
 

 

 

  



AN ABSTRACT OF THE THESIS OF  

Brittany Elliott Snyder for the degree of Honors Baccalaureate of Science in Civil 

Engineering presented on May 4, 2011.  Title:  The Effects of Debris Loading on the 

Performance of a Tsunami Evacuation Building for Life Safety. 

 

Abstract Approved: 

   ______________________________________________________ 

                                                Daniel Cox 

 

 

 In recent years, tsunami events have caused great devastation and loss of life 

around the globe.  The coast of Oregon is highly vulnerable to a nearfield tsunami event 

caused by a Cascadia Subduction Zone earthquake, yet lacks a clear plan for evacuation 

and disaster mitigation.  Vertical evacuation is a proposed tsunami evacuation strategy 

that has been implemented in Japan and Hawaii.  The City of Cannon Beach, Oregon 

wishes to build a City Hall building which will also serve as a vertical tsunami 

evacuation building (TEB).  The study presented herein is one portion of a larger study to 

investigate a number of aspects to be considered in the design of this structure and future 

TEBs.  This study explores the effects of debris loading, specifically debris damming, on 

open, columnar design coastal structures intended for use as TEBs.  A generalized 1:25 

scale model of the Cannon Beach City Hall building was utilized to test the relationship 

between leading face blocked area and force.  The percentage and pattern of blocked area 

are varied independently.  The data reveal that there is a positive relationship between 

blocked area and force experienced by the specimen, however pattern does not appear to 

effect this relationship.    
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The Effects of Debris Loading on the Performance of a 

Tsunami Evacuation Building for Life Safety 

 

 

 

1. Introduction & Background 
 

 

 

1.1 The Significance of This Research 
 

The Cascadia Subduction Zone (CSZ) is an 1100 kilometer long fault that lies less 

than 160 kilometers off the Pacific Northwest coast of the United States.  The fault runs 

from British Columbia to Northern California.  Failure of the Cascadia Subduction Zone 

could cause a M9.0 or larger earthquake, followed by tsunami waves that could measure 

more than 10 meters in height (USGS 2006).  It is estimated that it would take 

approximately 15 to 30 minutes for this nearfield (local) tsunami to reach the coast 

following the earthquake.  This means there would only be approximately 30 minutes for 

people on the coast to evacuate to higher ground (USGS 2006).  Since a CSZ tsunami 

would be preceded by a large magnitude earthquake and would reach land only a few 

minutes later, the event is extremely dangerous with potential for severe property damage 

and loss of life. The Indian Ocean Tsunami of 2004, the Chilean Tsunami of 2010, and 

the Japanese Tsunami of 2011 are prime examples of the destruction and devastation that 

can be caused by a nearfield tsunami and reveal the susceptibility of many Oregon coastal 

communities.   
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The vulnerability of many coastal communities around the globe to tsunami 

damage has prompted investigation into alternate means of evacuation or protection from 

a tsunami. Vertical evacuation is a proposed evacuation strategy, to be used in 

conjunction with evacuation to higher ground to mitigate loss of life in the event of a 

nearfield tsunami.  Vertical evacuation would allow evacuees to enter multistory 

engineered structures built within the predicted tsunami inundation zone, thereby 

reducing the amount of time needed to reach a safe area and increasing their chance of 

survival.  Japan has implemented the use of vertical evacuation structures in coastal 

towns and Hawaii currently uses hotels for vertical evacuation as part of their tsunami 

evacuation plan.  This type of structure, called a Tsunami Evacuation Building (TEB), 

can provide a daily function in the community in addition to serving as refuge in the 

event of a tsunami. In Japan, vertical evacuation structures have been built to serve as 

parking structures, schools, government facilities, and other essential buildings (Raskin et 

al, 2009).      

The lack of a vertical tsunami evacuation plan in the Pacific Northwest is due to 

the infrequency of tsunami events in the region, especially nearfield events.  The most 

damaging farfield tsunami experienced in recent time on the Pacific Northwest coast 

occurred in 1964 and was the result of an earthquake in Alaska‘s Prince William Sound.  

This earthquake generated a farfield tsunami that eventually reached the Oregon Coast 

(FEMA, 2008).  Farfield tsunamis are those which are generated by an earthquake a 

considerable distance from the location of the tsunami inundation.  The most recent 

nearfield tsunami experienced on the Oregon Coast occurred in 1700, which is well 

outside the range of memory of current coastal inhabitants and visitors.  Compared to 
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farfield tsunami events, nearfield tsunamis provide very little lead time from the time that 

the earthquake begins until tsunami inundation.  The chance that an M9.0 or larger 

earthquake will strike in the CSZ in the next 50 years is 14% (Groat, 2005), although 

other researchers suggest it might be higher.  It is imperative that the Pacific Northwest 

establish vertical evacuation plans to prepare for a nearfield tsunami event caused by a 

CSZ earthquake.           

The Federal Emergency Management Agency published a document in 2008 

titled ―Guidelines for Design of Structures for Vertical Evacuation from Tsunamis‖ 

(P646).  The purpose of the FEMA document is to provide guidelines on how to design a 

structure to withstand the ―extreme forces of both a tsunami and an earthquake‖. This 

document indicates that open structural systems that allow water to flow through with 

minimal resistance have demonstrated good behavior in past tsunamis.  However, there is 

a potential that this open design may be negatively impacted by the accumulation of 

waterborne debris across the face of the structure.  This paper describes research 

regarding debris damming effects on structures which can be used for vertical evacuation 

for life safety in the event of a nearfield tsunami.      

 

1.2 Cannon Beach 

 

The City of Cannon Beach, Oregon, is interested in constructing the first vertical 

evacuation structure in the Pacific Northwest (Raskin et al, 2009).  The structure would 

function as Cannon Beach City Hall on a daily basis and be a tsunami vertical evacuation 

building when evacuation is necessary.  Cannon Beach, Oregon is a coastal community 

located 80 miles west of Portland, Oregon and 25 miles south of Astoria, Oregon.  The 



4 

 

permanent resident population of Cannon Beach is approximately 1,690.  Three thousand 

part-time residents live in Cannon Beach seasonally.  Tourism is a major industry for the 

City of Cannon Beach, and its proximity to Portland make it a popular destination.  On 

summer weekends, crowds can top 10,000 visitors.  From the beachfront, it could take 

approximately 30 minutes to reach high ground by foot under ideal conditions.  Within 

the population of Cannon Beach, as in all cities, there is a group of people who have 

limited mobility.  This group includes but is not limited to the elderly, disabled, and 

families with small children.  These people are especially vulnerable in the event of a 

tsunami due to the short amount of warning time to get to high, safe ground.  The TEB 

creates a safe location that may be reached much more quickly than natural high ground. 

