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Abstract 11 

 A physical model study was performed to examine the forces and response of 1:6 scale wood-frame 12 

coastal residential structures subjected to storm surge and waves. An on-grade and an elevated specimen 13 

were tested and exposed to regular waves with varying water depths and wave heights to simulate typical 14 

wave/surge conditions resulting from landfall hurricanes on low-lying barrier islands such as Hurricane 15 

Sandy that impacted the US East Coast in 2012 and Hurricane Ike that affected the US Gulf Coast in 2008. 16 

Results show that through careful design, wood-frame model specimens can be constructed to have similar 17 

strength and stiffness compared to full-scale structures. The two specimens were subjected to increasing 18 

surge and wave conditions, and the progressive damage was monitored using LiDAR.  The on-grade 19 

specimen failed at a lower water level than the elevated specimen as expected. Both specimens showed 20 

failure modes consistent with the observed damage of residential structures in Ortley Beach, NJ, after 21 

Hurricane Sandy and on the Bolivar Peninsula, TX, after Hurricane Ike. The pressure distribution on the 22 

underside of the elevated structure and the resulting vertical forces on the on-grade structure were also 23 

examined in this study.  The pressure distribution and the resulting vertical forces were significantly 24 

affected by water depth, wave height, and air gap. The results indicate that maximum vertical forces are 25 

positively correlated to wave height and water depth and negatively correlated to the air gap. The breaking 26 

type also affects vertical forces. Nonbreaking waves correlated to relatively small vertical forces, and waves 27 

breaking directly on the specimen correlated to peak vertical forces. Accelerometer data showed that the 28 

specimen decreased in stiffness during the tests due to progressive damage. An uplift pressure distribution 29 
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equation was developed for an elevated residential structure as a function of wave height and air gap. The 30 

equation is generally conservative when compared to other data sets. The results and data presented in this 31 

study increase the current knowledge of the interaction between waves and residential structures, which 32 

may be useful to increase the resiliency of coastal communities. 33 

Keywords: Elevated structure; Wood-frame structures; Vertical force; Physical experiment; Wave forces; 34 

Destructive tests; Hurricane 35 

1. Introduction 36 

 As coastal communities continue to grow and sea levels continue to rise, the risk associated with 37 

hurricanes increases. Of the five costliest hurricanes in US history, four of them have occurred between 38 

2012 and 2017 after accounting for inflation ( NOAA and NHC, 2018; Blake and Gibney, 2008). In 2005, 39 

Hurricane Katrina devastated areas of Louisiana, Alabama, and Mississippi and demonstrated that much of 40 

the infrastructure on the coast is extremely vulnerable to storm surge and wave-induced forces, including 41 

elevated structures such as bridges and parking garages (Eamon et al., 2007; Mosqueda et al., 2007; 42 

Robertson et al., 2007). Hurricane Ike, which made landfall on the Bolivar Peninsula in Texas in 2008, and 43 

Hurricane Sandy, which caused extensive damage to New York and New Jersey in 2012, brought more 44 

attention to coastal residences and their vulnerability to storm surge and wave forces (Hatzikyriakou et al., 45 

2015; Kennedy et al., 2011; Tomiczek et al., 2013, 2017). Hurricanes Irma and Maria led to similar 46 

devastation in the US Virgin Islands and Puerto Rico (Cox et al., 2019; Prevatt et al., 2018).  Research 47 

indicates that hurricanes will continue to increase in intensity and cause destruction levels of the hurricanes 48 

mentioned above (Elsner et al., 2012). Understanding the forces generated by hurricane surge and waves 49 

on coastal structures and how these structures respond is necessary to mitigate the potential damage from 50 

these foreseeable intense storms.   51 

 There are two main goals of this study: 52 

1.  The first goal is to establish a methodology to construct scaled wood-frame specimens to behave 53 

and fail under the action of wave loading similarly to their full-scale counterparts.  54 
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2. The second goal is to develop a predictive equation for the uplift pressure distribution for the 55 

elevated structure considered in this experiment.  56 

 Section 1 is an introduction and gives the motivation behind this study. In Section 2, a literature 57 

