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baseline to which the macro-roughness setups could be compared. The instrumentation on the 

specimen included pressure sensors, wire resistance run up gages and a load cell. Within the 

basin, wire resistance wave gages, ultrasonic wave gages and acoustic Doppler velocimeters 

recorded the wave as it progressed through the tank. Eight different setups of macro-roughness 

were placed between the specimen and the beach slope to analyze the effect on the tsunami as 
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Influence of Macro-Roughness on Tsunami Runup & Forces 
 

Introduction 

 

  The Cascadian subduction zone (CSZ) extends from northern California to southern 

British Columbia lying less than 160km offshore in some places and has the ability to release a 

9.0 magnitude earthquake producing a 10m high tsunami that could hit the US Pacific Northwest 

coast within 30 minutes. In the next 50 years, there is a 14% chance of the CSZ producing a 

tsunami resulting in devastation similar to that of the December 2004 Indian Ocean tsunami. 

Because of this potential for a tsunami impacting vulnerable coastal communities, understanding 

how urban environments change the tsunami characteristics is important. The experiments of this 

Master’s Thesis project are part of a larger project funded by the Network for Earthquake 

Engineering Simulation (NEES) division of the United States National Science Foundation (NSF) 

titled “NEES-houseSmash.”  The long-term vision of the NEES-houseSmash project is to develop 

building codes specifically for coastal communities to prevent tsunami damage. In a project run 

previously in the Tsunami Wave Basin at the O.H. Hinsdale Wave Research Laboratory at 

Oregon State University, the Oregon coastal town of Seaside was modeled. It was observed in the 

model that beachside buildings influenced the tsunami flow to impact buildings further back from 

the beach with more force than expected. For this second phase of the NEES-houseSmash project, 

five sub experiments were run over the 10 week testing period. This Master's thesis will focus on 

how macro-roughness in the form of seawalls and buildings can interact with the broken tsunami 

bore to change the initial water depth and speed of overland flow. Past research has modeled 

specific cross sections of actual towns while this experiment utilizes generalized macro-

roughness setups to investigate tsunami bore development and interaction. The current 

experiments provide 1:25 scale data for tsunami induced forces on an instrumented building as a 
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result of macro-roughness. This analysis of tsunami forces on a building as a function of its 

surroundings could prove valuable to assessing existing coastal towns and identifying low-risk 

locations for vertical evacuation buildings.   
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Abstract 

Tsunami runup and force on an instrumented specimen fronted by macro-roughness elements 

representing an idealized urban waterfront were determined experimentally in a large-scale wave 

basin. Eight different setups of macro-roughness were examined by varying the number and 

spacing of elements and the distance between the elements and instrumented specimen. Each 

setup was tested with a 15 s and 10 s error function wave, and the same waves were run for the 

baseline cases with no macro-roughness. Instrumentation measured wavemaker displacement, 

free surface profile of the offshore wave, free surface profile of the broken wave and specimen 

response using runup wave gages and a load cell. Cameras were used to aid in interpreting the in-

situ measurements and specimen response. Variations in the grouping of macro-roughness 

elements were shown to affect the specimen response.  A single macro-roughness element and a 

pair of macro-roughness elements (spaced one unit width apart in the alongshore direction) show 

opposite trends in the peak force as the distance between the macro-roughness elements and the 

specimen is decreased. Keeping the number of macro-roughness elements constant and increasing 

the alongshore spacing caused the force and runup on the specimen to exceed the baseline values 

in several groupings. Finally, keeping the number of macro-roughness elements constant but 

varying the spacing of the outer two elements gave an overall reduction in maximum force and a 

substantial reduction in force for one of the groupings. These results suggest that the relative 

spacing of neighboring buildings could have substantial influence on the tsunami inundation 

forces further inland. 

 

 1. Introduction and Background 

 
The December 2004 Indian Ocean Tsunami plagued coastal communities with loss of life and 

severe damage to coastal infrastructure.  More recently, the Samoan Tsunami in 2009 (Okal et al., 

2010) and the Chilean tsunami in 2010 (Fritz et al., 2010; Hansen, 2010) have renewed attention 

paid to the vulnerability of coastal communities to tsunami hazards including tsunami forces on 

critical coastal infrastructure.  Elsewhere, research indicates that there are ‘tsunami in waiting’.  

As of 2007, there was an estimated 50% to 70% probability in the next 30 years of an earthquake 

exceeding magnitude 8.0 along the heavily populated regions near the Tonankai and Nankai 

earthquakes of Japan (Kawabe and Kamae, 2008).  In the US Pacific Northwest, the Cascadian 

subduction zone (CSZ) lies less than 160 km offshore in some places, and seismologists estimate 

that there is a 14% chance of a 9.0 magnitude earthquake in the next 50 years (Grout, 2005).  This 
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event would likely trigger a 10 m high tsunami that would hit the coast in approximately 30 

minutes (USGS 2006). Coastal communities like Seaside, Oregon, are particularly vulnerable 

with a higher percentage of the population located at the waterfront (Wood 2007) where it takes 

about 30 minutes for people on foot to evacuate the inundation zone. 