The Cannon Beach City Hall TEB can serve a number of secondary purposes in 

the community aside from its daily use as City Hall.  The TEB can act as an educational 

resource for school-age children who visit the TEB to learn about tsunamis and tsunami 

preparedness.  Also, the Cannon Beach TEB will be the first of its kind in the Pacific 

Northwest, so it will naturally become a model to other coastal towns and will encourage 

other cities to consider constructing a TEB for the safety of their community.  

Additionally, as a resilient structure that can withstand the earthquake and tsunami loads, 

it will be a beacon of tsunami survival, and in the wake of a tsunami event the Cannon 

Beach City Hall TEB will demonstrate the resiliency of the community.         

 

1.3 The Objective of This Research  

 

The FEMA P646 document ―Guidelines for Design of Structures for Vertical 

Evacuation from Tsunamis‖ outlines the various critical factors that need to be 
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considered and researched to provide comprehensive guidelines for vertical evacuation 

structure design.  Among these factors is placement of the vertical evacuation structure, 

resistance to hydraulic forces, seismic resiliency, and debris damming (FEMA, 2008).  

This project explores the effects of debris damming on a vertical tsunami evacuation 

structure. A generalized 1:25 scale structure is used to determine the force experienced by 

the Tsunami Evacuation Building (TEB) under tsunami wave loading with debris 

damming.  The structure in this study is a generalized scale model of the proposed 

Cannon Beach City Hall as described in Raskin et al., 2009.  The results of this study and 

additional knowledge gained herein may then be used by civil engineers and architects to 

optimize the design of the new Cannon Beach City Hall TEB and for others considering 

the effects of debris damming effects on structures.     

Section 2 Literature Review synthesizes journal articles and papers that address a 

variety of tsunami related topics relevant to this study.  Section 3 Experimental Setup 

provides a detailed explanation of the facilities where the testing took place, information 

of the specimen used to simulate the Cannon Beach City Hall TEB, and the 

instrumentation used in conducting the experiments.  Section 4 Experimental Procedures 

includes an explanation of data collection and processing techniques and a 

comprehensive account of the experimental procedures utilized in this study.  Presented 

in Section 5 Results are the findings from the experiment.  This section is followed by 

Section 6 Discussion in which challenges that arose during the experiment are addressed 

and opportunities for future research are suggested.   Section 7 Conclusion provides an 

analysis of the data presented in Section 5 Results, states the conclusions of the project, 
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and identifies the study‘s implications and potential impact on the engineering 

community.   
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2. Literature Review  
 

 

 

Numerous studies regarding the generation, propagation, and inundation of 

tsunami waves have been conducted over the years.  The body of research regarding 

tsunami wave forces on vertical walls is substantial and is primarily focused on the 

impact and quasi-steady force imparted by the wave on a structure.  Data from 

observatory studies of recent tsunami aftermath, including the 2004 Indian Ocean 

Tsunami, has been compared to current building codes and laboratory experiments to 

develop design guidelines for structures to be constructed in tsunami-prone regions and 

structures to be constructed to serve as vertical evacuation buildings.  Studies concerning 

the potential effects of debris impact or debris damming on a structure are much less 

prevalent.        

The logical starting place when studying the effects of a tsunami event is to 

determine an estimate for the wave height, velocity, pressure, force and other quantitative 

descriptors (Baldock et al. 2008).  This large scale experiment focused on the forces of a 

breaking wave tsunami under 10 different wave conditions.  Baldock et al. (2008) 

compiled, explained and archived the data for analysis and use in future studies where 

baseline tsunami force values are needed.  A number of experiments concerning wave 

forces on vertical walls have been conducted at a small scale (Ramsden 1996; Oshnack 

2009).  The Ramsden (1996) study concentrated on forces imparted on a structure by 

bores over dry-beds (surges), rather than breaking waves.  Oshnack (2010) measured the 

wave forces on a vertical wall at full scale at impact and the quasi-steady stages of 

tsunami wave inundation and propagation.   
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Research has been conducted to study the three dimensional aspects of wave 

forces on structures (Thusyanthan & Madabhushi 2008; Fujima 2009; Lukkunaprasit 

2008). Thusyanthan & Madabhushi (2008) focused on the performance of structures 

engineered to be tsunami resistant by incorporating openings in the front face of a 1:25 

scale three-dimensional specimen structure versus a specimen modeled after the typical 

coastal houses observed in Thailand following the 2004 Indian Ocean Tsunami.  

Lukkunaprasit (2008) focused on the three-dimensionality of wave forces and pressures 

on a structure along with the effect of openings in the building face on the pressure 

experienced by the structure, similar to Thusyanthan & Madabhushi (2008) but at an even 

smaller scale.  While Lukkunaprasit (2008) came to specific conclusions regarding the 

positive effects of openings in the walls of a structure, Thusyanthan & Madabhushi 

(2008) concluded that there was potential for future tsunamis to be less damaging if 

engineered structures became the common form of construction in coastal communities.  

The Fujima (2009) study measured tsunami wave forces on rectangular specimens, 

varying the specimen scale (though all were comparatively small), proximity to the 

shoreline, and incident wave stroke.  The study highlighted the dual-peak nature of the 

pressure measurements on a structure due to the impact and quasi-steady phases of 

tsunami inundation and their implications for further research.   