review of past research demonstrates how this study extends the current knowledge of wave-induced forces 58 

on structures. Section 3 gives the details of the experimental design and setup, including the configuration 59 

in the Directional Wave Basin at Oregon State University and summary of the design and construction of 60 

the specimens completed earlier by Burke (2018) and Karny (2018). Section 4 discusses the methods of the 61 

structural tests performed on the specimens and their calculated structural properties, including stiffness, 62 

damping ratio, and natural frequency. Section 5 provides information on the hydrodynamic tests performed 63 

in the wave basin using only regular waves and water depths informed from observed conditions during 64 

Hurricane Sandy. Section 5 also includes the time-series data of the wave gauges and acoustic-Doppler 65 

velocimeters in the wave basin and the time-series data of the load cells, pressure sensors, and 66 

accelerometers installed on the specimens to measure the wave-structure interaction. Section 6 details the 67 

results of the study, including the description of the progressive damages and failure of the specimens, the 68 

evaluation of the pressure distribution and vertical forces on the elevated specimen, and the development 69 

of a predictive uplift pressure distribution equation for the elevated specimen based on wave height and air 70 

gap. The equation is compared to data and results from previous studies such as Park et al. (2017), Tomiczek 71 

et al. (2017; 2019), and Bradner et al. (2011). Section 7 and Section 8 provide a discussion and conclusions 72 

of the study, respectively. 73 

 74 

2. Literature Review 75 

 Current design manuals for structures built in coastal areas, such as the Coastal Construction 76 

Manual (FEMA, 2011) and ASCE 7-16 (ASCE, 2016), provide conservative equations to estimate flood 77 

loads, wave-induced forces on columns and walls, and hydrodynamic uplift due to tsunamis. Design 78 

equations have been developed for ocean and coastal structures such as offshore oil platforms and 79 

breakwaters, including the well-known Morison equation for wave loads on cylinders (Morison et al., 1950; 80 
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Sarpkaya and Isaacson, 1981) and the Goda equation for wave loads on vertical caissons (Goda, 2010, 81 

1974). Takahashi et al. (1994) extended the Goda equations to account for impulsive breaking waves on 82 

caissons. More recently, Wiebe et al. (2014) and Tomiczek et al. (2019) modified the Goda equations 83 

(Goda, 1974, 2010) to estimate wave forces on elevated structures using scaled-laboratory tests on idealized 84 

structures. However, the studies were mainly focused on wave-induced horizontal pressure distributions 85 

and forces rather than vertical (uplift) forces or the reaction of the structure (Tomiczek et al., 2019; Wiebe 86 

et al., 2014). It is important to note that the Coastal Construction Manual lacks an equation for the vertical 87 

force caused by waves on the underside of structures. 88 

 Previous studies have attempted to develop equations for uplift for horizontal platforms, typically 89 

located in deep to intermediate water depth. Kaplan (1979) and Kaplan et al. (1995) studied offshore 90 

horizontal (flat) platforms and structural members to develop an analytical model to predict horizontal and 91 

vertical forces. Cuomo et al. (2007) developed equations for wave-induced forces, both horizontal and 92 

vertical, on jetties from a 1:25 scale laboratory experiment and compared the results to previous work. The 93 

comparisons showed that the earlier equations in Kaplan and others failed to predict measured forces of the 94 

experimental data. The new equations developed by Cuomo et al. (2007) were dependent on a 95 

dimensionless parameter that included the wave crest height, water depth, and clearance of the deck above 96 

the mean water level. The equation required multiple coefficients fitted for each structural member of the 97 

specimen and is challenging when applied to a wide range of structures (Cuomo et al., 2007). Sun et al. 98 