  

 As was seen in the 2004 Indian Ocean tsunami and elsewhere, the presence of macro-

roughness in the form of seawalls and buildings can interact with the broken tsunami bore to 

change the initial water depth and speed of overland flow.  For example, Dalrymple and Kreibel 

(2005) conducted a reconnaissance survey along seawalls in Phuket after the 2004 tsunami and 

found that increased levels of damage were observed directly behind pedestrian openings in the 

seawall chain.   Some design codes exist for the design of structures in tsunami hazard areas 

(CCH 2003; UBC 1997; IBC 2006 ASCE 7-05; FEMA 2000; and recommendations FEMA 

2008), but these offer little guidance on how to incorporate the effect of the surrounding macro-

roughness.  A detailed understanding of this flow interaction is necessary to anticipate tsunami 

damage. Although a long-term goal of tsunami inundation research is to model specific coastal 

areas, there is still a need to study the fundamental relationships among idealized macro-

roughness shapes and how the arrangement of these shapes may increase or decrease the tsunami 

runup and loads compared to cases where the macro-roughness is neglected.    

  

 There are numerous studies on macro-roughness for river engineering cases. Herbich and 

Shulits (1964) provided an early investigation of the effect of macro-roughness in open channel 

flow at a range of roughness height to water depth using various arrangements of 15.2 cm and 9.5 

cm cubes and employing a macro-roughness parameter to describe each setup. Bathurst et al. 

(1981) improved upon the previous research by developing an equation to predict the flow 

resistance of macro-roughness using the Reynolds number, Froude number, and macro-roughness 

and channel geometry. Sutton and Neuman (2008) investigated the conditions under which 

roughness elements increase sediment transport and found that the spacing of these macro-

roughness elements influenced the strength of the shed vorticies and that there was a critical 

distance which allowed the vorticies to interact.   In wind engineering, for example, Raupach et 

al. (1993) developed a theory to describe the ratio of the threshold friction velocity of an erodible 

surface with and without macro-roughness present. 
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 Whereas the hydraulic interaction between rivers and macro-roughness can often be 

treated with a steady flow assumption, the leading edge of the tsunami inundation is 

fundamentally unsteady and is more akin to a dam-break problem, although there are important 

differences.  The interaction of the overland flow for tsunamis remains an active area of research 

for field reconnaissance, hydraulic model studies, and numerical models (see, for example, the 

special issue on tsunami forces in the Journal of Disaster Research, 2010, Volume 4, Number 6). 

There is some research that addresses the interactions between macro-roughness and tsunami by 

developing numerical models for complex overland flows and the flow around groups of 

buildings (e.g., Tomita et al., 2006; Lynett, 2007). Tomita et al. (2006) applied the Storm Surge 

and Tsunami Simulator in Oceans and Coastal Areas (STOC) numerical model to reproduce 

observations from the 2004 Indian Ocean tsunami and hydraulic experimental results on a 

tsunami breakwater previously conducted by Ikeno (1998). They found that the model reproduced 

the 2004 observations well but improvement was needed on the model’s ability to reproduce the 

effect of buildings to delay tsunami propagation. Later, Tomita and Honda (2007) applied the 

STOC numerical model to estimate tsunami damages associated with the 2004 Indian Ocean 

tsunami inundation in the city of Galle City, Sri Lanka. Houses were considered as obstacles to 

the tsunami inundation and the model performed well in the simulation. In particular, they found 

that the model overestimated the extent of tsunami inundation in many areas when the influence 

of macro-roughness was not included.  Lynett (2007) applied his Boussinesq numerical model 

(COULWAVE) to study the influence of offshore obstacles on tsunami inundation.   He 

concluded that while offshore obstacles will always reduce tsunami runup and maximum 

overland velocity, this reduction may be minor for small obstacle lengths or very large waves.  

Both research groups applied their models on laboratory data of tsunami inundation for a fixed-

bed study modeled after the town of Seaside, Oregon, utilizing the same facility as used here in 

this study (Cox et al., 2008).  Both models showed reasonable agreement for this preliminary 

study.  The COULWAVE model, in particular, was able to show qualitatively that the macro-

roughness could potentially increase the hydraulic forces on buildings located further inland 

owing to the presence of buildings located on the waterfront.  This observation and the role that 

the macro-roughness elements play in increasing or decreasing the runup and loads was partially 

the motivation for the idealized study presented here.    

 

 Although there is recent work that suggests the importance of macro-roughness on 

tsunami inundation, we know of no study that systematically investigates the influence of macro-
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roughness on tsunami forces in the inundation area.  This paper describes a large scale experiment 

conducted using the Network for Earthquake Engineering Simulation (NEES) Tsunami Facility at 

Oregon State University.  The experiment was part of a three-year study related to the forces 

arising from tsunami inundation consisting of two-dimensional hydraulic tests in a large-scale 

flume in Year 1 (e.g., Oshnack et al., 2009) followed by three-dimensional hydraulic tests in a 

large-scale basin in Year 2 (e.g., Thomas and Cox, 2010). The Year 1 and Year 2 studies were 

termed ‘Housesmash’ and ‘Housesmash2’ to distinguish them from other tsunami studies 

conducted at the facility under the NEES program of the National Science Foundation. As part of 

the NEES program, the data are available to other researchers at the conclusion of the project 

(e.g., Baldock et al., 2008); therefore, we utilize the naming convention from the facility for 

consistency. As part of the Year 2 study, the experiment presented in this paper consisted of 

tsunami bores impacting an idealized building fronted by several other idealized buildings (i.e., 

macro-roughness elements) in various arrangements.  Section 2 gives an overview of the 

experimental setup, including the basin bathymetry, test specimen and macro-roughness, and 

instrumentation.  Section 3 explains the experimental procedure, including the data acquisition 

and processing, details of the test matrix and rationale for the arrangement of the macro-

roughness elements, and the experimental procedure.  Section 4 provides the results, focusing 

initially on the temporal variation of the load response for a few case examples and then a 

systematic comparison of the peak load for the different groupings of macro-roughness. Section 5 

summarizes and concludes the paper.  