In an effort to more fully understand the affects of tsunami inundation on a coastal 

town, experiments studying the influence of flow over or around macroroughness and the 

impending change in the pressure and force experienced by a particular point or structure 

of interest include Cox et al. 2008 and Oshnack 2010.  Oshnack (2010) studied the effects 

of a leading seawall on the forces experienced by a large scale vertical wall.  This study, 
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building upon the small scale vertical wall studies mentioned above, compared the force 

experienced by the vertical wall with and without the presence of a leading onshore 

seawall to determine the wall‘s effectiveness on reducing the force.  As a result of the 

experiments, it was determined that a seawall could effectively reduce the impulse force 

of a tsunami bore on a nearshore structure.  Cox et al. (2008) was a small-scale 

qualitative study on the effects of the density and shape of macroroughness on tsunami 

inundation through the constructed environment to establish a numerical model for 

complex flows.  The macroroughness consisted of an idealized 1:50 scale model of the 

Oregon coastal town of Seaside.   Qualitative data was collected via ARGUS cameras 

that tracked the bore as it propagated through the model and LiDAR (Light Detection and 

Ranging technology) surveys that mapped the placement of the macroroughness.  The 

result showed that large buildings significantly influenced the tsunami inundation 

processes.   

Studies that aim to provide practical guidelines and considerations for designing 

and constructing tsunami resistant structures are becoming more common as data for 

estimating wave forces progresses and recent field observations of tsunamis and their 

aftermath become accessible (FEMA 2008; Lukkunaprasit & Ruangrassamee 2008; 

Raskin 2009; Robertson 2007; Yeh 2005; Yeh 2007).  Yeh (2005) applied data from 

wave kinematics experiments and inundation maps and compared it to current 

specifications in various local and international building codes to provide a framework 

for designing engineered structures to withstand all potential forces and factors associated 

with a tsunami.  These specific design loads and considerations could then be utilized in 
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designing a structure in which people could seek refuge within the inundation zone, a 

concept termed ―vertical evacuation.‖   

Similarly, Yeh (2007) presents the practical application of estimated tsunami 

wave and other associated forces for the design of vertical evacuation structures for life 

safety.  Unique from other studies, Yeh (2007) provides three feasible mathematical 

methodologies for estimating the force a waterborne missile might impart on a structure.  

The problem of debris damming, as opposed to debris impact, is acknowledged but 

estimates are not made regarding specific design guidelines to address the issue. 

Lukkunaprasit & Ruangrassamee (2008) present observations of the damage to 

infrastructure caused by the 2004 Indian Ocean Tsunami in southern Thailand. 

Background information regarding traditional local construction practices was outlined.  

The observations revealed that seawalls appeared to dissipate wave energy and openings 

in the walls of the structure helped lessen the imbalance of pressure on the building.  This 

is one case of real-world justification of the laboratory findings of Lukkunaprasit (2008) 

and Thusyanthan & Madabhushi (2008).   

Robertson (2007) assessed the damage inflicted on the Gulf Coast region of the 

United States of American following Hurricane Katrina.  The observations and 

measurements taken in a number of locations across the region were used along with 

known or estimated storm surge levels to determine the effectiveness of various common 

structural systems, typically regarding bridge design.  FEMA (2008) utilized laboratory 

and field research to provide a set of guidelines for determining tsunami hazard in a given 

area and options for the design, location, construction and other considerations for a 

structure to function as a vertical evacuation building.  Some guidelines for the potential 
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force caused by debris impact and damming are provided but are limited and admittedly 

not easily or accurately estimated.  The appendices include hypothetical community 

design examples and sample calculations for the formulas provided in the body of the 

document.  Raskin (2009) explains the design concepts and challenges involved in the 

real-world implementation of a Tsunami Evacuation Building (TEB) for the Oregon 

coastal town of Cannon Beach.  The structure would serve a daily function as Cannon 

Beach City Hall and would provide refuge within the predicted tsunami inundation zone 

in the event of a CSZ tsunami.  Specific design details are provided for the TEB along 

with structural, seismic, geotechnical and other design considerations that will be taken 

into account.  A computer model of the potential casualties a CSZ tsunami may cause 

highlights the need for a TEB structure in this and other coastal communities.   
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3. Experimental Setup 
 

 

 

3.1 Tsunami Wave Basin Layout & Bathymetry 
 

 

This experiment was conducted in the Tsunami Wave Basin (TWB) at the O.H. 

Hinsdale Wave Research Laboratory (HWRL) on the campus of Oregon State University.  

The basin was 48.8m long, 26.5m wide with a maximum depth of 2.1m and was 

equipped with a piston type wavemaker composed of 29 boards.   Each board was 2.0m 

in length with a 2.1m stroke and a maximum velocity of 2.0m/s.  The wavemaker was 

capable of generating repeatable waves, an important characteristic in research.  

Beginning at the wavemaker and moving toward the back wall of the TWB, the 

bathymetry was comprised of a 9.90m flat section, followed by a 1:15 slope for 7.5m, 

followed by a 1:30 slope for 12m, followed by 3m of impermeable beach at 1:30 slope, 

followed by a horizontal flat section for 11.25m.  The origin, from which all features are 

located relative, was at the face of the wavemaker at mid full stroke in the x-direction and 

at the center of the width of the wavemaker in the y-direction.     

The basin was divided into three sections widthwise to allow for three concurrent 

experiments to take place in the TWB. The ‗Cannon Beach‘ project was positioned in the 

farthest south section of the tank.  This project, the Housesmash2 project, occupied 

4.75m of the total width of the TWB.  The ―Macroroughness‖ project that was conducted 

by Texas A&M University occupied 7.8m of basin width in the northern most portion of 

the tank.  Housesmash2 was the official National Science Foundation (NSF) and Network 

for Earthquake Engineering Simulation (NEES) of the experiment on which this thesis 

was written.  The location of the center of the Housesmash2 space was 0.5m south of the 
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center of the wave basin.  Each of the three projects was separated by ¾ inch plywood 

walls anchored to the floor with metal brackets and sealed with spray foam to limit 

seepage under the wall.  Gravel was placed in the back of the tank (west – landward end) 

to help dampen the reflected wave, thereby decreasing the amount of time needed for the 

tank to return to the still water condition following the running of a tsunami wave. The 

TEB specimen was located within the Housesmash2 portion of the TWB 4.8m from the 

slope break on the flat section of the beach.  Detailed specifications of the TEB specimen 

are given in Section 3.2.  Figure 1 shows the overall dimensions of the wave basin, the 

areas dedicated to each of the three experiments, the location of the test specimen, and 

the locations of the instrumentation pertinent to this project.  This figure also shows the 

still water level (SWL), or mean sea level for the purpose of this model, which was 

