
Abstract: 
 

This paper is the final presentation of the 9-month REU program at Oregon State 
University. My project explored tsunami structure interaction. The lab work consisted of 
making a wave and measuring the variation in water depth and velocity. With these two 
measurements the location of maximum force can be found. My results are compared to 
theoretical work1 done by Harry Yeh, my mentor. The results of my lab work are 
consistent with Yeh’s paper1. 
 
 
Section 1: background 
 
 

The first weeks of the REU program were spent doing background research on 
tsunami’s interaction with structures. There was very little material to be found on this 
topic, although it seems that some researchers are starting to work on the problem. The 
vast bulk of information that is out there is focused on the causes and mitigation of 
tsunamis. This is the case because they more directly affect populations. The thinking in 
the tsunami community is that the foremost concern is to have warning of any incoming 
waves and to be able to evacuate low-lying areas before the tsunami arrives.  
 

As the system is now, there is very good seismic monitoring world wide and also 
very good tide gage networks. With these tools people can know for sure when a tsunami 
might be generated although there are many false alarms. To make it better there is a 
push for deep-water instruments that can detect a tsunami passing. These deep gages will 
tell cities for sure if there is a tsunami caused by a large earthquake. There are already a 
few out there that are operational, but expert opinion is that more are needed. Predicting 
if a given earthquake will produce tsunami directly or make underwater landslides 
happen is still guesswork. To better understand how tsunamis are generated, 
mathematical models and computer simulations are being made 
 

The readiness level of many places has been increased greatly. There are 
established evacuation routes and warning sirens to enable a coastal population center to 
cope with an impending tsunami. Most importantly there are efforts to educate the 
populaces about what tsunamis are and what to do when they occur. 
 

Destructive tsunamis can have warning times of up to 12 hours, these types of 
tsunamis are pacific wide and are relatively easy to deal with. There is plenty of time to 
prepare for the waves. The more difficult case is when the waves are generated near the 
shores they will attack. This means that the people will have little or no warning and not 
much time to head for high ground. There are ides for ways to cope with these sudden 
threats. The concept of a vertical evacuation structure would give people a place to flee to 
when the waves come. A vertical evacuation structure would have and open first story to 



allow the water to flow through and would be tall enough to hold many people safely 
above the onrushing waters.  
 

Tsunamis are shallow water waves, this means that the water motion of the wave 
extends all the way to the bottom of the container (the ocean). This fact means that there 
are things that apply to tsunami as opposed to other kinds of waves. Tsunamis are often 
seen as being similar to storm swell, just on a grand scale by uneducated laypersons. This 
is far from the truth. Storm swells are considered deep-water waves. In reality the 
tsunami gets its power more from length and depth than wave height. These can be 
converted to towering waves only if a large land mass is encountered, if not the waves 
may pass by unnoticed. Being a shallow water wave means that certain equations apply. 
The most important is the equation for celerity or wave speed: 

Celerity = C = Ö (gravity*water depth) 
Thus to know how fast the tsunami travels one only needs to know how deep the water is. 
 

To build structures to resist tsunami forces, we must understand the affects that a 
wave will have on the structure. This is the focus of my REU project. Most of the study 
of tsunami affects occurs after the fact. A tsunami will happen and researchers will rush 
out and see what they can learn from the wreckage. 
 
  It is known that buildings that let the water flow through do better also stiffer 
structures are better off. Research has been done to determine wall framings that will 
break away before the main structural components are destroyed, thus enabling the 
building to survive the flood. It has also been observed that the presence of buildings can 
alter flow patterns significantly. This affect hasn’ t been accounted for in the current 
computer inundation models because it is very hard to determine exactly what kind of 
buildings are around. The affects of debris being rammed into the structures can’ t be 
easily mathematically analyzed either. Harry Yeh has a paper1 published that explores 
where the wave would have a maximum force. My experiment is an effort to quantify his 
mathematical predictions. 
 
 
Section 2: Exper imental Design 
 
 

The design of this experiment was definitely one of compromise. Because 
tsunamis are shallow water waves (wave action extends all the way to the bottom) it is 
difficult to obtain representative wave motion from the given wave maker. 
 

The linear wave tank at Oregon State consists of a long flume about 90 meters in 
length, 4.5 meters deep, and 3.5 meters wide. It is equipped with a flap hinged at the floor 
that is moved with a large computer controlled hydraulic ram. At the other end of the 
flume there is an artificial beach made from large concrete slabs that are roughly the 
width of the tank. These slabs are fastened by brackets bolted to the walls of the flume. 
Typically the gaps between the beach squares and the walls and each other is about 1.5 - 



2 inches. Some T shaped pieces of metal were used to make the gaps in the beach less, 
but the T pieces provided a lip that the incoming water had to jump over and water could 
still flow around the sides and through the T pieces. The video shows clearly the affect. 
 This setup was built in the 1970’s to simulate storm waves, so it is not the best 
equipment for tsunami research.  