 

2. Experimental Setup  

 
Tsunami Wave Basin and Bathymetry  

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

Research Laboratory (HWRL) at Oregon State University (Fig 1). The basin is48.8 m long, 26.5 

m wide with a maximum depth of 2.1 m and is equipped with a piston type wavemaker.  The 

wavemaker is composed of 29 boards each 2.0 m in height with a 2.1 m maximum stroke and 

maximum velocity of 2.0 m/s, capable of generating repeatable solitary waves. The coordinates of 

the wave basin are as follows:  x is positive in the direction of wave propagation (to the west) 

with x = 0 at the neutral position of the wavemaker; y is positive to the south with y = 0 along the 

centerline of the basin; and z is positive up with z = 0 on the concrete floor. Beginning at the 

wavemaker, the bathymetry was comprised of constant depth section for 0 < x < 10 m followed 
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by a 1:15 slope for 10 < x < 17.5 m, followed by a 1:30 slope for 17.5 < x < 32.5 m and ending 

with a raised flat section for 32.5 < x < 43.75 m at elevation z = 1 m above the basin floor (Fig 1). 

The impermeable bathymetry was constructed of smooth concrete with a float finish, and the 

roughness height was measured to be 0.1 – 0.3 mm.  This was essentially the same underlying 

bathymetry used for several other studies conducted at the NEES tsunami facility from 2008 to 

2010 (Cox et al., 2008; Baldock et al., 2008; Swigler and Lynett, 2010; Rueben et al., 2010; 

Thomas and Cox, 2010)   

 

 Starting at 17.5 m from the wavemaker at the 1:30/1:15 slope break, the basin was 

divided into three sections to allow for three experiments to take place co-currently. The ‘Cannon 

Beach’ project was positioned in the far south section of the tank using the southernmost 4.75 m 

of the tank while the Texas A&M University payload project occupied 7.8 m in the northern most 

portion of the basin. The Housesmash2 project, discussed here was conducted in an 8.4 m wide 

section in the center.  This area was centered in the field of view of two high-resolution cameras 

that were part of the Argus observation network (Holman and Stanley, 2007; Rueben et al., 

2010).  Each project was separated by a smooth plywood wall anchored to the floor with metal 

brackets and sealed to eliminate the flow of water among the different projects.  Two narrow 

channels existed between the study sections and were used for instrument amplifiers and other 

equipment and to stage specimens for related studies.  In the back (west) end of the basin, a thick 

layer of well sorted crushed rock with nominal diameter of approximately 5 cm was used to 

dampen the reflected wave energy and to decrease the time needed to quiet the basin after each 

run. This gravel is indicated in Figure 1 as a shaded area.  A rectilinear grid with 0.6 m by 0.6 m 

spacing was painted onto the flat concrete section to aid with the placement of the macro-

roughness elements.  The characteristic length scale of 0.6 m was used for the macro-roughness 

elements, described in the next section, because this corresponded approximately to a medium 

sized building at 1:25 scale that can be typically found in coastal towns in the Pacific Northwest 

of the United States.  The 0.6 m length also facilitated efficient construction of the macro-

roughness elements from dimensional lumber as explained in the next section.   Figure 2 shows a 

photograph of the basin layout with a view to the west, showing the Cannon Beach project (left), 

macro-roughness study (center, this study), and the project of Texas A&M University (right).  
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Instrumentation, Test Specimen, and Macro-roughness Elements  

Figure 1 shows the location of the in-situ instrumentation used for this study, consisting 

primarily of sensors to measure free surface and velocity.  Sensors to measure the specimen 

response (load, pressure, and runup) are described later.  Eight wire resistance wave gages and six 

ultrasonic wave gages were mounted in the basin.   Of these, three wire resistance wave gages 

were located on the centerline (WG2, WG4, WG6) at x = 2.3, 9.6, and 19.2 m, respectively.  An 

ultrasonic wave gage (USWG1, Senix Corporation TS-30S1-IV) was located near WG2 with the 

same x position and was used to verify the accuracy of the calibration.  The advantage of the 

ultrasonic wave gage was that the calibration was based on the speed of sound in air which varied 

little over the two-month long project whereas the wire-resistance gages were subject to changes 

in conductivity owing to small amounts of chlorine and other salts in the city water supply.  Using 

the ultrasonic wave gage as a standard, the accuracy of the surface piercing wave gages was 

estimated to be less than 1% of the full scale reading for the non-broken waves.  A disadvantage 

of the ultrasonic wave gage was that it could not record the steep wave profile near breaking 

because the sound would be reflected away from the receiver.  After wave breaking, the 

ultrasonic wave gage was useful in measuring the tsunami bore during the inundation over dry 

land.  Therefore, a second ultrasonic wave gage was located on the flat section for this study 

(USWG4) and was co-located with an acoustic-Doppler velocimeter (ADV, Nortec Vectrino, not 

used for this study).  In addition to the in-situ free surface and velocity instruments, the 

wavemaker was instrumented with sensors to monitor the paddle positions and the water level on 

the wavemaker paddles as functions of time.   