91.0cm from the bottom of the TWB at the origin.  The average measured still water level 

was 90.56cm with a standard deviation of 0.13m.  Figure 2 is a photo of the TEB 

specimen in the wave basin during the Housesmash2 project.  
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Figure 1. Dimensions and Layout of the Tsunami Wave Basin 
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3.2 Test Specimen 

 
  

To measure the effect of debris damming on a coastal structure, an instrumented 

scaled structure was constructed.  The structure, which is herein referred to as the ‗TEB 

specimen,‘ is 170.7cm x 85.3cm x 38.1cm with a frame constructed of welded steel 

square tubing.  The walls of the second story of the specimen were made of Alumalite 

paneling attached to the steel frame with sheet metal screws at each corner.  Alumalite is 

a rigid material made of a corrugated plastic core with thin aluminum on both sides.  The 

material is resistant to swelling and corrosion making it ideal for use in this experiment. 

The lower 17.8cm of the specimen was open with exposed steel columns.  This was a key 

component of the proposed City Hall TEB.  This TEB specimen was hung from the load 

frame which was mounted to the floor of the basin using concrete anchors. The TEB 

specimen was hung just above the floor using an adjustable ball joint hanger assembly. 

This allowed the building to ―float‖ on the ground without dragging or incurring any 

friction forces, but not so far off the ground that water would have been able to rush 

below the structure.  To measure the horizontal force acting on the structure, a rigid bar 

on the back side of the TEB specimen was connected to a load cell, explained in detail in 

Section 3.3 Instrumentation, which is mounted on the frame.  A wave gauge was affixed 

to the side of the TEB specimen near the front face to measure the run-up height of the 

wave at the point of interest.  The placement of the wave gauge on the TEB specimen can 

be seen in Figure 2 along with other pertinent features of the experimental setup.     
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Figure 2. The TEB Specimen in the Tsunami Wave Basin 

 

To study the effects of debris damming on a coastal structure, it was necessary to 

develop a methodology to measure the force on the structure under various wave 

conditions and various levels of damming in a repeatable manner.  To simulate debris 

damming, a series of ―debris plates‖ were designed to function as interchangeable 

faceplates for the instrumented box.  The debris plates were fabricated out of 1/8‖ thick 

aluminum sheeting with the same width as the front face of the instrumented box.  The 

plates were 17.8cm tall to fit over the lower portion of the TEB specimen that consisted 

of the open column structure.  While the perimeter dimensions of the plates were 

consistent, the surface area of the plates varied.  This was done to determine if there was 

a relationship between the blocked area on the leading face of the structure and the load 

experienced.  

Due to the open column design of the leading face of the TEB specimen, there 

was an initial blocked area of 17.9%.  Plates with surface areas of 31.3%, 44.6%, 58.1%, 

Load Cell & Frame 

Run-Up Gauge 

60cm x 60cm Grid 

Hanger Assembly 

Columnar Structure/ 

Leading Face of TEB 
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and 100% were fabricated so they could be attached to the front face of the TEB 

specimen in subsequent trials to simulate debris damming against the columns.  The 

elevation view of the TEB specimen with dimensions and initial blocked area values is 

shown in Figure 3. The term ―No Plate‖ simply refers to the fact that the figure shows the 

leading face of the TEB specimen without any debris plate attachments (17.9% 

blockage). See Figure 2 for a photograph of the leading face columnar structure of the 

TEB specimen.  It was noted that the blockage effects of the interior columns were not 

included in the percentages although they did contribute to the overall loads on the 

structure.     

 
 

 

Figure 3. TEB Specimen Leading Face with Dimensions 

 

 

The first set of plates, numbered 1, 2 and 3, were designed to increase in surface 

area by increasing the number of 38 mm wide columns on the leading face of the 

specimen.  This set of plates, numbered 1 through, 3 is shown in Figures 4, 5, and 6. 
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Figure 4. Debris Plate #1 

 

 

 

 
 

 

Figure 5. Debris Plate #2 
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Figure 6. Debris Plate #3 

 

The set of plates numbered 4, 5, and 6, shown in Figures 7, 8, and 9, and have the 

same blocked area as plates 1, 2 and 3 respectively.  The difference is that this second 

series of plates increase in surface area by increasing the width of the columns on the 

leading face and keeping the number of columns the same.  The purpose of arranging the 

plates with the same surface area in two series, as mentioned above, was to investigate 

the potential effect on the experienced load by changing the pattern of equal percentages 

of blocked area.   
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Figure 7. Debris Plate #4 

 

 

 

 
 

 

Figure 8. Debris Plate #5 
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Figure 9. Debris Plate #6 

 

Plate 7, as shown in Figure 10 was a solid plate with 100% blocked area.  The 

inclusion of plate 7 in the series was to determine the difference in force experienced by 

the TEB for a columnar structure and solid structure.  

 
 

 

Figure 10. Debris Plate #7 

  

In each of the figures above, areas were measured below the horizontal dashed 

line, because the area above the dashed line was constant for each plate.  Table 1 shows 
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debris plates 1 through 7 and their corresponding percentages of blocked area.  

Photographs of the plates attached to the TEB specimen in the TWB for testing are 

located in the Appendix.  

Table 1. Debris Plate Numbers and Corresponding Blocked Areas 

 

 

Plate Number Blocked Area 

1 31.3% 

2 44.6% 

3 58.1% 

4 31.3% 

5 44.6% 

6 58.1% 

7 100% 

 

Plates 8 and 9 were not fabricated aluminum plates like plates 1 through 7, but rather 

were slats of wood attached to the instrumented box with small plastic ties.  The slats of 

wood that made up plate 8 were 2 cm tall and those that made up plate 9 were 3 cm tall.  

