that include frequency dispersion.

A large number of software tools implementing these two sets of governing equations
using a variety of numerical methods have been developed over the last several decades. For
example, the Boussinesq equations were used as the basis of software packages including the
finite volume method-based Celeris (Tavakkol and Lynett, 2017), the finite difference method-
based FUNWAVE (Kirby et al., 1998; Shi et al., 2016), COULWAVE (Lynett et al., 2008),
which allows the user to choose between high-order finite difference or finite volume methods,
and many other similar codes (e.g., Wei and Kirby 1998; Tonelli and Petti 2013; Judge et al.
2018). Similarly, a significant number of NLSWE-based tools have been developed over the
years as well, including the finite volume method-based GeoClaw, which is a subset of the
Clawpack (Conservation Laws Package) geared towards solving geophysical problems such as
tsunami propagation that uses adaptive mesh refinement (AMR) and parallelism to speed up
computations in large domains (Mandli et al., 2016; Clawpack Development Team, 2019),
the finite difference method-based MOST (Method of Splitting Tsunami), which is used
by the National Oceanic and Atmospheric Administration (NOAA) for tsunami inundation
simulations (Titov and Gonzalez, 1997; NOAA, 2006), the finite difference method-based,
non-hydrostatic SWASH (Simulating WAves till SHore) (Zijlema et al., 2011), and a wide
array of similar tools (e.g., Hu et al. 2000; Hubbard and Dodd 2002; Titov et al. 2011;
Takabatake et al. 2019). Such models are commonly validated with benchmark experimental
data sets (e.g., Synolakis 1987; Gedik et al. 2005; Charvet et al. 2013). For example, the
solitary wave inundation of a circular island studied by Briggs et al. (1995) has been used
to study the effectiveness of inundation modeling software in terms of run-up elevation and

wave refraction behavior.
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3.2 Tsunami-Induced Forces on Coastal Structures

Using these state-of-the-art methods to generate tsunami-like waves in laboratory and
numerical models, a multitude of studies focusing on wave impact loads acting on coastal
structures have been conducted. These studies have investigated the effects of tsunami
inundations on both individual structural elements and entire structures. For instance, a
large body of work has been dedicated towards characterizing and developing estimation
methods for wave impact demands on single columns, walls, and decks. Similarly, wave im-
pact demands have been investigated for full structures including commercial and residential
buildings, bridges, wharves, jetties, breakwaters, dikes, seawalls. Due to the fact that the
vast majority of the momentum transported by waves, but especially tsunamis, is directed
horizontally, most of the studies aimed at analyzing wave loading have focused on horizontal

forces and the effects they have on structures.

3.2.1 Horizontal Forces on Prismatic Structures and Components

Going back to the seminal papers of Bagnold (1939), Mitsuyasu (1966), and Cross (1967),
who provided some of the first effective equations for estimating horizontal impact forces on
walls due to breaking and bore-like wave fronts, a large body of work focused on wave im-
pact forces acting on vertical wall structures has been carried out over the last century (e.g.,
Tsai and Jeng 1990; Hattori and Arami 1992; Ramsden 1993, 1996; Allsop and Calabrese;
Arikawa 2009; Cuomo et al. 2010; Paczkowski et al. 2011; Robertson et al. 2011; Ramachan-
dran et al. 2012; niga et al. 2013; Linton et al. 2013; Robertson et al. 2013b; Cunningham
et al. 2014; Frandsen and Bérubé 2015; Tremblay and Frandsen 2015; Carratelli et al. 2016).
Of particular interest is the work of Ramsden and Raichlen (1990), which expanded upon
the fundamental developments of Cross (1967) by providing an improved force estimation
equation. Additionally, Ramsden and Raichlen (1990) noted that the maximum wave force
occurred after the maximum run-up elevation on a wall was reached and that the corre-

sponding wave force magnitude was less than the hydrostatic force based on the run-up
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elevation due to negative vertical flow acceleration. Others attempted to approach the prob-
lem of wave impact loading using analytical methods. For example, Cooker and Peregrine
(1990) developed a successful method for determining breaking wave impact pressures based
on Lagrange’s theory of pressure impulse, which matched experimentally measured vertical
pressure distributions closely over the entire wall height.

In addition to planar, wall-type structures, horizontal wave demands on slender vertical
elements such as columns and piles have been investigated thoroughly too. Such studies are
of key importance for analyzing tsunami loading of bridge piers, wharf piles, bottom story
columns in washed-out buildings, and other elevated structure vertical supports. Experi-
mental studies providing force estimates as well as necessary data for validation of numerical
models have been conducted extensively (e.g., Tanimoto et al.; Chakrabarti et al. 1997;
Arnason 2005; Nouri 2008; Arnason et al. 2009; Nouri et al. 2010; Santo and Robertson
2010; Al-Faesly et al. 2013; Nistor et al. 2011; Al-Faesly et al. 2012; Manawasekara et al.
2013; Palermo et al. 2013; Paulsen 2013; Cunningham et al. 2014; Shafiei et al. 2016).

Lateral wave impact demands on entire structures have been studied in-depth as well,
where scaled-down, idealized models are typically employed (Asakura et al., 2000; Simamora
et al., 2007; Fujima et al., 2009; Bridges, 2011; Bridges et al., 2013; Manawasekara et al.,
2013; Nakamura et al., 2011; Sakakiyama, 2014; Bremm et al., 2015; Thomas et al., 2015;
Johnson, 2016b; Pringgana, 2016; Tomiczek et al., 2016; Foster et al., 2017; Tomiczek et al.,
2017; Baragmage et al., 2018; Chuang et al., 2018; Yang et al., 2018). Building tests have
covered a wide range of realistic structure types too, including masonry (Shoji et al., 2014),
reinforced concrete (Pacheco and Robertson, 2005; Macabuag et al., 2014; Yokoyama and
Robertson, 2014; Petrone et al., 2017), steel frame (Cheung and Robertson, 2014), and
timber buildings (Arikawa, 2009; van de Lindt et al., 2009; Linton et al., 2013) as well as
buildings with openings (Lukkunaprasit et al., 2008; Mizutani et al., 2014; Wiithrich et al.,
2018). Furthermore, coastal defense structures such as breakwaters, dikes, revetments, and
seawalls have been investigated both separately (Marinski and Oumeraci, 1992; Mizutani and

Imamura, 2001; Cuomo et al., 2011; Thomas and Cox, 2012; Tonelli and Petti, 2013; Trem-
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blay and Frandsen, 2015; Oda et al., 2018) as well as in combination with other structures

protected behind them (Sakakiyama, 2014).

3.2.2  Vertical Forces on Prismatic Structures and Components

Although horizontal tsunami-induced forces may be the most common source of structural
demands during a tsunami event, the effects of vertical forces must also be considered as a
significant source of structural demands. During tsunami inundations, buoyancy forces as
well as hydrodynamic uplift forces have contributed significantly to failures of concrete floor
slabs. When lateral support-providing concrete walls are not present, tsunami inundations
knock out weak, non-structural walls and flow around the remaining columns. In such cases,
hydrostatic buoyancy loading is the primary source of uplift. However, if concrete walls are
present, then the possibility exists for walls to redirect the flow upward into floor slabs in
corners where walls and slabs meet, which significantly increases the demand due to resulting
hydrodynamic impact forces. Failures due to both types of behavior were noted by Saatcioglu
et al. (2005) who investigated the aftermath of the 2004 Indian Ocean Tsunami. Similarly,
large cracks and failures due to uplift forces were noted by Chock et al. (2013) in their
review of structural performance during the 2011 Tohoku, Japan Tsunami. Based on the
field evidence provided by such studies, the damaging effects of buoyancy forces alone or in
combination with vertical hydrodynamic impact forces present a necessary topic for further
investigation.

Prior studies that have investigated the effects of vertical loads on structures and at-
tempted to quantify them are common for bridges, jetties, and other deck-type structures
(e.g., Tirindelli et al. 2003; Cuomo et al. 2007; Liu et al. 2008; Cuomo et al. 2009; Sheppard
and Marin 2009; Bradner et al. 2011a; Lau et al. 2011; Hayatdavoodi et al. 2014; Mazinani
et al. 2014; Seiffert et al. 2014; Araki 2015; Azadbakht and Yim 2015b; Motley et al. 2016;
Crowley et al. 2018; Winter et al. 2018); however, there is a limited quantity of investigations

focusing on elevated building structures. For instance, Honda et al. (2014) conducted exper-
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iments to measure forces on a Piloti-type structure supported above the ground by a central
core at its base. Similar studies have been made for pile-supported elevated structures too
(Wiebe et al., 2014; Park et al., 2017; Lomonaco et al., 2018; Alam et al., 2019). In addition
to characterizing the horizontal and vertical wave loads acting on elevated structures, Goda’s
design equations for impulsive and non-impulsive pressures acting on a composite breakwater
were adapted by Wiebe et al. (2014) for use in estimating wave forces acting on elevated
structures to compare to their experimental data, which resulted in a good match between
the augmented application of Goda’s method and the experiments (Goda, 1973, 1974).
Some researchers have also attempted to directly model upward wave redirection into floor
slabs and decks due to walls that suddenly arrest horizontal tsunami inundation flows. For
instance, Robertson et al. (2008) experimentally investigated combined wall-slab structures,
showing that the resulting uplift force on floor slabs is maximized when the incoming tsunami
bore has a depth equivalent to the structure story height. Due to the highly-transient and
complex nature of such impacts that involve the possibility of trapping air in the wall-slab
corner and depend highly on the wave front shape and size, Chen et al. (2019) opted to
develop a force estimation method based on measured impulse instead of force since impulse

is much more consistently predictable quantity than peak forces.

3.2.3 Forces on Deck Type Structures

Similar to prior research that has focused on buildings and other vertical structural
elements, the vast majority of researchers that have studied tsunami loading of bridges and
other deck type structures focused on estimating total or resultant horizontal and vertical
forces using long wave flumes with either a piston-driven paddle (e.g., Araki et al. 2011; Araki
2015; Bradner et al. 2011a,b; Chen et al. 2014; Cuomo et al. 2007; Guo et al. 2015; Iemura
et al. 2007; Lomonaco et al. 2016; Martinelli et al. 2011; Mazinani et al. 2014; Scharnke and
Hennig 2015; Toshimitsu 2014; Tirindelli et al. 2003, 2004) or a reservoir with a releasable

gate (e.g., Shoji and Moriyama 2008; Lau et al. 2011; Shoji et al. 2011; Hoshikuma et al.
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2012; Shoji et al. 2012; Hartana et al. 2013; Nakamura et al. 2013; Koon and Lau 2015;
Wong 2015; Motley et al. 2016; Winter et al. 2018) to generate dam break type waves. A
wide variety of bridge superstructure geometries have been assessed both experimentally and
numerically. Prior studies have varied the superstructure super-elevation (e.g., Bricker and
Nakayama 2014; Hayashi et al. 2014), the number of girders (e.g., Hoshikuma et al. 2012;
Kerenyi et al. 2009; Nakao et al. 2013b), the deck width and thickness (e.g., Azadbakht and
Yim 2015b; Hoshikuma et al. 2012; Nakao et al. 2013b), and the superstructure skew angle
relative to the river or channel it spans (e.g., Wong 2015; Motley et al. 2016). Additionally,
researchers have studied the effects of streamlining the superstructure by varying the deck
shape, adding fairings, and perforating superstructure components (e.g., Abukawa et al.
2013; Kerenyi et al. 2009; Nakao et al. 2012; Rahman et al. 2014; Zhang et al. 2012).

As a part of the studies on the influence of girder spacing on bridge forces during a
tsunami impact, the effects of trapped air between girders underneath bridge decks were
studied. At low velocities (i.e. roughly 30% of the speed of sound in air), air behaves as a
nearly incompressible fluid, meaning its volume will not change noticeably when compressed
by an incoming tsunami wave that traps in between girders. Since its volume will not change
notably, the trapped air will effectively increase the volume of water displaced by bridge
superstructures, resulting in increased buoyancy forces. Due to this effect, it was observed
that uplift forces increased significantly due to air trapped under bridges unless deck venting
or end gaps were provided, which prevented the entrapment of air and reduced uplift forces
(Cuomo et al., 2009; Bricker et al., 2012; Gaeta et al., 2012; Bricker and Nakayama, 2014;
Hayatdavoodi et al., 2014; Salem et al., 2014; Araki, 2015; Seiffert et al., 2015; Azadbakht
and Yim, 2016a; Xu et al., 2016, 2017).

3.3 Effects of Macro-scale Roughness

Although the large amount of research focused on individual structures and their compo-
nents provides useful insights concerning tsunami impact loading effects, the primary focus

of this study is on cases where multiple macro-scale roughness elements were included, re-
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sulting in shielding and wave channeling effects not present for a single structure during the
tsunami inundations being tested and modeled by researchers. Within this branch of re-
search, adjacent or neighboring structures are commonly referred to as macroscale roughness
elements (MREs). These types of studies emphasize the effects of neighboring structures on
a specific test or design structure in terms of how they shield a design structure by redirect-
ing incoming tsunami waves away from the design structure or how they focus waves into
constricted channels aligned with a design structure. Due to local variations in inundation
depth and flow velocity caused by adjacent structures, shielding and channeling effects result

in decreased and increased structural demands, respectively.

3.3.1 Shielding Effects

Shielding effects in general result in decreased structural loads, but the degree to which
loads are decreased depends highly on the distance between adjacent structures and a de-
sign structure. For instance, Simamora et al. (2007) experimentally investigated tsunami-like
wave loading of six symmetric configurations of 1 to 12 box-shaped MREs, where the spacing
of the MREs was varied. Their results demonstrated that a fully-shielded design structure
experiences less streamwise load the closer the neighboring structure is to it in the wave
propagation direction. These tests were numerically simulated by Nakamura et al. (2011),
providing accurate inundation depth predictions, but inconsistent peak wave forces, which
highlights one of the main difficulties in numerical modeling of complex fluid-structure inter-
actions of a wave with multiple structures. Similarly, Bridges (2011), Bridges et al. (2013),
and Yang et al. (2018) demonstrated that streamwise forces increase with increasing distance
between a fully-shielded structure and an MRE causing the shielding by conducting tests on
a broad range of macro-roughness element configurations utilizing box-like structures.

A further example of shielding effects was provided by Moon et al. (2015) who generated
dam-break waves to investigate tsunami loading of two groups of cube-like macro-roughness

elements, where one and two rows of MREs were used. They observed that the presence
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of a second row drastically reduced the pressure on the offshore faces of the structures in
the second, onshore row, demonstrating a clear shielding effect. What was more striking
though, was that the close proximity of the two rows of MREs resulted in an increased
pressure on the shoreward faces of the structures in the first, offshore row, which reduced the
total streamwise forces acting on these MREs. This phenomenon is a result of increases in
free-surface elevation between the two rows of MRESs, where the flow is choked and redirected.

In addition to reducing forces on individual structures, shielding effects due to macro-
roughness elements in the form of buildings help to reduce maximum tsunami run-up el-
evations. Buildings redirect tsunami waves diagonally from their edges, which results in
an increase of alongshore wave momentum and a reduction in shoreward wave momentum.
Such shoreward momentum losses prevent tsunami waves from traveling as far inland since
their velocity in that direction is reduced. When considering a large community of coastal
structures, multiple interactions of this sort occur in rapid succession that cause redirected
waves to interfere with one another, resulting in further losses of shoreward momentum.

For example, Tomita and Honda (2007) numerically simulated the 2004 Indian Ocean
tsunami inundation of Galle City, Sri Lanka, demonstrating that tsunami inundation mod-
els considering houses and other structures as obstacles result in significant reductions of
maximum run-up. Similarly, Goseberg and Schlurmann (2011) elaborated upon the work
of Goseberg (2011) who conducted tsunami-like wave inundation experiments on configura-
tions cube-like MREs, where the MREs were either oriented parallel to or 45° away from
the incident tsunami wave direction, demonstrating that the MREs significantly reduced the
wave run-up elevation compared to when no MREs were present. Additionally, Goseberg
(2013) expanded further upon the results of Goseberg and Schlurmann (2011) to produce
nomographs for determining the reduction in wave run-up elevation depending on offshore
wave amplitude and length, beach slope, and both cross- and alongshore blockage ratios of
the MRE configuration.

Whereas all of the previously mentioned research on the influence of macro-roughness

elements concentrated on small numbers of MREs, Cox et al. (2008) performed 1:50 scale
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laboratory experiments of tsunami waves impacting a large segment of the city of Seaside,
Oregon, which were numerically modeled by Park et al. (2013), Qin et al. (2018a), and Qin
et al. (2018b). Comparisons of the recorded data showed that the experimental results ex-
ceeded the numerical results for free surface elevation and leading wave edge velocity during
the initial impact phase of the wave loading. Agreement of flow velocities and inundation
depths between experimental and numerical model results worsened as waves propagated
onshore through the roughness elements, giving incorrect run-up elevations. These results
corroborate those of Tomita and Honda (2007) and Goseberg and Schlurmann (2011) in
showing that structures have a significant effect on tsunami inundations and further demon-
strate that complex tsunami wave interactions with coastal structures on a community scale
have not been captured well using CFD methods in the past as observed with the numerical

results of Nakamura et al. (2011) too.

3.3.2  Flow Channeling Effects

On the contrary compared to shielding, channeling effects due to flow channel constric-
tions typically result in locally increased flow velocities and consequently increased forces
due to the dynamic pressure of a flow being proportional to the square of the velocity. This
behavior is analogous to the Venturi effect in steady flows, where decreased channel size
results in increased velocity, but reduced total pressure. In heavily-developed, urban coastal
communities where structures are closely-spaced, the gaps between pairs of structures can act
as flow constrictions that produce increased forces on structures further onshore. However,
as demonstrated by Simamora et al. (2007), increased forces acting on a design structure due
to pairs of structures resulting in flow channeling only occur when such flow constrictions
are aligned with the design structure so that the locally amplified flow velocity is directed at
its offshore face. The results of Bridges (2011) and Bridges et al. (2013) also demonstrated
this phenomenon. They observed that when pairs of MREs were placed so that the design

structure was aligned between them, the flow was diverted away from the design structure for
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large cross-shore distances between them, whereas for small distances a localized Venturi-like
effect caused increased velocities between the MREs that resulted in higher forces acting on
the design structure.

Expanding upon the analysis of Bridges (2011) and Bridges et al. (2013) for pairs of
MREs, Thomas et al. (2015) focused on how the spacing between two macro-roughness
elements influenced the force on a shore-ward test structure. For a pair of roughness ele-
ments, the design structure force increases with increased alongshore spacing up to a critical
spacing for a given cross-shore distance between the design structure and the MREs. The
farther away the MREs were placed offshore from the design structure the larger the critical
alongshore spacing became (Bridges, 2011). Thomas et al. (2015) confirmed this behavior
for a specific streamwise separation between the design structure and MREs, providing re-
sults that show how measured forces, wave run-up elevations, and flow velocities varied for
increasing distances between the pair of roughness elements. They demonstrated that all
three quantities followed similar trapezoid-like, tri-linear trends with respect to increasing
alongshore spacing between the MRE pair, where the force initially increased linearly until
it reached a constant plateau value and then linearly decreased.

In addition to conducting experiments with pairs of macro-roughness elements, Bridges
(2011) also investigated the behavior of larger numbers of MREs. Of particular interest
are the results for trios of MREs with the center MRE aligned with the test structure.
Bridges (2011) demonstrated that the test structure force is maximized when the center
MRE is moved in the offshore direction and minimized when the center MRE is moved in
the onshore direction. This is because these configurations channel the flow toward and away
from the test structure, respectively. Also, this effect held true regardless of the streamwise
separation of the MREs and the test structure, but the largest forces occurred in the range
3 < z/a < 4, where x is the streamwise separation between the MREs and test structure
and a was the side length of the identical, square MREs and test structure.

Another key channeling effect is a strong dependence on the degree of flow obstruction

that is caused by macro-roughness elements. The degree of flow obstruction is quantified



44

by the blockage ratio, which is defined as BR =1 — W /W, where We and W refer to the
constricted and unconstricted channel widths. When investigating the impact of dam-break
generated, bore-like waves on rectangular and circular structures, Nouri (2008) observed that
amplified forces due to increased flow velocities caused by flow shielding followed a bi-linear
trend, where the force linearly increased from the unblocked channel force at BR = 0 until
reaching a peak at BR of about 0.25, after which the force linearly decreased for increasing
flow blockage. More specifically, Nouri et al. (2010) observed force increases of 25%, 40%, and
25% for blockage ratios of 0.125, 0.250 and 0.375, respectively, when compared to results from
tests without flow constriction. These results are cited as the basis for one of the methods
included in the ASCE 7-16 Chapter C6 commentary describing how to amplify design forces
when channeling effects are present.

One of the major limitations to the vast majority of both experimental and numerical
simulations of macro-roughness element effects is that the tsunami wave propagation direc-
tion is always perpendicular to the shoreline. During wave shoaling, the change in sea floor
depth results in wave refraction that redirects waves to travel progressively more perpendic-
ular to shoreline; however, tsunamis have been observed to arrive onshore flowing diagonally
relative to the shoreline. In such cases, oblique wave impacts on structures can result in
channeling in regions where orthogonal wave impacts would cause shielding.

In their studies of broken solitary wave impacts on groups of columns and walls, Robert-
son and Mohamed (2009) and Santo and Robertson (2010) discuss this effect in the context
of columns and walls located at the bottom stories of buildings, where non-structural ele-
ments have been wiped out. They illustrate the fact that if tsunami inundations impact a
structure obliquely, shielding of interior columns and walls is often reduced since the wave
can propagate unhindered past exterior elements in a diagonal motion to directly impact
interior elements. Significant increases in hydrodynamic forces were observed, particularly
for flow blockage ratios exceeding 40%, when the interior columns were not aligned with
the exterior columns parallel to the wave flow direction. Also, similar results occurred for

obliquely approaching waves that were channeled between exterior columns. The opposite
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effect was observed for cases where the columns were aligned with the wave flow direction,
where notable decreases in forces were observed, demonstrating that shielding effectively
reduces wave force demands.

Channeling effects can also be induced by natural bathymetric and topographic features
too. For example, sea floor anomalies such as reefs can cause channeling effects similar
to buildings where there are gaps in such features. This phenomenon was observed in the
aftermath of the 2004 Indian Ocean Tsunami, where more severe damage was documented
in regions between sea floor obstructions. However, when unbroken sea floor obstructions
are present, wave run-up and inundation depths were reduced. Lynett (2007) numerically
studied how such features reduce tsunami run-up and inundation depth, showing that as the

obstruction width-to-height ratio increased so too did the run-up and inundation depth.

3.3.3 Identified Research Gaps

The most significant limitation to these prior studies of the influence of macro-roughness
in terms of neighboring structures on resulting tsunami loads for a design structure is the
minimal range of cases that have been experimentally tested and numerically modeled. In
particular, the biggest void in the field of results is the lack of asymmetric arrangements of
neighboring structures relative to a design structure. For instance, nearly all of the stud-
ies reviewed in this section used pairs of block-like structures as macro-roughness elements
arranged in configurations where the midpoint between a pair of MREs was aligned with
the structure being tested or modeled to measure force demands instead of using config-
urations with asymmetrically-positioned or misaligned MRE arrangements. Additionally,
there is a lack of general force prediction methods or equations pertaining to the shielding
and channeling effects of adjacent structures with the two most successful examples, Nouri
et al. 2010 and Thomas et al. 2015, having only a limited range of applicability in terms of
geometric configurations of structures as specified in the ASCE 7-16 Chapter 6 Commentary
(ASCE, 2017). Thus expanding the range of applicable adjacent structure configurations as
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well as generating a corresponding force prediction model present the most important topics
to be investigated in this field of research, making it worthy of being the key focus of this
dissertation. Finally, the biggest hurdle to overcome in achieving the goal of developing a
widely-applicable force estimation equation based on a large array of MRE configurations
is to develop a computational fluid dynamics model capable of accurately reproducing free-
surface elevations, flow velocities, pressures, and total forces acting on or surrounding a design
structure. As was demonstrated by the numerical modeling difficulties that Cox et al. (2008),
Nakamura et al. (2011), Park et al. (2013), Qin et al. (2018a), and Qin et al. (2018b) expe-
rienced while trying to accurately reproduce localized experimental results when attempting
to model entire communities at once, it is clear that more refined numerical methods are

required to obtain consistent results between experiments and numerical models.
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Chapter 4
EXPERIMENTAL METHODOLOGY

To evaluate the influence of macro-scale roughness in the form of neighboring structures
on the loading of an elevated, coastal structure, tests of a reference case without adjacent
structures as well as five adjacent structure configurations were conducted, subjecting the
structure to unbroken and broken, tsunami-like wave impacts in the Large Wave Flume
(LWF) at the Hinsdale Wave Research Lab (HWRL). To evaluate the effects of the con-
structed environment on tsunami-induced, structural forces, fluid velocities, free-surface ele-
vation, and the pressures and forces exerted on an elevated structure were measured for the
unbroken and broken wave types. The wave naming conventions of unbroken and broken
refer to the state of the waves when they arrived at the test structure. For instance, the
broken wave collapsed offshore as a spilling wave ahead of the test structure, whereas the
unbroken wave propagated as a smooth solitary wave along the flume, breaking onshore past
the test structure.

The use of an elevated test structure differs notably from the types of macro-roughness
elements presented in Chapter 3 - Prior Tsunami Impact Research, where all of the elements
were prismatic structures that rested on flume or wave basin bottoms. This choice of struc-
ture type presents the possibility of not only assessing pile-supported coastal structures, but
also allows for loads to be measured on a structure as if a prior wave in a tsunami wave train
had destroyed non-structural walls on the lower levels thereby reducing the demand since
piles alone resist the force imparted by the toe of subsequent incoming tsunami bores. The
following sections describe the wave flume, test structure, instrumentation, wave generation

methods, and the macro-scale roughness conditions used in the experiments.
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4.1 Wave Flume

The Large Wave Flume at the HWRL was used to generate the tsunami-like waves that
impacted the test structure. The flume geometry and test structure position used for all
experiments is shown in Figure 4.1. The coordinate system origin (x = 0.0 m, y = 0.0 m,
z = 0.0 m) was set to be at the bottom of the flume in the center of the front face of the wave
maker paddle at its rest position with the stream-wise, wave propagation direction denoted
as the positive x-direction and the upward, vertical direction designated as the positive z-
direction, leaving the positive y-direction to point toward the left flume wall for a Cartesian
coordinate system. All dimensions are given in Figure 4.1 except for the floor slab thickness
of 0.1524 m, which caused a sudden decrease in the flume depth at bay marker 2 since the
first slab was lain on the flume bottom. Since the floor slabs were restrained both above and
below to prevent any motion, the region beneath the floor slabs was not filled with soil or

other fill material, allowing water to occupy the empty space..
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Figure 4.1: Large Wave Flume at the HWRL (Alam et al., 2019)
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4.2 Test Structure

The test structure is shown along with its overhead, wall-mounted support frame that
spanned the flume width in Figures 4.2a and 4.2b. Low-friction bearings that connected the
test structure to the support frame allowed for free movement in the stream-wise (z) and
transverse (y) directions. The test structure was a reinforced steel box suspended from the
support frame that was 0.615 m tall with a 1.016 m square base elevated off of the flume
bottom by 0.25 m long legs, beneath which was a 5 mm gap to prevent the legs from touching
the flume bottom to avoid vertical forces being absorbed by the flume bottom. Internally,
the test structure was supported by a welded frame of 0.0381 m square hollow steel sections.
Along the offshore and onshore faces of the test structure, these sections were placed at three
even spaces in the transverse direction (i.e. y-direction), whereas along the left and right
alongshore faces of the test structure these sections were placed at two even spaces in the
streamwise direction (i.e. x-direction). These sections were continued along the top and
bottom faces to create closed loops as demonstrated in Figure 4.2c. The off- and onshore
faces were reinforced more than the left and right alongshore faces due to needing to resist
the full impact of the waves on the offshore face. The offshore or front face of the test
structure was positioned at x = 43.76 m, the centerline of test structure in the stream-wise
direction was set to be at Y = 0.0 m, and the bottom face of the test structure was placed
at an elevation of z = 2.0 m.

Except for the addition of twelve columns beneath it, the test structure and flume config-
uration used in these experiments was identical to the one used by Park et al. (2017), where
the elevated test structure was subjected to regular, irregular, and tsunami-like transient
waves without any additional structures. Each column was 25 cm-long with a 5.08 cm by
5.08 c¢cm hollow cross-section. Figure 4.3 provides more details in terms of the test struc-
ture and support frame dimensions as well as the instrument positions relative to the test

structure.
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(a) Front View (b) Back View

(c) Internal View

Figure 4.2: Test Structure Assembly

4.3 Macro-scale Roughness Elements

To assess the influence of macro-scale roughness on the velocities, wave loads, and pres-
sures, six testing configurations (Figure 4.4) were chosen to provide varying degrees of flow
constriction and shielding of the test structure. For each case, the unobstructed channel
width W and the constricted width W, are shown to indicate the section of the flume that
was considered when assessing flow constriction and shielding effects. These widths were

selected according to the conventions laid out in ASCE 7-16 Chapter C6. The spacing and
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Figure 4.3: Elevated Structure and Instrumentation Plan and Elevation Views: (1) design
structure body, (2) pressure gauge positions, (3) design structure legs, (4) pancake uni-
directional load cell, (5) in-line load cell, (6) flume wall-mounted frame support beam, (7)
streamwise support frame section, (8) transverse support frame section, (9) streamwise low-
friction bearings, (10) transverse low-friction bearings, (11) bearing attachment block, (12)
threaded-rod connections between the support frame and flume wall-mounted beams, (13)

HSS stiffener braces (Alam et al., 2019).

sizes of the blocks were selected to be similar to streets and buildings found in coastal cities,
such as Seaside, OR, where there are many waterfront hotels which would be less susceptible
to being washed away by a tsunami inundation and would act as macro-roughness elements,
channeling the flow towards structures farther inland.

The first configuration (Case A) had no roughness elements and served as the reference

case for later use in normalizing the results of other cases relative to a case without adja-
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Figure 4.4: Macro-scale Roughness Element Configurations
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cent structures obstructing the waves. The roughness elements used in the additional five

configurations (Cases B-F) consisted of concrete blocks placed in alternating patterns, which

were fixed to the channel. Each block was 1.1684 m tall and had square bases with 0.8128 m

side lengths. The first three configurations (Cases B-D) made use of one concrete block, and

last two configurations (Cases E and F) consisted of two concrete blocks, with symmetric

and asymmetric configurations. All of the shielding blocks were placed at the center of the

channel (Case D), at the channel edge (Cases B and E), or with their edge aligned with the

midpoint of the test structure (Cases C and F).

It should be noted that Cases B, E, and F present configurations where stagnant flow
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regions existed in the corners made by the flume walls and the offshore faces of the blocks
touching the walls. This condition could hypothetically influence both the run-up elevation
on the test structure faces and consequently the fluid pressures and forces acting on the test
structure by directing the flow toward the flume center instead of allowing the flow to freely
pass around the blocks. In effect, these situations present cases where the blocks touching
the wall act as larger structures than they actually are in terms of how they influence the
flow conditions as has been discussed by Goseberg (2011). For instance, a block touching a
flume wall would act as a structure that is twice as wide in the transverse direction since by
symmetry half of the flow would go to the left and half to the right of such a block with a
stagnation region in the middle of the offshore face of the block.