 

  

Two Argus cameras were located directly over the basin at tank coordinates x = 39.98 m, 

y = -0.96 m and x = 32.41 m, y = 10.78 m (Figure 1). The Argus cameras were Scorpion FireWire 

imagers featuring 1280x960 pixel, 8-bit, Bayer-encoded CCD sensor chips and 4.5 mm lenses 

spanning a 69° horizontal field of view. The Argus cameras recorded frames at 5 Hz. Frame 

collections from the two cameras were synchronized and corresponding images were rectified to 

plan view projected to the z = 1.0 m known level of the flat portion of the bathymetry, and then 

merged into single images (e.g., Rueben et al., 2010).  Two web-enabled cameras (AXIS213PTZ) 

located in front of and obliquely to the test section were also used to record each run.  Both the 

synchronized Argus images and images from the web-enabled cameras were used to interpret the 

in-situ measurements and specimen response. 
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 To measure the effect of the positioning of macro-roughness elements on  a building of 

interest, an instrumented specimen was installed as shown in Figures 2 and 3. This specimen was 

constructed as a four-sided box, open at the top and bottom, with overall dimensions 0.60 m by 

0.60 m by 0.40 m high.  The specimen frame was constructed of 3.8 cm square welded steel tube, 

and the four walls were alumalite paneling attached with sheet metal screws. To support the 

specimen, a rigid, right-angle load frame was bolted to the concrete slab, and a 2.2 m truss was 

mounted to the frame approximately 0.75 m above the slab.  The box was suspended from the 

truss using four adjustable ball joint hangers which were adjusted so that the clearance of the box 

above the concrete was approximately 2 mm or less.  A load cell was fixed to right-angle load 

frame; and a square, horizontal member (width of 1.9 cm) was used to attach the specimen to the 

load cell, also using a ball-joint hanger.  In this way, the specimen was restricted to one degree of 

motion in the direction of tsunami propagation.  This force was measured with an Interface 

2420LX load cell with a capacity of ± 4.5 kN, positive in compression.  The standard deviation of 

the measured force was 8.8% and 6.6% of the three point average of the peak force based on 22 

and 16 repetitions of the baseline cases for ERF = 15 s and 10 s conditions, respectively, where 

the baseline condition was without any macro-roughness elements and “ERF” refers to the sweep 

time of the wavemaker based on an error function as explained in the next section. The standard 

deviation values for the ERF = 15 s and 10 s give us confidence in the wave repeatability. Three 

wire resistance runup gages were used in this study and were positioned on the front (facing the 

oncoming bore), side, and back of the specimen and are denoted RUWG4, 5, and 6, respectively.  

Six pressure transducers (GE/Druck Inc. PDCR 830) were also installed in the front face of the 

specimen and were used for a related study (Thomas and Cox, 2010). The specimen was located 

at the same position throughout the study with the front face at x = 37.3 m, or a distance 4.8 m 

from the leading edge of the raised flat section. 

 

 Figure 2 shows a photograph of the tests for Setup 5 (described later) with the three test 

sections of Cannon Beach (left), Housesmash2 (center), and Texas A&M (right) and the four 

divider walls.  The point of view is to the west in this photo, and the wave is breaking in the 

foreground and propagates to the inundation area in the background.  The three macro-roughness 

elements and the specimen for Setup 5 (described later) can be seen in the center of the photo.  

The inset photo shows a detail of the macro-roughness elements and specimen for Setup 7.  The 

six-sided macro-roughness elements were constructed of plywood with the same 0.60 m by 0.60 

m by 0.40 m dimensions of the test specimen.  Each macro-roughness element was weighted with 
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concrete blocks, and remained stationary throughout the tsunami inundation process.  Between 

runs when the basin was settling, the concrete blocks were removed, the macro-roughness 

elements were repositioned for the next run, and the weights were added.  Also during this time, 

the remaining water was removed from the flat section. For the present experiment, all macro-

roughness elements were essentially identical, although each was given a unique number and 

paint scheme on the top face (dots appearing in Figure 2) for a debris tracking study conducted 

later as part of the Housesmash2 series of experiments.  

 

Figure 3 shows an elevation view of the generalized macro-roughness setup and 

definition of variables.  The incident wave height, Hi, was taken as the maximum of the 

instantaneous water level above the still water level measured in the constant depth section of the 

basin by WG2.  The bore height, Hb, was taken as the height of the instantaneous water level 

above the flat section of concrete in the inundation area and was measured by USWG4.  The 

runup height, R, was the vertical excursion of the water level measured on the front face of the 

specimen (RUWG4).  The macro-roughness element of width and length a was located at 

distance x/a in front of the specimen where x/a = 0 is set at the specimen for convenience.  As 

shown in Figure 3, this coordinate system is positive offshore (opposite to the tank coordinate 

system), and we retain the convention of the load F being positive onshore (in the direction of 

wave propagation).  

 

3. Experimental Procedure 

 
All data was recorded and stored using a National Instruments 64-channel PXI-based 

real-time data acquisition system. The software used to control the data acquisition process was 

LabVIEW 8. Hydrodynamic data (free surface displacement and velocity) were collected with a 

sampling rate of 50 Hz. Force and pressure data were also collected with a sampling rate of 50 

Hz.   All of the analog sensors (wire-resistance wave gages, pressure transducer, load cell, and 

runup meters) were filtered using National Instruments SCXI-1143 anti-aliasing filters with a 

low-pass cutoff frequency set to one half of the sampling frequency throughout the experiment.  