(2011) performed a laboratory experiment to predict uplift forces on a horizontal plate using spectral 99 

analysis of random waves.  100 

 Bradner et al. (2011) constructed a 1:5 scale bridge deck and subjected it to waves characterized 101 

by different wave heights and periods in varying depths of water based on Hurricane Ivan's surge and wave 102 

conditions in 2004. They measured horizontal and vertical forces and found that vertical forces were larger 103 

than horizontal forces on the model bridge deck by a factor of 4 to 5. They also found that wave height is 104 

the most significant determinant of wave forces, and the relationship of water depth to vertical force was 105 

more complex. They concluded that the vertical forces were the greatest when the still water level was at 106 
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the bottom of the bridge deck. From these findings, they developed predictive horizontal and vertical force 107 

equations based solely on wave height for specific inundation depth and wave periods (Bradner et al., 2011).  108 

 Although the studies mentioned above increased our understanding of the effects of vertical forces 109 

on horizontal platforms, there have been relatively few studies that consider uplift forces on elevated coastal 110 

residences in relatively shallow water.  Park et al. (2017) performed a laboratory experiment where they 111 

subjected an idealized elevated specimen to hurricane type waves. Due to their unique setup, the researchers 112 

could raise and lower the specimen to study the effects of air gap on the wave and surge induced horizontal 113 

and vertical forces. As mentioned above, Tomiczek et al. (2019) compared the measured horizontal 114 

pressures from this experiment to the modified Goda equations from Wiebe et al. (2014). They showed that 115 

these equations gave conservative estimates of the wave forces and improved on the existing equations in 116 

ASCE 7-16. Park et al. (2017) and Tomiczek et al. (2019) found that the peak vertical forces occurred when 117 

the still water level was even with the base of the specimen, similar to the work of Bradner et al. (2011) and 118 

others.  119 

 Alam et al. (2020) used the specimen from the experiments of Park et al. (2017) to study horizontal 120 

and vertical pressures and forces due to solitary waves. They tested both breaking and nonbreaking wave 121 

conditions when the water depth was below the bottom elevation of the specimen and even with the bottom 122 

elevation of the specimen. The researchers found that the uplift pressure distribution on the bottom of the 123 

specimen was linearly decreasing with the greatest pressures at the front of the specimen and the smallest 124 

pressures at the back side of the specimen. The variation in vertical pressure measurements also varied 125 

significantly more for the broken wave conditions when compared to the nonbreaking wave conditions. 126 

 Another recent laboratory experiment with idealized elevated coastal structures was performed by 127 

Sogut et al. (2020). The researchers set up an array of 1:40 scale elevated structures in a two-by-three grid 128 

to measure the effects that elevation and position in the grid have on the horizontal and vertical forces on 129 

the structures when subjected to inundation and solitary waves. While the effect of the position of the 130 

structures was negligible, the vertical forces were significantly affected by the elevation of the specimens 131 

(Sogut et al., 2020). Similar to the work of Bradner et al. (2011) and Park et al. (2017), they found the 132 
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maximum vertical force occurred when the floor elevation of the structure is even with the still water level. 133 

It is noted that the experiment performed by Sogut et al. (2020) considered the forces due to solitary 134 

(tsunami-like) waves rather than modeling hurricane induced surge and wave conditions. 135 

 In addition to the need to quantify wave forces, it is also vital to understand how and when 136 

structures will fail due to surge and waves. Kennedy et al. (2011) performed a field reconnaissance survey 137 

after Hurricane Ike in 2008 to study the damages caused by the storm to coastal residential structures. The 138 

authors found that the critical factor to a building’s survival was its elevation off of the ground. While there 139 

was a correlation between wave heights near the location of damaged structures, the height of the lowest 140 

horizontal member (LHM) was highly correlated to damages to the structure (Kennedy et al., 2011). 141 

Following the field study by Kennedy et al. (2011), Tomiczek et al. (2013) used the survey of damage to 142 

wood-frame coastal residential structures to develop fragility models considering multiple variables 143 

including wave height, buildings age, water velocity, and freeboard, which is a measurement of the distance 144 

from the crest of a wave to the LHM of a structure. Although the types of buildings surveyed differed 145 

slightly between the studies, the main conclusion drawn was that the freeboard of a structure is a significant 146 

variable affecting damage to the structure.  147 

 After Hurricane Sandy made landfall on the United States East Coast in 2012, multiple field surveys 148 

were conducted to evaluate the damages and failures of coastal structures on the New Jersey and New York 149 

shoreline. Hatzikyriakou et al. (2015) conducted both manual and laser scanning (LiDAR) based post-150 

disaster surveys along the New Jersey shoreline to assess failure and damage types to coastal structures. 151 