However, instead of attempting to address this issue directly by using a block that is half
as wide when placing a block against a flume wall, it was decided that in the interest of time
and resource limitations that numerical modeling would be used to produce a validated model
that could be used to compare cases with and without flume walls. For example, OpenFOAM
computational fluid dynamics (CFD) simulation results for the one-MRE cases (Cases B, C,
and D) using both an experimentally-validated model with the original flume width of 3.658
m and another model with a flume width twice as large have demonstrated that the walls
have a minimal effect on the maximum total force imparted on the test structure by the

broken wave as shown in Figure 4.5.

4.4 Wave Generation

Unbroken and broken tsunami-like waves were generated by the hydraulic piston of the
Large Wave Flume at the HWRL. The piston was operated under displacement control,
based on time histories of piston displacement specified by the research team. As shown in
Figure 4.6, the displacement history of the unbroken wave was input as an error function,
whereas the displacement history of the broken wave was derived from solitary wave theory.

The purpose of using an error function displacement history instead of other established
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Figure 4.5: Comparison of Normalized Maximum Streamwise Forces for the One-MRE Cases
(Cases B, C, and D) using 12 ft and 24 ft Flume Widths in OpenFOAM CFD Simulations
of the Broken Wave, where yg is the Distance between the Flume and MRE Centerlines and
We is the Flume Width.

wave generation theories was to maximize the capabilities of the piston wavemaker in the
Large Wave Flume. In particular, the wavemaker is limited to a maximum stroke of 4 m
and maximum velocity of 4 m/s as noted previously. Wave generation schemes based upon
shallow water wave theory and solitary wave theory result in piston displacement histories
that reach the peak velocity before before the maximum stroke can be achieved, which would
result in a smaller volume of water being displaced and consequently a lesser wave impact
on the test structure. However, the error function approach allows the full piston stroke to
be utilized while maintaining an allowable piston velocity.

The error function-based piston displacement history, zym(t), was defined by Equa-
tion 4.1, where Sp.x = 4 m was the maximum piston stroke, to = 10079/SE + tym = 20.34 s
was the initial time offset, SF = 360 was a scaling factor used to stretch the displacement
profile in time, ¢y, = 10 s was the delay required for the wavemaker and data acquisition

system to be readied, and 75 was the solution of erf(7) + 1 = tolerance = 5(107°), which
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was an arbitrarily chosen starting point to ensure that the displacement remained near zero
for an initial time period. Note that decreasing SF results in larger wave amplitudes and
consequently larger wave velocities too, but the unbroken wave parameters were chosen to
ensure that the waves generated using them broke after the test structure. The maximum
piston velocity based on these parameters was 0.63 m/s, which was far below the limiting

value for the wavemaker.

Tym(t) = % [1 + erf(%)} (4.1)

For the unbroken wave, the still water level (SWL) was set to be 2.0 m near the wave
maker, resulting in a SWL of 0.25 m at the test structure with no air gap beneath it. For
the broken wave, the SWL was set to be 1.85 m near the wave maker, which resulted in a

SWL of 0.1 m at the test structure with a 0.15 m air gap beneath it.
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Figure 4.6: Wave Maker Displacement Time Histories

The advection of each wave form along the flume is depicted as a series of wave free-
surface time histories in Figure 4.7 and Figure 4.8, where each time history represents the

ensemble average over all of the tests conducted for each roughness element configuration.
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In these figures, x is the distance from the wave paddle to the gauge. The results shown were
recorded by wmuwg located at (x,y,z) = (0,0,N.A.), a wave gauge attached near the top of
the piston wavemaker paddle, as well as by the resistance wire wave gauges wgl placed at
(x,y,2) = (14.169, —1.388,N.A.), wg2 placed at (z,y,z) = (32.443,—1.379,N.A.), and wg3
placed at (z,y,2) = (36.099, —1.368,N.A.), which are shown in Figure 4.1. Note that the
x-coordinate of wmwg changed with the motion of the wavemaker over time and the N.A.
entries indicate the fact that the resistance wire gauges do not exist at a single point in the
z-direction. The averaged time histories were nearly identical for all six test configurations
during the initial wave impact on the test structure, demonstrating the consistency of the
piston-type wavemaker in the Large Wave Flume. Noticeable differences in the waves began
during the subsidence of the wave from the test structure after the peak wave height had
been reached and when the waves returned after reflecting off of the end wall of the flume.
The unbroken wave experienced minimal reduction of amplitude as it traveled down the
flume, whereas the amplitude of the broken wave rapidly decayed as it approached the test
structure. This difference is due to the significantly greater height and greater velocity of

the initial form of the broken wave that resulted in the formation of a turbulent bore.
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Concerning whether or not the waves used in this study were indeed tsunami-like, it

may be observed in the engineering literature that solitary waves, which are forced to break
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Figure 4.8: Broken Wave Free-Surface Time Histories

and form turbulent bores as they propagate over sloped beds due to wave shoaling effects,
are commonly used to generate similar conditions to those that occur during a tsunami
inundation. For instance, a large number of researchers have used solitary waves as an ini-
tial condition for experimental investigations (Grilli et al., 1994; Briggs et al., 1995, 1996;
Robertson and Mohamed, 2009; Swigler, 2009) as well as numerical simulations (Titov and
Synolakis, 1995; Grilli et al., 1997; Lynett, 2009) of tsunami wave propagation. Addition-
ally, continuous inundation flows were simulated experimentally using the same approach as
described by Thomas and Cox (2012) to generate the unbroken wave, the duration of which
was maximized through the use of the error function wave generation method that allows
for use of the full wavemaker stroke. Due to the comparable nature of the waves used in
this study to those used in past studies focusing on tsunami-like waves the terminology of

tsunami-like has been used throughout to describe the unbroken and broken waves.
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4.5 Instrumentation

The elevated test structure was fitted with an array of measurement devices including
load cells, pressure gauges, acoustic Doppler velocimeters (ADVs), and two types of wave
height gauges, wire resistance and ultrasonic gauges. Sample photos of these devices are

shown in Figure 4.9.

Figure 4.9: Elevated Structure Instrumentation Photos: (a) front face pressure gauge po-
sitions, (b) structure support frame, (c) internal pressure gauge attachment, (d) ultrasonic
wave gauge, (e) acoustic Doppler velocimeter, (f) streamwise load cell, (g) internally-mounted

accelerometer.

4.5.1 Load Cells

To measure the forces imparted on the test structure by the waves, nine load cells were
used, including one stream-wise direction load cell (LC5), two transverse direction load cells

(LC3 and LC4), four vertical direction load cells (LC6, LC7, LC8, and LC9), and two load
cells connecting the front right and back left legs to the test structure. The two leg load
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cell measurements are not discussed in this article, leaving the seven load cells shown in

Figure 4.10.
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Figure 4.10: Load Cell Layout: B (Back), RF (Right Front), RB (Right Back), TFR (Top
Front Right), TFL (Top Front Left), TBR (Top Back Right), TBL (Top Back Left)

4.5.2  Pressure Gauges

Fourteen pressure gauges were used to characterize the pressure distributions on the
test structure. As shown in Figure 4.11, these gauges were utilized in three configurations
to achieve a higher resolution pressure field in terms of the number of positions at which
pressures were measured during the experiments. Note that the gauges are labeled PG1 -
PG14, but the faces on which these labels appear is not always consistent.

Pressure gauge layout 1 was devised to determine the pressure distribution along the
centerline of the test structure on the front, bottom, and back faces as shown in Figure 4.11a.
The locations shown in Figure 4.11b for pressure gauge layout 2 were selected to capture
the pressure distribution near the left and right edges of the test structure’s front face and

measure the pressure field over the bottom face of the test structure. To provide a good



62

= 1.016 m =
T Top Top Top
Front
h0.508 m——l—fO.SOB m
€ I }— = o . %
0.615m(3 Left S| & —— pggel©? = I Right &
= w 'PG7 ['4 =3
PG6 e
*PG5
PG4
pG2sPG3
1 Bottom PG1 Bottom
0.038 m (Typ.)- | 0.019 mJ
0.127 m Front Top
f PG10
0.254 m P
PG11 S Back g
| ‘ 0508 m—-—0508 m—
1.016m(z 0.254m Bottom 2 L pG14
~——0.508 m— 0.081 M Bottom
1 ]
PG12
0.254 m
l PG13
L]
I 0.127 m Back
I
(a) Layout 1
f= 1.016 m —
T Top Top Top
Front
0.152 m 0.152 m
o o | [0386m——0356m— 4 | _ -
0.615mg Left gl & epGY PG4e 2 Right 3
L.PGB PG3e
*PG7 PGL{ PG2e
1 Bottom r'PG6 Bot.tom PG1e Bottom
0.076 m (Typ.)- 0.057 m3
T Front Top
0.381m
2y &
PG12 | PG PG10 E: Back 3
0.356 m—+-0.356 m =
1.016m|e Bottom 5
0.152 m 0.152 m Bottom
PG14 PG13
0381 m ~0.254 m
r Back

(b) Layout 2

overall characterization of the pressure distribution acting on the entire test structure, the
pressure gauge layout 3 positions shown in Figure 4.11c were chosen. Furthermore, layout
3 provides the only assessment of the pressure distribution along the left and right faces of

the test structure, which were placed at the same elevation at a large enough spacing in the
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Figure 4.11: Test Structure Pressure Gauge Layouts

streamwise direction to be able to assess if the test structure twisted during wave impact

loading.

4.5.8  Acoustic Doppler Velocimeters

To study local velocity variations during the experiments, seven acoustic Doppler ve-
locimeters (ADVs) were installed as shown in Figure 4.12. These gauges measured three-
dimensional velocities surrounding the test structure, which was necessary for detecting flow
direction variations as well as velocity amplifications. To ensure that the ADV measure-
ments were not corrupted by noise resulting from entrained air in either wave case, they
were submerged well below the still water level in both wave cases. Furthermore, to avoid
skewed results due to erroneous spikes in the ADV time histories when computing ensemble
velocities considering all of the experimental trials, median velocities were calculated instead
of the mean velocities since the mean is highly susceptible to outliers, whereas the median

is much more robust.
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Figure 4.12: Acoustic Doppler Velocimeter (ADV) Layout

4.5.4  Ultrasonic and Wire Wave Gauges

Wave heights were measured along the flume in front of the test structure at four locations
using resistance wire gauges. The global locations of these gauges are shown in the flume plan
and elevation views of Figure 4.1. Additionally, six ultrasonic wave gauges, which are also
shown in Figure 4.1, were placed surrounding the elevated test structure. These gauges are
also shown in Figure 4.13 in order to provide specific details concerning the exact positions

of these wave gauges relative to the test structure.
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Figure 4.13: Wave Gauge Positions

4.6 Experimental Conditions Summary

The combination of six experimental test configurations with three pressure gauge layouts
and three wave types resulted in a large number of unique configurations that were tested at
the HWRL. Additionally, in order to gather enough data in order to capture the variability in
the physical processes of wave impact loading as well as variability due to any component of
the entire test apparatus comprised of the wave maker, test structure, and instrumentation,
numbers of trials were chosen based on the wave type being tested. For the broken wave, 10
trials were settled upon after initial testing and likewise 5 trials were used for the breaking

and unbroken waves.

These conditions are summarized in Table 4.1, which shows the test configuration and
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the number of trials that were carried out for each configuration. A total of 246 tests were
conducted, where the first 91 tests were executed with an unstiffened test structure support
frame, whereas the remaining 155 were completed using a stiffened support frame. The
frame was stiffened after visibly noticeable vibration of the frame was documented during
the more violent broken and breaking wave type tests. In places where more tests than the
typical amounts of 5, 10, or 15 are shown in Table 4.1, one of two situations arose during the
tests, where either the test count was incorrectly recorded during the testing and found to
be larger than planned after the fact or an issue with the test configuration was found and
additional tests were conducted to account for them. For example, when using the stiffened
test structure support frame, pressure gauge (PG) layout 3, and test configuration Case
A for the breaking wave, the unrestrained concrete block used to represent a neighboring
structure rotated about the vertical axis and was displaced away from the flume wall due to
the repeated, severe wave impacts during the first three trials using these conditions. Once
the issue was noticed, a steel support frame spanning the width of the flume was constructed

to keep the concrete block(s) from displacing during further tests.

Table 4.1: Test Matrix

Frame Stiffness | PG Layout | Test Config. | Wave Type | Trials | SWL (m)
Unstiffened Layout 1 Case A Unbroken 15 2.00
Unstiffened Layout 1 Case A Breaking 15 2.00
Unstiffened Layout 1 Case A Broken 15 1.85
Unstiffened Layout 2 Case A Unbroken 5 2.00
Unstiffened Layout 2 Case A Breaking 5 2.00
Unstiffened Layout 2 Case A Broken 6 1.85
Unstiffened Layout 3 Case A Breaking 10 2.00
Unstiffened Layout 3 Case A Unbroken 10 2.00
Unstiffened Layout 3 Case A Broken 10 1.85

Stiffened Layout 3 Case A Unbroken 7 2.00
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Stiffened Layout 3 Case A Breaking 10 2.00
Stiffened Layout 3 Case A Broken 10 1.85
Stiffened Layout 2 Case A Unbroken ) 2.00
Stiffened Layout 2 Case A Breaking 10 2.00
Stiffened Layout 2 Case A Broken 10 1.85
Stiffened Layout 3 Case B Unbroken 5 2.00
Stiffened Layout 3 Case B Breaking 8 2.00
Stiffened Layout 3 Case B Broken 10 1.85
Stiffened Layout 3 Case C Unbroken 5 2.00
Stiffened Layout 3 Case C Breaking ) 2.00
Stiffened Layout 3 Case C Broken 10 1.85
Stiffened Layout 3 Case D Unbroken 5 2.00
Stiffened Layout 3 Case D Breaking 5 2.00
Stiffened Layout 3 Case D Broken 10 1.85
Stiffened Layout 3 Case E Unbroken ) 2.00
Stiffened Layout 3 Case E Breaking 5 2.00
Stiffened Layout 3 Case E Broken 10 1.85
Stiffened Layout 3 Case F Unbroken ) 2.00
Stiffened Layout 3 Case F Breaking ) 2.00
Stiffened Layout 3 Case F Broken 10 1.85
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Chapter 5
EXPERIMENTAL RESULTS

The introduction of adjacent structures affected the incident tsunami wave by either
focusing it toward the test structure or diverting it away from the test structure. When
the waves were diverted away from the test structure by adjacent structures that shielded
it, the pressures and net forces were drastically reduced. On the contrary, narrowing of the
flow channel locally increased the flow velocity, which caused by increases in the dynamic
pressure of the flow that resulted in larger pressures and net forces applied to the test
structure. Locally-increased velocities and fluid pressures acting on the test structure have
been used to demonstrate where flow channeling occurred. Similarly, locally diminished or
redirected flow velocities and reduced pressures were used as identifiers of regions where
shielding due to adjacent structures occurred. This chapter discusses examples of each effect
individually as well as when they were found to act in combination. For instance, the MRE
configurations of Cases B and E primarily produced flow channeling effects, Case D caused
shielding-dominated behavior, and the remaining cases, Cases C and F, resulted in both

shielding and flow channeling effects.

5.1 Effects of Macro-roughness on Flow Velocities

To provide insight into how the adjacent structures influenced the wave flow patterns
between the structures, the XY -plane velocity vectors parallel to the flume bottom (i.e. ne-
glecting the Z-direction components that were measured too) were determined for each ADV
and block configuration at the point in time when the peak stream-wise velocity component
for ADV4 was reached. This ADV position was selected since it was located just ahead of

the test structure in the unobstructed path of the waves impacting the test structure for all
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macro-roughness element configurations regardless of the degree to which the test structure
was shielded by macro-roughness elements. Furthermore, ADV4 provided the only suitable
location to measure local flow velocity amplification effects for all MRE configuration cases,
whereas ADV3 was fully shielded by a MRE in Cases C and E. These results are shown for
both the unbroken and broken waves in Figure 5.1, where the ensemble medians over all
of the tests completed for each roughness element configuration were used to determine the

vector components and which time corresponded to the maximum stream-wise velocity for

ADV4.
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Figure 5.1: ADV Velocity Vectors at the Time of Peak Stream-wise Velocity for ADV4
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5.1.1 Flow Constriction Effects

As a measure of the degree of flow constriction for a specific case, the blockage ratio
defined as BR =1 — W, /W, where W, is the constricted width and W is the unobstructed
width, was used for comparison purposes between cases. For Cases A through F, the blockage
ratios were 0, 0.222, 0.308, 0.364, 0.444, 0.615, respectively. These values were determined
using the W, and W dimensions shown in Figure 4.4.

If the roughness element configurations are divided into two subsets, the one-block (Cases
B, C, and D) and two-block (Cases E and F) scenarios, the maximum stream-wise velocity
measured by ADV4 increased as the channel flow width decreased for the unbroken wave
within these case subsets, particularly if the flow restriction was near that velocimeter.
For the one-block cases, the maximum velocity recorded by ADV4 increased linearly with
increasing blockage ratio from 0.99 m/s for Case B (BR = 0.22) to 2.41 m/s for Case D
(BR = 0.36). Similarly for the two-block cases, the maximum ADV4 velocity increased from
1.84 m/s for Case E (BR = 0.444) to 2.14 m/s for Case F (BR = 0.62). The broken wave
maximum ADV4 stream-wise velocities showed similar behavior for the one- and two-block
cases; however, there does not appear to be an all-encompassing trend for either wave type.

The lack of an overall trend for both wave types shows that increasing the blockage ratio
does not always cause an increase in flow velocity, particularly when the ratio is increased by
adding an additional adjacent structure instead of changing the position of a single adjacent
structure. Increasing the number of neighboring structures may redirect the flow in a much
different manner than for less neighboring structures. For instance, when comparing Case
A to Case B in Figure 5.1 for the unbroken wave, it may be observed that the maximum
stream-wise velocity recorded by ADV4 dropped from 1.21 m/s to 0.99 m/s even though
the blockage ratio increased from 0 to 0.222. The difference between Case A and Case B is
that in Case B both ADV3 and ADV4 measured increased transverse velocities due to the
addition of a concrete block, which accounts for part of the reduction in stream-wise velocity

for Case B. Additionally, dissipative, turbulent flow behavior in the form of swirling eddies,
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where the flow field was highly re-circulatory near the concrete block and test structure as
shown in Figure 5.2a, caused the redirection of the flow and reduced the wave energy through

turbulence.

(a) Unbroken Wave: Large Eddies (b) Broken Wave: Fully-Formed Bore

Figure 5.2: Turbulent Flow Behavior

5.1.2  Flow Redirection Effects

The roughness elements led to a large degree of flow redirection, particularly for ADV3,
which was most directly in the path of the eddies caused by the concrete blocks as well
as behind one of the blocks in several scenarios. Redirection of the flow from being nearly
perfectly stream-wise as it was in the base case (Case A) led to significant increases in the
transverse direction velocity component, causing the wave to no longer directly impact the
test structure.

For example, as shown for the broken wave in Figure 5.1, the transverse velocity measured
by ADV3 increased in the negative y-axis direction for the asymmetrically-placed, 50%-
blocked cases (Cases C and F), where the stream-wise velocity decreased with increasing
shielding. Similarly, the largest reduction in stream-wise velocity at ADV3 for the broken
wave occurred for the asymmetric two-block case (Case F) and simultaneously experienced

the largest transverse velocity in the positive y-direction and a negative stream-wise velocity.
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For the unbroken wave, the ADV3 velocity vectors were redirected in a similar manner
as for the broken wave, where the transverse components increased for the cases with the
concrete blocks placed along the flume walls (Cases B and E); however, they were no longer
oriented in the same directions as the broken wave vectors, which is likely due to the highly
transient, turbulent nature of the flow directly behind the concrete blocks being drastically
different between the two wave types.

If comparisons of the flow redirections for ADV3 to those for ADV4 are made, significant
differences in the vector directions as well as in the flow velocities for both wave types may
be observed. What is striking about these differences is that they occurred for Cases A, D,
and E, in which the test structure and macro-roughness element were arranged in symmetric
configurations with respect to the centerline of the wave flume, where symmetric flow results
were expected. The reason for the existence of these unexpected velocity vector magnitudes
and orientations is the transient nature of the wave impacts, which are subject to strong
temporal fluctuations in the flow field.

For the unbroken waves, temporal fluctuations in velocities at ADV3 were due to large
eddies that formed near the corners of the macro-roughness elements as illustrated in Fig-
ure 5.2a, which led to recirculatory flows in these regions, where the velocity vectors con-
stantly changed orientation and magnitude. For instance, when examining the velocity
vectors for Case E, the unbroken wave results for ADV3 and ADV4 ought to be identical
based on the symmetry of the macro-roughness element and test structure configuration.
However, at the instant ADV4 reached its maximum streamwise velocity magnitude of 1.84
m/s as shown in Figure 5.1e, ADV3 recorded a much small velocity magnitude due to local
flow fluctuations. However, the maximum velocity that ADV3 recorded during the unbroken
wave impact in this case was 1.80 m/s. This demonstrates that flow symmetry due to config-
uration symmetry was satisfied over the entire duration of the wave impact, but not at each
individual recorded instant due to flow fluctuations. On the other hand, the highly turbulent
nature of the broken wave bores, which were extremely frothy and aerated in addition to

being nonuniformly-shaped, led to similar temporary flow asymmetries too, even for cases
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where the roughness elements were arranged in symmetric patterns with respect to the flume

centerline.

5.2 Effects of Macro-roughness on Measured Forces

As was shown previously, constricting the channel flow width resulted in amplified flow
velocities; however, these amplified velocities, which lead to higher dynamic pressures for the
wave flow, were not always consistent with increases in the maximum stream-wise forces that
were observed when the roughness element configuration was varied. As shown in Figure 5.3,

this observation applied to both the unbroken and broken waves.
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Figure 5.3: Stream-wise Load Cell (B) Force Histories Normalized by the Maximum Force

of the Reference Case, max(|Fcasea|)

For example, consider the two cases (Cases B and E) where concrete blocks were not
directly in front of the test structure. For these cases, the maximum stream-wise force
increased by roughly 10% for the broken wave as shown in Figure 5.3. Consistent with the
idea that increased flow velocities should result in greater wave forces, the maximum stream-

wise flow velocity increased from 2.03 m/s for Case A to 2.43 m/s for Case B as shown in
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Figure 5.1; however, the opposite occurred for Case E, where the flow velocity decreased to
1.89 m/s. For the unbroken wave, Cases B and E resulted in 20% and 10% force reductions,
respectively. As is expected when the force decreases, the Case B flow velocity reduced to
0.99 m/s from 2.03 m/s for the reference case (Case A), but on the contrary Case E resulted
in an increased velocity of 1.84 m/s. In these cases, the concrete block did not shield the
test structure by directly blocking the wave from impacting the front face or significantly
redirecting the flow path away from or around the test structure, whereas both of these
effects were present for the remaining cases (Cases C, D, and F). For both wave types, the
concrete blocks in Cases C, D, and F shielded either half (Cases C and F) or all (Case D) of
the front face, resulting in significant stream-wise force reductions of 30% to 80% relative to
the reference case even though the velocities either increased up to 2.41 m/s and 2.30 m/s for
the unbroken and broken waves, respectively. These results demonstrate that large degrees
of shielding reduced the net stream-wise force through the redirection of the flow away from
the test structure.

In terms of the vertical forces, both wave types produced vertical load distributions
that varied significantly as the degree of shielding varied near the offshore edge of the test
structure. This may be seen by comparing the top front (LC6 and LC7) and back (LC8
and LC9) load cell force histories shown in Figure 5.4 and Figure 5.5. For the unbroken
wave Figure 5.4a and Figure 5.4b show that there was minimal variation of the back vertical
loads (LC8 and LC9) among the six macro-roughness configurations. In addition, the left
(LC9) and right (LC8) load cells had nearly identical load histories, demonstrating that any
overturning moment about the x-axis (i.e. stream-wise direction) was negligible.

In contrast, the top front load cell (LC6 and LCT7) histories varied more on a case-by-case
basis, as shown in Figure 5.4c and Figure 5.4d. For the unbroken wave, the peak forces
measured by the front vertical load cell for Cases B to F varied from negative to positive
with increasing shielding in terms of the percentage of the front face of the test structure that
was directly obstructed by the concrete blocks. For example, the 0%-shielding configurations

(Cases B and E) resulted in the lowest front vertical forces, which were followed by the 50%-
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shielding (Cases C and F) and 100%-shielding (Case D) configurations. This progression from
the minimum to the maximum front vertical force also coincides with decreasing maximum
stream-wise force. As the maximum stream-wise force decreased with increased shielding,
the overturning moment caused by the stream-wise force reduced as well, which corresponds

to the increasing front vertical load cell forces.

2 T T T T T 2 T T T T T
max (|Fcase a]) = 0.79 kN max (|Fcase a]) = 0.70 kN
15 15
(@] =) o
I-L I-L ‘\ - ""4-.::
N N ™
o) < —Case A
g é 05 ---Case B
() o-Uo 1 e Case C
< < ——Case D
-1 ---Case E
.......... Case F
: -15 ‘
26 28 30 32 34 36 38 26 28 30 32 34 36 38
Time () Time (s)

(a) Top Back Left (LC9) (b) Top Back Right (LC8)



2 T T T T T
max (|Fease a]) = 0.31 kN
15
@ 1
=
T 05 %@’ 1 ,
E 0 DN A Ny s
= ".I"n P _ o Case A
g L i - ',,v"' ---Case B
g -0.5 Ty '-_ﬂ,, ---------- Case C/||
Y ——Case D
-1 ---Case E[]
e Case F
-1.5
26 28 30 32 34 36 38
Time (s)

Figure 5.4: Unbroken Wave Vertical Load Cell Time Histories Normalized by the Maximum

(¢) Top Front Left (LC7)

Force of the Reference Case, max(|Fcaseal)

2 T T T T T
max (|Fcase a|) = 1.08 kN
15

l A
g
L 05 A FRSTR
g A R
= 0 —Case A
é 05 ---Case B
o-Uo 1 e Case C||
= ——Case D

-1 ---Case E[]
-1.5 ‘
35 36 37 38 39 40 41
Time (s)

(a) Top Back Left (LC9)

Normalized Force

Normalized Force

2 (T ) — 027
max (|Fcase a]) = 0.37 kN
15 y
0 ‘\‘ e —"Case Al
y 'ln,u..l "f,,..\. ---Case B
-05 L Case C/|
—Case D
1 ---Case E [
v Case F
-1.5
26 28 30 32 4 B B
Time (s)

2 T T T T T
max (|Fcase a]) = 1.06 kN
15
1
~§
—Case A}
---Case B
05 0 Case C/]
——Case D
-1 ---Case E|]
Case F
-15 ‘
35 36 37 38 39 40 41
Time (s)

(d) Top Front Right (LC6)

(b) Top Back Right (LC8)

7



78

2 T T T T T 2 T T T T T
max (|Fease a]) = 0.79 kN max (|Fcase a]) = 0.84 kN
15 15
[} 1 [} 1
- -
2 05 2 05
E 0 .... Do, s 7 \\“‘ | -g 0 o XM ]
= ] —— Case AF = —Case AT
g 05 ---Case B g 05 1 ---Case B
O-Uo I sl - e Case C|]| O - PN ([ - Case Cl]
< ——Case D = T ,:,: v ——Case D
-1 ---Case E -1 i — ---Case E
---------- Case F e Case F
-15 ‘ -1.5 ‘
35 36 3r 38 39 40 41 35 36 37 38 39 40 41
Time (s) Time (s)
(¢) Top Front Left (LC7) (d) Top Front Right (LC6)

Figure 5.5: Broken Wave Vertical Load Cell Time Histories Normalized by the Max Reference

Case Force, max(|Fcasea|)

As shown in Figure 5.5a and Figure 5.5b for the broken waves, the vertical forces measured
by the top, back load cells (TBL and TBR) also were consistent for all of the configurations.
The largest uplift forces measured by the back vertical load cells corresponded to the block
configurations with 0%-shielding (Cases A, B, and F) of the test structure’s front face.
The remaining configurations with 50%- and 100%-shielding resulted in decreased maximum
uplift forces. Additionally, as shown in Figure 5.5¢ and Figure 5.5d for the broken wave, the
peak front vertical load cell force increased for increasing shielding and decreasing maximum
stream-wise force, which follows the same trend as the unbroken wave data.

To better understand the relation between the stream-wise and vertical forces, time his-
tories of the median vertical-to-horizontal force ratio are shown in Figure 5.6 and Figure 5.7
for both the unbroken and broken wave conditions, respectively. In these figures, the vertical-
to-horizontal force ratios at the instants the peak stream-wise and vertical forces occurred
are also noted. For this purpose, vertical force time histories were obtained by adding the

time histories of all the vertical load cells.
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For the unbroken wave, Figure 5.6 shows that the median vertical-to-horizontal force
ratios are greater than unity, indicating that for all configurations, the vertical forces exceeded
the stream-wise forces. Moreover, the median vertical-to-horizontal force ratio increased as
the waves were diverted more with increasing shielding with the exception of Case E (see
Figure 5.6b), where flow constriction results in increased stream-wise force relative to vertical
force.

As shown in Figure 5.7, for the majority of the configurations, the median vertical-to-
horizontal force ratios were below unity, which indicates that the stream-wise forces exceeded
the vertical forces for the broken wave. This is consistent with the fact that an initial 0.15 m
air gap present in the broken wave case compared to no air gap for unbroken wave resulted
in lower buoyancy-induced uplift for the former compared to the later wave case. However,
similar to the unbroken wave case, as the waves were diverted more with increased shielding
(Case C and Case D), the median vertical-to-horizontal force ratios increased and exceeded
unity. This was caused by decreases in the free-surface elevation on the front face of the
test structure during the wave impact, which resulted from the flow being diverted away
from the front face of the test structure by the concrete blocks, led to much smaller areas
experiencing wave impact pressures, and reduced horizontal force demands. On the other
hand, the roughness element configurations of Cases B and E focused the broken wave toward
the test structure, which led to vertical-to-horizontal force ratios less than unity, indicating
that the horizontal forces were increased in these cases due to channeling of the flow. As a
result, similar trends in the vertical-to-horizontal force ratios were observed for these cases
with respect to the reference case (Case A), yet always with lower values than those of the
reference case.