 

 The still water level in the basin was kept at a depth of 90.5 cm with a standard deviation 

of 0.2 cm for all trials.  With this water level, the still water shore line was located approximately 

3 m from the start of the flat inundation section (x=29.8 m).  All of the waves broke seaward of 
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this position (as seen in Figure 2) and advanced over the flat section as a broken bore.  Because 

this is an idealized study of tsunami inundation, we used an error function to generate the paddle 

displacement (Figure 5a described later).  With this method, we were able to utilize the full 2 m 

stroke of the wavemaker, even for relatively small tsunami heights of 10 cm or less, thereby 

maximizing the duration and amount of the tsunami inundation process.  Conventional solitary 

wave generation techniques (e.g., Goring, 1978) would have limited the inundation for the 

smaller wave heights.  For this study, we focused on error functions with 15 and 10 second 

sweeps (time in which it takes the wave paddle to travel the full 2 m stroke and denoted ERF = 15 

s, ERF = 10 s in the figures and subsequent text) because these conditions produced a sufficiently 

large inundation without overtopping of the macro-roughness elements.  A limited number of 

ERF = 7 s sweeps were run, but we did not conduct a complete set of runs for each configuration 

because of overtopping of the roughness elements therefore results for ERF = 7 s are not reported 

here. In addition, 24 baseline conditions were run (9 for ERF = 10 s and 15 for ERF = 15 s) in 

which there were no macro-roughness elements and only the specimen with load cell, runup and 

pressure gages was on the raised flat section.  In total, 136 runs were used to form the basis of this 

study out of a total of 714 runs for the Housesmash2 series of experiments. The ERF = 15 s and 

ERF = 10 s conditions produced incident wave heights of Hi = 12.3 cm and 19.1 cm respectively 

measured by WG2 at x = 2.3 m, and nominal bore heights of Hb = 8.6 cm and 9.5 cm, 

respectively, measured by USWG4 at 32.5 m for the baseline conditions (Table 1). 

 

 The macro-roughness elements were arranged in eight setups numbered 1-8 plus the 

baseline case as shown in Figure 4 which also serves to list the number and type of trials.  For 

example, the upper left panel shows Setup 1.  The specimen was located at x = 37.3 m shown 

along the top edge of the panel and marked with an “x”; and the dimensionless coordinate is 

denoted x/a, positive offshore with x/a = 0 on the front face of the specimen and x/a = 8 

corresponds to the edge of the raised flat section.  The macro-roughness element is shown by the 

darkened box and is moved to different locations along the x/a axis as will be shown in 

subsequent figures.  Because the macro-roughness elements have a unit dimension of a, the 

furthest position from the specimen is x/a = 7.  The closest distance to the specimen is x/a = 1, 

leaving a unit spacing between the macro-roughness element and the specimen.  The box in the 

upper right of the panel lists the trial numbers corresponding to that setup and the number of runs 

using the 7 s, 10 s, and 15 s error functions. It is noted that the naming convention for the trials 

changes from 1.x to 2.x because the experiments were conducted several weeks apart, and the 
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baseline trials numbers start with “B”.  We retain the naming convention to be consistent with the 

NEES data notebook.  

 

 The rational for the arrangement of the macro-roughness schemes shown in Figure 4 is 

explained as follows.  For the first grouping with Setup 1, 2, 5 and 6, we increase the amount of 

macro-roughness in front of the specimen by one element (e.g. Setup 6 has four times the number 

of elements as Setup 1) and the spacing between the macro-roughness elements is kept constant 

and equal to the characteristic length, a.  For each setup, the macro-roughness scheme is repeated 

at four locations, x/a = 1, 2, 4, and 7 to span the distance from the specimen to the edge of the flat 

section.  For the second grouping with Setup 2, 3, and 4, we kept the amount of macro-roughness 

constant at two macro-roughness elements and varied the lateral spacing as a, 3a, and 5a, 

respectively.  Similar to the first grouping, each scheme was repeated at x/a = 1, 2, 4, and 7.  For 

the third grouping with Set 5, 7, and 8, we kept the amount of macro-roughness constant at three 

elements and the lateral spacing constant width a between each element.  We varied the spacing 

in the direction of tsunami propagation as shown in Figure 4.  

 

4. Specimen Response  

 

Before presenting the comparison of the peak forces among the various macro-roughness 

schemes, we present in Section 4.1 an example of the data time series followed by a close 

examination of the time series for force and runup for two interesting cases relative to the 

baseline that highlight the influence of the macro-roughness.  We also include several images 

taken from two camera points of view (the merged Argus cameras and web-enabled camera 3).  

In Section 4.2, we present a justification for using the peak load as the primary dependent 

variable, and then we present the comparisons of the peak force among the different schemes for 

the three groupings. 

 

4.1 Examination of data time histories 

Figure 5 shows an example of a portion of the times series data collected for Setup 2, Trial 13 

using ERF = 10 s, where t = 0 s is the start time of the experiment approximately 20 seconds 

before the initiation of the paddle motion. Figure 5a shows wavemaker displacement and free-

surface displacement on the wavemaker; and Figure 5b shows the free surface profile measured 

by WG 2, 4, and 6 along the centerline of the basin prior to wave breaking and the ultrasonic 
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wave gage 4 in the inundation area.  WG 2 shows that the waveform is a fairly symmetric 

positive surge of water with a slight elongation for t > 30 s.  The wave form starts to become 

asymmetric at the start of the 1:15 slope (WG 4) and the asymmetry increases over the 1:30 slope 

(WG 6). The reflected wave can also been seen in WG 6 for t > 43 s as a series of smaller waves.  