Plate 9 is shown in Figure 11.  The slats were affixed not only to the columns on the face 

of the TEB specimen but to the interior columns of the specimen at floor level 

perpendicular to the direction of travel of the tsunami wave.  Plates 8 and 9 were both 

situated in this manner, in an effort to determine the effect of this tertiary pattern of 

loading experienced by the specimen.  In the case of the Cannon Beach City Hall vertical 

evacuation structure, the slats could have represented debris that had drifted into the first 

level of the structure beyond its leading face before being lodged up against the columns, 

or it could have represented a generalization of vehicles parked on the first level within 

the footprint of the structure at the time of the tsunami inundation.   
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Figure 11. Debris Plate #9: 3cm Tall Wooden Slats on Each Row of Columns  

 

 

3.3 Instrumentation 

 

 

Four ultra sonic wave gauges, one run-up wave gauge, and one load cell made up 

the group of instrumentation necessary for collecting a complete set of data for this 

project.  These instruments provided incident, or open water, wave height in meters, 

onshore bore height in meters, and the magnitude of force on the specimen in 

kilonewtons (kN) respectively.  The wave height information was important to ensure 

consistent wave conditions throughout the experiment.  The magnitude of the horizontal 

force on the specimen was the measurement of interest for the purposes of this study. 

Four Resistance Wave Gauges (RWG) were located at x-positions of 2.26m, 

9.50m, 19.22m and 25.79m in the wave basin with the origin at the wavemaker.  The run-

up wave gauge was located on the south side of the TEB specimen at an x-position of 

37.55m.  The load cell was located on the load frame at an x-position of 39.77m.  The 

3cm Tall Slats 
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load cell located on the frame that supported the specimen was an Interface 2420LX load 

cell.  The Interface 2420X load cell had a capacity of ± 1 kip (± 4.5 kN).  See Figure 12 

for a plan view of the instrumentation types and locations for the Housesmash2 project.   

 

 
 

 

Figure 12. Plan View of Experiment-Specific Instrumentation Locations in TWB 

 

 

A tabular representation of the instrumentation types and positions can be found 

in Table 2.  X, Y, and Z locations are relative to the origin denoted in Figure 12.    
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Table 2. Experiment-Specific Instrumentation Locations 

 

 

Instrument 

Name 

Instrument ID 

Tag 

X – Location 

(m) 

Y – Location 

(m) 

Z – Location 

(m) 

Comments 

WG2  RWG-2261-02 2.26 0.98 - Wave Gauge 

WG4 RWG-2260-04 9.55 0.55 - Wave Gauge 

WG6 RWG-2260-06 19.22 0.56  Wave Gauge 

WG8 RWG-2260-08 25.79 12.44 - Wave Gauge 

RUWG4 RWG-2263-01 37.55 0.85 1.00 Run-Up 

Gauge 

LOAD2 LOAD-9610 39.77 0.55 1.39 Load Cell 

 

 

Additional instrumentation was present in the basin during testing, but it was not 

collecting useful data for this specific experiment.  All instrumentation was installed and 

calibrated by trained professional HWRL staff to ensure proper function and accurate 

placement.    
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4. Experimental Procedures 
 

 

 

4.1 Data Collection and Processing  
 

 

Data for this experiment were recorded and stored using a National Instruments 

64-channel PXI-based real-time data acquisition system.  The duration of sampling time 

was typically 90 seconds.  Hydrodynamic data, which included free surface displacement 

and velocity, were collected with a sampling rate of 50 Hz.  Raw data from the Data 

Acquisition (DAQ) were uploaded to the HWRL share server and the NEES website in 

read-only format to prevent it from ever being written over.  From the NEES website, 

data was downloaded for further processing and analysis.  LabVIEW 8 software was used 

to control the data acquisition process.  MatLab software was used to de-spike and 

smooth data to produce plots that represent the force on the TEB specimen over the time 

interval when the wave was impacting and inundating the specimen.  The force of interest 

for this project was the quasi-steady maximum force caused by the wave on the TEB 

specimen, as measured by the load cell.   

 

4.2 Experimental Processes 

 

 

Once the TEB specimen, debris plates, and all accompanying equipment and 

instrumentation were fabricated and installed in the wave basin, the procedure to obtain 

data was fairly simple.  The debris plate 1 was affixed to the front of the TEB specimen 

securely and the specimen was checked to make sure it was not touching the basin floor 

or sitting too high above it.  The 7 second wave was run.  Once the 90 second data 



27 

 

acquisition period had elapsed, the DAQ began saving the raw data to be processed and 

analyzed.  The basin floor was then squeegeed to return the beach to dry bed conditions 

and the water was allowed to return to a calm state.  This process took approximately 20 

minutes.  The next two waves (10 and 15 second) were run with the same plate attached 

to the TEB specimen, followed by squeegeeing and a twenty minute waiting period.  

After all three waves had been run on the specimen with the first plate; it was removed 

and replaced by the next plate.  The order in which the plates were tested was arbitrary 

and was dictated in part by the other projects running concurrently in the wave basin at 

the time of this experiment.  This process continued until a complete set of data for each 

of the desired combinations of debris plate and wave period were collected.        

This experiment was designed with the goal of simplifying the number of forces 

acting on the instrumented structure, thereby facilitating the isolation of the forces of 

interest.  It was important to limit the introduction of additional forces by controlling the 

testing conditions and maintaining consistency from trial to trial.  It was also crucial that 

the testing conditions were consistent for each trial during the experiment.  The tests for 

this experiment were conducted under dry beach conditions, which is consistent with 

conditions of an actual coastal structure subjected to a tsunami wave.  Additionally, 

variation in the amount of water on the beach during the experiment could change the 

bore velocity, height, and ultimately the force on the specimen.  Large squeegees 

intended for floor use were used to push the water back out into the basin after each wave 

is run.  This process provided the ability to control the beach conditions and ensure that 

the beach was dry for each trial.  It was also imperative that the water in the basin be still 

at the start of each trial.  Choppy water could create additional noise in the data and 
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adversely affect the repeatability and consistency of the experiment.  Squeegeeing 

prolonged the time needed to wait for the water to be calm because it disturbed the 

surface.  There was a careful balance between the amount of time spent squeegeeing and 

the amount of time needed to wait for the water to be calm in order for the trials to be run 

efficiently.  This process required that waves be run no more frequently than once every 

twenty minutes.   