Similarly, the significant changes in the front vertical loads shown in Figure 5.7 were due
to the changing position in which the broken wave impacts the structure. Cases B and E
diverted the broken wave the least and it still impacted the front face of the structure with
a significant horizontal force compared to the vertical force. However, for Cases C, D, and

F, the wave is blocked from directly impacting the front face of the test structure as well as
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Figure 5.6: Vertical-to-Horizontal Force Ratio for the Unbroken Wave (Alam et al., 2019)

diverted sideways away from it, reducing the horizontal impact force on the front face of the
structure and leading to increased uplift forces as the shortened broken wave impacted the

underside of the front of the structure more than in Cases B and E.
5.3 Effects of Macro-roughness on Measured Pressures

The pressure distributions over the front face of the test structure were examined for
each macro-roughness configuration. These results were compared to the reference case
(Case A) without roughness elements by normalizing the pressures by the reference case
pressures. Figure 5.8 and Figure 5.9 present pressure distributions for each configuration
and both the unbroken and broken, tsunami-like wave types, respectively. The figures
show the maxima of the ensemble-averaged pressures of the cases with roughness elements
(Cases B to F) normalized by the maxima of the ensemble-averaged pressures of Case A

(p = max(Pcase i)/ Max(Pcase A ), Where i is any case from B to F. The figures also show the
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ensemble standard deviations of the pressures calculated at the same point in time as the

max ensemble-averaged pressures (6 = Ocase i/ MaX(Pcase o)), Which were also normalized by

the maxima of the ensemble-averaged pressures of Case A.
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Figure 5.9: Broken Wave - Effects of Macro-roughness Configurations on Front Face Pressures

By comparing the pressure distributions shown in Figure 5.8 and Figure 5.9 to the stream-

wise forces in Figure 5.3, it may be observed that even though local pressures increased over

the front face of the test structure for the Case E configuration, the overall stream-wise force

measured by the load cells decreased by at least 50% for both unbroken and broken waves.

This demonstrates that even though the entire structure was subjected to a smaller resultant

stream-wise force for this configuration, local pressures on the front face increased, which

would cause a larger force on a sub-region of that structural element, but not over the entire

face.
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5.83.1 Mean Pressures

In exposed regions of the front face of the test structure, local pressures increased for the
Cases B and E and for the left column of pressure gauges for Cases C and F as demonstrated
in Figure 5.8 and Figure 5.9. This further demonstrates how flow channel constriction results
in the increased velocities, as shown in Figure 5.1, and consequently increased the local, total
pressures due to an increase in the local, dynamic pressures.

Just behind the concrete blocks, in the most shielded regions of the front face of the test
structure, significant decreases in pressure occurred for Cases C, D, and F with local pressure
reductions reaching nearly 90% behind the blocks, as shown in Figure 5.9. For example, the
middle and right pressure gauge columns of Cases C and F experienced the largest pressure
reductions, ranging from 30% to 90%. Similarly, Case D resulted in pressure reductions
of 45% to 90%, showing that increased shielding results in more severe local reductions in
pressure behind upstream obstacles placed at distances similar to those between structures
in an urban environment.

Another key difference between the unbroken and broken wave pressure distributions was
the degree of variability as indicated by the locally large normalized standard deviations
in max pressure. Looking at the broken wave results in Figure 5.9, these larger standard
deviations occurred for un-shielded regions of the front face of the test structure. This is due
to the much more turbulent nature of the broken bore-like wave as opposed to the smooth

unbroken wave that was largely undisturbed by the roughness elements.

5.3.2 Pressure Distribution

The large reductions in pressure that occurred in shielded areas of the front face of the test
structure for both wave types imply that the stream-wise forces on the test structure should
have also decreased for increased shielding. Similarly, in exposed regions of the front face,
local increases in pressure would cause increases in the stream-wise forces. To determine the

net result of both of these local effects, the front and back face pressure gauge measurements
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were compared to the stream-wise load cell (LC5) measurements.

In order to make a comparison between the load cell force measurements to the pressure
gauge measurements, the pressure field was estimated over the entire front face of the test
structure so the total stream-wise force due to the pressure field could be calculated by
integrating it. The pressure fields were estimated for both the unbroken and broken waves
using multi-linear regressions of the pressure gauge data at each point in time, which were
then integrated using the trapezoidal method to determine the total force as well as the
center of pressure, through which the total force acted. Also, in order to account for the
pressure acting on the back face of the test structure, a hydrostatic pressure distribution
was assumed and fit through the single back face pressure gauge measurement data point.

Examples of the front and back face assumed pressure surfaces are shown in Figure 5.10.

43 435 44
x [m]
Figure 5.10: Assumed Pressure Field Profiles Acting on the Offshore and Onshore Test

Structure Faces

For each point in time, a bi-quadratic surface as defined by Equation 5.1a was assumed

and the polynomial coefficients were calculated to check if the surface gave a physically
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realistic result. Note that the y- and z-coordinates given in the pressure field equation are
the global coordinates of the wave flume shown in Figure 4.1). If C5 < 0 in Equation 5.1a,
then the surface was convex relative to the offshore face of the test structure and the result
was kept. However, if C5 > 0 in Equation 5.1a, then the surface was concave relative to
the offshore face of the test structure, which resulted in aphysical, large pressure values near
the top of the test structure, where they did not occur during the experiments since the
waves impacted the test structure near its base before running up the offshore face. In these
instances, a bi-linear surface as defined by Equation 5.1b was used instead, which avoided the
over-prediction of pressures near the top of the test structure. The entire pressure integration

process is outlined in detail by the flow chart provided in Figure 5.11.

pQ(y, Z) = O() + C’ly + OQZ + ngZ + C4y2 + 0522 (51&)
pr(y, z) = Lo+ L1y + Loz + L3yz (5.1b)
Calculate bi-quadratic R Use bi-quadratic
New Time pressure surface, Yes ’ surface, pg
Step "l pa(y,2) = Qo + Qy +
Q22+ Q3yz+Quy* + Q52°

Calculate Streamwise
Force: Trapezoidal

I < 07

s (s Method Integration

of Pressure Surface
Calculate bi-linear
No surface, pr(y, z) =
Lo + Ly + Loz + Layz

Figure 5.11: Pressure Integration Process Flow Chart

Final Time
Reached?

Additionally, the assumed hydrostatic pressure distribution acting on the onshore test
structure face was determined and integrated. Using a slope of Yyater = 9pPwater, a linear
surface was fit through the single pressure value measured on the onshore face of the test
structure, assuming the distribution was uniform in the transverse or alongshore direction.

The resulting linear surface is defined by Equation 5.2, where py4 is the onshore face pressure
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gauge measurement and zy4 is the vertical global coordinate location of the onshore face

pressure gauge.

PB = —Ywater(2 — 214) + P1a (5.2)

Initial calculations showed there were notable discrepancies between the integrated pres-
sure results and back load cell (LC5) force histories. This was caused by friction within the
slider bearings mentioned previously in the experimental methodology section that allowed
the test structure to translate in the stream-wise direction. To amend this issue, a suitable
coefficient of friction (u = 0.1) was determined such that the maximum stream-wise load
cell force added to the friction coefficient multiplied by the sum of the four vertical load cell
forces (LC6, LC7, LC8, and LC9) at the same instant resulted in a close match for all of the
roughness element configuration results and both wave types. All of the stream-wise load
cell force histories presented in this manuscript were augmented in this manner.

For the unbroken wave, the near bi-linearity of the pressure fields is shown in Figure 5.12.
The minimal variability of the unbroken wave data, regardless of which roughness element
configuration was used, made the surface fits quite accurate with high coefficients of deter-
mination (R? > 0.98) even during the peak stream-wise load. The only notable variations
in the pressure field due to increased shielding showed up in the bottom right corner of the
front face of the test structure, which was directly behind one of the concrete blocks for
Cases C and F. In these regions, the pressures locally decreased relative to the un-shielded
pressure gauges. Particularly, Cases C and F showed the greatest degree of asymmetry in
their pressure distributions, where significant decreases occurred on the right side of the front
face of the test structure with minor decreases in the middle as was observed in Figure 5.9.

This difference is also evident when comparing the horizontal, box width coordinate (i.e.
the y-axis of flume coordinate system) of the center of pressure from case A (0.0 m) to those
of cases C and F (0.04 m). The changing centers of pressure for cases C and F show that the

resultant stream-wise force due to the pressure field on the front face of the test structure
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was shifted to the left of the center, indicating higher pressures were exerted over the left
side of the front face than the right side. Case D also showed a notable reduction in the
maximum inundation depth of the unbroken wave as well as reduced pressures over the entire

front face of the test structure, which matches well with observations made from Figure 5.9.
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The resulting integrations of these mean pressure field surface fits over time are shown

in Figure 5.13, where they were compared to the mean stream-wise load cell time history
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Figure 5.12: Unbroken Wave Pressure Surface Fit for Varying Macro-roughness at the Time

of Max Streamwise Force

measurements. To demonstrate whether or not the integration results lie within the range
experimental variability of the load cell measurements, each individual trial time history
of the back load cell force was plotted as well. For Cases B and E, the peak forces of
the integrated pressure fields match the load cell measurements very closely, whereas the
remaining results for Cases A, C, D, and F did not match the load cell measurements as
accurately, giving slightly underestimated peak forces, although the general trend and timing
of the peak forces matched well. Additionally, the differences between the load cell and
integrated pressure force histories are the larger during the post-peak decaying region of
the force histories, where significant oscillations exist integrated pressure force histories, but
not for the load cell force histories. These differences were caused by a combination of other
loads not considered in the pressure integration, such as the overturning of the test structure,
as well as any potential friction forces beyond the vertical force multiplied by the assumed
friction factor of u = 0.1 that were sustained by the nominally friction-less bearings, which
allowed the test structure to displace in the stream-wise and transverse directions.

Applying the same approach for the broken wave as with the unbroken wave produced



90

1.25

i i 1.25 i i
Load Cell Trias Load Cell Trids
— Load Cell Average —Load Cell Average
1 — Integrated Pressure 1 —— Integrated Pressure
z z
= 0.75 = 0.75
& < {
< <
2 2
£ 05 £ 05
Z 2
- o N S * o
g ’ \r\ \ g 8 \
»n ] » \x\\\
0 __/\- 0 / A
— A~/ ——/
-0.25 -0.25
26 28 30 32 34 36 38 26 28 30 32 34 36 38
Time, t [s] Time, t [s]
(a) Case A (b) Case B
1.25 i i 1.25 I I
Load Cell Trias Load Cell Trids
— Load Cell Average —Load Cell Average
1 — Integrated Pressure 1 — Integrated Pressure
z z
= 0.75 = 0.75
& 5
o) <
= A\ £
£ 05 £ 05
z 2
Z Z
g . g
$ 025 \ \ s 025
- -
+> +
wn \ wn
L\ N [ — L R \\
U —— \\ L ——— "N
-0.25 -0.25
26 28 30 32 34 36 38 26 28 30 32 34 36 38
Time, t [s] Time, t [s]
(c) Case C (d) Case D

much less accurate surface fit results due to the greater degree of variability in the measured
peak pressure data as shown in Figure 5.14. As was shown previously in Figure 5.9, the
Cases C, D, and F experienced pressure reductions over portions of the front face of the

test structure, which led to large stream-wise force reductions relative to the reference case
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Figure 5.13: Streamwise Force History Comparison between Load Cell (LC5) Measurements

and Integrated Pressure Surface Fits for Varying Macro-roughness

(Case A) as shown in Figure 5.3. What was not immediately apparent was the fact that
the estimated wave inundation depths would have decreased locally in the top right corners
for Cases C and F and across the entire front face for Case D. Reductions in the inundation
depth on the front face of the test structure reduced the areas over which the wave pressures
acted, which accounts for the large force reductions along with the reduced pressures.

In a similar fashion to the unbroken wave results, the integrated pressure field forces
matched the stream-wise load cell measurements very well in terms of the timing of peak
forces for the broken wave as shown in Figure 5.15; however, the peak forces do not match as
well as they did for the unbroken wave. For all of the roughness configurations except for Case
D, where the impact is negated by the presence of the block fully shielding the structure, the
peak integrated pressure force significantly exceeded the peak stream-wise load cell force.
These sharp peaks are likely due to the highly impulsive nature of the bore-like, broken

wave, which was more accurately captured by the highly sensitive pressure gauges than by
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the stream-wise load cell.

5.4 Comparison to Design Recommendations
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To account for force increases due to velocity amplification in design practice, the ASCE

7-16 standard describes methods based on research by Nouri et al. (2010) and Thomas et al.

(2015). Section C6.8.5 of ASCE 7-16 Chapter C6 presents the resulting force increase ratios
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Figure 5.14: Broken Wave Pressure Surface Fit for Varying Macro-roughness at the Time of

Max Streamwise Force
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(FIR = Fx¢/Fxo) due to velocity amplification based on results reported by Nouri et al.

(2010) and Thomas et al. (2015). Here, Fx¢ is the maximum stream-wise force of a given case

and F'yq is the maximum force for the reference case. ASCE 7-16 Chapter C6 also specifies
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Figure 5.15: Streamwise Force History Comparison between Load Cell (LC5) Measurements

and Integrated Pressure Surface Fits for Varying Macro-roughness
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restrictions for the usage of its method that employs the results of Nouri et al. (2010). The
requirements are that 1 < L/W < 3 and 0.6 < W /W < 0.8 be satisfied, which rules out
the application of the method for determining the force increase ratios when considering the
experimental results presented in this paper since L/W < 1 for all of the roughness element
configurations. Here, L is the distance between the upstream constriction and the design
structure, W is the unobstructed flow width prior to the channel, and W is the constricted
channel width as defined in ASCE 7-16 Chapter C6. Despite these limitations, the method
was applied to determine whether or not it was suitable for a range of conditions outside the
recommended limits.

To compare the experimental results of this paper to those of Nouri et al. (2010), they
were overlaid on the same plot as shown in Figure 5.16. The most important difference
between the two data sets is the fact that the data gathered by Nouri et al. (2010) only
predicted increases in the maximum stream-wise force within the acceptable blockage ratio
range (0.2 to 0.4), whereas both the unbroken and broken wave results show significant

decreases in the maximum stream-wise force.
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Figure 5.16: Force Increase Ratio Overlay of Experimental Results with Dam-break Test
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With the exception of Case E, which amplified the maximum stream-wise force by chan-
neling the wave toward the test structure, the maximum stream-wise force for the unbroken
wave decreased in a roughly linear manner from the reference case point (BR =0, FIR = 1)
with increasing blockage ratio. This behavior matches the linear trend of the Nouri et al.
(2010) data well for BR > 0.25 albeit at much lower force increase ratios, but with a sim-
ilar slope. The primary reason so many of the force ratios are much lower than the results
of Nouri et al. (2010) for both wave types is the fact that none of the tests conducted by
Nouri et al. (2010) involved any form of shielding, but rather only flow channeling caused by
symmetric channel width constrictions used to vary the blockage ratio and redirect the flow
towards their test structure. The configurations with 0%-shielding (Cases B and E), which
experienced much lower force reductions compared to the remaining cases, fit this category
best out of Cases B to F. The best match with the Nouri et al. (2010) data occurred for Case
E, which was the only case with symmetric constriction of the flume with the test structure
perfectly aligned between the concrete blocks. This configuration channeled the wave toward
the test structure, resulting in an amplified maximum force of about 10% for the broken wave
as was noted previously. Even though there was not a perfectly symmetric reduction of the
flume width for Case B, the resulting maximum stream-wise force increase of 10% matches
the Nouri et al. (2010) data well for the broken wave too. All other configurations (Cases C,
D, and F), which shielded >50% of the front face of the test structure, redirected the flow
too much to produce similar results to those of Nouri et al. (2010) These cases resulted in
the largest reductions in the maximum stream-wise force for both wave types.

Concerning the differences in the wave types being discussed, the broken wave is the most
similar to the dam-break waves tested by Nouri et al. (2010), which became highly-turbulent,
fully-formed bores prior to impacting the test structures. This is why the broken wave
results match much better for Cases B and E where the roughness element configurations
were similar to those used by Nouri et al. (2010) In contrast, the unbroken wave was still a
smooth, solitary-like wave just prior to impacting the concrete blocks and test structure with

lesser amplitude and velocity than the broken wave, which helps to explain the significantly
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lower wave forces applied to the test structure by the unbroken wave.

These differences in behavior between the two wave types led to shielding of the test
structure to be far less pronounced for the unbroken wave cases than for the broken wave
cases. The initially smooth unbroken wave remained unbroken until approximately 6 m past
the test structure, which allowed for the formation of large eddies near the macro-roughness
elements and test structure due to flow separation occurring at their offshore corners, as
shown in Figure 5.2a. This allowed the wave to impact the test structure across the entirety
of its front face, but with altered flow directions due to the swirling, circular eddy motion.
This circular motion led to lesser velocity components normal to the offshore face of the test
structure as shown in Figure 5.1 and consequently lesser pressures as shown in Figure 5.9 and
Figure 5.12, which ultimately resulted in the observed streamwise force reductions presented
in Figure 5.16

On the contrary, the broken wave was already fully-broken by the time it reached the
test structure as shown in Figure 5.2b. The high-velocity, turbulent flow did not result in a
smooth flow pattern with swirling eddies near the MRE corners. Instead, the broken waves
rushed past the MREs along more linear paths rather than being smoothly redirected along
curved trajectories as was observed for the unbroken waves, which prevented the wave from
significantly impacting the entire offshore face of the test structure. This behavior change
was due the broken waves having a larger streamwise momentum than the unbroken waves
near the test structure, which resulted in shielding of the test structure being much more
effective for the broken wave than for the unbroken wave since the flow did not immediately
reconnect behind the MREs.

The second method provided in ASCE 7-16 Chapter C6 uses the results of Thomas et al.
(2015) to provide a means of estimating force increase ratios. Unlike with the Nouri et al.
tests, where the test structure was placed in a wave flume filled with water, Thomas et al.
subjected block configurations to slightly larger waves and placed their test structure and
adjacent structures on a beach above the still water level. In order to develop a systematic

method for comparing experimental results between the geometries of different MRE config-
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urations, Thomas et al. (2015) established the wake clearance angle, 3, as the angle between
the design structure center-line parallel to the wave propagation direction (i.e. perpendic-
ular to the shoreline) and the line created by connecting the center of the offshore face of
the design structure with the offshore corner nearest to the design structure center-line of a
macro-roughness element.

When using this approach, the seaward obstructions that make up the flow constriction
being considered must be centered about the middle of the shore-ward design structure, be
placed such that the wake clearance angle, 3, falls in the range 10° < 8 < 45°, and must be
no more than 152.4 m (500 ft) offshore of the design structure, as illustrated in ASCE 7-16
Chapter C6. The only roughness element that complies with these restrictions is Case E. To
compare the experimental results for Case E to those of Thomas et al. (2015), the data sets

have been plotted together as shown in Figure 5.17.
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Compared to the Nouri et al. (2010) results, those of Thomas et al. (2015) show slightly

larger force increase ratios for wake clearance angles in the range 20° < § < 35° as well as
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a trapezoidal distribution instead of a triangular one, indicating there is a wide range of
wake clearance angles that cause maximum stream-wise forces of a similar magnitude. For
wake clearance angles less than 20°; the space between the upstream obstacles was so small
that the wave was mostly redirected around them instead of being focused between them
toward the test structure, whereas for wake angles larger than 35° the channeling effect of
the upstream obstacles reduced as the space between the upstream obstacles was increased.
Bearing this general trend in mind, the Case E configuration falls on the upper limit of the
constant force increase ratio range of wake clearance angles, which shows that Case E ought
to have resulted in similar force increase ratios as the largest of the Thomas et al. (2015)
results. However, both the unbroken and broken wave force increase ratios are much lower
than the Thomas et al. (2015) data points, which is most likely due to the major differences
in the experimental setup. Also, the stream-wise distances between the adjacent structures
and the test structure that were used by Thomas et al. (2015) were proportionally much
larger than for Case E.

In addition to comparing force increase ratios for both Nouri et al. (2010) and Thomas
et al. (2015), the maximum stream-wise velocities were compared as velocity amplification
factors (VAF = uxc/uxo). Here, uxc is the maximum stream-wise velocity of a given
case and uyxp is the maximum stream-wise velocity for the reference case. The velocity
amplification factors for both Nouri et al. (2010) and Thomas et al. (2015) are shown in

Figure 5.18 along with the experimental results of this paper.
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Compared to the dam-break results of Nouri et al. (2010), which primarily show flow
velocity decreases relative to their reference case, the solitary (broken) and solitary-like
(unbroken) waves resulted in stream-wise flow velocities that were similar and significantly-
increased, respectively, relative to Case A. Similarly, the unbroken wave result for Case E
significantly exceeded the experimental results of Thomas et al. (2015), which were obtained
for much larger distances between their test structure and adjacent structures, whereas the
broken wave velocity amplification factor was much more similar in magnitude to the results
of Thomas et al. (2015) This comparison provides evidence suggesting that the broken wave
velocities are not significantly affected by the distance between upstream flow obstructions
and the structure experiencing tsunami loads further onshore. Additionally, the fact that the
velocity amplification factors were either much larger or roughly equivalent for the unbroken
and broken waves compared to either the Nouri et al. (2010) or Thomas et al. (2015) data,

yet the force increase ratios were smaller, indicates that the majority of cases were domi-
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nated by shielding behavior that redirected the waves away from the test structure instead
of channeling behavior that focused the waves toward the test structure causing velocity

amplifications that resulted in increased forces.

5.5 Summary and Conclusions

Experiments were conducted to assess the influence of adjacent structures on local ve-
locities, wave forces, and pressure distributions applied to an idealized, elevated, coastal
structure considering a reference case without roughness. Two tsunami-like wave types, un-
broken and broken waves, were generated to assess the influence of macro-scale roughness
in the form of adjacent structures for varying wave conditions. Comparing the results of
five different roughness element configurations to the reference case revealed that two key
loading phenomena, shielding and wave channeling, are caused by adjacent structures.

Increased shielding of the front face of the test structure was found to outweigh the effects
of velocity amplification, leading to a steady decrease in force increase ratios with increasing
blockage ratios. It should be noted, however, that these force decreases came with localized
pressure increases based on flow channelization as was discussed in Section 5.3, signifying
that local structural components may be at increased risk even if the majority of a structure
is shielded from the incoming flow.

More specifically, the degree of wave channeling was varied simultaneously with the degree
of shielding as a result of moving the roughness elements to vary the percentage of the
projected area that was blocked from a direct wave impact. Restrictions of the flume width
resulted in local increases in fluid velocity. However, unless this rapid flow was channeled
directly at the test structure, increased velocities did little to increase the forces and pressures
acting in the stream-wise direction on the front face of the structure. In particular, Cases
C, D, and F, which provided 50%-shielding to 100%-shielding, resulted in force reductions
ranging from 30% to 45% for the unbroken wave and 55% to 80% for the broken wave. This

finding demonstrates the effectiveness of neighboring structures to provide significant benefits
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in mitigating tsunami forces with the exception of cases where the neighboring structures
are positioned such that the channel between them is directly aligned with the test structure
as was shown for Cases B and E, where the stream-wise pressures and forces increased when
considering the structure as a whole. However, despite causing decreased net stream-wise
forces, shielding also led to local force increases in exposed regions of the front face of the
structure, increasing the risk to structural components in these regions.

Comparing these findings to those of both Nouri et al. (2010) and Thomas et al. (2015),
which are cited in ASCE 7-16 Chapter C6 as valid approaches for determining force increase
ratios, demonstrated that using the recommendations of ASCE 7-16 could significantly over-
estimate the force increase ratio for roughness element configurations dominated by shielding
effects such as Cases C, D, and F, where the front face of the test structure was 50%- to
100%-shielded. In contrast, when the force increase ratios were controlled by channeling
effects, which was true for Cases B and E, the force increase ratios presented in this paper
matched the ASCE 7-16 recommended methods for the broken wave, but not the unbroken
wave. The unbroken waves caused less severe impacts on the test structure, resulting in
much lower force increase ratios compared to the broken wave results for the same roughness
element configurations.

These observations demonstrate that the complex interaction of the two waves that were
generated with the varying roughness configurations can be beneficial in terms of reducing the
net wave forces applied to the test structure, but care must be taken to ensure that individual
structure elements are structurally sound. Further, the nonuniform, local reductions and
increases in pressures can lead to additional moments that a structure subjected to 100% of
the wave impact would not experience, which could potentially require additional structural

resistance.
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5.6 Data Availability

Details concerning the test configuration and instrumentation as well as the recorded
data sets for each wave type have been made publicly available via the NHERI DesignSafe
Data Depot online repository (Motley et al. 2019, DesignSafe-CI, Dataset doi:10.17603/ds2-
q2w5-0t48).
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Chapter 6
NUMERICAL METHODOLOGY

This chapter provides an in-depth explanation of the OpenFOAM software including its
inner workings in terms of the equations being solved and the numerical methods used to
solve the system of equations. Additionally, problem-specific details in terms of fluid physical
properties, boundary condition types, mesh generation techniques, and OpenFOAM case

directory organization are discussed at length.

6.1 OpenFOAM Introduction

The numerical simulations performed during this study were carried out using version 5.0,
of the Open Source Field Operation and Manipulation (OpenFOAM) software. OpenFOAM
is a collection of C++ libraries that can be compiled to create individual applications, which
are broadly categorized as either solvers or utilities. Each solver is geared toward simulating a
specific physics phenomenon, and each utility allows the user to perform a specific operation
on data associated with simulations (The OpenFOAM Foundation, 2019).

For multiphase fluid flows consisting of air and water, the most basic solver included
in OpenFOAM is the interFoam solver, which is based on the Finite Volume Method and
also relies on the Volume of Fluid Method of Hirt and Nichols (1981) for tracking the in-
terface between the air and water phases as well as calculating interpolated fluid properties
in regions where the fluids mix as discussed in the Section 6.4 section. The PIMPLE al-
gorithm is used by this solver to couple pressure and velocity, which is a combination of
the pressure-implicit split-operator (PISO) and semi-implicit methods pressure-linked equa-
tion (SIMPLE) algorithms (Patankar, 1980). However, this solver does not allow for use

of moving boundaries and the default OpenFOAM-5.0 distribution does not include piston
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wavemaker-type boundary conditions. To deal with these issues, the olaFlow add-on pack-
age of boundary conditions and solvers designed for coastal engineering purposes by Higuera
(2017) was compiled too. In particular, the olaDyMFlow solver, which requires user-specified
piston displacement and free-surface time histories, was used to mimic the piston wavemaker
of the Large Wave Flume at the HWRL.

However, prior to explaining the input parameters and file structure for an OpenFOAM
case using the olaDyMFlow solver, it is important to understand the basis on which this solver
and other fluid solvers in OpenFOAM were developed. As such, the following four sections
provide details on the Governing Equations, Turbulence Modeling, Volume of Fluid Method,
and Boundary Conditions. Concluding these discussions, the OpenFOAM Case Structure,
OpenFOAM Mesh Generation, OpenFOAM Case Execution sections describe in detail how

OpenFOAM simulation cases were setup and run to model tsunami-like waves in a flume.

6.2 Governing Equations

The set of equations that describe the motion of a viscous fluid are the mass conser-
vation or continuity equation and the momentum conservation equations, Equations 6.8
and 6.9, respectively, which are known collectively as the Navier-Stokes system of equations
for incompressible, viscous fluids. This section presents how the fundamental forms of the
continuity and momentum equations can be simplified to the incompressible fluid form used
for modeling water as well as air at low velocities.

In general, continuity equations can be formed for a wide range of fields of physics, where
the transport of a scalar quantity, g, is described in terms of its time rate of change, its flux
vector, f, as well as its production or destruction, s (i.e. either a source or sink). For example,
this general framework applies directly to heat flow, energy transfer, electromagnetism, and
probabilities in quantum mechanics in addition to fluid dynamics. The general, differential

form of these relations is as shown in Equation 6.1.



106

dq B
a—i—V-f—s (6.1)

For fluid flows, the scalar quantity of interest is the mass density, ¢ = p, and its flux,
f = pu, is its product with the fluid velocity vector, u = w;e;, where wu; is the velocity
component magnitude acting in the e; coordinate basis vector direction. For the equation
to describe mass conservation in terms of density as the fluid flow evolves, the source term
s must be zero, which results in Equation 6.2. This equation describes the conservation of

mass for a system with a constant total mass.

Coordinate—Free Form Cartesian Eoordinates
p . 9p | Opw)
-tV =0 — =0 6.2
5 TV (o) 5 om (6.2)

Note that the Einstein summation convention has been assumed for the Cartesian coor-
dinate representations of equations throughout this dissertation, where repeated indices are
summed over from 1 to 3 to give scalar or zero-order tensor quantities and unique indices
represent higher-order tensor type quantities. For example, x; and wu; represent the x, y, or z
coordinates and velocity components in the continuity equation, respectively, which appear
in the flux divergence term. Since the index ¢ is repeated in this term, it represents the

following scalar sum.

d(pu;) d(pur) 4 d(pus) i d(pus)
ox; 0xy 0xs 0x3
To illustrate the effect of non-repeating indices, notice that the presence of a single
unique component index, ¢, in each individual term of the momentum equation (Equation 6.4)
indicates that it is really a set of three distinct equations due to momentum being a vector or
first-order tensor quantity. Additionally, when assessing the tensor-order of a specific variable
or term in an equation, the number of indices indicates its tensor order. For example, the

Cauchy stress, 0,5, is a second-order tensor that has two indices relating the direction in

which a force is acting to the normal vector of the face over which the force is acting.
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Moving from scalar transport of density to vector transport of momentum, the general
relation that describes momentum transport is the Cauchy momentum equation, which is
defined in terms of the momentum density vector, q, the momentum density flux tensor,
F', and a source term vector, s, that accounts for body forces. The differential form of this
relation that describes transport of vector quantities is shown as Equation 6.3, which is the

conservative form of the system of equations.

dq
2 4V.F .
t+ s (6.3)

For the case of water-air fluid dynamics, the momentum density vector takes the form
q = pu, the momentum density flux tensor, F = pu ® u — o, is a measure of the kinetic
and strain energies per unit volume of the fluid, and the body force vector, s = pg, is due to
gravity alone. Note that g = g;e; is the vector describing the direction in which gravitational
acceleration acts and should have a magnitude of ||g|| = 9.81 m/s. The resulting system of

partial differential equations is given as Equation 6.4.

CoordinateJiFree Form Cartesian Eoordinates
,8(,011,) ,ﬁ(puz) 0
—ar +V:.-(pu@u—0)=pg — i + 5o, \ Pty = 0ij | = pgi (6.4)
j

Here o is the Cauchy stress tensor. The Cauchy stress may be decomposed according to
the relation & = 7 — pI, where T is the deviatoric or shear stress tensor, p is the pressure
or hydrostatic stress, and I = d;;e; ® e; is the second-order identity tensor. Note that 9;; is
the Kronecker delta and e; and e; are coordinate basis vectors.

To fully define the Cauchy stress tensor, a fluid material material behavior model must
be defined. Since water and air both behave like incompressible Newtonian fluids within
the flow velocity regime used in all experiments and numerical models, viscous stresses
were determined using a Newtonian fluid constitutive model. For instance, in all of the
experiments and simulations conducted for this dissertation, the air flow velocity magnitude,

||wair ||, was below 10 m/s, which is a small fraction of the speed of sound in air near 20° C
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according to the Newton-Laplace formula, c,;, = \/m = \/ YD/ Pair = \/ YRT /My, =
343.2 m/s. Here K, = vyp = 141.855 kPa is the isentropic bulk modulus of air, v =
C,/C, = 1.4 is the adiabatic index for a diatomic, ideal gas such as air (roughly 78%
Nitrogen, 21% oxygen, and 1% other elements), which is the ratio of the specific heat at
constant pressure, C, to the specific heat at constant volume, C,, p., = 1.2041 kg/m? is
the density of air, p = 1 atm = 101.325 kPa is atmospheric air pressure near sea level,
R = 83145 J-mol™! - K1 is the universal ideal gas constant, T' is the air temperature
in degrees Kelvin, and M,;, = 0.02896 kg-mol~! is the molar mass of air. This gives
an approximate upper-bound Mach number of M = ||w,i||/cair = 0.03 for all of the tests
and simulations, which is far below M = 0.3, the Mach number at which air begins to
transition from incompressible to compressible flow behavior (Johnson, 2016a). In fact, the
flow velocity would have to reach roughly 100 m/s, which is approximately 220 mph, for
significant compressible flow behavior to occur based on this criterion.