Figure 5c shows the wave runup measured on the front (RUWG4) and rear face (RUWG6) of the 

specimen.  The runup heights are surprisingly similar given that there is a fair amount of energy 

loss from the back wall. Figure 5d shows one of the six pressure transducer measurements, taken 

by the lowest most transducer along the centerline of the front face of the specimen.  The signal 

exhibits several sharp spikes during the initial impact followed by quasi-steady pressure during 

most of the inundation, typical of other hydraulic model studies for tsunami inundation (Fujima et 

al., 2009; Oshnack et al., 2009).  Figure 5e shows the horizontal force measurement by the load 

cell.  It is interesting to note that although the two runup heights measured on the specimen face (t 

= 37 s) and rear (t = 46 s) are approximately the same (Figure 5c), the force time history for the 

oncoming bore (positive force) is not symmetric with the bore as it retreats (negative force). 

owing to the complexities of the roughness elements on the seaward side of the specimen (Figure 

5c). 

     

Further investigation of the force time histories yielded interesting comparisons, 

particularly with the baseline conditions without macro-roughness elements.  Figure 6a and 6b 

show details of the force time history and runup time history, respectively, for the baseline 

condition and Setup 4 containing two macro-roughness elements spaced 5a units apart at two 

locations x/a = 1 closer to the specimen (Trial 1.32) and x/a = 4 further away (Trial 1.16) using 

the ERF = 10 s condition.  The total force was taken from the load cell (lc2) and runup was from 

ruwg4, both shown in Figure 5. Markers “A, B” and “C” correspond to Argus and webcam 

images and are explained later. Both the force and runp time histories for the baseline condition 

exhibit qualitatively similar trends that have been observed elsewhere (e.g., Fujima et al., 2009):  

that is, a steep increase during the initial impact leading to a single peak followed by a smaller, 

quasi-steady portion during the rest of the inundation phase.  The baseline force and runup curves 

are not exactly the same, however.  For the measured force, the baseline condition exhibits a 

sharper rise in the force measured for 40.8 < t < 40.95 s and then a somewhat more mild increase 

until the peak is reached at t = 41.25 s.  The baseline runup, on the other hand, shows a more 

uniform increase during the initial impact, and the peak runup is reached earlier than the peak 

force at t = 41.1 s.  
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In comparing the load response of the baseline case with the two macro-roughness trials, 

the response is quite similar for all three trials initially for 40.8 < t < 40.9 s.   However, soon after 

the arrival of the front, the load time histories for both Trial 1.16 and 1.32 take on different 

characteristics.  The time history for Trial 1.16 (x/a = 4) shows that the peak is delayed relative to 

the baseline (t = 41.6 s) and, perhaps most surprising, exceeds the peak baseline condition by 

30%.  This phenomenon will be investigated in detail in the next section.  Trial 1.32 (x/a = 1) 

shows that the force for the initial impact is significantly reduced relative to the baseline. 

However, this case has a large increase in force during the ‘quasi-steady’ inundation phase for 

42.1 < t < 43.5 s.  Here, too, the peak force for Trial 1.32 exceeds the baseline case at t = 42.5 s 

and is almost as large as the peak for the baseline case at t = 41.25 s.  It is important to note that 

these differences in the measured load would not have been obvious from the measured runup 

time series.  For example, all three runup time histories shows more or less the same sharp 

increase during the leading edge for 40.8 < t < 41.0 s although the forces during this time are 

quite different.   

 

To provide a better understanding of the effect of the flow dynamics on the specimen, 

video was taken overhead using the Argus system and at an oblique angle using the web-enabled 

cameras.  In reviewing these and other images, it is clear that the wakes produced by the macro-

roughness elements interact in such a way to increase the flow toward the specimen.  As an 

example, snapshots are presented for three times during the inundation phase marked “A”, “B” 

and “C” on Figure 6 for Setup 4 and shown in Figure 7a for Trial 16 (x/a =4) and in Figure 7b 

Trial 32 (x/a = 1). Although the image is somewhat washed out by the brightness of the bore at 

the specimen in Figure 7a, panel b lower figure, one can see the interaction of the two wakes from 

the upstream macro-roughness elements.  Similarly, Figure 7b, panel c shows how the interacting 

wakes produce a higher water level on the specimen well after the passage of the leading bore. 

 

4.2 Examination of peak forces 

As response variables for load, we considered the maximum load Fmax estimated as the 

mean of three measured values centered at the maximum value and the average load Fave average 

over the positive portion of the force time history shown, for example, in Figure 5e for 37 < t < 

46 s. The three point average was chosen as a method to smooth the data in case of data spikes.  

For presentation, these forces were normalized by the maximum and average forces for the 

baseline conditions reported in Table 1.  We also recorded the maximum runup, Rmax, defined as 
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the three point average centered at the peak runup. Figure 8 compares Fmax and Fave for the four 

x/a locations for Setup 1 (one element in front of the specimen) and Setup 2 (two elements spaced 

one unit apart) for the ERF = 10 s condition. As one might expect for Setup 1, Fmax and Fave 

decrease as the single element is moved closer to the specimen (x/a decreasing).  Even at the 

farthest position (x/a = 7), there was a significant decrease in the force.  This was also true for the 

ERF = 15 s case (figure not shown for brevity).   