The tsunami wave used in this experiment was modeled as an error function 

(ERF) wave, which, of the waves capable of being run by the wavemaker, best resembles 

the characteristics of a nearfield tsunami as would be produced by a CSZ event.  The 

wave period of an error function was longer and allowed for increased on-shore 

inundation than the solitary type wave previously common in tsunami research.  Table 3 

and Table 4summarize the trials run during the experiment, including information about 

the wave period and plate number for each trial.  Two trials were run for most wave and 

plate combinations to account for potential variability and uncertainty in testing.  Plate 7 

was only tested once for each wave condition because after one trial under each wave 

condition it was determined that the force experienced by the TEB was significantly 

higher than for any other plate.  Thus, the plate was not tested further.  Additionally, after 

the first trials with plates 8 and 9, it became clear that the 7 second wave was too large to 

draw any meaningful conclusions from the data collected, thus two trials were run for the 

10 and 15 second waves only.     
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Table 3. Experimental Trial Summary - Series 1 

 

 

 Blocked Area of 

Leading Face 
Wave Period  

7s 

Wave Period 

10s 

Wave Period 

15s 

S
E

R
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S
 1

 T
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L

 

N
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M
B

E
R

S
 

Plate 1 31.3% 1 2 3 

Plate 2 44.8% 4 5 6 

Plate 3 58.1% 7 8 9 

Plate 4 31.3% 10 11 12 

Plate 5 44.8% 13 15 16 

Plate 6 58.1% 17 18 19 

Plate 7 100% 29 30 31 

Plate 8 - 32 33 34 

Plate 9 - 35 36 37 

 

 

Table 4. Experimental Trial Summary - Series 2 

 

 

 Blocked Area of 

Leading Face 
Wave Period  

7s 

Wave Period 

10s 

Wave Period 

15s 

S
E

R
IE

S
 2

 T
R

IA
L

 

N
U

M
B

E
R

S
 

Plate 1 31.3% 20 21 22 

Plate 2 44.8% 23 24 25 

Plate 3 58.1% 26 27 28 

Plate 4 31.3% 38 39 40 

Plate 5 44.8% 42 43 44 

Plate 6 58.1% 45 46 47 

Plate 7 100% - - - 

Plate 8 - - 48 39 

Plate 9 - - 51 50 
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  5. Results 
 

 

Figure 13 shows the force on the TEB specimen and the plate number for wave 

periods of 7s, 10s, and 15s ERF waves based on the quasi-steady maximum wave force 

measured by the load cell.  If more than one trial is completed for a plate and wave 

condition combination, the average between the trials is taken.  Recall that plates 1 and 4, 

2 and 5, and 3 and 6 have equal blocked areas, and plate 7 has 100% blocked area, as 

shown in Table 1.   

 
 

 

Figure 13.  Force on TEB Specimen for Plates 1 through 7 for 7s, 10s, and 15s ERF 

Wave Conditions 

 

Figure 14 shows the relationship between the ratio of the force measured by the 

load cell to the baseline force for a 7s ERF wave and the percentage of blocked area for 

debris plates 1 through 7.  Debris plates 1, 2, and 3 are plotted as a separate series from 

debris plates 4, 5, and 6, and debris plate 7.    
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Figure 14. Ratio of Maximum Force to Maximum Baseline Force for Plates 1 

through 7 for 7s ERF Wave Conditions 

 

Figure 15 shows the same relationship as Figure 14, but for the 10s ERF wave 

condition.  The same organization of debris plate series is utilized.   

 
 

 

Figure 15. Ratio of Maximum Force to Maximum Baseline Force for Plates 1 

through 7 for 10s ERF Wave Conditions 
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Figure 16 shows the same relationship as Figures 14 and 15, this time for the 15s 

ERF wave conditions. Again, the same plate series organization is used.  

 
 

 

Figure 16. Ratio of Maximum Force to Maximum Baseline Force for Plates 1 

through 7 for 15s ERF Wave Conditions 

 

Figure 17 shows the individual plots of force over time for each trial of plates 8 

and 9 under 10s and 15s ERF wave conditions.  Observation of preliminary data revealed 

that the 7s ERF wave was too large to produce consistent or meaningful force 

measurements.  The bold line is the baseline force under each wave condition (i.e. no 

plate attachment).  The thin solid line is the plate 8 force-time plot and the thin dashed 

line is the plate 9 force-time plot.  The lines for plates 8 and 9 plotted in Figure 17 

represent the average of the values from two trials for each plate under each wave 

condition.        
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Figure 17.  Plate Comparison of Plates 8 and 9 for 10s and 15s ERF 

 

 

 The quasi-steady maximum forces from Figure 17 cannot be included in the 

comparison figures above because the blocked area is applied on each row of columns of 

the TEB specimen, not just on the leading face.  This arrangement prevents the 

comparison of the results for debris plates 8 and 9 to debris plates 1 through 7, and thus 

will be discussed separately in Section 6 Discussion.  

 

 

 

 

  

     Plate 8     
     Plate 9 

     Baseline Force 
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6. Discussion 
 

 

 

Due to the nature of this experiment, it is often a challenge to maintain 

consistency in testing and it is difficult to mitigate the opportunities for inadvertently 

creating variations in the testing conditions.  The aspects of the experiment that are most 

vulnerable to error included the installation of the debris plates on the face of the TEB 

specimen, the adjustment of the ball joint hanger system that connects the TEB specimen 

to the load frame, the stillness of the water in the basin at the start of each trial, and the 

amount of water on the beach at the start of each trial.  Minor imperfections in the 

fabrication of the debris plates and TEB specimen made it extremely important to use 

care when attaching the plates to the front of the TEB specimen.  It is imperative that the 

bottom of the plate is not dragging on the basin floor or sitting too far above the basin 

floor.  This could introduce friction force to the free body diagram of the TEB specimen 

or can incorrectly lessen the force measurement due to water rushing underneath the TEB 

specimen columns.  It is also important to make sure that the debris plate is touching the 

first row of columns.  If there is a gap between the debris plate and the front face of the 

columns, a portion of the impact force of the tsunami wave could be absorbed by the 

debris plate and not transferred into the TEB specimen and ultimately into the load cell.  