For Newtonian fluids, the shear stress tensor is a linear function of the strain rate or rate of
deformation tensor, S;;, which is defined in Equation 6.5, and its trace, tr(S) = S: I = Sy,
which is identical to the divergence of the velocity field, V - u = Ouy/0xy, as shown in

Equation 6.6, which defines the shear stress tensor (Tadmor et al., 2012).

Coordinatej:Free Form Cartesian J(zoordinates
1 \ . 1/0u; Ou; \
S—-(wv T S = = — J 6.5
2( u—l—Vu) s, 2<amj+axi) (6.5)
Coordinat(izFree Form Cartesian Eoordinates
2 ou;  Ou; 2\ Ouy
— S+ (k- =p)(V-u)I — y _ 2| D
s (K 3”)( w) u(@xj * 8:1:1) * <H 3“) oxy "

The proportionality constants y and x are the dynamic and bulk viscosities of the fluid,
respectively, which are both functions of the fluid density and temperature. In the engi-

neering literature, the dynamic viscosity is sometimes alternatively referred to as the shear
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viscosity, whereas the bulk viscosity may also be referred to as the volume, dilation, or
second viscosity. For an ideal gas such as air, p is proportional to the square-root of
temperature according to Sutherland’s Law, u(T) = puo(T/To)**(Ty + S)/(T + S), where
fo = 1.716 - 1075 Pa - s is the reference viscosity, T is the temperature in degrees Kelvin,
Ty = 273.15 °K is the reference temperature, and S = 110.4 °K is the Sutherland tem-
perature (Sutherland, 1893). For water, u decreases exponentially with increasing temper-
ature according to an Arrhenius-like equation, u(7T) = 2.414 - 107° - 10?47#/(T=140) " \which
has up to a 2.5% error within the range 0 °C to 370 °C, where T is temperature in de-
grees Kelvin and the dynamic viscosity is in Pa-s (Andrade, 1930; Raman, 1923). Since
temperature variations were negligible for all experiments and analyses the dynamic vis-
cosities of both air and water were assumed to be constant at 7" = 20 °C and taken to
be plar = 1.8133(10)7° Pa-s and piyater = 1.0002(10)73 Pa- s, respectively. These values
correspond to densities of pu;, = 1.2041 kg/m? and pyater = 998.28 kg/m? and kinematic vis-
cosities of Vaiy = fhair/Pair = 1.5060(10) 7> m? /s and vyater = Hwater/ Pwater = 1.0035(10)73 m? /s
at T =20 °C.

According to Stokes’ viscosity assumption, the bulk viscosity, divergence of the velocity
field, or both are small or zero and as such the effect of bulk viscosity on determining shear
stresses is neglected (Kundu et al.,; 2012). This assumption is true for incompressible fluids
since they are divergence-free (i.e. V-u = 0), causing the term in Equation 6.6 to vanish and
making the specification of K4 and Kyqeer unnecessary. Verification of this statement requires
using the fact that incompressibility implies the density is constant and cannot vary over time
in conjunction with the continuity equation. As demonstrated in Equation 6.7, the continuity
equation may be rewritten by expanding the divergence term and then gathering terms to
reduce the equation to the material derivative, D(-)/Dt = 9(-) /0t + u - V(+), of the density
added to the product of the density and the divergence of the velocity. Since the density
cannot vary over time, its material derivative, Dp/Dt, must vanish, leaving p(V - u) = 0
as the remaining equation. Furthermore, the density is non-zero and positive, proving that

V -u = 0 must be true to satisfy the simplified continuity equation for incompressible fluids.
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o _ D .
at—l—V-(pu)—at—l—Vp u+p(V u)—Dt—i—p(V u)=0 (6.7)

Using the facts that incompressible fluids are divergence free and that air and water be-
have as Newtonian fluids, the mass and momentum conservation equations may be simplified
by eliminating all terms including the divergence of the velocity field or derivatives of the
density, factoring out the constant density and viscosity coefficients, and substituting the
Cauchy stress for its decomposition, o = 7 — pI = 2uS — pI, where the term including
divergence of the velocity in the shear stress tensor has been eliminated. The resulting, sim-
plified equations are the incompressible Navier-Stokes equations defined by Equations 6.8
and 6.9. Note that the Laplacian operator, V() = V - V(-) = 9%(-)/0z?, has been used to

simplify the viscous diffusion term.

Cartesian Coordinates
Coordinate—Free Form

V.ou=0 — —0 (6.8)
8xi
Coordinate—Free Form Cartesian goordinates
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Notice that Equations 6.8 and 6.9 have been divided by the fluid density in addition
to having the Cauchy stress replaced by the Newtonian fluid stress model, when compared
to Equations 6.2 and 6.4. The division by the density is motivated by the fact that the
incompressible flow solvers provided in OpenFOAM assume that the governing equations
have been divided by the density, resulting in a switch from using the dynamic viscosity, pu,
to the kinematic viscosity, v = u/p, and from the pressure, p, to a modified pressure divided
by the density. This means that post-processed pressure values need to be multiplied by the
density in order to obtain physically meaningful results. Additionally, the Reynolds-averaged
form of the governing equations were used in OpenFOAM to allow for the use of turbulence

models that determine the Reynolds stress tensor, which is discussed in Section 6.3.3.
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Concerning the implementation of turbulence models as discussed in Section 6.3, note
that the divergence of the product of the total velocity components, d(u;u;)/0z;, could have
been simplified further if it were fully expanded since the divergence of the velocity would
appear in one of the two resulting terms, the simplification of which would produce the
non-conservative, convective form of the Navier-Stokes momentum equations. However, if
this was done prior to substituting the total velocity components for either the mean and
fluctuating velocity components for RANS turbulence models (i.e. w; = (u;) + u}), or, the
filtered and sub-grid scale velocity components for LES turbulence models (i.e. u; = @; +ul),
then the term involving the fluctuating or sub-grid scale velocity components, 8<u;u;> /O0x;
or d(uju})/0z;, would have vanished, eliminating the so-called Reynolds or sub-grid stress
tensor terms from the equations for RANS and LES models, respectively. Neglecting these
terms would give an inaccurate representation of the true physical behavior since averages
of products of the fluctuating velocity components are not necessarily equal to zero in shear

flows (Kundu et al., 2012).

6.3 Turbulence Modeling

In and of themselves, the Navier-Stokes momentum equations and continuity equation
fully describe all possible Newtonian fluid flows, in both turbulent and laminar flow regimes;
however, when attempting to numerically model turbulent behavior using discretized forms
of these governing equations, information is lost in the sense that the numerical mesh size
governs the scale of turbulent eddies that can be resolved in a numerical solution. This in-
herent defect in numerical modeling of turbulent behavior led to the development of several,
general classes of approaches that deal with the problem both directly and indirectly, in-
cluding direct numerical simulation (DNS), large eddy simulation (LES), Reynolds-averaged
Navier-Stokes (RANS) equation modeling, and RANS-LES hybrid modeling. Figure 6.1 pro-
vides a graphical comparison of the effectiveness of these approaches at resolving turbulent
flow features.

Except for the first of the three approaches (DNS), either time-averaged (RANS) or
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Figure 6.1: Comparison of DNS, LES, and RANS Turbulence Scale Resolutions (Bakker,
2006)

spatially-filtered (LES) forms of the governing equations as well as new model equations that
describe turbulent energy dissipation processes are introduced. The necessity of turbulence
model equations arises from the addition of new unknown variables in the modified forms of
the governing equations, which result from the averaging and filtering processes and produce
an ill-posed system of equations. To close the system of equations, turbulence models have
been developed that relate the new unknown variables to known quantities such as the
velocity gradient. In this manner, the so-called closure problem and resolution of turbulent
phenomena are dealt with simultaneously.

It should be noted that the introduction of turbulence model equations generally results
in increased complexity and computational cost of the overall fluid flow solution process.
The degree to which this occurs depends on the type of turbulence model equations being
implemented, which can be algebraic equations, ordinary differential equations (ODEs), or
partial differential equations (PDEs) based on the assumptions made about the flow being
modeled. For models defined by ODEs, but more so PDEs, numerical complications result

from the numerical discretization and solution of the model equations in addition to the
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augmented governing equations. However, without the addition of turbulence models that
resolve turbulent behavior for large mesh sizes, computational fluid dynamics models that
generate accurate representations of fluid flows would be restricted to laminar, low-Reynolds
number flow regimes due to the exorbitant computational cost of using sufficiently small
meshes to resolve turbulent behavior without a model as is discussed in Section 6.3.1.
When choosing the correct turbulence model for a specific application, there are several
key factors to keep in mind. On one hand increased modeling accuracy in terms of resolving
the true flow behavior is desired, whereas on the other reducing computational cost as much
as possible is also a necessity. In order to produce a successful model in a reasonable amount
of time, a balance of these two ideals must be achieved. For example, the primary goal of
this dissertation was to provide accurate wave impact force estimates, which did not require
extremely fine resolution of turbulent phenomena since the initial wave impact is an inertial
force-dominated phenomenon as opposed to a viscous force-dominated phenomenon. This
allowed for increased efficiency in terms of reduced computation times by relaxing the level
to which turbulent behaviors were fully resolved. To assess the capability of various models
to accurately predict wave impact forces, unbroken and broken waves were simulated using
the geometry of Case A of Figure 4.4, the results of which are discussed in Chapter 7 and led
to the selection of a RANS model, specifically the k-w Shear Stress Transport model. For a
general case, Figure 6.2 provides a flow chart of the questions that must be answered based
on the specific problem being simulated when choosing a suitable turbulence model. Each
additional level of approximation or lower order of model in the flow chart represents a further

reduction in the capability of the model to capture the true turbulent flow characteristics.

6.3.1 Direct Numerical Simulation (DNS)

In the first of these approaches, the Navier-Stokes equations are solved exactly without
any approximations or added modeling equations, but rather with restrictions on the mesh

size of discrete numerical methods, such as the finite difference, finite element, and finite
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volume methods, used to solve the governing equations. These restrictions are based on
Andrey Kolmogorov’s theoretical microscales, which describe the time, length, and velocity
scales on which turbulent, viscous processes that dissipate energy into heat dominate fluid
flow behavior. In his seminal 1941 paper on the subject, Kolmogorov proposed that these
scales are universal parameters for all flow regimes that define the smallest scales of turbulent
behavior, which consequently must be resolved for any numerical solution of a fluid flow to
converge to the true physical behavior (Kolmogorov, 1941). To determine the adequate mesh
size that will ensure the true turbulent behavior is simulated, the cell size must be on the
order of the Kolmogorov length scale, 1, defined by Equation 6.10, where v is the kinematic
viscosity, € is the turbulent kinetic energy dissipation rate, L = k%?2/e is the turbulence
length scale for the problem being studied, & is the turbulent kinetic energy of the flow, and
Rey, = Lk'/?/v is the turbulence Reynolds number of the flow, which is the ratio of inertial

to viscous forces for the flow.

n= /) = L/ReS* (6.10)

The most important observation that can be made from Equation 6.10 is that increases
in the Reynolds number of a flow cause rapid decreases in the required cell size for a DNS
numerical model. The fact that the mesh size restriction is Reynolds number-based limits
the flow regimes that can be modeled from a practical standpoint in terms of the compu-
tational resources that would be necessary to conduct simulations with such large numbers
of very small mesh cells. Even very modest Reynolds numbers necessitate extreme com-
putation times since the required computation time in days is approximately (Rer,/800)3
or (Rey/70)% assuming computations are carried out using a gigaflop machine according to
Pope (2000), where Rey, and Re) are the turbulence and Taylor length scale Reynolds num-
bers, respectively, which are related according to Re) = \/%Tq. For instance, modeling
the atmospheric boundary layer, where Re, ~ 10,000 is typically the case, would require
roughly 8.5 - 10'2 days for a gigaflop machine, which is far beyond current day computing
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capabilities even when utilizing computing clusters such as the University of Washington’s
high-performance computing (HPC) cluster, Hyak, which is roughly capable of 200 teraflops.
Thus, using DNS for practical applications with high Reynolds numbers is not feasible at
present, including the experiments conducted for this dissertation. For example, during the
broken wave tests & = 0.0095 m?/s?> and ¢ = 0.0059 m?/s® were determined from measure-
ments made using ADV1, which gives Re, ~ 1010 and consequently a rough estimate of

9-10% days of computation using Pope’s upper bound estimate.

6.3.2 Large Eddy Simulation (LES)

The next best alternative to DNS in terms of accurately resolving small-scale turbulent
flow features is large eddy simulation. In this approach, a low-pass filter is applied to the
velocity field, which results in a decomposed velocity field, w = w + u”, where w is the
filtered velocity vector and u” is called the residual or sub-grid scale (SGS) velocity vector
since it pertains to the scales of turbulence that are not directly resolved by this approach.
The filtered velocity field is defined as a convolution integral of the total velocity field with
a filter function, G(r), over the entire fluid domain, €2, as shown in Equation 6.11. The
most common filters include the box function, G(r) = H(A/2 —||r]|)/A, Gaussian function,
G(r) = /6/(rA2)e 0I"I"/A* "and sharp spectral function, G(r) = sin(x|r|/A)/(x||]),
where H is the Heaviside step function and A is the range of influence called the filter width
(Pope, 2000). Note that in the forms presented here the filter functions have uniform widths
of influence in all three spatial coordinate directions; however, in some cases where it would

prove beneficial to do so, different filter widths are used in different directions.

7= / / /Q G(r)ula — r)dr (6.11)

Substituting the decomposed velocity field into the Navier-Stokes equations results in
modified governing equations as defined by Equations 6.12 and 6.13 that end up with a new

term dubbed the SGS or anisotropic residual stress tensor, 7", similar to how the Reynolds
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stress tensor that appears in the RANS equations adds new terms that need to be modeled.
To address the issue of adding the new unknowns of the SGS stress tensor into the system
of equations, a filter and sub-grid scale model must be specified. For example, Smagorinsky
devised the first SGS model shown in Equation 6.15, where S is the filtered rate of strain or
rate of deformation tensor as defined by Equation 6.14 and v, is the eddy viscosity, which
is a linear eddy viscosity type of model similar to the Boussinesq approximation used to

determine Reynolds stresses in RANS models.
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Similar to Prandtl’s mixing length concept (Prandtl, 1925, 1926a,b), Smagorinsky de-
veloped an additional equation to describe the eddy viscosity as defined by Equation 6.17
in terms of the characteristic filtered rate of strain, S as defined by Equation 6.16, and
the Smagorinsky length scale, £g. Smagorinksy assumed his length scale as defined within
Equation 6.17 was proportional to the filter width A used in the filtering process applied

to the velocity components. This proportionality assumption resulted in the need for the
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determination of the Smagorinsky coefficient, C's, which is the ratio of the length scale to

the filter width.

S=V28:8=4/25;S;; (6.16)

v, = 138 = (CsA)’S (6.17)

However, despite the benefits of LES in terms of resolving much finer turbulence length
scales than the Reynolds-averaged approaches discussed in the following section, the method
in general struggles to produce accurate results in regions near boundary walls, particularly
for high-Reynolds number flows, without some special treatment in terms of wall-modeling
add-ons or the use of hybrid methods that attempt to blend LES and RANS methods. Fur-
thermore, LES turbulence models require greater computational resources than the simpler
RANS turbulence models, making them the less attractive of the two approaches in terms
of computational costs and performance. As such, RANS models were selected for the nu-
merical modeling work completed in this dissertation due to the need for low computational
cost to allow for a large parametric study of cases beyond the experimental configurations
to be simulated as well as to better resolve near-wall region behavior of the high-Reynolds

number tsunami flows of the experiments, providing sufficient mesh refinement was used.

6.3.3 Reynolds-Averaged Navier-Stokes (RANS) Modeling

The third class of turbulence models, which is typically the least effective at resolving
turbulent flow characteristics, consists of closure models for the Reynolds-Averaged Navier-
Stokes (RANS) equations. Reynolds averaging decomposes the total velocity and pressure
variables, u; and p, into mean components, (u;) and (p), and fluctuating components, w, and
P, according to w; = (u;) + u; and p = (p) + p’ (Reynolds, 1895). If the density was not
constant as it would be in a compressible flow, it would also be decomposed in this fashion.

The rules of Reynolds-averaging are as follows:
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1. The average of the sum is the sum of the averages: (f + g) = (f) + (9).

2. Constants do not affect and are not affected by averaging: (af) = a(f), where « is

constant.

3. The average of the time or space derivative of a quantity is equal to the corresponding
AN
ds ds

derivative of the average: < , where s may be either x; or t.

4. The average of the product of an average and an arbitrary function is equal to the

product of the averages: ((f)g) = (f){g).
5. The averages of fluctuations vanish: (f’) = 0.

Substitution of the dependent variable decompositions into the governing equations fol-
lowed by averaging gives the incompressible, Reynolds-averaged continuity and momentum
equations, Equations 6.18 and 6.19, respectively (Pope, 2000; Kundu et al., 2012).

Continuity Equation:

Ou;  O((u;) + uj)

Reynolds-Averaged Continuity Equation:

<&W%Hm>_ﬂ«w+%»_3«%»+@mo

ox; n ox; B Ox;

Cartesian Coordinates
O(u;)
ox 3

Coordinate Free

——
V.{u)=0

=0 (6.18)

Navier-Stokes Equations:

ou;  O(uuy)  Oug 1 0p
8t 6xj N Val‘jal'j B ;6_xz + Ji
O(us) + i)  O(({ws) +w)(uy) +5) - O*((ws) +uj) _ 19((p) + 1)

ot Ox; O0x;0z, p Oz,

+ i
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Reynolds-Averaged Navier-Stokes (RANS) Equations:

<3(<ui> + u;)> N <3(<Uz‘><uj> + (uipuj + ui(uy) + “;“3‘>> _ <yw>

ot Ox; Ox;0x;
O({ (ui) +u;)) N O(({ua) {ug) + (uauf + wiluy) +wjus)) V32(<<ui> +uj))
ot 856]' 8xj8xj
19(((p) + 7))
S
O () + ) | O Gush{us)) + Ll F (ulbeg T (i) 0%({fu)) + G
at 8xj 6J}j8$]‘
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Olu;)  O((wi)(uy))  O(ujuy))  9*(u;)  19(p)
ot + axj + (?xj N V@xj(?xj B E (?xZ +gz
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ot T os,  om (” oz, <”i“j>) T o T

Applying the Reynolds averaging process to the governing equations results in a set
of equations with more unknowns than equations due to the presence of the fluctuating
velocity components in Equation 6.19, where they appear in the term (uju}). To solve
this problem, closure models describing the turbulence of a flow in an average sense are
introduced that relate the product of this term with the density, p(uju’), to the mean strain
rate tensor, (S;;) as defined by Equation 6.20, following Boussinesq’s eddy or turbulent
viscosity hypothesis (Boussinesq, 1877). This additional term appearing in the Reynolds-
averaged Navier-Stokes equations is referred to as the Reynolds stress tensor, R;; = —p(uju}).
Defined by Equation 6.21, the Boussinesq hypothesis is used to determine the Reynolds
stresses R;; for all RANS turbulence models except for Reynolds Stress Models (RSM),
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where the Reynolds stresses are modeled directly with transport PDEs.

Coordinate—Free Form Cartesian Eoordinates
g ] r oy L(0Gw) 0y
8) =5 (Viw +viw?’)  — “@*‘5(5%.+ o (6.20)
Coordinate;Free Form Cartesian Eoordinates
R = —p(u; @ uj) — Ry = —pluju))
1 1
= 2<MT<S> - ngI) = 2(#T<Sij> - §Pk5z’j) (6-21)
2 O{u;) — O(uy) 2
_ Ty _ = — J _ - .
— 1y (v<u> + V() ) “PkI M( o el I

Here k is the turbulent kinetic energy as defined by Equation 6.22, ¢ is the dissipation
rate of the turbulent kinetic energy as defined by Equation 6.23, and pr is the eddy or
turbulent viscosity as defined by Equation 6.24, which is a dynamic viscosity-like parameter.
Additionally, the ratio of € and k, is commonly used in turbulence modeling and due to the
resulting physical units of this quantity, it is referred to as the turbulence frequency, w, as

defined in Equation 6.25.

1 1
k=l ) = () (6.22)
3/473
k2
€= G (6.23)
Crn
]{72
i = pup = pCM? (6.24)

Cyl k2
w = E = L

k l,

Note that calculation of € requires determining the characteristic turbulence length scale,

(6.25)

l,,, appropriate for the problem being simulated. Typically, ¢,, is assumed to be some

percentage of a typical dimension of the problem domain. Also, the turbulent eddy viscosity
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depends on an empirically-determined coefficient, C),, which was taken to be 0.09 (Launder

and Sharma, 1974; Pope, 2000).

This coefficient is a normalized form of the turbulent

viscosity, vre/k?, which has been shown to be nearly constant near walls for turbulent,

channel flows as demonstrated in Figu

re 6.3.
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Figure 6.3: Normalized Turbulent Viscosity Profile from DNS of Channel Flow at Re =

13,750 (Adapted by Pope 2000 from Kim et al. 1987).

Concerning the choice of turbulence model to be used as a closure model for the RANS

equations, there are two main categories, Reynolds stress models (RSM) and turbulent
In the first of

viscosity models, the second o

f which is split into several subcategories.

these, model transport equations are developed for each of the individual Reynolds stresses,

—p{uzu}), which results in six partial differential equations (PDEs) as defined by

Rz‘j =
Equation 6.26, and an additional transport PDE for either the turbulent kinetic energy dis-

sipation rate, ¢, as defined by Equation 6.27, or, for the turbulence frequency, w, as defined

by Equation 6.28, giving a total of seven additional PDEs to be solved simultaneously with

the RANS equations.
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The ¢ transport equation coefficients are typicially taken to be Pr, = 1.00, Pr. = 1.30,
Ci. = 1.44, and C5. = 1.92 for all simulations as per the recommendations of Jones and
Launder (1972) and Launder and Sharma (1974) for the standard k — e model. The first
two coefficients, Pr, and Pr., are Prandtl numbers that represent the diffusion rates of
the turbulent kinetic energy and its dissipation rate, respectively. Based on the work of
Wilcox (1988), the w transport equation coefficients are commonly taken to be Pr, = 2,
Co1 =5/9, and C e = 3/40. The remaining new term that appears in both of the £ and w
transport PDEs is referred to as the production of turbulent kinetic energy or often just as

the production, P, which is defined by Equation 6.29.

)

P = —(uu;) B
J

(]

(6.29)

In Equation 6.26, P;; is the production tensor of a turbulent flow as defined by Equa-
tion 6.30,

O(u;)
8:ck

Py = — () DU )

. (6.30)

I1;; is the velocity-pressure-gradient tensor as defined by Equation 6.31,

1 op/ op/ aT]f
;= ——{u ! =R, — — 6.31
J p<uza’l?j +U]8$Z> J axk ( )
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g;; is the dissipation tensor defined by Equation 6.32,

ou! ou’;
i =Ww( 55 6.32
£ V< éhck 81’k > ( )
Ti;j is the Reynolds stress flux tensor defined by Equation 6.33,
T Ty Tyij

1] y A S —

1ol 1 I ’ o a<u;u;>
Thij = (wujuy) + ;((uip )01 + (ujp >5¢k) —v Dy (6.33)

and R,;; is the pressure-rate-of-strain tensor defined by Equation 6.34 (Pope, 2000).

[P (0w Oy
le_<p(axj+ axi)> (6.31)

The above equations provide analytical descriptions of each term and their exact physical
behavior; however, in practice the pressure-velocity-gradient and dissipation tensors, II;; and
€i;, are modeled due to unknowns they introduce to the problem. Furthermore, the pressure-
velocity-gradient tensor is typically broken down into the pressure-rate-of-strain tensor, R;;,

and the pressure transport tensor, 97}, /0x;. Some examples of RSM models that use

ij
varying approaches to simulate these terms are the models of Rotta, Launder, Reece, and
Rodi, who developed isotropization of production (LRR-IP) and quasi-isotropic (LRR-~QI)
models, Hanjali¢ and Launder (HL), Shih and Lumley (SL), Jones and Musonge (JM),
Speziale, Sarkar, and Gatski (SSG), and Fu, Launder, and Tselepidakis (FLT) (Pope, 2000).

The second group of RANS turbulence models rely on far less equations, the number of
which can range from a single ordinary differential equation (ODE) to two PDEs for the
most widely-used models. For instance, the simplest class of turbulent viscosity turbulence
models is referred to as algebraic models, which require the solution of an additional ordinary
differential equation to describe the turbulence of the flow in addition to solving the RANS
system of equations. Algebraic models either specify fixed turbulent viscosity for the entire

flow or specify a turbulence mixing length, £,,, on which the turbulent viscosity is dependent.

For example, if the flow is horizontal in the x; direction with velocity u; over a wall boundary
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in an x9-x3 plane, then the appropriate mixing length is defined by Equation 6.35. Exam-
ples of mixing-length models include those of Prandtl, Cebeci and Smith, and Baldwin and
Lomax. The primary downside to algebraic models though is the need to specify ¢, for the
entire flow, which is only possible for flows that have been extensively studied and measured
experimentally such as attached boundary layer flows in aeronautical applications (Pope,
2000). Due to this issue, algebraic models are unsuitable for cases such as tsunami-like wave

generation in flumes and as such were not implemented for this dissertation.

O(uy)
0@

(6.35)

VTZE%L

The next level of improvement in turbulent viscosity-based RANS turbulence models are
the one-equation models, in which a single PDE transport equation for a chosen turbulence
parameter is modeled. For example, the first one-equation model developed by Prandtl solves
a transport equation for the turbulent kinetic energy, k, Spallart-Allmaras model makes use
of a transport equation for the kinematic turbulent viscosity, vy, and the Baldwin-Barth
model solves a transport equation for a turbulent Reynolds number, Rer. These models also
suffer downsides in that the mixing length must still be specified in addition to the turbulent
viscosity, making them unsuitable for arbitrary flows without a well-defined knowledge of
the mixing length throughout the flow.

However, the development of the transport equation for the turbulent kinetic energy, k£,
as defined by Equation 6.36 provides the basis of many two-equation turbulent viscosity-
based RANS turbulence models (Anderson et al., 1997; Bardina et al., 1997; Pope, 2000;
Kundu et al., 2012). The use of two transport equations for either £ and ¢ or k£ and w
provides a complete description of turbulent flow behavior without the need to specify the
mixing length definition for specific flow types. This is due to the fact that the mixing
length may be defined in terms of either of these pairs of turbulence parameters as shown in

Equation 6.23 and Equation 6.25.
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A wide variety of k- and k-w type models have been developed with various goals in mind
for their use in modeling turbulent flows. For instance, the most popular k- models in use
today are the Standard, Re-Normalization Group (RNG), Realizable Linear Eddy Viscosity,
and the Realizable Non-linear Eddy Viscosity models. Similarly, the most prevalent k-w
models used in both industry and research are the Wilcox, Modified Wilcox, and Shear Stress
Transport (SST) models. Each of these models rely on the basic transport equations for k,
¢, and w with modifications made in terms of coefficients being reformulated in terms of flow
parameters with the goal of capturing specific physical phenomena better. For instance, the
k-w SST model has an inherent ability to capture strong flow separation behavior, whereas
the standard Wilcox model does not.

As is discussed at length in Chapter 7 - Numerical Model Validation, each of the k-¢
models mentioned herein as well as the k-w SST and Launder-Reece-Rodi (LRR) Reynolds-
stress models were tested to determine which model produced more accurate results in terms
of the fluid forces and pressures acting on the test structure, when comparing OpenFOAM
and experimental results. Based on the fact that the k-w SST model was able to accurately
replicate test structure demands for both unbroken and broken waves, it was selected as
the model to be used when conducting the parametric study of macro-roughness element
configurations discussed in Chapter 8 - Force-Prediction Design Equation Development. This
may be attributed to its ability to simulate the effects of severe flow separation such as when
the unbroken and broken waves impacted the concrete blocks followed by the test structure
compared to the Standard k-¢ model, which was developed for attached boundary layer flow

over aerofoils and gave the most inconsistent results.
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6.3.4 FEstimation of Turbulence Parameters using Empirical Data

The turbulent kinetic energy (TKE) used for initializing all turbulence models was esti-
mated using velocity component time histories measured by ADV1 at the location shown in
Figure 4.12. To estimate the TKE, determining the ensemble average velocity component
time histories, (u;(t)), (uy,(t)), and (u,(t)), was required, which was done by summing the -,
y-, and z-direction total velocity component histories (i.e. u,(t), u,(t), and u,(t)) separately
and dividing them by the number of trials that were measured. Typically this is done using
all of the velocity components; however, the data measured for the vertical velocity, u, (),
was extremely noisy with large oscillations and as such was neglected when estimating the
TKE.

The zy-plane fluctuating velocity component histories, u;,(t) and w(t), were calculated
by taking the difference between trial velocity histories and the ensemble averaged velocity
time histories. The median values of the fluctuating velocities at ¢ = 22.5 s, the point
in time the max value of (u,(t)) occurred, were used to determine the TKE. The median
fluctuating velocities were u}, = 0.0453 m/s and u; = 0.0125 m/s for the unbroken wave,
whereas they were u), = 0.134 m/s and u;, = 0.0325 m/s for the broken wave. Based on these
results, the TKE was estimated according to k = (u’-u/) = L(u? + uf? —|—}/fo>, which
gave k = 1.44(107%) m?/s? and k = 9.53(1073) m?/s? for the unbroken and broken waves,
respectively.

In addition to the TKE, a turbulence length scale, £,,,, was needed to determine the TKE
dissipation rate, ¢ = CZ/ 'k /0,,. As is commonly done in CFD practice, the turbulence
length scale was estimated as 7% of the hydraulic diameter, dy, at ADV1, where the ve-
locity data was recorded. The hydraulic diameter was calculated as dy = 4Ayater/Pwet =
AWrhswr /(W + 2hswr,), where Ayater is the cross-sectional area of the water in the flume,
Pwet 18 the wetted perimeter, Wy is the flume width, and hgwr, is the still water depth (2.0 m
and 1.85 m for the unbroken and broken waves), which gave dg = 3.821m and ¢,, = 0.229 m

for the unbroken wave and dy = 3.679m and ¢,, = 0.258 m for the broken wave.