 

For Setup 2, at the furthest position from the specimen (x/a = 7), the pair of macro-

roughness elements gave a greater sheltering (Fmax / (FB)max  = 0.3) compared to the single 

element (Fmax / (FB)max  = 0.7) as one might anticipate since the total width in front of the 

specimen was doubled.  However, as the distance between the specimen and macro-roughness 

elements decreased, the trend in the sheltering effect for the two elements reversed: that is, Fmax / 

(FB)max  = 0.65 at x/a = 1 and is higher than at x/a = 7 or for Setup 1 at x/a = 1.  These trends will 

be investigated in detail with respect to the three groupings described earlier.  Before proceeding, 

we note that the trends in Fmax / (FB)max  were similar as for the ERF = 15 s cases (figure not 

shown for brevity).  Therefore, we present only the Fmax / (FB)max  comparisons in the subsequent 

figures.  We also note that each of the 8 trials in Setup 1 had qualitatively similar time histories 

for the force, much like the baseline case shown in Figure 6a, b, with a maximum peak soon after 

the arrival of the bore followed by a quasi-steady force. The runup was also similar, with the time 

of maximum runup approximately in phase with the maximum force.  For Setup 2, on the other 

hand, the time histories were more similar to the time histories of Setup 4 (Trial 1.16 and Trial 

1.32 of Figure 6) where the maximum force occurred well after the arrival of the bore at the 

specimen and where the maximum runup did not necessarily coincide with the maximum force. 

This effect of the intersecting wakes was qualitatively similar to the observations by Bathurst, Li 

& Simons (1981) in their experiments on boulder-bed channels with large-scale roughness.  

 

Figure 9 shows the variation of Fmax / (FB)max  at x/a = 1, 2, 4, and 7 for ERF = 15 s and 

ERF = 10 s for the first grouping of elements, Set 1, 2, 5 and 6, where the macro-roughness 

elements were increased systematically by one unit for each set.  There is an overall reduction in 

Fmax relative to the baseline for all trials, and the trends between the ERF=15s and ERF=10s were 

similar.  Furthermore, although the cross-shore sampling was coarse and limited to 4 locations 

due to time constraints, the variations in Fmax as a function of x/a seems reasonably smooth.  

However, like Figure 8, there are dramatic differences as the macro-roughness is increased to 3 
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and 4 elements.  For Setup 5 with 3 elements, the highest value of Fmax / (FB)max  was obtained at 

x/a = 3, suggesting that there are critical distances for a given lateral spacing where the wakes 

effects are most pronounced.  Perhaps most surprising for this group was the ERF = 15 s case for 

Setup 6 where the amount of macro-roughness was the largest (four elements) but the relative 

sheltering effect was the lowest. 

 

Figure 10 shows Fmax / (FB)max  as a function of x/a for the second grouping, where the 

number of macro-roughness elements is held constant at two elements, and the lateral spacing is 

varied by a (Setup 2),  3a (Setup 3), and 5a (Setup 4).  In this figure, the curve for Setup 2, ERF = 

10 s is replotted from Figure 8.  Similar to Figure 9, we can see the variation in Fmax / (FB)max  is 

qualitatively similar between the ERF = 10 s and 15 s trials.  In contrast, however, and perhaps 

the most surprising result for this research project, was that almost all of the trials in Setup 3 and 

Setup 4 had maximum forces that exceeded the baseline conditions, some by more than 40%.  

Although the data are somewhat sparse along the x/a axis, the data seem to suggest that there is a 

local maximum and that this occurs at a greater distance from the specimen as the spacing 

between the elements increases.  For example, the peak in the Fmax / (FB)max  curve would occur 

closer to the specimen for the ERF = 10 s and ERF = 15 s cases of Setup 2 and further from the 

specimen the ERF = 10 s and ERF = 15 s cases of Setup 3.  

 

Figure 11 shows Fmax / (FB)max  as a function of x/a for the third grouping, where the 

number of macro-roughness elements is held constant at three elements, and the lateral spacing is 

also held constant with a spacing of one unit between the elements.  For this grouping we kept the 

elements aligned for Setup 5 (also used in the first grouping) and varied the alignment of the 

outer two elements by 2a in the initial flow direction for Setup 7 and by 2a against the flow 

direction for Setup 8.   Here, too, the results were unexpected.  In all trials, Fmax / (FB)max  was less 

than 1, and there was less of a variation in Fmax / (FB)max  for a given setup for the range of x/a 

tested.  Contrary to Figure 10 where there was an unexpected increase in Fmax relative to the 

baseline, Setup 8 in Figure 11 showed a significant decrease in Fmax across the range of x/a values 

tested, particularly the ERF = 15 s cases where Fmax was between 5%  to 8% of the baseline force.  

This suggests that there may be particular strategies that could be adopted to reduce tsunami 

impact in residential areas.  
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5. Discussion and Conclusions 

 

This experiment was one of the first steps in analyzing the flow of a broken tsunami bore 

through various setups of macro-roughness elements via physical experimentation. The intention 

of this project was to show by systematic variation of the number of and spacing of macro-

roughness elements how macro-roughness can affect the tsunami inundation forces on a particular 

specimen.  We believe this work could be relevant for interpreting tsunami damage to urban areas 

because we chose the scales to correspond to typical building length scales along coastal 

waterfronts.  For example, at 1:25 scale, the 0.6 m wide specimen would correspond to 15 m wide 

structure, and the distance x/a = 7 would correspond to a 100 m setback from building on the 

waterfront.  The incident bore height of 15 cm in the experiment would correspond to 

approximately a 3.75 m prototype bore, which is also comparable to wave amplitudes recorded in 

some Samoan locations during the 2009 tsunami (Okal et al., 2010).    

The macro-roughness elements were idealized as rectangular boxes with the same 

characteristic length scale as the instrumented specimen.  The test matrix was organized with 

three groupings:  for Group 1, the amount of macro-roughness was increased from 1 to 4 

elements; for Group 2, the amount of macro-roughness was constant at 2 elements and the lateral 

spacing varied from a to 5a; and for Group 3, the amount of macro-roughness was also held 

constant at 3 elements, the lateral spacing was held at 1a between elements and the shoreward 

spacing of the outer two elements was varied. The following conclusions can be made based on 

the observation of the peak load on the specimen relative to the baseline conditions with no 

macro-roughness elements: 

 

1. For Group 1, there was an overall reduction in the peak load for all trials with each set 

showing a different trend as x/a is decreased between the specimen and macro-roughness 

elements. Setups 1 and 2 show trends opposite to each other due to the macro-roughness 

elements producing sheltering and funneling effects respectively. As the number of macro-

roughness is increased, there appear to be critical distances for given spacings where wake 

effects are most pronounced.  