The ball joint hanger system which attaches the TEB specimen to the load frame and is 

used to make sure that the bottom of the columns hovered just above the floor of the 

wave basin.  This ensures that friction is not a factor and it minimizes the water that can 

flow underneath the specimen which can reduce the true maximum force on the 
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specimen.  The adjustment of this mechanism is checked frequently during testing to 

make sure the bottom of the TEB specimen is in the proper position. 
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7. Conclusion 
 

 This study reveals that structures with an open column first floor design 

experience a smaller maximum force due to tsunami wave inundation as opposed to 

structures with a solid first floor leading face.  This is evident in Figures 13, 14, 15 and 

16, which clearly show the force on the TEB for plate 7 (100% blocked area) to be 

significantly higher than for all other plate configurations.  The Figures 14, 15, and 16, 

mentioned above, each show the ratio of quasi-steady maximum force on the TEB for 

each plate to the quasi-steady baseline force on the TEB without a debris plate (initial 

blocked area of 17.9%).  For wave conditions of 7s, 10s, and 15s ERF, the ratio of these 

forces for plate 7 are 3.54, 2.4, and 2 respectively. 

 Figures 14 and 15 also show that there is a positive relationship between blocked 

leading face area and force experienced by the TEB.  There is an increase in force on the 

TEB within the plate 1, 2, 3 series and the plate 4, 5, 6 series for 7s ERF and 10s ERF 

waves.  Under 15s ERF wave conditions, there is no clear relationship between blocked 

leading face area and force on the TEB, as seen in Figure 16.  This may be due to the 

smaller size of the wave or lack of consistent testing conditions. 

 The data also indicates that there is no clear correlation between the pattern in 

which the blocked area is arranged and the force experienced by the TEB.  This is shown 

in Figures 14 and 15 where there is no significant difference between the lines plotted for 

the plate 1, 2, 3 series and the plate 4, 5, 6 series.   

 Plates 8 and 9 are different from plates 1 through 7 in design and purpose with 

respect to this study.  Therefore, plates 8 and 9 cannot be compared to the other plates as 
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in Figures 13, 14, 15, and 16.  Plates 8 and 9 plates serve to increase the blocked area 

throughout the columnar area in the footprint of the TEB structure, rather than only on 

the leading face of the structure.  For this reason, Figure 17 shows only the average force-

time plot for plates 8 and 9 for the 10s and 15s wave conditions.  This plot shows that the 

presence of the plates increases the force experienced by the TEB above the baseline 

force.   

There is an interesting comparison between the basic drag force equation in fluid 

mechanics and the results of this study.  This equation, shown in Figure 18, relates a 

shape dependent drag coefficient (CD), the density of the fluid (ρ), the velocity of the 

fluid squared (u), and the projected area of the shape immersed in the fluid (A) to 

determine the force due to drag on the body (FD). 

 

Figure 18. Drag Force Equation 

 The equation above shows that the relationship between the projected area and 

drag force is linear.  Figures 14 and 15, which summarize the relationship between the 

measured maximum force and the blocked area, depict a relationship which is nearer to 

quadratic than linear.  This is an intersecting and unexpected result and may indicate, 

with further research, that if the drag force equation is used to predict drag force due to a 

tsunami wave, the coefficient of drag (CD) cannot be assumed to be constant.  The 

tsunami wave may prompt the creation of a special case for the drag force equation or 

require a variation on the determination of the drag coefficient.  This study cannot make a 
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definitive conclusion regarding the aforementioned discrepancy; it can only present an 

interesting comparison and potential area for more study.   

It is clear based on the results of this experiment, that debris damming is a 

significant issue and a factor that needs to be studied further and addressed carefully 

when designing a structure to withstand all of the forces associated with a tsunami.    
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8. Future Research 
 

The results of this study provide confirmation that debris damming is an aspect of 

tsunami research that deserves additional study and attention.  Further and more in depth 

research about debris damming is needed to come to definitive conclusions regarding the 

role that the pattern of blocked area plays in the dampening or amplification of force on a 

coastal structure.  Additional small-scale, two-dimensional experiments would add to the 

body of knowledge on the subject of debris damming and identify interesting aspects of 

debris damming needing study. Larger or prototype experiments can provide results that 

are not subject to potential scaling effects, as are possible with small scale experiments.  

Numerical and computer modeling of the force distribution on columnar structures can 

lead to the optimization of building design to dampen or minimize tsunami forces to 

create truly tsunami resistant structures that take not only wave force and seismic force 

resistance, but potential debris damming and other forces into consideration.  Additional 

experimentation and numerical modeling regarding the relationship between force and 

blocked area could be performed to determine if in fact the drag force cannot be assumed 

to be constant.  The formulation of empirical and predictive equations based on this 

research and other studies into debris damming and debris impact will begin the process 

of developing design and construction standards to be employed for TEBs and other 

structures to be tsunami resistant.  This will ultimately allow communities to improve 

their tsunami preparedness and mitigate loss of life during tsunami events.  

 

  



40 

 

9. Bibliography  
 

Baldock, Cox, Maddux, Killian, Fayler. ―Kinematics of Breaking Tsunami Wavefronts: 

A data set from large scale laboratory experiments‖ (2008) (Coastal Engineering, 

Vol. 56, No. 5, pp. 506 – 516). 

Cox, Tomita, Lynett, Holman. ―Tsunami Inundation with Macro-Roughness in the 

Constructed Enviroment‖ (2008) (ICCE). 

FEMA ―Guidelines for Design of Structures for Vertical Evacuation from Tsunamis‖ 

(2008).  

Fujima, Achmad, Shigihara, Mizutani. ―Estimation of Tsunami Force Acting on 

Rectangular Structures‖ (2009) (Journal of Disaster Research). 

Groat, C.G., (2005) Statement of C.G. Groat, Director, US Geological Survey, US 

Department of the Interior, Before the Committee of Science, US House of 

Representative, January 26. 

Lukkunaprasit and Ruangrassamee. ―Building damage in Thailand in the 2004 Indian 

Ocean tsunami and clues for tsunami-resistant design‖ (2007) (The IES Journal).  

Lukkunaprasit, Chinnarasri, Runangrassamee, Weesakul, Thanasisathit. ―Experimental 

Investigation of Tsunami Wave Forces on Buildings with Openings‖  

Oshnack, Cox, Shin, Galan. ―Cross-Shore Variation of Tsunami Loads on Vertical Walls: 

Transition from Impulse Loads to Quasi-Steady Bores‖ (2010) (In preparation).  