128

Using these values, the TKE dissipation rates for the unbroken and broken waves were
evaluated to be ¢ = 3.934(107°) m?/s® and ¢ = 5.940(10~*) m?/s?, respectively. Alos,
determining the specific turbulence frequencies according to w = ¢/(5*k), where g* = C, =
0.09, was required for the k-w SST turbulence model, which resulted in w = 0.303 s=! and
w = 0.692 s~!. Notice that this definition of w is not quite identical to the one given by
Equation 6.25; however, OpenFOAM is setup to work with the alternate definition given here,
which is referred to as the specific turbulence frequency or dissipation rate. Furthermore,
approximating the Reynolds stresses was necessary for the LRR turbulence model, which was
done assuming an initially isotropic state where R;; = 2k/3 and R;; = 0 for i # j. Taking
this approach gave R; = 9.61(107*) m?/s* and R;; = 6.36(1073) m?/s? for the unbroken and

broken waves, respectively.

6.4 Volume of Fluid Method

In a two-phase, incompressible fluid simulation using the finite volume method, the com-
putational domain is discretized into a grid of polyhedral cells, which requires a method to
keep track of the fluid properties of each cell. The volume of fluid method uses the volume
fraction, «, to track the proportion of a cell filled with either water (a = 1), air (o = 0), or
a mixture (0 < a < 1) of the two fluids. Using this approach, the two fluids are modeled
as a single effective fluid. The properties of this fluid are calculated as weighted averages of
the individual fluid properties using the volume fraction. For example, the fluid density is
calculated as a weighted average according to p = p“*a + p*(1 — «), where p"** is the
density of water and p®" is the density of air (Ddmian, 2009).

OpenFOAM uses a two-fluid Eulerian model to describe the flow, which requires solving
for the water and air volume fractions separately according to the transport equations,

Equations 6.37 and 6.38, respectively.

3

8_oz N a(auwater)

=0 (6.37)
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O(1—a) O(w(1—-a))

=0 (6.38)

The velocity of the fluid in cells where water and air have mixed is also computed as

and u?’, respectively, where u; =

7 )

water
7

a weighted average of their individual velocities, u

water

wateroy + (1 — ) is the net velocity of the effective fluid. The use of separate velocities

u
adds an additional convective term to the transport equation, which results in a sharper
interface between the water and air phases during a simulation (Damian, 2009).

The effects of surface tension along the interface are also included using a continuum
surface force model, where the surface tension forces are a function of the local curvature of

the air-water interface and are accounted for by an additional term given in Equation 6.39

that is added to the right-hand side of the momentum equation, Equation 6.19.

Oa Ja

, where Kk = —

fUZO'K

9z,
Here o is the surface tension coefficient, which has units of force per length, x is the
mean curvature of the air-water interface, and f, is the resulting term that gets added to

the momentum equation to account for surface tension effects.
6.5 Boundary Conditions

Table 6.1 lists the boundary conditions (BCs) and wall functions used for each field
variable, including the volume fraction, a (alpha), turbulent kinetic energy, k (k), turbulent
kinetic energy dissipation rate, € (epsilon), turbulence frequency, w (omega), turbulent viscos-
ity, vr (nut), total pressure sans the hydrostatic pressure, p—pgh (p_rgh), velocity component
vector components, u; (U), and the boundary displacements (pointDisplacement), where
the names in parentheses denote the C++ code names used in OpenFOAM for defining BCs.
The boundary names given in Table 6.1 are general categories of boundaries that existed in
the OpenFOAM wave flume models. For example, the term dynamic refers to boundaries

that surrounded the region of the computational domain where the dynamic mesh motion
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capabilities of the olaDyMFlow solver were used to generate the unbroken and broken waves
described in Section 4.4 - Wave Generation. Similarly, the term fixed refers to boundaries
of the mesh region past the dynamic, wave-generation mesh region that were static without
mesh motion throughout all numerical simulations. Furthermore, the term walls refers to all
flume walls including its bottom (—z face), right (—y face), left (+y face), and end (+x face)
walls, whereas atmosphere (42 face) refers to the upper cutoff point of the computational
domain, which was set to be the top of the flume walls. The remaining terms refer to specific
elements of the flume or experimental setup, where paddle (—z face) is the piston wavemaker
wall, test structure refers to the collection of boundaries defined by each of the six faces of
the test structure, and concrete blocks refers to either one or two groups of six faces that

define the concrete blocks used as macro-roughness elements.

Table 6.1: OpenFOAM Boundary Conditions used in Large Wave Flume Models

Boundary alpha epsilon k nut
paddle zeroGradient epsilonWallFunction kqRWallFunction nutkWallFunction
Dynamic Walls zeroGradient epsilonWallFunction kqRWallFunction nutkWallFunction
Dynamic Atmosphere inletOutlet inletOutlet inletOutlet calculated
Fixed Walls zeroGradient epsilonWallFunction kqRWallFunction nutkWallFunction
Fixed Atmosphere inletOutlet inletOutlet inletOutlet calculated
Test Structure zeroGradient epsilonWallFunction kqRWallFunction nutkWallFunction
Concrete Blocks zeroGradient epsilonWallFunction kgRWallFunction nutkWallFunction
Boundary omega p-rgh pointDisplacement U
paddle omegaWallFunction | fixedFluxPressure | wavemakerMovement movingWallVelocity
Dynamic Walls omegaWallFunction | fixedFluxPressure fixedNormalSlip noSlip
Dynamic Atmosphere inletOutlet totalPressure fixedNormalSlip pressurelnletOutlet Velocity
Fixed Walls omegaWallFunction | fixedFluxPressure fixedValue noSlip
Fixed Atmosphere inletOutlet totalPressure fixedValue pressurelnletOutlet Velocity
Test Structure omegaWallFunction | fixedFluxPressure fixedValue noSlip
Concrete Blocks omegaWallFunction | fixedFluxPressure fixedValue noSlip

Each of the boundary condition types listed in Table 6.1 has a specific definition in terms
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of the physical conditions they represent and some of them can be used for both scalar
and tensor quantities, whereas others are only used for one or the other. The following list
describes each boundary condition assuming it is being defined for an arbitrary field variable,

¢, when necessary.

1. empty: Specifically tailored for 2D or 1D analysis, this BC is assigned to boundaries
whose unit normal vector points in the direction for which no solution of field equations

is required.
2. fizedValue: A user-specified value of ¢ is assigned on a boundary.

3. zeroGradient: The normal gradient of ¢ is set equal to zero (V,¢ = 0) on a boundary

whose unit normal vector is n.

4. inletOutlet: For outflow, the zeroGradient condition is assigned to ¢. For inflow, a

user-specified fized Value condition is assigned to ¢.

5. noSlip: Used only for velocity BCs, a fized Value velocity vector condition of (0,0,0) is

assigned.

6. totalPressure: A user-specified, constant total pressure, pg, is assigned on a boundary,
which remains fixed such that variations in velocity cause corresponding variations in
static pressure to keep the total pressure constant. For outflow, the static pressure
equals the total pressure, p = py. For inflow, the static pressure is determined by the

difference between the total and dynamic pressures, p = py — %umZ

7. pressurelnletOutlet Velocity: The pressure must be specified at an inlet so that the
velocity may be determined using the flux normal to the boundary. For outflow, the
zeroGradient condition is assigned. For inflow, the velocity is set to be the component
normal to the boundary of the fluid in the cell adjacent to the boundary. The velocity

tangent to the boundary may be optionally set to a user-specified fized Value condition.
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8. fizedFluzPressure: The pressure gradient over a boundary is adjusted so that the

boundary flux satisfies its velocity BC.

When defining the boundary conditions for k, ¢, vy, and w, it is necessary to know how
the boundary condition changes with distance from the boundary. Figure 6.4 depicts the
variation of the fluid velocity with distance from a boundary and depicts an inner region
where boundary effects control and an outer region where the boundary conditions no longer
apply and Equations 6.27 and 6.36 govern the behavior of k£ and e, respectively (Anderson
et al., 1997; Sondak, 1992).
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Figure 6.4: Law of the Wall Velocity Profile (Anderson et al., 1997)

Within the inner region the behavior transitions between the viscous sub-layer and fully
turbulent region where von Karman’s log-law holds. These two behaviors are described by

the relations defined in Equation 6.40.
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L ?{: 1 O<yr<vd (6.40)
(") + B=—In(Ey") yo <y’

Here the position and velocity variables, y and u, have been normalized as y* = u,y/v
and u™ = u/u,, respectively, where w, is the friction velocity. The friction velocity is related
to the shear stress along the boundary, 7, = urdu/dy, according to 7, = pu?. The coefficient
k = 0.41 is von Kdrmén’s constant and B = 5.15 is the u'-axis intercept. Additionally, F
is a proportionality constant that depends on boundary roughness, which can be related
to B using logarithmic identities. For example, F = 9.8 for smooth walls. Typically the
buffer region where the behavior transitions is neglected and instead the viscous sub-layer
and log region are connected at an intersection point, ", which is solved for using a Newton-
Raphson iterative method. In addition to the velocity profile equations, the production and
destruction of k can be related by 7,0u/dy = pe (Sondak, 1992; Anderson et al., 1997; ?).

These relations can be used to derive the following wall functions that govern the behavior

of k, e, vp, and w near boundaries.

1. kqRWallFunction:

in the viscous sublayer (0 < y* < yT)

o 2 (6.41)
\/6_ <—+) in the log law region (y* > yI)
n\Ye
2. epsilon WallFunction:
3
e in the viscous sublayer (0 < y* < yJ)
Ky
c— , (6.42)
k 2
7 in the log law region (y* > y)
3. nutkWallFunction
Ky" : : + +
v m(Ey) 1 in the viscous sublayer (0 < y™ < yI)
Vr = I Yy (643)

0 in the log law region (y* > y)
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4. omegaWallFunction

6
Wyis = _1/2 where 5, = 0.075
by
k'
Weog = —7— (6.44)
Cl Ky

— /2 2
W= Wyis + wLog

Finally, example OpenFOAM C++ input scripts for the initial boundary conditions each
field variable have been included in Appendix A. The example scripts provided there are for
the reference case (Case A) of the six experimental configurations, which does not have any
concrete blocks included as macro-roughness elements. Note that the exact name of each
boundary is provided in these scripts as opposed to the general categories given in Table 6.1
into which these names fit. Also, the initial boundary values used for each of these quantities
are provided within these scripts. All unnecessary, header-related comments displaying the

OpenFOAM logo and version number were removed for the sake of brevity.
6.6 OpenFOAM Case Structure

Every OpenFOAM case shares the same basic structure of files and directories regardless
of the physical problem being solved. In particular there are three key directories, 0.org,
constant, and system that must always be created prior to running an OpenFOAM case.
This general file structure as well as the necessary contents of each directory are depicted in
Figure 6.5, which applies to any of the MRE configuration cases.

Within the 0. org directory, the initial boundary condition files are stored for each relevant
field variable based on the physical problem being modeled and the numerical method being
used to solve it. For the two-phase (i.e. water-air) olaDyMFoam solver utilizing the k-w SST
turbulence model, these variables were « (alpha), k (k), ¢ (epsilon), w (omega), vr (nut),
p — pgh (p-rgh), u (U), and the boundary displacements (pointDisplacement), where the
OpenFOAM file names have been provided in parentheses. Examples of each of these files
are presented for a one-MRE case in Appendix A.



135

(case)

— 0.org

— alpha
— epsilon

— nut

— omega

— p_rgh

— pointDisplacement

— constant
— dynamicMeshDict

— transportProperties
— turbulenceProperties
— wavemakerMovementDict

triSurface

—] system — TSfront.stl

) — TSback. stl
— blockMeshDict — TSright. stl

— controlDict |
— decomposeParDict L ggéefé'osg_ st

— fvSchemes — TStop. stl

fvSolution — concBlock1. stl
— meshQualityDict '
setFieldsDict concBlock?2. stl

— snappyHexMeshDict
— surfaceFeatureExtractDict

Figure 6.5: OpenFOAM Case Structure

In the constant directory, various fixed data is stored including global parameters such
as gravity (g), geometry files used for meshing (.stl files stored in triSurface), mesh deforma-
tion controls (dynamicMeshDict), wavemaker displacement histories (wavemakerMovementDict),
fluid properties (transportProperties), and turbulence model settings (turbulenceProperties).
Similarly, the system directory stores assorted fixed parameters concerning meshing (blockMeshDict,
meshQualityDict, snappyHexMesh, surfaceFeatureExtractDict), internal domain initial
conditions (setFieldsDict), and solution algorithm setup and controls (controlDict, decomposeParDict,
fvSchemes, fvSolution). Examples of each of these files are provided for a one-MRE case

in Appendix B and Appendix C for the constant and system directories, respectively.
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6.7 OpenFOAM Mesh Generation

For each simulation case, an initially uniform background mesh of nearly 4.39 million cells
was generated using the actual Large Wave Flume width of 3.658 m and nearly 8.78 million
cells for cases using a doubled flume width. The number of cells in different subdomains of
the model were selected to result in cells with heights in the z-direction of 10 ¢cm in regions
far from the initial free-surface or still water level (SWL) that transitioned to 2.5 cm tall
cells near the SWL using uniform cell grading. Similarly, cells far from the test structure
and concrete block macro-roughness elements were assigned x-direction lengths of 10 cm,
which reduced near the test configuration to 2.5 cm long cells. Transverse cell lengths in the
y-direction were left constant at 5 cm for all simulations. The resulting mesh is shown in
Figure 6.6, sections of which have been numbered according to the hex numbering written

in the blockMeshDict file provided in Appendix C.

15 16 17
7 8 9
3 4) 5
1 2

10 11

(b) Part 2 - Beach Slopes
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(¢) Part3 - Test Structure Region

(d) Part 4 - Continuation to the Flume End

Figure 6.6: OpenFOAM Mesh Generation Results using the blockMesh Utility (Still Water
Level is Indicated by the Cyan Lines)

The generation of the mesh shown in Figure 6.6 was completed in OpenFOAM using the
blockMesh utility. This utility takes sets of points listed in an array called vertices, which
are then used to construct hexes. For example, a single hex using just eight points that also
shows the numbering convention for generating hexes is depicted in Figure 6.7. Additionally,
a sample script showing the details of how this mesh was specified in the blockMeshDict file
that was used as an input for the blockMesh command, is provided in Appendix C. Note that
the specification of hex faces in the boundary section of the provided blockMeshDict requires
that sets of four points be given that traverse the edges of faces following the right-hand-rule
such that the normal vector formed by one’s thumb would point outward.

The driving forces behind the choices of the hexes defined in the blockMeshDict file were
the goals of eliminating non-orthogonality and skewness of the resulting mesh cells, examples

of which are depicted in Figure 6.8. Considering only two cells to make the definition
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Figure 6.7: Hexahedral Block Convention Used by blockMesh (The OpenFOAM Foundation,
2019)

clearer, the degree of non-orthogonality in a mesh is defined as the difference of 90° and the
angle between the adjacent cell faces and the line connecting the cell centers. Ideally non-
orthogonality angles of 0° are desired; however, this cannot be achieved for the vast majority
of real-world problems where angles and curves must be meshed. As such, a tolerable degree
of non-orthogonality must be decided upon. For this study, a limiting value of 65° was
selected, which can be found in the meshQualityDict file presented in Appendix C.

Once again considering a two-cell case, skewness is defined as the normalized distance
between the midpoint of the adjacent cell faces and the point at which the line connecting
cell centers intersects the adjacent cell faces. As with non-orthogonality, skewness ought to
be minimized as much as possible in order to maintain the order of accuracy of the numerical
methods employed in OpenFOAM and avoid numerical blow-up or unboundedness. As such,
a max value of 2.0 was specified in the meshQualityDict file presented in Appendix C in

order to achieve accurate and stable numerical results. The chosen non-orthogonality and
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Best Case
d
*r— —>0
P f N
Orthogonal and non skew mesh Non-orthogonal and non skew mesh
O
Orthogonal and skew mesh Non-orthogonal and skew mesh

Figure 6.8: Mesh Criteria: Examples of High to Poor Quality Meshes (Guerrero, 2015)

skewness limits were used by snappyHexMesh when refining the mesh as well as by the
checkMesh utility when assessing the overall quality of the mesh.

To incorporate the test structure and concrete blocks into the background mesh, the
OpenFOAM utility surfaceFeatureExtract was used to import the surface geometry and
then the snappyHexMesh utility was used to refine the mesh conforming to this geometry.
The surface geometry was obtained from .stl files describing the surface of the superstructure,
which were created by exporting CAD drawings of the bridge to data files written in the
stereo-lithography (STL) format.

Instead of importing a single .stl file using surfaceFeatureExtract, the test structure
was initially subdivided into individual faces for the purposes of measuring resultant forces
and moments in addition to pressure distributions acting on specific faces. Furthermore, this
splitting up of the test structure into components allowed for comparison of demands from
face to face, which provides invaluable information in terms of being able to isolate specific
regions subjected to extreme demands. The surface splitting process was completed using

the open-source mesh generation software enGrid, which provides tools to manually select
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individual or sets of surface components and export them as separate .stl files (Gloth, 2019).
An example surfaceFeatureExtractDict script for the reference case (Case A) without
concrete blocks has been provided in Appendix C to demonstrate the setup of this utility
for extracting .stl surface data to be used by snappyHexMesh.

Once the surface data has been processed, mesh refinement around the imported surface
files is completed in two stages using snappyHexMesh. The first stage refines the hexahedral
mesh along the superstructure surfaces using a cell-splitting process and then removes cells
inside the superstructure to create a new set of domain boundaries. It should be noted
that the .stl files should describe closed surfaces without holes in order for the cell removal
process to be completed correctly. If the net surface is not closed, a surface will be carved
into the background mesh and mesh refinement will be performed around it, but the cells it
surrounds will not be cut out of the domain.

The second stage snaps the sharp edges of the castellated mesh created during the first
stage to lie along the superstructure surfaces. This is done by displacing vertices of the
hexes lying along the boundary in an iterative procedure that attempts to reduce error
and avoid creating cells with adverse geometric properties that do not satisfy user-specified
mesh quality criteria. The setup of the castellated meshing plus snapping operations for the
reference case (Case A) is demonstrated in the example snappyHexMeshDict script provided
in Appendix C.

The variation in mesh resolution from the uniform region to the region near the super-
structure boundaries resulting from these steps is demonstrated in Figure 6.9. After using
snappyHexMesh, the resulting number of finite volume mesh cells was approximately 4.46
million, which is roughly a 1.5% increase relative to the initial, uniform background mesh
of 4.39 million cells. This demonstrates that use of selective mesh refinement near the still
water level and test configuration results in minimal cell count increase, but achieves the
desired refinement level in these regions to improve the quality of the resulting numerical

solution.
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6.8 OpenFOAM Case Execution

Prior to running OpenFOAM cases, the cases needed to be setup by completing meshing,
setting initial conditions, and case decomposition so cases could be run in parallel. These op-
erations were submitted as jobs to queues in the University of Washington high-performance
computing (HPC) cluster, Hyak, using the buildCase.sh batch script presented in Ap-
pendix D. Once cases were setup they were submitted again as new jobs to Hyak queues in
order to run the olaDyMFlow solver using the runCase.sh script provided in Appendix D.
Note that all batch scripts presented in Appendix D were written to be used with the Slurm
job scheduling software since Slurm is used in Hyak for job management. As such all batch
scripts were submitted as jobs to a HPC queue using the command sbatch <script name>.
Running the cases took roughly 2 to 4 days to complete the unbroken and broken wave cases

using 4 nodes with 16 processors each to give a total of 64 processors per simulation. The
variability in run times can be attributed largely to the stopping, waiting, and restarting
process of using the checkpoint system of the Slurm scheduler, which allows for shared use

of nodes that are not being used by their owners until the owners submit jobs to their nodes
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again.

After cases completed running, they were reconstructed from the parallel decomposed
format to the serial recomposed format using the reconstructPar OpenFOAM utility as
demonstrated in the reconstructCase.sh batch script. Case reconstruction allows for much
quicker post processing of 3D visuals of data such as the free-surface, velocity field, or pressure
field using. For instance, the ParaView software, which is configured to read OpenFOAM case
data, loaded case data and performed rendering operations much quicker when reconstructed
cases were used instead of decomposed cases.

Once all visual post-processing was completed, individual time step data in terms of field
variables and meshes were removed using the cleanCaseAll. sh script, which was executed in
a Linux terminal as bash cleanCaseAll.sh. Cleaning cases was of critical importance due
to the large number of files created by and storage space taken up by individual OpenFOAM
simulations. However, if visual post-processing of cases is not necessary, which was the
case during the simulations conducted for the MRE location parametric study discussed in
Section 8.1 - Macro-Roughness Element Configurations, then the purgeWrite variable in the
controlDict file should be set to a small integer value instead of 0, which is the default
value that disables purging of time step data. The chosen value represents the number of

the most recently solved time steps for which data will be saved.
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Chapter 7
NUMERICAL MODEL VALIDATION

In order to develop a suitable numerical model for conducting a parametric study of
shielding and channeling effects by varying macro-roughness element locations, a set of cri-
teria must be met prior to further use. In the case of the unbroken and broken wave flume
experiments, three key measurements, free-surface elevation, pressures on the test structure
faces, and the total streamwise force acting on the test structure, were selected to be used
for making comparisons between empirical and OpenFOAM results in order to validate the
numerical model. This section provides these comparisons initially focusing on the reference
case (Case A) alone during the Turbulence Model Selection Study, followed by a discussion
of comparisons made between experimental and numerical streamwise force histories for the
five remaining cases (Cases B through F) in the Validation of Macroscale Roughness Cases

section, where only the selected turbulence model results are presented.

7.1 Turbulence Model Selection Study

When beginning the numerical model validation study, the initial goal was to develop
a stable model that was capable of simulating tsunami-like wave propagation and wave-
structure interaction. However, it soon became apparent that developing a high-quality mesh
as well as choosing and properly configuring a turbulence model for modeling wave-structure
interaction were the most critical elements of the validation process. Initially, the Standard
k- model developed by Jones and Launder (1972) and improved by Launder and Sharma
(1974) was selected as the turbulence model to be used for validation purposes. This choice
was based upon the previous successes of the numerical modeling studies of Motley et al.

(2016) and Winter et al. (2018) that focused on tsunami-like wave impact forces on bridges,
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for which numerical model validation was performed by Wong (2015) using the Standard
k-¢ model in OpenFOAM and experimental data from dam-break tests presented during the
2014 Oregon State University tsunami modeling workshop (Cressman et al., 2014).

7.1.1 Total Streamwise Forces

When used to model the three-dimensional wave-structure interaction caused by tsunami-
like long waves, initial numerical model results generated using the Standard k- model over-
predicted the peak forces for both the unbroken and broken wave reference cases (Case A)
as shown in Figure 7.1. Furthermore, the Standard k-¢ model was found to give inconsistent
results when the finite volume cell size was varied for the broken wave. When an attempt was
made to improve the mesh quality by refining it, it was shown that increasing the number
of cells in the y-direction (i.e. the transverse or alongshore direction) produced drastically
different peak streamwise forces. For instance, when the y-direction cell size was changed
from roughly 10 cm to 5 cm, the 5 cm cell case resulted in a larger peak force being measured
on the test structure than for the 10 cm cell size case, demonstrating an unstable, divergent
behavior as shown in Figure 7.2.

Based on the over-prediction of the peak streamwise force for both wave types and erratic
results due to mesh size variations obtained for the broken wave using the Standard k-¢
model, an investigation into the effects of different turbulence models was deemed necessary.
To investigate the influence of the selected turbulence model on the force time history results,
a set of four models were chosen to make comparisons with the results for the Standard k-¢
model (kEpsilon)!'. Two of the selected models were of the Reynolds-Averaged Navier-Stokes
(RANS), two-equation type, specifically the Non-linear Realizable k-¢ (ShihQuadraticKE)
and k-w Shear Stress Transport (kOmegaSST) models. Additionally, a Reynolds-Stress Model
(RSM), the Launder-Reece-Rodi (LRR) model, was chosen to make a comparison between

the RANS and RSM model types since the latter is supposed to more accurately simulate

'The OpenFOAM C++ code name of each turbulence model has been included in parentheses
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Figure 7.1: Streamwise Forces for Case A using the Standard k-¢ Model with the Initial 10
cm Global Cell Size Mesh

turbulent flows, but at a greater computational cost. This comparison of model types was
necessary in order to make an informed final model selection based upon trying to find a
balance between accuracy of results and computational cost. Additionally, in order to allow
for results to be comparable from model-to-model and wave-to-wave, the mesh with 5 cm
size cells in the transverse direction was used for all simulations.

After running OpenFOAM simulations for both unbroken and broken wave types using
each of the four selected turbulence models, it was found that the unbroken wave results
varied little from model to model, whereas the broken wave results showed significant vari-
ability. As shown in Figure 7.3, the peak force for the unbroken wave was consistently
over-predicted regardless of which turbulence model was used with the only notable im-
provement occurring for the Non-linear Realizable k-¢ model. On the contrary, varying the
turbulence model showed a clear improvement in the accuracy of the peak streamwise forces

calculated using OpenFOAM for the broken wave simulations. In particular, the k-w SST
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Figure 7.2: Effects of Decreasing the Transverse Cell Size on the Peak Streamwise Force for

Case A due to the Broken Wave using the Standard k-¢ Model.

model out-performed all other turbulence models, producing a near perfect match with ex-
perimental force histories based on load cell and pressure gauge measurements as shown in
Figure 7.4. The Non-linear Realizable k-¢ model predicted a similar peak force, but failed to
match the timing of the experimental force histories, arriving roughly a quarter of a second
early.

What is most striking about these results is the severe under-performance of the Launder-
Reece-Rodi RSM model for the broken wave as shown in Figure 7.4d and the lack of improve-
ment of the results for the unbroken wave as shown in Figure 7.3d despite the fact that RSM
models directly model the behavior of each Reynolds stress term instead of using the sim-
plified Boussinesq eddy viscosity hypothesis to determine the Reynolds stresses as functions
of the turbulent kinetic energy and mean strain rate of the flow. However, even though the
Reynolds stresses were modeled explicitly, the LRR model was initialized with data based
on the Boussinesq hypothesis defined by Equation 6.21, which has been shown to be phys-
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Figure 7.3: Comparison of Streamwise Force Histories for Case A due to the Unbroken Wave

ically correct only in sub-regions of many turbulent flows (Schmitt, 2007). Since the fluid
began at rest, the mean strain rate tensor, (S;;), defined by Equation 6.20 vanishes, leaving

the Reynolds stresses to be determined by the turbulent kinetic energy alone as shown in
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Figure 7.4: Comparison of Streamwise Force Histories for Case A due to the Broken Wave
Equation 7.1. To be consistent with the rest of the simulations, the initial Reynolds stresses

were determined using experimentally-determined values for k based velocity measurements

taken by ADV1, which was nearest to the wavemaker and best represented the initial state
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of turbulence associated with the unbroken and broken tsunami-like long waves that were
tested. Thus, multiple sources of error including experimental sources such as measurement
device tolerances, noise, and post-processing methods as well as the theoretical assumption
of Boussinesq led to the possibility of a poor initial setup for the LRR model that could ex-

plain its underwhelming performance, particularly in the case of the broken wave simulation

for Case A.
0 0
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7.1.2  Pressures on the Offshore Face of the Test Structure

In order to better understand the variations in the forces that were observed for each
turbulence model simulation, the pressures measured on the offshore face of the test structure
were recorded in OpenFOAM too. As shown in Figure 4.11c, there were eight measurement
locations used during the macroscale roughness element tests (Cases B through F). The
pressure time histories for the unbroken and broken waves using the same 5 cm transverse
cell size mesh are shown for the k-¢ model in Figures 7.5 and 7.6, the k-w SST model
in Figures 7.7 and 7.8, the Non-linear Realizable k-¢ model in Figures 7.9 and 7.10, and
the Launder-Reece-Rodi model in Figures 7.11 and 7.12, where the percent error in the
peak pressure relative to the empirical data are shown to demonstrate the accuracy of the
numerical results for each pressure gauge.

For the unbroken wave, all of the turbulence models resulted in over-predicted peak
pressures, early wave arrivals, and sustained loading durations that lasted approximately 1
second longer than the experimental time histories. With peak pressure percent errors falling
in the ranges of 14.8% to 31%, 12.3% to 28.6%, and 13.4% to 31.7%, the Standard k-¢, k-w
SST, and LRR models were roughly twice as inaccurate as the Non-linear Realizable k-¢
model, which gave peak pressure percent errors in the range of 6.8% to 16.4%. Despite this

improved performance in terms of peak pressures for the Non-linear Realizable k-¢ model,
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Figure 7.7: Pressure Gauge Measurements Versus OpenFOAM Time Histories on the Off-

shore Test Structure Face for the Unbroken Wave using the k-w SST Model
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Figure 7.9: Pressure Gauge Measurements Versus OpenFOAM Time Histories on the Off-

shore Test Structure Face for the Unbroken Wave using the Non-linear Realizable k-¢ Model
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Figure 7.10: Pressure Gauge Measurements Versus OpenFOAM Time Histories on the Off-

shore Test Structure Face for the Broken Wave using the Non-linear Realizable k-¢ Model
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Figure 7.11: Pressure Gauge Measurements Versus OpenFOAM Time Histories on the Off-

shore Test Structure Face for the Unbroken Wave using the LRR Turbulence Model
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Figure 7.12: Pressure Gauge Measurements Versus OpenFOAM Time Histories on the Off-

shore Test Structure Face for the Broken Wave using the LRR Turbulence Model
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the model still suffered significantly from overly long loading durations in the same manner as
the others. Additionally, the worst region of error in peak pressures for all of the turbulence
models was near the top of the test structure, which indicates that OpenFOAM may be
over-predicting the wave run-up on the test structure offshore face.

For the broken wave, each turbulence model matched the experimental results well during
the post-impact phase of the wave loading; however, the peak pressures showed significant
variability. For instance the k- model, showed the most variability and largest percent errors
in peak pressures, which ranged from 120.7% to 305.5% with the largest error occurring near
the bottom of the test structure. The LRR model gave the next best results in terms of
percent error in peak pressure, which ranged from 4.3% to 44.4% with the largest errors
occurring along the middle of the test structure. The k-w SST and Non-linear Realizable k-¢
models gave very similar results in terms of the percent error in peak pressures ranging from
2.8% to 34.5% and 0.2% to 18.8%, respectively. Based on these ranges alone, the k-w SST
model is plainly the best model for reproducing accurate forces and pressures, but also the
Non-linear Realizable k- model that performed second best showed incorrect timing of the
wave impact with the numerical pressure histories beginning roughly a quarter of a second
ahead of the experimental pressure histories as was observed with the force histories too,
further solidifying the k-w SST model as the clear choice for modeling the turbulent broken

wave.