The most common type of failure they found was separation from the foundation due to lateral and uplift 152 

forces. They also found that residential structures elevated on piles were much more likely to be less 153 

damaged (Hatzikyriakou et al. 2015). Tomiczek et al. (2017) also performed a field survey and developed 154 

a damage state classification system for the structures they surveyed. Once the structures could be classified, 155 

they were able to create a fragility model to predict damage states of residential structures based on a 156 

shielding parameter and other conditions such as wave crest height, water velocity, and freeboard 157 

(Tomiczek et al., 2017). In these post-disaster field surveys, the researchers found that many failed 158 
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residential structures were removed entirely from their foundations. Even wood-frame structures were 159 

forced off their piles due to the strong lateral and uplift forces and insufficient connections to the piles. 160 

These field surveys amplified the need to take an in-depth look at the damages and failure to residential 161 

structures along the coast.  162 

 An early attempt to look at the failure of wood structures by waves using physical model testing 163 

was made by Yeh et al. (1999), where they studied the behavior and response of breakaway walls. The tests 164 

were conducted at full-scale in the Large Wave Flume at Oregon State University using lumber and 165 

construction patterns used in practice. The researchers investigated the relationship between the connection 166 

details used in the construction of breakaway walls and the wave forces that caused these connections to 167 

fail (Yeh et al., 1999). Similar to the work of Yeh et al. (1999), Linton et al. (2013) studied subassembly 168 

components of wooden walls at prototype scales subjected to solitary waves until failure using the same 169 

wave flume but a different test apparatus. The researchers constructed three types of walls of various sizes 170 

to study the performance of each wall type. Each wall was equipped with pressure sensors and load cells to 171 

measure the wave forces from the tsunami-like solitary waves (Linton et al., 2013). 172 

 Wilson et al. (2009) conducted one of the first physical model experiments of an entire house using 173 

a physical model study (see also Wilson (2008), Garcia et al. (2008), and van de Lindt et al. (2009)). They 174 

constructed a 1:6 scale wood-frame residential structure and subjected it to tsunami-like solitary waves until 175 

failure to study the effects of waves and surge on the structure. The researchers installed the specimen in 176 

multiple ways: (1) with the front of the specimen normal to the wave direction and with the front of the 177 

specimen parallel to the wave direction; (2) elevated on a plate about 10 cm above the ground and only 178 

elevated 4 cm above the ground; and (3) with windows and doors closed and with windows and doors open 179 

(Garcia, 2008; Lindt et al., 2009; Wilson, 2008). They found that the orientation and elevation of the 180 

structure and the openings of the doors and windows had a significant effect on the loads the structure 181 

experienced. They also found that waves breaking on or near the structure increased the measured forces. 182 

 In this study, the force and response of a scaled residential structure subjected to coastal hazards 183 

are investigated, based on existing knowledge and previous works such as Wilson et al. (2008). For the 184 



Manuscript to Coastal Engineering (accepted) 

8 

 

present study, both on-grade and elevated structures are considered, and several combinations of surge and 185 

wave conditions are considered to simulate Hurricane Sandy’s conditions rather than solitary waves to 186 

simulate tsunamis, which can be found in previous research. Moreover, the complexity of the 187 

instrumentation is increased relative to previous works to provide a better understanding of the structural 188 

response and progressive damage of the structures prior to failure. 189 

3. Experimental Design and Setup 190 

 Similar to the way that the experimental designs of Bradner et al. (2011) and Park et al. (2017) 191 

were informed by the failure of bridges during Hurricane Katrina and residential structures during 192 

Hurricane Ike, respectively, this experiment was designed based on the damages observed to residential 193 

structures following Hurricane Sandy. Section 3.1 provides some background on the observed coastal 194 

conditions.  Section 3.2 describes the experimental design, including an overview of the Directional Wave 195 