 
There is more than one way of deriving the term we use to represent force; the 

first uses the momentum flux equation: 
F=Sr VV···· A 

A = area =  width *  height 
r  = fluid density 

The width of the channel and the fluid density will remain constant: 
Force µ  H*V*V 
H = water depth 

V = velocity 
The other way uses the equation for drag force of an object in a flow: 

F=CD r  ½ V2 A 
CD = drag coefficient (depends on shape of object) 

A = area 
r  = fluid density 

Again dropping all constant terms: 
Force µ  h*V*V 

In this analysis we use |V|*V*h to give the term directionality. Another force analysis can 
be done using acceleration: 

Force = (Mass) *  (Acceleration) 
= (r  " ) *  (� V/� t) 

"  = control volume 
Force µ  h* � V/� t 

Unfortunately the velocity data is not smooth enough for the acceleration to be taken 
reliably so the last of the three methods cannot be utilized, although by eyeball check the 
last method seems to support our conclusion. 
 

Harry Yeh’s paper1 has a simulation of a solitary positive wave. The purpose of 
this experiment was to create a long solitary wave in the wave flume and measure the 
water surface variation, and velocity. With this data we calculate the place where force 
that would be imparted to some structure is maximum. In the theory, the place where 
force is maximized is a little offshore during the rundown motion. A second area of high 
force happens at the same offshore position but during the initial run-up. With the given 
equipment a solitary wave could not be manufactured. What we got was a big wave 
followed by smaller waves (water actively seeking a level surface) and an approximately 
30 second sieche wave. See Figure 1 below: 

 



 
Figure 1. Water surface variations at far offshore wave gage. All runs are superimposed to show 
repeatability of wave. Note following waves and sieche affects. 

 
Figure 1 is the surface variation measured by the farthest offshore wave gage 

(about half way down the flume). The data from all the runs is superimposed to show the 
repeatability of the wave. Note that the graph shows about ½ of the first ~30 second 
sieche. Also note that the still surface at the end would be higher than before the wave. 
This is due to the fact that the wave board moves from its back position to its forward 
position and stays there for the duration of the run. The X-axis of this graph is a standard 
time scale for all the runs that begins at the maximum far offshore wave gage reading. 

 
All wave gages were of the resistance type, meaning that calibration was 

necessary. The offshore gages were made with tensioned cables. The gages on the beach 
were made with 2 metal rods bolted to a plastic piece at on end and a piece of wood at the 
other. The wood piece was clamped to a temporary frame mounted above the beach. The 
ends of the rods that were bolted to the plastic piece were stuck into the water. Because 
the end of the gage that was to measure water depth had nuts on the ends of the rods the 
gage would not be accurate at very low water levels. This is a reason that the data of 
positions that become dry would be suspect. 

 
For the velocity measurements during this experiment Acoustic Doppler 

Velocimeters(ADVs) were utilized. The ADV is a device that uses the reflections of 
emitted sound off particles to get a velocity measurement in 3 dimensions. If the probe 
becomes airborne at all the measurements of velocity are scattered all over the place. This 
will also happen when there are lots of entrained bubbles in the water. The nature of this 
experiment requires that the ADV experience these conditions. It should be made known 
that the data from the points above the shoreline is not nearly as reliable as the data from 



the deeper locations. There were only 2 ADVs available for my use, so to get a better 
picture of the wave we set up our 2 ADVs at the same position as two wave gages spaced 
1 meter apart. Run1 had gages at X = 4.5 meters and X = 3.5 meters. Run 2 had gages at 
X = 4 meters and X = 3 meters. And so on. To get the incoming wave shape there were 2 
offshore wave gags that were not moved for the duration of this experiment. The data 
from the near offshore gage was not used in any analysis. A video camera was also set up 
in hopes that we could put in a calibration stick before the runs and obtain a wave front 
velocity from the video data. See Figure 2 for a diagram of the setup and Figure 3 for a 
picture: 

 
Figure 2. Experimental setup showing beach gage positions. 

 
Figure 3. This is a photograph of the experimental setup showing ADVs, resistance gages, T piece, and 
mounting apparatus. This is run 7 with gages at X = .5 and 1.5 meters 



Conducting the experiment was a matter of collecting gage data through computers and 
moving gages up the beach. 
 
 
Section 3: Exper imental Results 
 
 

The data from the videotape is not used in this analysis. The effort involved in the 
process of analyzing the video was prohibitive and was abandoned after finishing one run 
and starting others. This work could be conducted at a later date if somebody was 
curious. The one run that was finished showed the friction of the T pieces in the beach 
and the affect of the water being sucked in from the gaps around the slabs. 

 
We are aiming to a graph the maximum force verses the offshore position. To do 

this the data for each position is averaged and a graph is made. All 13 X positions have 
graphs similar to Figure 4: 

 
Figure 4. |V|*V*H vs. time at X position of 4.5 meters.  X Velocity (V) and water depth (H) are also 
shown to demonstrate that they both contribute to the |V|*V*H peak. 