7.1.3  Free-Surface FElevations

To provide a final level of model validation and investigate the inaccuracy of the Open-
FOAM force and pressure results for the unbroken wave, the empirical and numerical free-
surface elevation (i.e. the displacement of free-surface relative to the still water level) histo-
ries that were recorded along the length of the unobstructed flume as well as near the test
structure are compared in this sub-section. As shown in Figure 4.13, there were four wave

gauges (wgl-wg3 and uswgl) used along the flume in the flat-bottomed deep region near
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the wavemaker and in the sloped bottom region, where wave shoaling took place, whereas
the remaining five wave gauges (uswg2-uswg6) were positioned near the test structure to
measure free-surface changes caused by the test structure. The first group of wave gauges
always successfully recorded the free-surface elevation of the waves propagating along the
flume; however, the second group of wave gauges near the test structure recorded erroneous
free-surface time histories due to large splashes that made recording an accurate free-surface
nearly impossible in most cases, particularly in front of the test structure near its offshore
face where the wave run-up height is a crucial measurement to be made. In these cases, only
the OpenFOAM free-surface histories have been provided. The free-surface time histories
recorded at the gauge locations along the flume for the unbroken and broken waves using
the same 5 cm transverse cell size mesh are compared to empirical results for the k-¢ model
in Figures 7.13 and 7.14, the k-w SST model in Figures 7.15 and 7.16, the Non-linear Realiz-
able k- model in Figures 7.17 and 7.18, and the Launder-Reece-Rodi model in Figures 7.19
and 7.20.
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Figure 7.13: Unbroken Wave Free-Surface Elevation Time Histories of Wave Propagation

along the Wave Flume for the Standard k-¢ Model

For both wave types, the OpenFOAM numerically modeled free-surface histories matched
the experimental results very well with small, consistent deviations of a slightly different
nature for each wave type. For the unbroken wave, the experimental recordings of wg! and

uswgl were matched closely for all turbulence models, but wg2 and wg3, which were placed
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Figure 7.14: Broken Wave Free-Surface Elevation Time Histories of Wave Propagation along

the Wave Flume for the Standard k-¢ Model
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Figure 7.15: Unbroken Wave Free-Surface Elevation Time Histories of Wave Propagation

along the Wave Flume for the k-w SST Model
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Figure 7.16: Broken Wave Free-Surface Elevation Time Histories of Wave Propagation along

the Wave Flume for the k-w SST Model
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Figure 7.17: Unbroken Wave Free-Surface Elevation Time Histories of Wave Propagation
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Figure 7.18: Broken Wave Free-Surface Elevation Time Histories of Wave Propagation along

the Wave Flume for the Non-linear Realizable k- Model
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Figure 7.19: Unbroken Wave Free-Surface Elevation Time Histories of Wave Propagation

along the Wave Flume for the Launder-Reece-Rodi Model
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Figure 7.20: Broken Wave Free-Surface Elevation Time Histories of Wave Propagation along

the Wave Flume for the Launder-Reece-Rodi Model

over the second 1:24 slope of the wave flume bottom, repeatedly gave over-predictions of the
peak free-surface elevation for all turbulence models. Similarly, the OpenFOAM results for
the broken wave consistently over-estimated of the peak free-surface elevation at wg3, but
tended to under-estimate the peak free-surface elevation at uswgl.

These observations highlight the fact that the experimental free-surface elevation near
the wavemaker was accurately reproduced by OpenFOAM simulations regardless of the wave
type or turbulence model, but notable discrepancies arose far from the wavemaker along
the sloped flume bottom, where wave shoaling took place during the experiments. In this
region of the flume, the unbroken wave was steepening rapidly, whereas the broken wave was
approaching a fully-formed bore-like condition. When trying to replicate these behaviors
accurately in OpenFOAM, difficulties arise due to the fact that a distinct, discrete location
of the free-surface is not a well-defined concept due to the reliance on the Volume-of-Fluid
(VoF) method. To estimate the free-surface elevation using the VoF method, a volume
fraction of a = 0.5 is used as a target value to define the free-surface for the OpenFOAM
free-surface recording function. In turbulent flow regions such as over the sloped flume
bottom and near the test structure, swirling eddies and foamy splashes are smeared out
unless the finite volume mesh cell size is refined small enough to fully resolve these behaviors
at an appropriate scale. As was discussed in the OpenFOAM Mesh Generation section, the

mesh used for all models was uniformly graded in the z-direction such that cell size decreased
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from the global cell size of 10 cm at the atmosphere and flume bottom boundaries to 2.5
cm at the still water level and in the z-direction from the global cell size of 10 cm at the
intersection of the 1:12 and 1:24 sloped flume bottom sections to 2.5 cm by the end of the
1:24 slope in order to better capture turbulent flow characteristics. However, the reduced
cell size upstream of the test structure over the 1:24 sloped flume bottom may not have
been sufficiently small enough to accurately capture significant, local fluctuations in the
free-surface elevation for both wave types.

For the wave gauges located near the test structure, the free-surface time histories have
been compared to empirical results for the k-¢ model in Figures 7.21 and 7.22, the k-w SST
model in Figures 7.23 and 7.24, the Non-linear Realizable k-¢ model in Figures 7.25 and 7.26,
and the Launder-Reece-Rodi model in Figures 7.27 and 7.28. Focusing on the unbroken wave
results, all of the turbulence models accurately reproduced the experimental free-surface
elevation histories to the side of and behind the test structure (uswg2 and uswg4-uswgt);
however, they all failed to match the experimentally-measured peak run-up on the offshore
face of the test structure. This is a curious result since a lesser run-up would correspond to a
lesser hydrostatic pressure due to gravity, yet the pressures were consistently over-predicted

by OpenFOAM instead of being under-predicted due to lesser run-up elevations.
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Figure 7.21: Unbroken Wave Free-Surface Elevation Time Histories near the Test Structure

for the Standard k- Model
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Figure 7.22: Broken Wave Free-Surface Elevation Time Histories near the Test Structure for

the Standard k- Model
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for the k-w SST Model
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Figure 7.24: Broken Wave Free-Surface Elevation Time Histories near the Test Structure for

the k-w SST Model
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Figure 7.25: Unbroken Wave Free-Surface Elevation Time Histories near the Test Structure

for the Non-linear Realizable k- Model
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Figure 7.26: Broken Wave Free-Surface Elevation Time Histories near the Test Structure for

the Non-linear Realizable k-¢ Model
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Figure 7.27: Unbroken Wave Free-Surface Elevation Time Histories near the Test Structure

for the Launder-Reece-Rodi Model
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Figure 7.28: Broken Wave Free-Surface Elevation Time Histories near the Test Structure for

the Launder-Reece-Rodi Model

A similar assessment of the peak run-up on the offshore face of the test structure, was

not possible for the broken wave due to the large, roughly 3 to 6 m high splashes that oc-

curred during each broken wave test. The ultrasonic wave gauges to the side of the test

structure (uswg?2, uswgs, uswgy) experienced significant splashing as well, which resulted in

erroneous peak free-surface values, but just before and after the peaks parts of the recordings

were still physically realistic and useful for comparison to the OpenFOAM results for vali-

dation purposes. In particular, the post-peak broken wave free-surface elevations matched

experimental data well for all turbulence models without significant variations from model
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to model. However, the wave gauge placed behind the test structure was not affected by
the broken wave impact splashing, which allowed it to accurately record the free-surface
elevation there. The OpenFOAM simulations under-estimated these results to a similar de-
gree with roughly 10% to 20% error in the peak free-surface elevation values for all of the
turbulence models. Despite the issues with spurious measurements and minor under- and
over-estimations of the peak free-surface values to the side of and behind the test structure,
the OpenFOAM simulations for all four turbulence models resulted in excellent qualitative
matches with the empirical data in terms of the time history shapes as well as quantitative

matches in terms of the peak values except directly in front of the test structure.
7.2 Validation of Macroscale Roughness Cases

Based on the turbulence model study results, the k-w SST model was selected for further
validation of the cases with macroscale roughness elements (Cases B through F) due to its
ability to accurately replicate the broken wave results. Additionally, only the broken wave will
be considered hereafter due to its direct comparability to an overland tsunami inundation
where turbulent, bore-like flows impact coastal regions as opposed to the unbroken wave,
which is more representative of a tsunami that has not yet fully shoaled in an offshore
region. Using the same finite volume mesh and turbulence model setup as was used for the
reference case (Case A) validation, OpenFOAM simulations were run for each of the MRE
configurations depicted in Figure 4.4, for which the streamwise force histories are shown in
Figure 7.29.

For each MRE configuration, the OpenFOAM streamwise force histories lie mostly if not
entirely within the range of experimental variability shown by the load cell trials, which
were each plotted individually in addition to the mean load cell and integrated pressure time
histories. In particular, Case D where the test structure was 100% shielded was initially
under-predicted by OpenFOAM; however, the mean peak experimental value was reached
part-way through the extended peak load duration for this case, resulting in an equally good

match as for the other MRE configurations. Case F presented the only case with a notable
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Figure 7.29: OpenFOAM Model Validation of Streamwise Force Histories Against Experi-

mental Measurements for Macroscale Roughness Configurations A to F

over-estimation of the peak streamwise force relative to the mean load cell history; however,
when compared to the load cell trial range of results as well as the integrated pressure
time history, the OpenFOAM force history fits within the expected range of experimental

variability, giving an acceptable validation result.
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Chapter 8
FORCE-PREDICTION DESIGN EQUATION DEVELOPMENT

In order to achieve the goal of expanding upon the range of applicability of the design
recommendations provided by ASCE 7-16 Chapter 6 for streamwise force amplification due to
flow channeling effects, an extensive parametric study was conducted using the OpenFOAM
model with the k-w SST turbulence model, which was chosen for its exceptional performance
in replicating the experimental streamwise force histories for all of the macroscale roughness
element (MRE) configurations as was discussed in the Validation of Macroscale Roughness
Cases section. The goal of this study was to generate a large dataset of peak streamwise force
values using the validated OpenFOAM model in order to develop a force-prediction equation
for a design structure surrounded by adjacent structures that function as MREs during a
tsunami inundation. Using a single MRE, 187 total configurations were chosen to not only
provide a large number of results near the test structure, but also to determine far-field
results in order to ensure that the resulting design equation does not over or under-estimate

the peak streamwise force when applied for structures separated by large distances.

8.1 Macro-Roughness Element Configurations

In order to define MRE coordinates for use in developing a streamwise force-prediction
equation, the position of the MRE relative to the bottom, center of the offshore face of
the test structure (in global coordinates, (x,y) = (43.76,0) m) was selected as the MRE
coordinate origin as shown in Figure 8.1. A summary of the positions of the neighboring
structures using this coordinate system for each of the one- and two-structure configurations
has been provided in Table 8.1. With the development of a streamwise force-prediction design

equation in mind, the terminology of neighboring structure (NS) for the MREs and design
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structure (DS) for the test structure have been adopted. These structures were assumed to
be square for the sake of simplicity and to match the experimental configurations, but the
important dimensions for using the streamwise force-prediction model are the widths of the

neighboring structures and design structure, Dyg and Dpg, respectively.

Table 8.1: Neighboring Structure (NS) Positions

Case # | z [in] | y [in] | Wp [ft] Case # | z [in] | y [in] | WE [ft]
000 N.A. | N.A. 12, 24 094 48 -64 12, 24
001 0 0 12, 24 095 48 =72 24
002 0 -8 12, 24 096 48 -80 24
003 0 -16 12, 24 097 48 -88 24
004 0 -24 12, 24 098 48 -96 24
005 0 -32 12, 24 099 48 -104 24
006 0 -40 12, 24 100 48 -112 24
007 0 -48 12, 24 101 48 -120 24
008 0 -56 12, 24 102 48 -128 24
009 0 -64 24 103 64 0 12, 24
010 0 =72 24 104 64 -8 12, 24
011 0 -80 24 105 64 -16 12, 24
012 0 -88 24 106 64 -24 12, 24
013 0 -96 24 107 64 -32 12, 24
014 0 -104 24 108 64 -40 12, 24
015 0 -112 24 109 64 -48 12, 24
016 0 -120 24 110 64 -26 12, 24
017 0 -128 24 111 64 -64 12, 24
018 8 0 12, 24 112 64 =72 24
019 8 -8 12, 24 113 64 -80 24




020 8 -16 12, 24 114 64 -88 24
021 8 -24 12, 24 115 64 -96 24
022 8 -32 12, 24 116 64 -104 24
023 8 -40 12, 24 117 64 -112 24
024 8 -48 12, 24 118 64 -120 24
025 8 -56 12, 24 119 64 -128 24
026 8 -64 12, 24 120 96 0 12, 24
027 8 =72 24 121 96 -8 12, 24
028 8 -80 24 122 96 -16 12, 24
029 8 -88 24 123 96 -24 12, 24
030 8 -96 24 124 96 -32 12, 24
031 8 -104 24 125 96 -40 12, 24
032 8 -112 24 126 96 -48 12, 24
033 8 -120 24 127 96 -56 12, 24
034 8 -128 24 128 96 -64 12, 24
035 16 0 12, 24 129 96 =72 24
036 16 -8 12, 24 130 96 -80 24
037 16 -16 12, 24 131 96 -88 24
038 16 -24 12, 24 132 96 -96 24
039 16 -32 12, 24 133 96 -104 24
040 16 -40 12, 24 134 96 -112 24
041 16 -48 12, 24 135 96 -120 24
042 16 -56 12, 24 136 96 -128 24
043 16 -64 12, 24 137 128 0 12, 24
044 16 =72 24 138 128 -8 12, 24
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045 16 -80 24 139 128 -16 12, 24
046 16 -88 24 140 128 -24 12, 24
047 16 -96 24 141 128 -32 12, 24
048 16 -104 24 142 128 -40 12, 24
049 16 -112 24 143 128 -48 12, 24
050 16 -120 24 144 128 -56 12, 24
051 16 -128 24 145 128 -64 12, 24
052 24 0 12, 24 146 128 =72 24
053 24 -8 12, 24 147 128 -80 24
054 24 -16 12, 24 148 128 -88 24
055 24 -24 12, 24 149 128 -96 24
056 24 -32 12, 24 150 128 -104 24
057 24 -40 12, 24 151 128 -112 24
058 24 -48 12, 24 152 128 -120 24
059 24 -56 12, 24 153 128 -128 24
060 24 -64 12, 24 154 160 0 12, 24
061 24 =72 24 155 160 -8 12, 24
062 24 -80 24 156 160 -16 12, 24
063 24 -88 24 157 160 -24 12, 24
064 24 -96 24 158 160 -32 12, 24
065 24 -104 24 159 160 -40 12, 24
066 24 -112 24 160 160 -48 12, 24
067 24 -120 24 161 160 -56 12, 24
068 24 -128 24 162 160 -64 12, 24
069 32 0 12, 24 163 160 =72 24
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070 32 -8 12, 24 164 160 -80 24
071 32 -16 12, 24 165 160 -88 24
072 32 -24 12, 24 166 160 -96 24
073 32 -32 12, 24 167 160 -104 24
074 32 -40 12, 24 168 160 -112 24
075 32 -48 12, 24 169 160 -120 24
076 32 -56 12, 24 170 160 -128 24
077 32 -64 12, 24 171 160 0 12, 24
078 32 =72 24 172 160 -8 12, 24
079 32 -80 24 173 160 -16 12, 24
080 32 -88 24 174 160 -24 12, 24
081 32 -96 24 175 160 -32 12, 24
082 32 -104 24 176 160 -40 12, 24
083 32 -112 24 177 160 -48 12, 24
084 32 -120 24 178 160 -56 12, 24
085 32 -128 24 179 160 -64 12, 24
086 48 0 12, 24 180 160 =72 24
087 48 -8 12, 24 181 160 -80 24
088 48 -16 12, 24 182 160 -88 24
089 48 -24 12, 24 183 160 -96 24
090 48 -32 12, 24 184 160 -104 24
091 48 -40 12, 24 185 160 -112 24
092 48 -48 12, 24 186 160 -120 24
093 48 -56 12, 24 187 160 -128 24
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Furthermore, the idealized, triangular wake region shown behind the neighboring struc-
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Figure 8.1: Streamwise Force-Prediction Equation Geometry Parameter Definitions

ture is a key element of the proposed force-prediction equation. The length and width of
the wake at the onshore face of the neighboring structure, Lw and Dwy, respectively, define
the size of the neighboring structure wake for use in determining shielding effects. The idea
behind this idealized wake is based upon recirculatory turbulent flow regions that form be-
hind bluff bodies such as rectangular structures. The length and width of such wake regions
vary depending on the flow velocity and size of the structures, which can be completely
characterized by the Reynolds number of the flow. However, for the results presented in this
dissertation, the broken wave alone was used as an initial wave condition, which would result
in similar velocities for each of the neighboring structure configurations, and the neighboring

and design structure sizes were kept fixed. This allowed for the development of a streamwise
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force-prediction model with a uniform wake size; although, to make the model generally ap-
plicable, additional parametric studies of neighboring structure locations using a wide range

of initial wave conditions would need to be modeled.

8.2 Streamwise Force-Prediction Equation

To develop a streamwise force-prediction equation, three phenomenological factors were
developed, the product of which would give the normalized maximum streamwise force. Each
of these factors was designed to characterize a specific physical phenomenon of the broken
wave interaction with neighboring structures and the design structure. The factors were
also designed to rely entirely upon the geometry defined in Figure 7.29, which reduced the
problem of model calibration down to determining the two unknown wake size dimensions,

Lw and Dw

8.2.1 Momentum Factor

The first of these factors was dubbed the momentum factor, Fy;, which is intended
to model wave momentum loss due to wave impacts on neighboring structures. When a
turbulent, bore-like wave suddenly strikes a fixed object, large, noisy splashes and flow
redirection dissipate significant proportions of wave energy. This behavior was observed
during the broken wave tests conducted in the Large Wave Flume at the HWRL, where
the broken wave resulted in 3 to 6 m high splashes on both the test structure and concrete
blocks used to model neighboring structures. To account for such losses, the ratio of the
neighboring structure width, Dys, to the flume width, Wy, was defined as the lost proportion
of wave momentum. Subtracting this ratio from 1 gives the momentum factor as shown in
Equation 8.1, which defines the remaining wave momentum that can be transferred to the

design structure.

Fy=1- =238 (8.1)
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8.2.2  Shielding Factor

Using a similar approach, the shielding factor, Fgs, was derived to define the reduction
in the streamwise tsunami force on the design structure due to redirection of an inundation
flow caused by neighboring structures. Again, a ratio of a flow obstruction width to the
flume width was used to define this factor. Particularly, the ratio of the overlap width of
the neighboring structure’s wake with the design structure’s offshore face, Do, to the flume
width Wg was established as the force reduction ratio due to shielding effects. The remaining
proportion of the design structure streamwise force is then defined by Equation 8.2.

Do

Fo=1— — 8.2
i Dpg (8.2)

The overlap width Dg as defined by Equation 8.5 captures the interaction of the neigh-
boring structure’s assumed triangular wake. This is achieved by first determining the wake
width at the same streamwise location as the offshore face of the design structure, which is
denoted as dw. The determination this local wake width at the design structure location
requires first calculating the wake angle as defined by Equation 8.3, which is used along
with the neighboring structure position x and maximum wake width Dy in Equation 8.4
to calculate the local wake length, dw. The local wake width must be a strictly positive
quantity since a negative wake width does not make physical sense and as such dyw > 0 must
be satisfied. Furthermore, the neighboring structure position, x, must also be > 0 since the

parametric study did not extend to x < 0.

dw = Dw (1 + cot()) — 2z cot(6) > 0 forz >0 (8.4)

D D
Do = max(0, min (y + dTW, TDS> - max(y _dw ——DS>) (8.5)
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8.2.3 Channeling Factor

Whereas both the momentum and shielding factors result in streamwise force reductions
for a design structure, the flow channeling factor, F, amplifies the reference case (Case A)
streamwise force acting on a design structure. This factor attempts to capture Venturi-type
effects, where flow constrictions result in locally-increased flow velocities, which result in
increase dynamic pressures applied to a design structure. Assuming that the inundation flow
depth remains roughly constant in flow constriction regions, the only flow area variations
that can occur are in terms of the channel width in the transverse or alongshore direction.
Using mass conservation principles for a steady flow, where for a constant density flow the
product of the flow area and flow velocity must be equivalent from point-to-point along the
flume, the ratio of the unobstructed flow area to the constricted flow area defines the flow
channeling factor, Fi. However, since the depth of the flow was assumed constant it cancels
out in the area ratio, leaving F to be defined only as the ratio of the unobstructed flume
width, Wg, to the constricted flume width, Wg — dy, as defined by Equation 8.6. Here the
neighboring structure wake width was used to determine the constricted wake width since
flow velocities are drastically reduced in wake regions in addition to the fact that the flow is

redirected in a circulatory manner in wake regions.

We

o=
T Wr — dy

(8.6)

8.2.4 Normalized Force Ratio

Using these three factors, the combined result of each effect is then determined by com-
puting the product of the three factors, which is defined as the streamwise force ratio, F¥,
as shown in Equation 8.7. The resulting equation produces force ratios that tend to Fy
when the streamwise separation of the neighboring structure and design struture is large.
On the contrary, when the streamwise separation x and the transverse offset distance y of

the neighboring structure tend to zero, the design structure force ratio also tends to zero,
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providing the neighboring structure’s maximum wake width is equivalent to or larger than
the design structures width. If the neighboring structure maximum wake width is smaller
than the design structure width, then the streamwise force ratio for the design structure can-
not reach zero since it will not be fully obstructed. Thus the model is capable of modeling
the behaviors it was intended to capture, producing zero force for a perfect overlap while

remaining bounded for infinite distance between the structures.

Fx = FyFsFo=(1-=22)(1- 8.7
X MSC( WF)( DDS)(WF—dw) (8.7)

8.3 Neighboring Structure Wake Size Calibration

Even though the streamwise force factors accounting for the effects of neighboring struc-
tures in terms of wave momentum losses, shielding, and flow channeling have been defined,
they cannot be calculated without determining an appropriate measure to define the wake
size. To produce wake size parameters that are generally applicable, normalized values of
the wake length and width were established, which could then be calibrated using the Open-
FOAM parametric study results. Due to the neighboring structure being the source of the
wake, the neighboring structure width was used to define the normalized wake size as the
wake width and wake length ratios, Rw = Dw/Dns and Ry, = Lw/Dxs, respectively.

In order to determine suitable values for the wake size ratios, a least squares type of
method was used to minimize the sum of the normalized force ratio errors between the
OpenFOAM values and the values predicted by the force ratio equation, Fy;. The error
minimization was completed separately for the original flume width cases (i.e. Wr = 3.6576
m) and for the doubled width cases listed in Table 8.1, the results of which are shown
in Figure 8.2. The minimum points shown on each of the sum of squared errors surfaces
as red dots represent the optimum wake width and length ratio combinations, (Rw, RL),
for the original and doubled flume width OpenFOAM data sets, which are (1.27,3.93) and
(1.08,5.40), respectively.
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Figure 8.2: Wake Size Optimization in Terms of Minimization of the Sum of Squared Errors

between OpenFOAM and Equation 8.7 Results

The optimum wake width ratios for the original and doubled flume are relatively close
with a roughly 15% decrease in wake width from the original to the doubled flume width
results. However, the wake length ratio increased by over 37% from the original flume width
case to the doubled flume width case. Using each set of wake size parameters individually
to plot and compare the predicted force ratios versus the OpenFOAM data sets, the results
of which are shown in Figures 8.3 and 8.4 for the original and doubled flume width cases,
respectively, it may be observed that the OpenFOAM force results tended toward roughly
constant values near the flume walls, which were less than the peak force ratios by about 20%.
This difference in results as well as the large quantity of results near the flume walls with
lesser values than the max value tend to skew the doubled flume width results towards wake
size values that are not as representative of strong flow interactions between the neighboring
structure and the design structure, but rather are more representative of flows around a

single rectangular body.

To make a compromise between these results, a universal set of wake size ratios was
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Figure 8.3: Spatial Variation of the Normalized Force Ratio with Force Factors for the
Original Flume Width using Optimal Wake Size Ratios (Rw, Ry) = (1.27,3.93)

selected as (1.2,5). The results for each flume width are shown in Figures 8.5 and 8.6,
which demonstrate a strong agreement between the normalized force ratio predictions and
the OpenFOAM parametric study data sets. The choice of a generalized wake size that
gives accurate force predictions with and without nearby flume walls allows for significant
variations in flume width to be accounted for by the model.

However, one must approach the use of Equation 8.7 with caution for large lume widths
since Fx tends to 1 as Wp increases without bound. To avoid under-predicting the force
ratio in situations where flow channeling effects ought to occur for one or more neighboring
structures even though flume walls in the form of other structures or topographical features
are not in close proximity to the design structure, it is recommended to impose a flume
width limit of W < 10Dyg. This limit roughly corresponds to the doubled flume width
cases, where notable flow channeling on the same order of magnitude as that of the original

flume width cases still occurred despite the fact that the flume walls were moved much farther
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away from the design structure.

8.4 Physical Justification for Fixed Wake Size Ratio

The assumptions made to determine the normalized streamwise force ratio equation, F¥,
were in some ways gross simplifications of the flow characteristics. For instance, the assump-
tion that the flow depth remains constant from the unobstructed flume width, Wg, to the
constricted flume width, Wg — dw, is a bold claim since significant free-surface elevation
changes were observed for the broken wave simulations as was discussed in the Free-Surface
Elevations section of the numerical model validation chapter. In order to provide some
theoretical, physical justification of the proposed model using a fixed wake size, an investiga-
tion was made into the dependence of wakes behind rectangular structures on the Reynolds
number of the flow, Re, as defined by Equation 8.8. Here u; is the x-direction free-stream

or unaffected flow velocity offshore of the neighboring structure, Dyg is the neighboring
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Figure 8.5: Spatial Variation of the Normalized Force Ratio with Force Factors for the
Original Flume Width using the Universal Wake Size Ratios (Rw, Ry) = (1.2,5.0)

structure width, and v is the kinematic viscosity of water.

D
Re = 1NS (8.8)

v

The study of Bai and Alam (2018) provides an excellent example of a thorough study fo-
cusing on flows around rectangular bodies, which also provides piece-wise equations defining
the relationship between the wake size and the Reynolds number of the flow. Bai and Alam
(2018) characterize the wake length behavior as either steady, where purely recirculatory flow
occurs behind the structure, or unsteady, where the degree of turbulent behavior increases
with Reynolds number. In addition to providing wake length data, Bai and Alam (2018) also
provide curve fit equations of both experimental and numerical data as shown in Figure 8.7.
Similarly, wake width curve fit equations were provided along with the corresponding data
as shown in Figure 8.8.

For the neighboring structure size used during the experiments, Dys = 0.8128 m, an ap-
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Figure 8.6: Spatial Variation of the Normalized Force Ratio with Force Factors for the
Doubled Flume Width using the Universal Wake Size Ratios (Rw, R.) = (1.2,5.0)

proximate flow velocity of u; = 2 m/s for the broken wave offshore of the neighboring struc-
ture, and the kinematic viscosity of water, which is 8.9(10~%) Pa - s, the resulting Reynolds
number of 1,625,600 gives wake length and width ratios of 1.28 and 1.41, respectively, using
the equations of Bai and Alam (2018). The wake width ratio determined using the Reynolds
number-based equations matches the optimum value determined using the OpenFOAM para-
metric study data for the original flume width remarkably well. On the contrary, the wake
length is drastically under-estimated by the Re-based equations. A comparison of the nor-
malized force ratios calculated using Re-based wake size ratios to those determined using
the chosen universal wake size ratios for the original flume width is provided in Figure 8.9.

Due to the significantly shorter wake length, the normalized force ratios calculated using
the Re-based wake size ratios tended to Fy; very rapidly with streamwise increasing distance
between the neighboring and design structures. However, at a distance of one neighboring

structure width or less between the structures, the Re-based model force ratios match the
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Figure 8.7: Wake Length as a Function of Reynolds Number (Bai and Alam, 2018)

OpenFOAM parametric study data well. The strong agreement in wake width demonstrates
that the wake size determined using the OpenFOAM parametric study data provides a
realistic estimate that can be backed up by other experimental and numerical data using
known relations based on the flow Reynolds number. However, the significant differences in
the two flow types led to drastically different wake lengths, which is not surprising considering
that uniform inflow towards a rectangular body and a tsunami bore impacting an elevated
rectangular structure, are not similar in nature. On the contrary, the success of the wake
width comparison is a surprising, but encouraging result. As such, further comparisons of
other Reynolds number-based relations for more similar flows ought to be made to further

validate the force ratio estimation model for general use.
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Chapter 9
CONCLUSIONS AND FUTURE WORK

Prior to the work conducted during this study, a detailed investigation into the effects
of local shielding and flow channeling phenomena of tsunami-like waves due to groups of
coastal structures was lacking in the engineering literature. As was discussed in Chapter 3
- Prior Tsunami Impact Research, past numerical modeling of wave-induced fluid-structure
interaction (FSI) during tsunami inundations resulted in both over- and under-predictions
of forces, pressures, flow velocities, and free-surface elevations, demonstrating highly incon-
sistent results between different research methods and CFD software. This study aimed to
fill the second of these gaps by first developing an experimentally-validated 3D CFD model
using the OpenFOAM software that is capable of accurately reproducing force, pressure, and
free-surface elevation measurements for a range of multi-structure configurations with both
symmetric and antisymmetric arrangements. Following the validation step, the OpenFOAM
model was subsequently used to close the first of the identified research gaps by conducting a
parameter study that varied structure locations to gather data for the development and cal-
ibration of a phenomenological force-prediction equation, which is able to incorporate both
shielding and flow channeling effects for a wider range of multi-structure configurations than

current ASCE 7-16 Chapter C6 design code provisions.

9.1 Research Findings and Developments

The following conclusions were identified during the experimental and numerical modeling

phases of this study.

1. Shielding due to neighboring structures results in reduced structural demands during

a tsunami inundation. However, even though the net force may be reduced, regions
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of a design structure’s offshore face that are not shielded, often experience increased
local pressure demands as was discussed in Chapter 5 - Experimental Results. For
example, see Figure 5.14, where the 50%-shielded configurations, Cases C and F, show
notable pressure increases in unshielded regions of the design structure’s offshore face,
but experienced reduced overall forces relative to the reference case, Case A, without
neighboring structures as shown in Figure 5.16. Thus, unless a structure is 100%-
shielded as with Case D, where the pressure reduced uniformly over the offshore face of
the design structure, individual structural components will experience locally-increased

structural demands.

. Flow channeling due to neighboring structures produces Venturi-like effects where in-
creased fluid velocities result in increased dynamic pressures and resultant streamwise
forces. However, the degree to which such effects matter in terms of causing stream-
wise force amplifications relies heavily on the alignment of a channelized flow with the
offshore face of a design structure. For instance, in Case E the channel between the
pair of neighboring structures was aligned with the centerline of the design structure,
which resulted in amplifying both local pressures and the total streamwise force acting
on the design structure compared to results for the reference case, Case A. On the
other hand, in Case F the channel between the pair of neighboring structures was half
as large as the channel in Case E and was aligned with the edge of the design structure.
The resulting pressure distribution shown in Figure 5.14 for Case F gives larger values
near the edge of the design structure than the largest pressures recorded for Case E
near the middle of the design structure, which is consistent with a smaller flow channel
producing higher flow velocities and consequently larger fluid pressures acting on the
design structure. However, since these pressure increases only occurred near the design
structure edge instead of over its entire offshore face, the resulting total streamwise
force was much less for Case F than Case E, giving a result that was less than 50% of

the reference case result as shown in Figure 5.16.
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3. Numerical model validation results demonstrated that the k-w Shear Stress Trans-
port turbulence model most accurately reproduced the experimentally measured forces,
pressures, and free-surface elevations compared to the Standard k-, Non-linear Real-
izable k-, and Launder-Reece-Rodi models provided in OpenFOAM. This provides
evidence that the k-w SST model is capable of modeling cases with severe flow sepa-

ration at sharp corners of bodies, for which it was designed.