2. For Group 2, varying the lateral spacing between two macro-roughness elements caused 

several trials to exceed the baseline conditions with a maximum occurring at a greater 

distance from the specimen as the spacing between the elements increased.  
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3. For Group 3, keeping the number of macro-roughness elements constant at three elements 

and varying the spacing of the outer two elements in the cross shore direction gave an overall 

reduction in peak load but with trend variations between each setup. There was one 

arrangement in particular that gave substantially reduced load. This suggests that there may 

be particular strategies that could be adopted to reduce tsunami impact in residential areas.    

 

Overall, this work shows that arrangement of macro-roughness (for example, the relative 

positions of large buildings) can have significant impact on tsunami forces in the inundation zone.   
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Table 1: Values for Baseline Trials for ERF = 15, 10 and 7 s. 

Where Hi is the incident wave height, Hb the nominal bore 

height, FBmax the maximum baseline force, FBave the average 

baseline force and RBmax the maximum baseline runup  

ERF Hi Hb FB max FB ave RB max 

(s) (m) (m) (N) (N) (m) 

15 0.12 0.09 41.96 23.94 0.18 

10 0.19 0.10 81.65 39.24 0.28 

7 0.28 0.11 112.72 52.76 0.26 
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Figures 

 

 
Figure 1. Plan and elevation view of wave basin with experimental setup. 
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Figure 2. The tsunami wave basin during macro-roughness testing with detail of Setup 7a 

(inset).    



 
 

 

Figure 3. Elevation schematic 

specimen and beach. Not to scale. 

schematic view of the generalized macro-roughness setup relative t

Not to scale.  
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roughness setup relative to the 
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Figure 4. Plan schematic of the various setups with each setup listing the trials and the 

quantity of trials using the ERF = 15, 10, 7 s input functions. 

 



 

Figure 5. Example time series of data collected during 

displacement and free-surface displacement on the wavemaker; (b) free surface profile: 

wire resistance wave gages 2,4 & 6 and ultrasonic wave gage 4; (c) free surface profile: 

runup wave gages 4 & 6; (d) pressure gage measureme

(e) and load cell measurements.

 

5. Example time series of data collected during a typical run: (a) wavemaker 

surface displacement on the wavemaker; (b) free surface profile: 

wire resistance wave gages 2,4 & 6 and ultrasonic wave gage 4; (c) free surface profile: 

6; (d) pressure gage measurement from center bottom of specimen; 

measurements. 
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a typical run: (a) wavemaker 

surface displacement on the wavemaker; (b) free surface profile: 

wire resistance wave gages 2,4 & 6 and ultrasonic wave gage 4; (c) free surface profile: 

nt from center bottom of specimen; 
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Figure 6. Total force (a) and runup (b) time histories for different x/a values with Setup4 

compared to the 15s ERF baseline condition. Note how both trial 1.16 and 1.32 exceed the 

baseline condition at various points in the time histories.  

 

 



 

Figure 7a. Panels “A, B” and “C” correspond to the 

The top two images in each 

Trial 16 (right). The bottom image is from webcam 3

Figure 7b. Panels “A, B” and “C” correspond to the 

The top two images in each 

Trial 32 (right). The bottom image is from webcam 3

“A, B” and “C” correspond to the times marked in Figure 6 for ERF = 15 s

The top two images in each panel are from the Argus cameras for the baseline

. The bottom image is from webcam 3 for Trial 1.16.  

“A, B” and “C” correspond to the times marked in Figure 6 for ERF = 15 s

The top two images in each panel are from the Argus cameras for the baseline

bottom image is from webcam 3 for Trial 1.32.  
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Figure 6 for ERF = 15 s. 

the baseline (left) and 

 
Figure 6 for ERF = 15 s. 

baseline (left) and 
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Figure 8. Normalized maximum force and normalized average force as a function of x/a for 

Setups 1 and 2 with ERF = 10 s. Filled symbols represent the maximum values and unfilled 

symbols the average values.  
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Figure 9. Maximum force normalized by the baseline force as a function of 

2, 5 and 6. Filled symbols represent the 

15 s. 

 

 

 

. Maximum force normalized by the baseline force as a function of x/a

5 and 6. Filled symbols represent the ERF = 10 s condition and unfilled symbols the ERF = 
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x/a for Setups 1, 

d symbols the ERF = 



 

Figure 10. Maximum force normalized by the baseline for

2,3 and 4. Filled symbols represent the 

15 s condition.  

 

 

. Maximum force normalized by the baseline force as a function of 

2,3 and 4. Filled symbols represent the ERF = 10 s condition and unfilled symbols the 
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ce as a function of x/a for Setups 

s condition and unfilled symbols the ERF = 



 

Figure 11. Maximum force normalized by the baseline force as a function of 

7 and 8. Filled symbols represent the 

s condition.  

 
 
 

 

 

 

 

. Maximum force normalized by the baseline force as a function of 

symbols represent the ERF =10 s condition and unfilled symbols the 
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. Maximum force normalized by the baseline force as a function of x/a for Setups 5, 

s condition and unfilled symbols the ERF = 15 
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