Oshnack, Aguíñiga, Cox, Gupta, van de Lindt. ―Effectiveness of Small Onshore Seawall 

in Reducing Forces Induced by Tsunami Bore: Large Scale Experimental Study‖ 

(2009) (Journal of Disaster Research, Vol. 4, No. 6, pp. 382 – 390). 

Ramsden. ―Forces on a Vertical Wall due to Long Waves, Bores, and Dry-Bed Surges 

(1996) (Waterways). 

Raskin, Wang, Boyer, Fiez, Moncada, Yu, Yeh. ―Preliminary White Paper on Tsunami 

Evacuation Buildings (TEBs): A New Risk Management Approach to Cascadia 

Earthquakes and Tsunamis‖ (2009). 

Robertson, Riggs, Yim, Young. ―Lessons from Hurricane Katrina Storm Surge on 

Bridges and Buildings‖ (Nov/Dec 2007) (Journal of Waterway, Port, Coastal, and 

Ocean Engineering, Vol. 133, No. 6, pp. 463 – 483). 

Thusyanthan & Madabhushi. ―Tsunami Wave Loading on Coastal Houses: a model 

approach‖ (2008) (ICE). 

Tsunami Pilot Study Working Group (2006): Seaside, Oregon Tsunami Pilot Study— 

Modernization of FEMA Flood Hazard Maps. NOAA OAR Special Report, 

NOAA/OAR/PMEL, Seattle, WA. 



41 

 

Yeh, ―Design Tsunami Forces for Onshore Structures‖ (2007) (Journal of Disaster 

Research, Vol. 2, No. 6, pp. 531 – 536). 

Yeh, Robertson, Preuss. ―Development of Design Guidelines for Structures that Serve as 

Tsunami Vertical Evacuation Sites‖ (2005) (Washington State Dept. of Natural 

Resources).



 

 

 

 

 

 

Appendix 
 

 

 

 

 

 

 

 



31 

 

 
 

Figure 19.  7s Error Function Wave Baseline Data Plot 

  

A: Wavemaker displacement, B: Incident wave height, C: Wave height at specimen, D: 

Force. 

 

 

Figure 20. 10s Error Function Wave Baseline Data Plot 

A: Wavemaker displacement, B: Incident wave height, C: Wave height at specimen, D: 

Force. 
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Figure 21. 15s Error Function Wave Baseline Data Plot 

 A: Wavemaker displacement, B: Incident wave height, C: Wave height at specimen, D: 

Force. 

 

 
 

 

Figure 22. Comparison of Plates 1 through 7 for 7s ERF Wave   

 

The bold line represents the baseline data plot for the 7s error function wave.  The thin 

lines represent the data plot for each individual trial.   
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Figure 23. Comparison of Plates 1 through 7 for 10s ERF Wave  

 

The bold line represents the baseline data plot for 10s error function wave.  The thin lines 

represent the data plot for each individual trial.   
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Figure 24. Comparison of Plates 1 through 7 for 15s ERF Wave 

 

 

The bold line is the baseline data plot for the 15s error function wave.  The thin lines 

represent the data plot for each individual trial.   

 

 
 

Figure 25.  Plate 7 Comparison Plot for 15s, 10s, and 7s ERF Waves  

 

The baseline data plot for each wave is represented by a bold line.  
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Figure 26.  Plate 8 and 9 Comparison for 10s and 15s ERF Waves   

 

Baseline data is represented by a bold line, plate 8 is represented by a solid line, and plate 

9 is represented by a dashed line. 

 

Table 5. Table of Reduced Data for Maximum Force, ERF = 7s 

Plate No. Blockage (%) F_max (kN) 

None 17.8 65 

1 31.3 70 

2 44.6 80 

3 58.1 125 

4 31.3 80 

5 44.6 90 

6 58.1 110 

7 100.0 220 

8 a - 

9 b - 

 

a = 2 cm high strips across all 6 column rows 

b = 3 cm high strips across all 6 column rows 
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Table 6. Table of Reduced Data for Maximum Force, ERF = 10s 

Plate No. Blockage (%) F_max (kN) 

None 17.8 50 

1 31.3 55 

2 44.6 60 

3 58.1 80 

4 31.3 60 

5 44.6 65 

6 58.1 80 

7 100.0 120 

8 a 90 

9 b 100 

 

a = 2 cm high strips across all 6 column rows 

b = 3 cm high strips across all 6 column rows 

 

Table 7. Table of Reduced Data for Maximum Force, ERF = 15s 

Plate No. Blockage (%) F_max (kN) 

None 17.8 30 

1 31.3 30 

2 44.6 25 

3 58.1 38 

4 31.3 24 

5 44.6 38 

6 58.1 40 

7 100.0 60 

8 a 48 

9 b 50 

 

a = 2 cm high strips across all 6 column rows 

b = 3 cm high strips across all 6 column rows 
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Figure 27. Relationship between Percentage of Blocked Area on Leading Face of 

TEB and Measured Force for Plates 1 through 7 for 7s ERF Wave Conditions 

 

 

 
 

 

Figure 28. Relationship between Percentage of Blocked Area on Leading Face of 

TEB and Measured Force for Plates 1 through 7 for 10s ERF Wave Conditions 
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Figure 29. Relationship between Percentage of Blocked Area on Leading Face of 

TEB and Measured Force for Plates 1 through 7 for 15s ERF Wave Conditions 
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Figure 30.  Photograph of Plate 1 Installed on the TEB 

 

 

 
 

 

Figure 31. Photograph of Plate 2 Installed on the TEB 
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Figure 32. Photograph of Plate 3 Installed on TEB 

 

 

 
 

 

Figure 33. Photograph of Plate 4 Installed on TEB 
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Figure 34. Photograph of Plate 5 on TEB 

 

 

 
 

 

Figure 35. Photograph of Plate 6 Installed on TEB 
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Figure 36. Photograph of Plate 7 Installed on TEB 

 

 

 
 

 

Figure 37. Photograph of Plate 8 Installed on TEB 
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Figure 38. Photograph of Plate 9 Installed on TEB 

 

 

 
 

 

Figure 39. Photographical Time Series of a Typical Trial 
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