4. Comparing experimental findings to the ASCE 7-16 Chapter C6 recommended methods
for estimating the effect of adjacent structures on tsunami-induced streamwise forces
demonstrated that the design provisions provide good estimates of force amplification
ratios when flow channeling effects dominated (Cases B and E). However, when shield-
ing alone (Case D) or combined flow channeling and shielding effects occurred (Cases

C and F), the ASCE 7-16 force ratios significantly over-predicted the streamwise force.

5. The total streamwise force on a design structure due to neighboring structures was
found to depend on three key phenomena, inundation flow momentum loss (Fy),
shielding (Fs), and flow channeling (F¢). Factor equations were designed to model
the effects each of these phenomena had on the total streamwise design structure force,
which are defined by Equation 8.1, Equation 8.2, and Equation 8.6, respectively. The
product of these factors gives the force ratio prediction equation defined by Equa-
tion 8.7. Additionally, in order to calibrate the size of an idealized triangular wake
behind a neighboring structure, a numerical modeling parametric study using a sin-
gle neighboring structure was conducted to gather peak streamwise force data for 187
neighboring structure locations. This data was used to determine ideal wake size ra-
tios, (Rw, Rr) = (Dw/Dxs, Lw/Dxs) = (1.2,5.0), as proportions of the neighboring

structure size.
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9.2 Suggested Future Research

As an extension of these findings and developments, future work should be focused on
further development of the normalized force-prediction equation by varying the types of
structure configurations further. In particular, three types of cases stand out as needing
immediate attention. The first of these is modeling configurations with more than one
neighboring structure. At the time of writing this dissertation, parametric study simulations
using OpenFOAM have been completed for 341 configurations with two neighboring struc-
tures. However, due to time constraints, further analysis of this data will be the subject of
future journal articles.

The second category of neighboring structure configurations that deserves attention is
staggered arrays, where the structures are not placed at identical streamwise or cross-shore
direction positions. Based on findings of Bridges (2011) that were discussed in Chapter 3 -
Prior Tsunami Impact Research, such configurations can produce larger degrees of stream-
wise force amplifications and reductions than configurations were all the structures are placed
in a row parallel to a shoreline. In particular, the three-MRE configurations studied by
Bridges (2011) demonstrated that the configurations where the middle MRE was closer
to and farther from the test structure produced the greatest extremes of both shielding and
channeling effects in terms of the most reduced and amplified streamwise forces, respectively.

In addition to varying the arrangement and number of neighboring structures, the type of
design structure should be varied as well. In particular, non-elevated structures that extend
all the way to the ground need to be modeled. Such a study would result in larger streamwise
force demands than for an elevated structure, which would provide a better upper bound
estimate of streamwise forces as well as demonstrate the effectiveness of breakwaway walls
through a comparison with the elevated structure results.

The most critical topic that was not touched upon during this study was the stochastic
nature of tsunami wave generation. In order to account for the variability of initial tsunami

wave forms, a probabilistic study of tsunami wave impact forces ought to be conducted.
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Such a study would allow for the development of further modifications to the force-prediction
equation developed in this dissertation that would amplify estimated streamwise forces to
account for the possible variability in tsunami inundation levels and flow velocities that
dictate resulting structural demands.

However, conducting a thorough probabilistic numerical simulation program varying the
tsunami wave form would require a significant amount of time to complete, potentially taking
many months or even several years depending on the amount and availability of the necessary
computational resources. An alternative research direction that would achieve the same goal
would be to investigate the potential of using physics-based, reduced-order modeling for wave-
structure interaction during tsunami inundations, which would employ simplified numerical
modeling that would take considerably less time to complete than 3D RANS modeling. This
technique has already been successfully applied to many fluid-structure interaction (FSI)
problems, including flow around cylinders, haemodynamics (i.e. blood flow interaction with
vessel walls), and free-surface flows such as tsunamis, demonstrating that reduced-order
modeling presents a viable approach for dealing with the large computational domains and
numbers of input variables associated with probabilistic tsunami inundation studies (Walton

et al., 2013; Colciago et al., 2014; Xiao et al., 2016, 2017).
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alpha:

FoamFile
{
version 2.0;
format ascii;
class volScalarField ;
object alpha . water;
}
dimensions [0000O0O0 0];
internalField uniform O0;
boundaryField

{
paddle

{

type zeroGradient ;

}

comprLeft

{

type zeroGradient ;

}

comprRight

{
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comprBottom

{
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TStop
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concBlockl

{
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}
}
epsilon:
FoamFile
{
version
format
class
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2.0;

ascii;

zeroGradient ;
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volScalarField ;
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dimensions

epsilonADV1

epsilon;

[02-3000 0];

0.000594018; // epsilon = Cmu"pxk"1.5/1_t m"2/s"3,

0.00953392 m"2/s"2, Comu = 0.09, p = 0.75, and 1.t = 0.07xd_h,
2xSWIAW, SWL = still water level, and W = flume width

internalField

boundaryField

{

paddle
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{
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comprRight
{

type

value

}

comprBottom

{
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epsilonWallFunction;
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type epsilonWallFunction ;
value uniform $epsilonADV1;
¥
comprAtmosphere
{
type inletOutlet ;

inletValue uniform $epsilonADVTI;
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type
value
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TSleft
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type
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TSright
{
type
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TSbottom
{
type
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TStop
{
type
value
}
concBlock1
{
type
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FoamFile
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boundaryField
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volScalarField ;
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[02-1000 0];

uniform 0;

nutkWallFunction ;

uniform O0;

nutkWallFunction ;

uniform 0;

nutkWallFunction ;

uniform O0;

nutkWallFunction ;
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31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

52

53

55

56

57

58

59

60

61

62

63

value

}
comprAtmosphere
{
type
value
}
fixedEnd
{
type
value
}
fixedLeft
{
type
value
}
fixedRight
{
type
value
}
fixedBottom
{
type
value

}

fixedAtmosphere

{

type
value
}
TSfront

uniform O0;

calculated ;

uniform O0;

nutkWallFunction ;

uniform 0;

nutkWallFunction ;

uniform O0;

nutkWallFunction ;

uniform 0;

nutkWallFunction;

uniform O0;

calculated ;

uniform O0;



64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

type
value
}
TSback
{
type
value
}
TSleft
{
type
value
}
TSright
{
type
value
}
TSbottom
{
type
value
}
TStop
{
type
value
}
concBlockl
{
type

value

nutkWallFunction ;

uniform 0;

nutkWallFunction;

uniform O0;

nutkWallFunction ;

uniform O0;

nutkWallFunction ;

uniform 0;

nutkWallFunction ;

uniform O0;

nutkWallFunction ;

uniform 0;

nutkWallFunction;

uniform O0;
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97

98

10

11

12

13

16

17

18

19

20

21

22

23

24

25

26

27

28

29

omega:

FoamFile

{
version
format
class
location
object

}

dimensions

omegaADV1

2.0;

ascii;
volScalarField ;
7?()ﬂ7 ;

omega;

00 -1000 0];
0.692285666; // omega = epsilon /(betaxk) s —1,

= 0.000594018 m"2/s"3, k = 0.00953392 m"2/s 2, beta* = Cmu = 0.09

internalField

boundaryField

{

paddle
{
type
value
}
comprRight
{
type
value
}
comprLeft
{
type
value

}

comprBottom

uniform $omegaADV1;

omegaWallFunction;

uniform $omegaADV1;

omegaWallFunction ;

uniform $omegaADV1;

omegaWallFunction ;

uniform $omegaADVT;
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30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

51

52

54

55

56

57

58

59

60

61

62

type
value
}
comprAtmosphere
{
type
inletValue
value
}
fixedEnd
{
type
value
}
fixedLeft
{
type
value
¥
fixedRight
{
type
value
}
fixedBottom
{
type
value
}
fixedAtmosphere
{

type

omegaWallFunction ;

uniform $omegaADVT;

inletOutlet ;
uniform $omegaADV1;
uniform $omegaADV1;

omegaWallFunction ;

uniform $omegaADVT;

omegaWallFunction;

uniform $omegaADV1;

omegaWallFunction ;

uniform $omegaADV1;

omegaWallFunction;

uniform $omegaADVT;

inletOutlet ;
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63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

inletValue

value

TSfront

type

value

TSbottom

type

value

TSleft

type

value

TSback

type

value

TSright

type

value

TStop

type

value

uniform $omegaADV1;
uniform $omegaADV1;

omegaWallFunction ;

uniform $omegaADVT;

omegaWallFunction;

uniform $omegaADV1;

omegaWallFunction ;

uniform $omegaADV1;

omegaWallFunction ;

uniform $omegaADVT;

omegaWallFunction ;

uniform $omegaADV1;

omegaWallFunction ;

uniform $omegaADVT;
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96

97

98

99

100

101

10

11

13

14

15

16

17

18

19

20

21

22

23

24

25

26

concBlockl

{

type
value
}
}
p.rgh:
FoamFile
{
version
format
class
object
}
dimensions

internalField

boundaryField

{

paddle

{
type
value

}
comprBottom
{
type
value
¥
comprLeft
{
type

value

omegaWallFunction ;

uniform $omegaADVT;

2.0;

ascii;
volScalarField;
p-rgh;

[1 -1 -2000 0];

uniform O0;

fixedFluxPressure ;

uniform O0;

fixedFluxPressure ;

uniform 0;

fixedFluxPressure;

uniform O0;
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27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

51

52

53

54

55

56

58

59

comprRight
{
type
value
}
comprAtmosphere
{
type
U
phi
rho
psi
gamma
pO
value
}
fixedEnd
{
type
value
}
fixedLeft
{
type
value
}
fixedRight
{
type
value

}

fixedBottom

{

fixedFluxPressure;

uniform 0;

totalPressure
U;

phi;

rho;

none;

15

uniform 0;

uniform O0;

fixedFluxPressure;

uniform O0;

fixedFluxPressure;

uniform 0;

fixedFluxPressure;

uniform O0;

236



60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

type

value
¥
fixedAtmosphere

{
type
U
phi
rho

psi
gamma

pO

value

}
TSfront

{

type

TSback

type

}
TSleft

{

type

TSright

type

value

value

value

value

fixedFluxPressure ;

uniform O0;

totalPressure;
U;

phi;

rho;

none ;

L

uniform 0;

uniform O0;

fixedFluxPressure ;

uniform 0;

fixedFluxPressure ;

uniform O0;

fixedFluxPressure ;

uniform O0;

fixedFluxPressure;

uniform O0;
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93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

10

11

12

14

15

}

TSbottom

{

type

TStop

type

}

concBlockl

{

type

fixedFluxPressure;

value uniform O0;

fixedFluxPressure ;

value uniform 0;

fixedFluxPressure;

value uniform O0;

pointDisplacement:

FoamFile
{
version
format
class
location
object
}
dimensions
internalField
boundaryField
{
paddle
{

type

2.0;
ascii;

pointVectorField;

70) 07

pointDisplacement ;

010000 0]
uniform (0 0 0);

wavemakerMovement ;
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16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

wavemakerDictName

value
}
comprLeft
{

type

n

value
}
comprRight
{

type

n

value
}
comprBottom
{

type

n

value
}
comprAtmosphere
{

type

n

value

}
fixedEnd

{

type

value
}
fixedLeft

wavemakerMovementDict ;

uniform (0 0 0);

fixedNormalSlip ;
(0 1 0);
uniform (0 0 0);

fixedNormalSlip ;
(01 0);
uniform (0 0 0);

fixedNormalSlip ;
(00 1);
uniform (0 0 0);

fixedNormalSlip ;
(00 1);
uniform (0 0 0);

fixedValue;
uniform (0 0 0);
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49

50

51

52

53

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

type
value
¥
fixedRight
{
type
value
}
fixedBottom
{
type
value
¥
fixedAtmosphere
{
type
value
¥
TSfront
{
type
value
¥
TSback
{
type
value
¥
TSleft
{
type

value

fixedValue;

uniform (0 0

fixedValue;

uniform (0 0

fixedValue;

uniform (0 0

fixedValue;

uniform (0 0

fixedValue;

uniform (0 0

fixedValue;

uniform (0 0

fixedValue;

uniform (0 0
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82

83

84

85

86

87

88

89

90

91

92

93

94

96

97

98

99

101

102

103

104

}
TSright
{
type
value
}
TSbottom
{
type
value
}
TStop
{
type
value

}

concBlockl1

{

type
value
¥
}
U:
FoamFile
{
version
format
class
location
object
}
dimensions

fixedValue;

uniform (0 0

fixedValue;

uniform (0 0

fixedValue;

uniform (0 0

fixedValue;

uniform (0 0

2.0;

ascii;
volVectorField ;
707
U;

01 -1000 0];

)
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10

11

12

14

15

16

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

internalField uniform
boundaryField
{
paddle
{
type
value
¥
comprLeft
{
type
¥
comprRight
{
type
}
comprBottom
{
type
}
comprAtmosphere
{
type
value
}
fixedEnd
{
type
¥
fixedLeft
{

type

242

(00 0);

movingWallVelocity ;
uniform (0 0 0);

noSlip;

noSlip ;

noSlip ;

pressurelnletOutletVelocity ;
uniform (0 0 0);

noSlip;

noSlip ;



43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

fixedRight
{

type
}
fixedBottom
{

type
}
fixedAtmosphere
{

type

value
}
TSfront
{

type
}
TSback
{

type
}
TSleft
{

type
}
TSright
{

type
}
TSbottom
{

type

noSlip;

noSlip ;

pressurelnletOutletVelocity ;
uniform (0 0 0);

noSlip ;

noSlip ;

noSlip;

noSlip;

noSlip ;



76

v

78

79

80

81

82

83

84

TStop

{

type
}
concBlockl1
{

type

noSlip;

noSlip ;

244



10

11

12
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14

15

Appendix B
OPENFOAM SCRIPTS: CONSTANT DIRECTORY

dynamicMeshDict:

FoamFile

{

version 2.0;

format ascii;

class dictionary ;

location ”constant” ;

object dynamicMeshDict ;
}
dynamicFvMesh dynamicMotionSolverFvMesh ;
motionSolverLibs (”libfvMotionSolvers.so”);
solver displacementLaplacian;

displacementLaplacianCoeffs

{

diffusivity uniform:;

g!
FoamPFile

{

version 2.0;

format ascii;

class uniformDimensionedVectorField ;
location ”constant” ;

object g;

}
dimensions [0 1 -2000 0];

245



10

10

11

12

13

14

15

16

17

18

19

20

21

22

value

(00 —9.81 );

transportProperties:

FoamFile

{
version
format
class
location

object

}

2.0;
ascii;

dictionary ;

”constant” ;

transportProperties;

phases (water air);

water

{

transportModel Newtonian;

nu

rho

air

021000 0] le—06;

transportModel Newtonian;

nu
rho

}

sigma

[1 =300 00 0] 1000;
021000 0] 1.48¢—05;
[1 =30000 0] 1;

[1 0-2000 0] 0.07;

turbulenceProperties:

FoamFile

{
version
format
class
location

object

2.0;
ascii;

)

dictionary ;

”constant” ;

turbulenceProperties;

246



8

9

10

11

12

13

14

15

10

11

12

13

14

15

16

17

18

19

20

}

simulationType
RAS
{

RASModel

turbulence

printCoeffs

247

RAS;

kOmegaSST ;
on;

on;

wavemakerMovementDict: In the script below, N is the number of data points, ¢; is the

i'" time in seconds, z; is the wavemaker paddle position at time ¢; in meters, and 7; is the

free-surface elevation at time ¢; in meters. The actual data lists have been omitted for the

sake of brevity since the lists are over 20,000 values long.

FoamFile
{
version
format
class
location
object
}
wavemakerType
tSmooth
genAbs

timeSeries N(t;

tn);

2.0;

ascii;
dictionary ;
”constant” ;

wavemakerMovementDict ;

Piston
1.5;
0;

paddlePosition 1(N(z

TN));

paddleEta 1(N(m

) ) ;



10

11

12

13

14

15

16

17

18
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Appendix C
OPENFOAM SCRIPTS: SYSTEM DIRECTORY

blockMeshDict:

FoamFile

{

}

version 2.0;

format ascii;

class dictionary ;
object blockMeshDict ;

convertToMeters 1;

//
x1

x2

x3

x4

x5

x6
x7

x8

x9

Coordinates [m]

—2.085; // initial paddle position

9.915; // end of 12 m long compressible mesh region used for wave
generation

14.2748; // 562 in, start of first 6”—thick concrete slab lain horizontally
on the flume bottom

17.9324; // 706 in, end of horizontal slab and start of sloped bathymetry
(1st slope = 1:12, 48’ long; 2nd slope = 1:24, 36’ long)

28.9052; // 1138 in, intersection of beach slopes

43.5356; // 1714 in, end of 2nd slope

48.6048; // 43.76 m + 40 in + 6 ft, extend refined mesh by W/2 = 6’ (half
of the flume width) past the end of the test structure, which has a 407
sqare base

61.2352; // x7 + x6 — x5, use the same x—direction length for expanding
cell sizes past the test structure as was used for contracting cell sizes
before the test structure

80.1116; // 3154 in, end of elevated horizontal bottom section



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

249

yl —1.8288; // —72 in, right flume wall
y2 1.8288; // 72 in, left flume wall
z1 0.0; // flume bottom near wavemaker
z2 0.1524; // 6 in, top of first horizontal slab lain on flume bottom
z3 1.15; // intersection of beach slopes
z4 1.7526; // 69 in, end of 2nd slope and elevated horizontal bottom section
z5 1.85; // still water level (broken wave: 1.85 m, unbroken wave: 2.0 m)
z6 4.572; // 180 in, top of flume walls (i.e. the ”atmosphere” elevation)
vertices
(

/] x1

($x1 $yl1 $z1) // O

($x1 $yl1 $z2) // 1

($x1 Syl $z3) // 2

($x1 $yl1 $z5) // 3

($x1 $yl1 $z26) // 4

($x1 $y2 $z1) // 5

($x1 $y2 $z2) // 6

($x1 $y2 $23) // 7

($x1 $y2 $z5) // 8

($x1 $y2 $z6) // 9

/] %2

($x2 $yl1 $z1) // 10

($x2 $y1 $2z2) // 11

($x2 $yl $z3) // 12

($x2 $yl $2z5) // 13

($x2 $y1 $26) // 14

($x2 $y2 $z1) // 15

($x2 $y2 $z2) // 16

($x2 $y2 $z3) // 17

($x2 $y2 $z5) // 18

($x2 $y2 $z6) // 19



52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

&
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—

&L

<
oy

&£

<
[\V)

&

<
)

&L

<
I\

<L
<
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&

<
(\}

&L
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<

<&

<
oy

&£

<
=

£

<~
)

&

<
[\)

&

<
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//
//
//
//
//
//
//
//
//
//

//
//
//
//
//

/]

//
//

//
//
//
//
//
//

//
//
//
//
//
//

20
21
22
23
24
25
26
27
28
29

30
31
32
33
34

36
37

38
39
40
41
42
43

44

46
47
48
49
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85 /] x7

86 ($x7 $yl1 $z4) // 50

87 ($x7 $yl1 $z5) // 51

88 ($x7 Syl $z6) // 52

89 ($x7 $y2 $z4) // 53

90 ($x7 $y2 $z5) // 54

91 ($x7 $y2 $z6) // 55

92 // x8

93 ($x8 $yl1 $z4) // 56

94 ($x8 $yl1 $z5) // 57

95 (5x8 $yl $z6) // 58

96 ($x8 $y2 $z4) // 59

97 ($x8 $y2 $z5) // 60

98 (5x8 $y2 $z6) // 61

99 // x9

100 ($x9 $yl1 $z4) // 62

101 ($x9 $yl $z5) // 63

102 ($x9 Syl $z6) // 64

103 ($x9 $y2 $z4) // 65

104 ($x9 $y2 $z5) // 66

105 ($x9 $y2 $z6) // 67

o )

107 blocks

s (

109 // Bottom row

110 hex (0 10 15 5 1 11 16 6) (80 72 2) simpleGrading (1 1 1) // 1
11 hex (10 20 25 15 11 21 26 16) (44 72 2) simpleGrading (1 1 1) // 2
112 // Lower middle row

113 hex (1 11 16 6 2 12 17 7) (80 72 10) simpleGrading (1 1 1) // 3
114 hex (11 21 26 16 12 22 27 17) (44 72 10) simpleGrading (1 1 1) // 4
118 hex (21 30 34 26 22 31 35 27) (37 72 10) simpleGrading (1 1 1) // 5
116 hex (30 38 41 34 31 38 41 35) (110 72 10) simpleGrading (1 1 1) // 6

117 // Upper middle row



118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

138

139

140

141

142

143

144

145

146

147

148

149

150

hex (2
hex (12 22
hex (22 31
hex (31 38
(38 44
(44 50
hex (50 56
hex (56 62
i T o
hex (3 13
13 23
23 32
2 39
9 45
45 51
1 57

5
57 63

hex

hex

hex (
hex (
hex (
hex (
hex (
hex (

(

hex

boundary

(

// External boundary faces

paddle

{
type wall;
faces
(

17
27
35
41
47
53
59
65

18
28
36
42
48
54
60
66

16 5
276
387
4 9 8

7

17
27
35
41
47
53
59

18
28
36
42
48
54
60

~—_— ~— ~— ~—

3

23
32
39
45
o1
57

14
24
33
40
46
52
58

23
32
39
45
51
57
63

14
24
33
40
46
52
58
64

18
28
36
42
48
54
60
66

19
29
37
43
49
55
61
67

72
72
72
72
72
72
72
72

72
72
72
72
72
72
72
72

simpleGrading
simpleGrading
simpleGrading
simpleGrading
simpleGrading
simpleGrading
simpleGrading
simpleGrading

simpleGrading
simpleGrading
simpleGrading
simpleGrading
simpleGrading
simpleGrading
simpleGrading
simpleGrading

_— = =

—_ = =

o O o o o o o o
ot Ot Ut Ut Ot ot ot W
— — — — — — — —

N N N O
N N e e N N N N

//
//
//
//
//
//
//
//

//
//
//
//
//
//
//
//

15
16
17
18
19
20

22

252

12

14



253

)i
W)

153 comprBottom

154 {

155 type wall;

156 faces

(

158 (0 5 15 10)
159 ) ;

w )

161 comprLeft

w

163 type wall;

164 faces

165 (

166 (5 6 16 15)
167 (6 7 17 16)
168 (7 8 18 17)
169 (8 9 19 18)
170 )

m )

172 comprRight

173 {

174 type wall;

175 faces

176 (

177 (0 10 11 1)
178 (1 11 12 2)
179 (2 12 13 3)
180 (3 13 14 4)
)i

182 }

183 comprAtmosphere



184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

204

205

206

207

208

209

210

211

212

213

214

215

216

{
type patch;
faces
(
(4 14 19 9)
¥
}
fixedEnd
{
type wall;
faces
(
(62 65 66 63)
(63 66 67 64)
IE
}
fixedLeft
{
type wall;
faces
(

16
17
18
19
27
28
29
35
36
37
42
43

26
27
28
29
35
36
37
41
42
43
48
49
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217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

237

238

239

240

241

242

243

244

245

246

247

248

249

)k
}

[S NN SO
B~ W o

(=}
s}

fixedRight

{

48
49
54
55
60
61

type wall;

faces

20
21
22
23
30
31
32
38
38
39
44
45
50
51
56
o7
62
63

54
55
60
61
66
67

21
22
23
24
31
32
33
38
39
40
45
46
51
52
o7
58
63
64

255



250

251

252

253

257

259

260

261

262

263

264

265

266

267

270

271

272

273

274

275

276

277

278

280

281

282

fixedBottom
{
type wall;
faces
(
(10 15
(20 25
(21 26
(30 34
(38 41
(44 47
(50 53
(56 59
);
}
fixedAtmosphere
{
type wall;
faces
(
(14 24
(24 33
(33 40
(40 46
(46 52
(52 58
(58 64
)
}
) ;
mergePatchPairs
(

);

25
26
34
41
47
93
59
65

29
37
43
49
99
61
67
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controlDict:

FoamFile
{
version
format
location
class
object
}
application
startFrom
startTime
stopAt
endTime
deltaT
writeControl
writelnterval
purgeWrite
writeFormat
writePrecision
writeCompression
timeFormat
timePrecision
runTimeModifiable
adjustTimeStep
maxCo
maxAlphaCo
maxDeltaT
libs
(

71ibOpenFOAM . so”

)3

functions

ascii;
7system” ;
dictionary ;

controlDict ;

olaDyMFoam ;
latestTime ;

0.0;

endTime;

20.0;

0.001;
adjustableRunTime;
0.05;

uncompressed ;

general;
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58

59

60

61

62

63

64

65

fieldResiduals

{

}

type

libs
writeControl
writelnterval

fields

frontFaceForce

{

}

type

libs
writeControl
timelnterval
log

patches

rho

log

rholnf

CofR
pitchAxis

rightFaceForce

{

type

libs
writeControl
timeInterval
log

patches

rho

log

residuals;
(”libutilityFunctionObjects.so”);
timeStep ;

1;

(epsilon k p U);

forces;

("libforces .so”);

timeStep ;

1

yes;

(TSfront);

rholnf; // Indicates incompressible
true ;

1
(0 0 0);
(01 0);

forces;

("libforces .so”);

timeStep ;

1;

yes;

(TSright) ;

rholnf; // Indicates incompressible

true ;

- // Redundant for incompressible
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88

89
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91

92

93

94

95

96
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rholnf
CofR
pitchAxis

}

leftFaceForce

{
type
libs
writeControl
timelnterval
log
patches
rho
log
rholnf
CofR
pitchAxis

}

backFaceForce

{
type
libs
writeControl
timelnterval
log
patches
rho
log
rholnf
CofR
pitchAxis

}

bottomFaceForce

1; // Redundant for incompressible

forces;

("libforces.so”);

timeStep ;

1

yes;

(TSleft);

rholnf; // Indicates incompressible
true;

1; // Redundant for incompressible
(00 0);

(0 10);

forces;
("libforces.so”);
timeStep ;

1;
yes;

(TSback) ;

rholnf; // Indicates incompressible
true;

1; // Redundant for incompressible
(00 0);

(010);
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103

104

105

106

107
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109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

}

type

libs
writeControl
timelnterval
log

patches

rho

log

rholnf

CofR
pitchAxis

topFaceForce

{

}

type

libs
writeControl
timelnterval
log

patches

rho

log

rholnf

CofR
pitchAxis

freeSurface

{

type
libs
outputControl

outputInterval

forces;
("libforces .so”);
timeStep ;

I
yes;

(TSbottom) ;

rholnf; // Indicates incompressible
true ;

1; // Redundant for incompressible
(0 0 0);

(01 0);

forces;

("libforces .so”);

timeStep ;

I

yes;

(TStop) ;

rholnf; // Indicates incompressible
true ;

; // Redundant for incompressible
(0 0 0);

(01 0);

interfaceHeight ;
(”libfieldFunctionObjects.so”);
timeStep ;

L
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133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

157

158

159

160

161

162

163

164

locations

o O O O O o o o o

~— O~ O~ ' ' ~— ~— ~—

probes;

(”libsampling .so0”);

timeStep ;

1 .