The running average is taken to act as a low pass filter to eliminate short spikes 
and shakiness of the data. The importance of doing a running average increases as the 
gages move shoreward. This can be seen in Figure 5 at X = -1.0 meters: 



 
Figure 5. |V|*V*H vs. time at X position of  –1.0 meters. It should be noted that the ADV data is trimmed 
off when it no longer is meaningful 

The force Is proportional to velocity times water depth, so I will present graphs of 
the components, then the combined graph of |V|*V*H. Figure 6 is a graph of maximum 
and minimum water depth Vs position: 

 
Figure 6.  Plots of Maximum and Minimum water depth against X position. Note that data appears to be 
linear 

As expected the water gets shallower when the position moves up the beach. Eta 
(� ) is the departure from the free surface perhaps that would be more informative to 
graph, see Figure 7: 



 
Figure 7. Maximum and minimum water surface departure eta (� ) against X position. The plots appear 
horizontal. The max eta values above X=0 have a component for the elevation the beach gives, they might 
not be as accurate as the other points. 

Interestingly. The upper line appears to be nearly flat at .32 meters or so, there is a 
little peak around .5 to 1 meters offshore, but it is so small, I would say it is well within 
my margin of error. The data for the minimum part is worse because the following waves 
don’t allow the rundown to happen completely. Closer to shore, the wave gages became 
dry. The larger component of the force is due to velocity. Figure 8 is a graph of max and 
min velocity: 

 
Figure 8. Maximum and minimum velocity against X position. Again the data appears linear. 



It appears that the data follows a linear patter in this graph also. Here can be seen 
the increased inaccuracy of the velocity inland of where the free surface lies, especially 
on the run-up (red) line. The rundown velocities are understandably less coherent, 
probably because of the following wave and sieche affects. They are meaningful however 
because they establish a bound for what the real thing would be. For a clean wave the 
rundown points would likely be below the green line. Now for the graph that is 
proportional to force: 

 
Figure 9. Maximum and minimum |V|*V*H against offshore position. Dashed lines are from the 
unsmoothed data, the solid lines are from the running average of .3 seconds of |V|*V*H 

I included the raw data with the graphs of the smoothed data so the effect can be 
seen. The peaks of all the runs were trimmed down a bit, but the greatest affect happens 
on shore where the ADV data is wildest. The run-up forces are much greater than the 
rundown forces, contradictory to the theory. This is due to the affect of the following 
waves and the sieche not allowing the full rundown motion to occur. The peak force is 
right where it should be, occurring at 1.5 meters offshore. This experiment suggests that 
with more time, better apparatus, etc. some excellent data could be produced in support 
of Harry’s modeling. 
 
 
Section 4: Conclusion 
 
 

In participating in the REU program I learned many tsunami related things. I think 
the most important experiences that I got out of the program is the firsthand knowledge 
of how research in general is conducted. In conducting an experiment and being involved 
in the entire process from concept to physical setup to analysis and presentation of results 



I have gained much more than knowledge of tsunamis. I can now really appreciate the 
challenges that graduate and higher researchers face. Although the experimental part of 
the project was hard work, it was quite enjoyable and satisfying. The constant problem 
solving and technical aspects of the lab work I enjoyed a lot. 
 
 Aside from my experiment I was able to attend talks from visiting professors and 
also a conference led by Harry. The guest speaker’s presentations demonstrated how 
involved and detailed research could get. I have never before seen people on that level’s 
work at all. It was rewarding for me and made me interested in doing similar things 
myself. I learned that someday I would like to be involved in research of some form or 
other. The Tsunami conference was very good for me as well. The purpose of it was to 
steer the direction of future tsunami research. I think the biggest impression I got from 
that was the importance and difficulty of research collaboration. There were people from 
many diverse fields including psychology, fluid mechanics, computer science, 
seismology, among others. The researchers came from around the globe, from a wide 
variety of backgrounds. Organizing the body into a coherent unit that would work 
together struck me as being much more difficult than I would have expected beforehand. 
The conference also made me realize the multifaceted aspect of the tsunami problem and 
the importance of considering all aspects of it. 
 
 Another positive aspect of the REU program was having the opportunity to work 
with all the people involved. My mentor, Harry Yeh is very knowledgeable in his field 
and has always explained clearly the answers to any questions that I had. He has been a 
great guy to work with. Dan Cox, the head of the program did a fine job of organizing the 
program. He has really found great professors and interesting topics for us REU students. 
The people that run the lab; Terry Dibble, Chris Scott, and all the other grad students 
made things go smoothly as possible and were always willing to work until the job was 
done. Chris stayed in the lab until nearly midnight with me one day to finish the data 
collection for my experiment. Last but not least the other REU students were helpful. We 
all worked together on each other’s projects in the lab and discussed what we were doing 
on a nearly daily basis. This was especially valuable because, not only did I learn from 
my project, but I gained from the other REU people as well. I am very glad that we got 
along so well, I made a few interesting new friends that hopefully I can stay in touch with 
in the future. REU has been an entirely positive experience; I thank all whom I have 
mentioned for making this program possible and definitely a success for me. Also thanks 
to NSF for funding this research through grant NSF-EEC-02-44205. 
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