(
(14.169 —1.388
(32.443 —1.379
(36.099 —1.368
(39.7 —1.38
(43.214 —1.377
(43.212 —0.012
(44.29 —1.306
(45.685 —1.375
(45.68 —0.003
) ;
alpha alpha . water;
}
pressureProbes
{
type
functionObjectLibs
writeControl
writelnterval
probeLocations
(
(43.755 —0.3556
(43.755 —0.3556
(43.755 —0.3556
(43.755 —0.3556
(43.755 0.0
(43.755 0.0
(43.755 0.0
(43.755 0.0
(43.755 0.0
(43.755 0.0
(43.755 0.0

)

NDONN N NN NN NN N

.05715
.13335
.20955
.28575
.01905
.05715
.09525
.13335
17145
.20955
.24765

~— Y Y Y Y Y Y N~
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165

166

167

168

169

170

171

172

174

175

176

177

178

179

180

181

182

184

185

186

187

188

189

190

191

192

193

194

196

197

}

(43.755
(43.755
(43.755
(43.755
(43.755
(43.755
(43.887
(44.141
(44.141
(44.141
(44.141
(44.141
(44.395
(44.395
(44.395
(44.395
(44.395
(44.649
(44.779
)

fields

(

JE

surfaces

{

type

libs
writeControl
surfaceFormat

fields

0.0 2.28575)
0.0 2.32385)
0.3556 2.05715)
0.3556 2.13335)
0.3556 2.20955)
0.3556 2.28575)
0.0 1.997)
—0.511 2.05715)
—0.3556 1.997)
0.0 1.997)
0.3556 1.997)
0.511 2.05715)
—0.511 2.05715)
—0.3556 1.997)
0.0 1.997)
0.3556 1.997)
0.511 2.05715)
0.0 1.997)
0.0 2.08115)
surfaces;

(”libsampling .so0”);

writeTime ;

vtk ;

(r UQ);

interpolationScheme cellPoint ;

262



198

199

200

201

202

203

204

205

207

208

10

11

12

13

14

16

17

18

20

21

surfaces

(

frontBox

{

type patch;
patches (TSfront ) ;
interpolate true;

decomposeParDict_runCase:

FoamFile

{

version 2.0;

format ascii;

location 7system” ;

class dictionary ;
object decomposeParDict ;

}
numberOfSubdomains 64;

method scotch ;
simpleCoeffs
{
n (824 );
delta 0.001;
}

hierarchicalCoeffs

{

n (824 );
delta 0.001;
order XyZ;
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metisCoeffs

{

processorWeights (1 1 1 1 );

}

manualCoeffs

{

dataFile s

}

distributed no;

roots 0);

decomposeParDict_sHM:

FoamFile

{

version 2.0;

format ascii;

location 7 system” ;

class dictionary ;
object decomposeParDict ;

}
numberOfSubdomains 32;

method hierarchical;
simpleCoeffs
{
n (822 );
delta 0.001;

}

hierarchicalCoeffs

{

n (822);
delta 0.001;
order XyZ;

}

metisCoeffs
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15

16

17

18

}
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processorWeights (1 1 1 1 );

manualCoeffs

{

//
//
//

//
//
//
//
//
//
//

dataFile n

}

distributed no;

roots ()

fvSchemes:

FoamFile

{
version 2.0;
format ascii;
class dictionary ;
location 7system” ;
object fvSchemes ;

Time Derivative Schemes

steadyState; does not solve for time derivatives (i.e. sets time

derivatives to zero)

Euler ; transient , lst—order accurate, bounded, implicit

localEuler; local—time step, lst—order accurate, bounded, implicit
CoEuler;

backward ; transient , 2nd—order accurate, potentially unbounded, implicit
bounded ;

SLTS;

CrankNicolson; transient , 2nd—order accurate, bounded, implicit; requires
an off —centering coefficient , psi, where psi = 1 is pure CrankNicolson and
psi = 0 is Euler; in <caseDict>/system/fvSolution, the parameter

nAlphaSubCycles must be set to 1 to be able to use the Crank—Nicolson
method
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ddtSchemes

{

//

//
//
//
//
//
//

//

default Euler;

>k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 5k 5k >k 5k 5k 3K K %k %k %k %k %k %k %k %k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k >k >k >k 5k >k > %k % % %k % % %k %k % % >k % >k 3k 3k 3 3 % %k %k %k %k

Gradient Schemes

Gauss <interpolationScheme >; 2nd—order accurate, Gaussian integration

leastSquares ;

fourth ;

cellLimited <gradScheme >;
schemes

faceLimited <gradScheme >;

schemes
gradSchemes
{
default Gauss linear ;

//

//
//
//
//

>k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k sk 3k 3k 3k 5k 5k >k 5k 5k 3k 3k >k >k 3k 3k >k >k 3k 3k 3k 3k 3k 3k 3k 3k 3k sk 3k 3k 3k 3k ok >k >k 5k 5k 5k >k >k >k >k % %k >k >k >k 3k >k >k 3k 3k 3k 3k 3k 3k 3k 3k k >k

Divergence Schemes

Syntax :

Gauss <interpolationScheme >;

divSchemes

{

div (rhoPhi ,U)

2nd—order accurate, least squares
fourth—order accurate, least squares

cell -limited version of one of the above

cell —limited version of one of the above

Gauss limitedLinearV 1;
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76
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78
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80

81
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div (U) Gauss
div ((rhoPhi|interpolate (porosity)) ,U) Gauss
div (rhoPhiPor ,UPor) Gauss
div (rhoPhi , UPor) Gauss
div (rhoPhiPor ,U) Gauss
div (phi,alpha) Gauss
div (phirb ,alpha) Gauss
div ((muEffxdev (T(grad (U))))) Gauss
div (phi , k) Gauss
div (phi, epsilon) Gauss
div ((phi|interpolate (porosity)) ,k) Gauss
div ((phi|interpolate (porosity)),epsilon) Gauss
div (phi,omega) Gauss
div ((phi|interpolate (porosity)) ,omega) Gauss

// Laplacian Schemes

//

// Gauss <interpolationScheme> <snGradScheme>

laplacianSchemes

{

default Gauss linear corrected;

linear ;

limitedLinearV
limitedLinearV
limitedLinearV
limitedLinearV

vanLeer ;

interfaceCompression ;

linear ;
upwind ;
upwind ;
upwind ;
upwind ;
upwind ;

upwind ;
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// Interpolation Schemes

//

// Centered Schemes:

// linear ; 2nd—order accurate , unbounded
// cubicCorrection

// midPoint ; 1st/2nd—order accurate,
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84
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88

89

90

91
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93

94

95

96

97

98

99

100

101

102

103

//
//

//
//
//
//
//
//
//
//
//
//

//
//

//

//
//
//

//
//
//
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Upwinded Schemes:

upwind ; lst—order accurate, unbounded, generally too inaccurate
to be recommended

LUST; Linear—Upwind Stabilised Transport, weighted combination
of linear and linearUpwind with weights 0.75 and 0.25, respectively
linearUpwind ; Beam—Warming Method, 2nd—order accurate, upwind—biased
and unbounded, but much less so than the linear scheme

linearUpwindV ;

skewLinear ;

filteredLinear; 1st—order accurate, attempts to limit the unboundedness
of the linear scheme, yet it’s still unbounded

filteredLinear2; 2nd—order accurate, attempts to limit the unboundedness
of the linear scheme, yet it’s still unbounded

filteredLinear3; 3rd—order accurate, attempts to limit the unboundedness
of the linear scheme, yet it’s still unbounded

QUICK ; Quadratic Upstream Interpolation for Convective

Kinematics , 2nd—order accurate, unbounded

7

Total Variation Diminishing (TVD) Schemes:

limitedCubic;

limitedCubicV ;

limitedLinear ; linear that limits toward upwind in regions of rapidly—
changing gradient , which requires a coefficient , where 1 = upwind and 0 =
linear

limitedLinearV; same as above, but calculates a single limiter

coefficient for all vector components instead of individual limiters for

each vector component

limitedVanLeer ;
Minmod ; diffusive and slow to converge
MUSCL; Monotone Upstream—centered Schemes for Conservation Laws

, 2nd—order accurate , unbounded
OSPRE;
UMIST;

SuperBee ; over—compressive
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269

vanAlbada ;
vanLeer ;
vanLeerV ;
Normalized Variable Formulation/Diagram (NVF/NVD) Schemes:
SFCD;
SFCDV;;
Gamma;

GammaV ;

interpolationSchemes

{

//

//
//
//
//

//
//

//

default linear ;

Surface Normal Gradient Schemes

orthogonal;

corrected; explicit non—orthogonal correction , generally recommended,
but for maximum non—orthogonality above 70 degrees, limiting may be
required. For non—orthogonality above 80 degrees, convergence is generally
hard to achieve

uncorrected ; no non—orthogonal correction

limited <psi>; limited non—orthogonal correction, psi = 0 is uncorrected ,
psi = 0.333 offers improved stability , psi = 0.5 offers greater accuracy,
psi = 1 is corrected

limited corrected <psi>;

// bounded; bounded correction for positive scalars
// fourth; fourth—order accurate
snGradSchemes

{
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default corrected ;

fluxRequired

{
default no;
p-rgh;
pcorr ;

alpha . water;

wallDist

{

method meshWave;

fvSolution:

FoamFile

{

version 2.0;

format ascii;
class dictionary ;
location "system” ;
object fvSolution ;

}

solvers
{
?alpha.water.x”
{
nAlphaCorr 2;
nAlphaSubCycles 2;

alphaOuterCorrectors yes;
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}

" pcorr . x

{

cAlpha

icAlpha

MULESCorr
nLimiterIter
applyAlphaPrevCorr
solver

smoother

tolerance

relTol

minlter

o

solver

preconditioner
preconditioner
smoother

tolerance

relTol

Jis
tolerance
relTol

}

pcorrFinal

{
$pcorr;
relTol

}

p-rgh

{
solver
smoother
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yes;
smoothSolver ;
symGaussSeidel ;
le—8;

0;

L;

PCG;

GAMG;
GaussSeidel ;
le—5;

GAMG;
DIC;
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tolerance
relTol

}
p-rghFinal

{
$p_rgh;
relTol

}

7 (Ulk |omega) .x”

{

solver
smoother
nSweeps
tolerance
relTol
minlter

}

cellDisplacement

{
solver
tolerance
relTol
smoother
cacheAgglomeration
nCellsInCoarsestLevel
agglomerator
mergeLevels

}

cellDisplacementFinal

{

$cellDisplacement ;

relTol

le —08;

0.01;

0;
smoothSolver;
symGaussSeidel ;
L3

le—8;

0.1,

1;

GAMG;

le—5;

0;
GaussSeidel;
false ;

10;
faceAreaPair ;
15

0;
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PIMPLE

momentumPredictor no;
nQOuterCorrectors 1;
nCorrectors 3;

nNonOrthogonalCorrectors 0;

}

relaxationFactors

{
fields
{
}

equations

{

7 1
}
}
meshQualityDict:
FoamFile
{
version 2.0;
format ascii;
class dictionary ;
object meshQualityDict ;
}
maxNonOrtho 65;

maxBoundarySkewness 15;
maxInternalSkewness 4;

maxConcave 80;

// Minimum cell pyramid volume; case
minVol le—13;

// le—15 (small positive) to enable

dependent

tracking

273



15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

10

11

274

// —le+30 (large negative) for best layer insertion

minTetQuality le—15;

// if >0 : preserve single cells with all points on the surface if the

// resulting volume after snapping (by approximation) is larger than

// minVolCollapseRatio times old volume (i.e. not collapsed to flat cell).
// If <0 : delete always.

// minVolCollapseRatio 0.5;

minArea —1;
minTwist 0.02;
minDeterminant 0.001;
minFaceWeight 0.02;
minVolRatio 0.01;
minTriangleTwist =Ilg
nSmoothScale 4;
errorReduction 0.75;
relaxed

{

maxNonOrtho 65;
}
nSmoothScale 4; // Number of error distribution iterations
errorReduction 0.75; // amount to scale back displacement at error points
setFieldsDict:
FoamFile
{

version 2.0;

format ascii;

class dictionary ;

location 7system” ;

object setFieldsDict ;

}
defaultFieldValues

(

volScalarFieldValue alpha.water 0
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);

regions

(
boxToCell

{

box (—10 —10 —1) (100 10 1.85); // broken: 1.85, unbroken:

fieldValues
(

volScalarFieldValue alpha.water 1

)k

);

snappyHexMeshDict _testStruct:

FoamFile

{

version 2.0;

format ascii;

class dictionary ;

object snappyHexMeshDict ;

}

// Choose which of the steps to run
castellatedMesh true;
snap false ;

addLayers false;

// Geometry. Definition of all surfaces.

// searchableSurface.

// Surfaces are used

// — to specify refinement for any mesh
// — to specify refinement for any mesh
// — to ’snap’ the mesh boundary to the
geometry

{

All surfaces are of class

cell intersecting it
cell inside/outside/near

surface

2.0
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TSfront
{

type
file
}
TSback
{
type
file
}
TSleft
{
type
file
¥
TSright
{
type
file
}
TSbottom
{
type
file
¥
TStop
{
type
file

5

// Settings for the castellatedMesh generation.

triSurfaceMesh ;
”TSfront . stl”;

triSurfaceMesh ;
”TSback.stl”;

triSurfaceMesh ;
"TSleft.stl”;

triSurfaceMesh ;
"TSright.stl”;

triSurfaceMesh ;

”TSbottom. stl” ;

triSurfaceMesh ;
?TStop.stl”;
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castellatedMeshControls

{

// Refinement parameters

[/ T

// If local number of cells is >= maxLocalCells on any processor
// switches from from refinement followed by balancing
// (current method) to (weighted) balancing before refinement.

maxLocalCells 1000000;

// Overall cell limit (approximately). Refinement will stop immediately
// upon reaching this number so a refinement level might not complete.
// Note that this is the number of cells before removing the part which
// is mnot ’visible’ from the keepPoint. The final number of cells might
// actually be a lot less.

maxGlobalCells 20000000;

// The surface refinement loop might spend lots of iterations refining
just a

// few cells. This setting will cause refinement to stop if <=
minimumRefine

// are selected for refinement. Note: it will at least do one iteration

// (unless the number of cells to refine is 0)

minRefinementCells 10;

// Number of buffer layers between different levels.
// 1 means normal 2:1 refinement restriction , larger means slower
// refinement .

nCellsBetweenLevels 4;

// Explicit feature edge refinement

f/ T
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// Specifies a level for any cell intersected by its edges.

// This is a featureEdgeMesh, read from constant/triSurface for now.

features

(
) ;

//
//

//
//
//
//
//

Surface based refinement

Specifies two levels

every cell

The second level

intersections where the

intersecting a surface gets refined up

for every surface. The first

is the maximum level. Cells that ’see’ multiple

intersections make an

angle > resolveFeatureAngle get refined up to the maximum level.

refinementSurfaces

{

TSfront
{

level

}

TSbottom

{

level

}
TSleft

{

level

}
TSback

{

level

2); // Surface—wise min and max refinement level
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is the minimum level ,

to the minimum level.
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TSright

{
level (2 2);

}

TStop

{
level (2 2);

// Resolve sharp angles

resolveFeatureAngle 30;

// Region—wise refinement

[/ TTTTTTTTTT T

// Specifies refinement level for cells in relation to a surface. One of
// three modes

)

// — distance. ’levels’ specifies per distance to the surface the
// wanted refinement level. The distances need to be specified in
// descending order.

)

// — inside. ’levels’ is only one entry and only the level is used. All
// cells inside the surface get refined up to the level. The surface
// needs to be closed for this to be possible.

// — outside. Same but cells outside.

refinementRegions

{
}

// Mesh selection
[/ T
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// After refinement patches get added for all refinementSurfaces and

// all cells intersecting the surfaces get put into these patches. The
// section reachable from the locationInMesh is kept.

// NOTE: This point should never be on a face, always inside a cell , even
// after refinement.

locationInMesh (3.1459 0.31459 3.1459);

// Whether any faceZones (as specified in the refinementSurfaces)
// are only on the boundary of corresponding cellZones or also allow
// free—standing zone faces. Not used if there are no faceZones.

allowFreeStandingZoneFaces true;

snapControls

{

// Number of patch smoothing iterations before finding correspondence
// to surface

nSmoothPatch 5; // or 15;

// Relative distance for points to be attracted by surface feature point
// or edge. True distance is this factor times local
// maximum edge length.

tolerance 2; // or 0.1;

//— Number of mesh displacement relaxation iterations.

nSolvelter 30;
//— Maximum number of snapping relaxation iterations. Should stop
// before upon reaching a correct mesh.

nRelaxIter 5;

// Feature snapping
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// Number of feature edge snapping iterations.
// Leave out altogether to disable.
nFeatureSnaplter 10;

// Detect (geometric only) features by sampling the surface
// (default=false).

implicitFeatureSnap false;

// Use castellatedMeshControls:: features (default = true)

explicitFeatureSnap true;

// Detect points on multiple surfaces (only for explicitFeatureSnap)

multiRegionFeatureSnap false;

// Settings for the layer addition.

addLayersControls

{

// Are the thickness parameters below relative to the undistorted

// size of the refined cell outside layer (true) or absolute sizes (false)

relativeSizes true;

// Per final patch (so not geometry!) the layer information

layers

{

suplat

{

nSurfaceLayers 2;

// Expansion factor for layer mesh
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expansionRatio 1.0;

// Wanted thickness of final added cell layer. If multiple layers
// is the thickness of the layer furthest away from the wall.

// Relative to undistorted size of cell outside layer.

// See relativeSizes parameter.

finalLayerThickness 0.3;

// Minimum thickness of cell layer. If for any reason layer
// cannot be above minThickness do not add layer.
// Relative to undistorted size of cell outside layer.

minThickness 0.1;

// If points get not extruded do nGrow layers of connected faces that are
// also mnot grown. This helps convergence of the layer addition process
// close to features.

// Note: changed(corrected) w.r.t 17x! (didn’t do anything in 17x)

nGrow 0;

// Advanced settings

// When not to extrude surface. 0 is flat surface, 90 is when two faces
// are perpendicular

featureAngle 60;

// At non—patched sides allow mesh to slip if extrusion direction makes
// angle larger than slipFeatureAngle.
slipFeatureAngle 30;

// Maximum number of snapping relaxation iterations. Should stop
// before upon reaching a correct mesh.

nRelaxIter 3;
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// Number of smoothing iterations of surface normals

nSmoothSurfaceNormals 1;

// Number of smoothing iterations of interior mesh movement direction

nSmoothNormals 3;

// Smooth layer thickness over surface patches

nSmoothThickness 10;

// Stop layer growth on highly warped cells

maxFaceThicknessRatio 0.5;

// Reduce layer growth where ratio thickness to medial
// distance is large

maxThicknessToMedialRatio 0.3;

// Angle used to pick up medial axis points
// Note: changed(corrected) w.r.t 17x! 90 degrees corresponds to 130 in 17
X.

minMedianAxisAngle 90;

// Create buffer region for new layer terminations

nBufferCellsNoExtrude O0;

// Overall max number of layer addition iterations. The mesher will exit
// if it reaches this number of iterations; possibly with an illegal

// mesh.

nLayerIter 50;

// Generic mesh quality settings. At any undoable phase these determine
// where to undo.

meshQualityControls
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281 {

282 #include ”"meshQualityDict”

283}

284

285 // Settings for the snapping.

286 // Merge tolerance. Is fraction of overall bounding box of initial mesh.
287 // Note: the write tolerance needs to be higher than this.

288 mergeTolerance le—6;

snappyHexMeshDict_concBlocks:

1 FoamFile

2 {

3 version 2.0;

4 format ascii;

5 class dictionary ;

6 object snappyHexMeshDict ;

- )
s castellatedMesh true;
9 snap true;

10 addLayers false;

11 geometry

12 {

13 concBlockl

wo

15 type triSurfaceMesh;
16 file ”concBlockl.stl”;

17 }
18}
19 castellatedMeshControls

0 {

21 maxLocalCells 10000000;
22 maxGlobalCells 200000000;
23 minRefinementCells 10;

24 nCellsBetweenLevels 2;
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}

features

(
i
refinementSurfaces

{

concBlock1l

resolveFeatureAngle 30;

refinementRegions

{

}
locationInMesh (3.1416 0.31416 0.31416);

allowFreeStandingZoneFaces true;

snapControls

{

}

nSmoothPatch 5;
tolerance 2;
nSolvelter 30;
nRelaxIter 5;
nFeatureSnaplter 10;
implicitFeatureSnap false;
explicitFeatureSnap true;

multiRegionFeatureSnap false;

addLayersControls

{

relativeSizes true;

layers

{
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}

expansionRatio 1;
finalLayerThickness 0.3;
minThickness 0.1;
nGrow 0;
featureAngle 60;
slipFeatureAngle 30;
nRelaxIter 3;
nSmoothSurfaceNormals 1;
nSmoothNormals 3;
nSmoothThickness 10;
maxFaceThicknessRatio 0.5;
maxThicknessToMedialRatio 0.3;
minMedianAxisAngle 90;
nBufferCellsNoExtrude 0;
nLayerIter 50;

}

meshQualityControls

{

#include ”"meshQualityDict”

}

mergeTolerance le—06;

surfaceFeatureExtractDict:

FoamFile

{

version 2.0;

format ascii;

class dictionary ;

object surfaceFeatureExtractDict ;

}
TSfront. stl

{

// How to obtain raw features (extractFromFile

extractFromSurface)
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extractionMethod extractFromSurface ;
extractFromSurfaceCoeffs
{
includedAngle 150; // Mark edges whose adjacent surface normals are
at an angle less than included angle as features (0: selects no
edges, 180: selects all edges)
}
subsetFeatures
{
// Keep nonManifold edges (edges with >2 connected faces)

nonManifoldEdges yes;

// Keep open edges (edges with 1 connected face)
openEdges yes;

}

// Write features to obj format for postprocessing

writeObj yes;
}
TSback. stl
{
extractionMethod extractFromSurface ;

}

extractFromSurfaceCoeffs

{
includedAngle 150;

}

subsetFeatures

{

nonManifoldEdges yes;
openEdges yes;

}

writeObj yes;

TSleft . stl
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}

extractionMethod extractFromSurface ;
extractFromSurfaceCoeffs

{

includedAngle 150;
}

subsetFeatures

{

nonManifoldEdges yes;
openEdges yes;

}

writeODbj yes;

TSright . stl

{

}

{

extractionMethod extractFromSurface ;
extractFromSurfaceCoeffs

{

includedAngle 150;

}

subsetFeatures

{

nonManifoldEdges yes;
openEdges yes;

}

writeODbj yes;

TSbottom . stl

extractionMethod extractFromSurface ;
extractFromSurfaceCoeffs

{
includedAngle 150;
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}

subsetFeatures

{

nonManifoldEdges yes;

openEdges yes;
}
writeObj yes;
}
TStop. stl
{
extractionMethod

extractFromSurfaceCoeffs

{
includedAngle 150;

}

subsetFeatures

{

nonManifoldEdges yes;
openEdges yes;

}

writeObj yes;

extractFromSurface;
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Appendix D
BASH SCRIPTS: CASE DIRECTORY

buildCase.sh: This batch script was used to submit OpenFOAM jobs to non-checkpoint

(see runCase.sh discussion) high-performance computing (HPC) queues that completed
meshing, setting initial conditions, and decomposing cases prior to running them. Note
that this example uses multiple decomposeParDict files to handle using snappyHexMesh
and running a case using olaDyMFlow with the runCase.sh batch script. Additionally, mul-
tiple snappyHexMeshDict files were used to handle meshing the test structure and MREs

separately.

#!/bin /bash

#SBATCH —job—name=build —<case name>
#SBATCH —account=lehman
#SBATCH —partition=lehman
#SBATCH —nodes=2

#SBATCH —time=2:00:00
#SBATCH —mem=>58G

#SBATCH —ntasks—per—node=16
#SBATCH —workdir=<case path>
#SBATCH —mail—type=ALL
#SBATCH —mail—user=<email >

echo loading GCC, OpenMPI, and OpenFOAM-5.0...
module load <compiler + mpi module name>

source <OpenFOAM bashrc file path>

echo Preparing 0 folder ...
if [ =d 0 ]; then



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

rm —r 0
fi
cp —r O.org O

echo blockMesh meshing ...
blockMesh > log.blockMesh

echo surfaceFeatureExtract extracting...

surfaceFeatureExtract > log.surfFeatExt

echo decomposePar setting up parallel case...
cp ./system/decompParDict_.sHM ./system/decomposeParDict

decomposePar —copyZero > log.decomp_sHM

echo snappyHex meshing testStruct ...
cp ./system/snappyHexMeshDict_testStruct ./system/snappyHexMeshDict
mpirun —np 32 snappyHexMesh —parallel —overwrite > log.sHM _testStruct

echo snappyHex meshing concBlocks...
cp ./system/snappyHexMeshDict_concBlocks ./system/snappyHexMeshDict
mpirun —np 32 snappyHexMesh —parallel —overwrite > log.sHM_concBlocks

echo reconstructParMesh rebuilding mesh...

reconstructParMesh —constant —mergeTol le—6 > log.reconMesh_sHM
echo reconstructPar rebuilding fields ...
reconstructPar > log.reconFields_sHM

rm —I Pprocessor*

echo checking mesh quality ...
checkMesh > log.checkMesh

echo Setting the fields ...
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setFields > log.setFields

echo decomposePar setting up parallel case...
cp ./system/decompParDict_runCase ./system/decomposeParDict

decomposePar > log.decomp_runCase

echo Mesh built , ICs set, and parallel decomposition complete

runCase.sh: This batch script was used to submit jobs that ran OpenFOAM cases in
parallel in a HPC cluster that had checkpointing enabled, which allowed for shared use
of computation nodes when owners were not using their nodes (i.e. cases can be stopped
and restarted as nodes became available since startFrom was set to latestTime in the

controlDict file).

#!/bin /bash

#SBATCH —job—name=run—<case name>

#SBATCH —account=lehman—ckpt

#SBATCH —partition=ckpt

#SBATCH —nodes=4

#SBATCH —time=4:30:00 # set over the max run time (4 hrs) to avoid jobs
ending early

#SBATCH —mem=>58G

#SBATCH —ntasks—per—node=16

#SBATCH —constraint="Ivybridge” # options: ”Ivybridge”, ”Sandybridge”

#SBATCH —workdir=<case path>

#SBATCH —mail—type=ALL

#SBATCH —mail—user=<email >

echo loading GCC, OpenMPI, and OpenFOAM-5.0...
module load <compiler + mpi module name>

source <OpenFOAM bashrc file path>

echo running olaDyMFlow in parallel ...

mpirun —np 64 olaDyMFlow —parallel > log.olaDyMFlow
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reconstructCase.sh: This is an example of case reconstruction from parallel to serial after

a case has completed running. In this example, a broken wave case was run for 20 seconds of
simulated time, which was just enough time to let the wave pass the test structure considering
the fact that 10 seconds of time were truncated from the original experimental wavemaker
displacement time history. Since a writeInterval of 0.05 seconds was specified in the
controlDict file, there are 400 time steps to reconstruct, which can be done using the
reconstructPar command. However, this command cannot work in parallel so the script
uses the reconstructPar command multiple times, letting it run in the background using
the & option at the end of each line. The number of times the command is executed was
set to be the number of available processors, which was 16 in this example. The number of
time steps specified for each command was determined by splitting up the 400 time steps as
equally as possible.

#!/bin /bash

#SBATCH —job—name=recon—<case name>

#SBATCH —account=motley

#SBATCH —partition=motley

#SBATCH —nodes=1

#SBATCH —time =48:00:00

#SBATCH —mem=58G

#SBATCH —ntasks—per—node=16

#SBATCH —workdir=<case path>

#SBATCH —mail—type=ALL

#SBATCH —mail—user=<email >

echo loading GCC, OpenMPI, and OpenFOAM-5.0...
module load <compiler + mpi module name>

source <OpenFOAM bashrc file path>

echo reconstructPar rebuilding fields ...
reconstructPar —time ’0.05,0.1,0.15,0.2,0.25,0.3,0.35,0.4,0.45,0.5,0.55,0.6,
0.65,0.7,0.75,0.8,0.85,0.9,0.95,1,1.05,1.1,1.15,1.2,
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reconstructPar

reconstructPar

reconstructPar

reconstructPar

reconstructPar

reconstructPar

reconstructPar

reconstructPar

reconstructPar

reconstructPar

reconstructPar

—time

—time

—time

—time

—time

—time

—time

—time

—time

—time

—time
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1.257 &
'1.3,1.35,1.4,1.45,1.5,1.55,1.6,1.65,1.7,1.75,1.8,1.85,
1.9,1.95,2,2.05,2.1,2.15,2.2,2.25,2.3,2.35,2.4,2.45,
2.5° &
'2.55,2.6,2.65,2.7,2.75,2.8,2.85,2.9,2.95,3,3.05,3.1,
3.15,3.2,3.25,3.3,3.35,3.4,3.45.,3.5,3.55,3.6,3.65,3.7,
3.75° &
'3.8,3.85,3.9,3.95,4,4.05,4.1,4.15,4.2,4.25,4.3 ,4.35 ,
4.4,4.45,4.5,4.55,4.6 ,4.65,4.7,4.75,4.8 ,4.85,4.9 ,4.95 ,
5 &
’5.05,5.1,5.15,5.2,5.25,5.3,5.35,5.4,5.45,5.5,5.55,5.6,
5.65,5.7,5.75,5.8.,5.85,5.9,5.95,6,6.05,6.1,6.15,6.2,
6.25" &

’6.3,6.35,6.4,6.45 ,6.5,6.55,6.6,6.65,6.7,6.75,6.8,6.85,
6.9,6.95,7,7.05,7.1,7.15,7.2,7.25,7.3,7.35,7.4,7.45 ,
7.5 &
'7.55,7.6,7.65,7.7,7.75,7.8,7.85,7.9,7.95,8 ,8.05,8.1,
8.15,8.2,8.25,8.3,8.35,8.4,8.45,8.5,8.55,8.6,8.65,8.7,
8.75" &
'8.8,8.85,8.9,8.95,9,9.05,9.1,9.15,9.2.,9.25,9.3,9.35 ,
9.4.9.45.,9.5.,9.55,9.6,9.65,9.7,9.75,9.8,9.85,9.9,9.95,
107 &
’10.05,10.1,10.15,10.2,10.25,10.3,10.35,10.4,10.45,10.5,
10.55,10.6,10.65,10.7,10.75,10.8,10.85,10.9,10.95,11,
11.05,11.1,11.15,11.2,11.25° &
’11.3,11.35,11.4,11.45,11.5,11.55,11.6,11.65,11.7,11.75,
11.8,11.85,11.9,11.95,12,12.05,12.1,12.15,12.2,12.25,
12.3,12.35,12.4,12.45,12.5° &
'12.55,12.6,12.65,12.7,12.75,12.8,12.85,12.9,12.95 ,13,
13.05,13.1,13.15,13.2,13.25,13.3,13.35,13.4,13.45,13.5,
13.55,13.6,13.65,13.7,13.75" &
"13.8,13.85,13.9,13.95,14,14.05,14.1,14.15,14.2,14.25,
14.3,14.35,14.4,14.45 ,14.5,14.55,14.6 ,14.65,14.7,14.75 ,
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reconstructPar —time

reconstructPar —time

reconstructPar —time

reconstructPar —time

wait # wait until

if [ —d 20 ]; then

14.
"15.
15.
16.
"16.
16.
17.
17,
18
18.
"18.
19.
19.

las

8,14.85,14.9,14.95,15° &
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05,15.1,15.15,15.2,15.25,15.3,15.35,15.4,15.45,15.5,

95,15.6,15.65,15.7,15.75,15.8,15.85,15.9,15.95,16,
05,16.1,16.15,16.2,16.25° &

3,16.35,16.4,16.45,16.5,16.55,16.6,16.65,16.7,16.75,

8,16.85,16.9,16.95,17,17.05,17.1,17.15,17.2,17.25,
3,17.35,17.4,17.45,17.5° &
55,17.6,17.65,17.7,17.75,17.8,17.85,17.9,17.95,18 ,
.05,18.1,18.15,18.2,18.25,18.3,18.35,18.4,18.45,18.5,
55,18.6,18.65,18.7,18.75" &
8,18.85,18.9,18.95,19,19.05,19.1,19.15,19.2,19.25,

3,19.35,19.4,19.45,19.5,19.55,19.6,19.65,19.7,19.75,

8,19.85,19.9,19.95,20° &

t time directory has been reconstructed

echo field reconstruction complete

echo removing processor time directories...

com="nProc=$(1ls —1 processorx | wc —1’

eval $com

for proc in ’processor

)

*x; do

com="n0bj=$(1ls —1 ’"$proc’ | wc —1)’

eval $com

objCount=0

for obj in $proc’/’x; do
objCount=$ ((objCount+1))
if [ $objCount —eq 1 ]; then

com="rm —r ’$obj

elif [ $objCount —1t $nObj |; then

com=$com ’

else

com=$com’

fi

"$obj

"$obj’ &’
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done
eval $com
done
wait # wait until all decomposed time directories have been deleted
rm —r processor#* # remove the now empty processor directories
echo processor time directories removed
else
echo incomplete field reconstruction detected

echo keeping processor time directories

fi

cleanCaseAll.sh: This script may be used to reset a case to its default condition, but

without deleting the postProcessing directory, where data recorded using OpenFOAM

function objects in the controlDict file is stored.

#!/bin /bash

# Remove processor directories
com="nProc=$(1ls —1 processorx | wc —1)’
eval $com
procCount=0
for proc in ’processor 'x; do
procCount=$ (( procCount+1))
com="nObj=$(1s —1 ’$proc’ | wec —1)’
eval $com
objCount=0
for obj in $proc’/’x; do
objCount=$ ((objCount+1))
if [ $objCount —eq 1 |; then
com="rm —r ’$obj
elif [ $objCount —1t $nObj ]; then
com=$com’ ’$obj
else

com=$com’ ’$obj’ &’
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fi
done
eval $com
if [ $procCount —eq $nProc ]; then
lastPID=$! # identify the last command that was executed
fi
done
wait $lastPID # wait until the last processor directory has been emptied

rm —r Processor* ## remove empty folders

# Remove reconstructed time directories
rm —r 0 & # exclude 0 from the loop below to avoid deleting 0.org
for object in [1—9]x; do
if [ —d $object ]; then
com="rm —r ’$object’ &’
eval $com
fi

done

# Remove mesh files and their storage directory
if [ —=d ’constant/polyMesh’ ]; then

rm —r constant/polyMesh &
fi

# Remove .stl edge mesh files and their storage directory
if [ —d ’constant/extendedFeatureEdgeMesh’ ]; then

rm —r constant/extendedFeatureEdgeMesh &

rm constant/triSurface /*.eMesh &

fi

# Remove job log files
for object in ’log.’*; do

if [ —f $object ]; then
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com="rm ’$object’ &’

eval $com
fi

done

# Remove batch script output files
for object in ’slurm —’x; do

if [ —f $object ]; then

com="rm ’$object’ &’

eval $com
fi

done

# Remove core dump files
for object in ’core.’x; do

if [ —f $object ]; then

com="rm ’$object’ &’

eval $com
fi

done
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