Basin, and Section 3.3 summarizes the design and construction of the specimens completed earlier (Burke, 196 

2018; Karny, 2018), and Section 3.4 provides the detail of the instrumentation installed on the specimen.  197 

3.1. Coastal conditions 198 

 Hurricane Sandy made landfall on the East Coast of the United States in 2012, causing extensive 199 

damage along the coast of New Jersey (Blake et al., 2013; Hatzikyriakou et al., 2015; Tomiczek et al., 200 

2017). Field surveys conducted by Hatzikyriakou et al. (2015) and Tomiczek et al. (2017) identified Ortley 201 

Beach, New Jersey, as one of the areas with the most significant damage due to storm surge and waves. A 202 

United States Geological Survey (USGS) tide gauge located in Ortley Beach measured a storm tide of 2.65 203 

m above the North American Vertical Datum 88, which corresponds to an estimated inundation level of 204 

0.85 m in the Ortley Beach area (Blake et al., 2013). Tide gauges in other areas of New Jersey recorded 205 

inundation depths of 2.74 m above the local ground elevation (Blake et al., 2013). Hatzikyriakou et al. 206 

(2015) and Tomiczek et al. (2017) surveyed 372 residential structures and 380 residential structures in 207 

Ortley Beach following Hurricane Sandy, respectively. Hatzikyriakou et al. (2015) and Tomiczek et al. 208 
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(2017) recorded the failure modes of the structures and the severity of damage.  Figure 1 shows example 209 

damages to these structures by the combination of surge and waves (Tomiczek et al., 2017). 210 

 211 

Figure 1. Damaged residential structures in Ortley Beach, New Jersey, after Hurricane Sandy in 2012. Photo 212 
courtesy: T. Tomiczek. 213 

 214 
3.2. Experimental design 215 

 The Directional Wave Basin (DWB) at Oregon State University was used to create an idealized 216 

section of coastline to test the impact of waves on residential structures. Figure 2 shows the profile and plan 217 

view of the experiment in the Directional Wave Basin. The basin was 48.8 m long, 26.5 m wide, and 2.13 218 

m deep with a multi-directional piston-type wavemaker. The test section for this experiment started 9.75 m 219 

from the wavemaker and was 10 m wide and consisted of a 20 m, 1:20 sloped section that approximated 220 

the alongshore uniform bathymetry of the New Jersey shoreline near Ortley Beach. The sloped section led 221 

to a 10 m long flat section elevated 1.0 m above the floor of the basin to represent the flat barrier island 222 

where Ortley Beach is located. The two specimens were located on the flat section of the testbed 3.5 m 223 

from the shore break. At 1:6 scale, this corresponds to 21 m (69 ft) from the shoreline.  Sand dunes and 224 

other coastal features were not included.   225 
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 226 

Figure 2. Sketch of directional wave basin. Plan view (a) and profile view (b). 227 

 228 

 Figure 2 also shows some of the instrumentation used in this experiment, including nine wire 229 

resistive wave gauges (wg1-wg9) located offshore, seven ultrasonic wave gauges located onshore near the 230 

specimens (uswg1-uswg7),  four acoustic-Doppler velocimeters (adv1, adv5, adv6, and adv7), and the 231 

locations of the onshore LiDAR scanner (Leica Geosystems BLK360 Scanner) and the offshore LiDAR 232 

scanner (Leica Geosystems P40 Scanner). Scanners provided millimeter precision of specimen locations. 233 

One ultrasonic wave gauge (uswg8) was installed outside of the test section for a previous experiment. 234 

Table 1 lists the x, y, and z coordinates of each instrument where x = 0 m, y = 0 m, and z = 0 m is the position 235 

of the center of the wavemaker on the base of the basin. In this study, the x-direction is the cross-shore 236 

direction, and the y-direction is the long-shore direction. The ultrasonic wave gauges and resistive wave 237 

gauges recorded data with a sampling rate of 100 Hz, and the sampling rate for the ADVs was also 100 Hz. 238 

 239 
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Table 1. Instruments and their locations used to measure hydrodynamic conditions. 240 

Instrument data column 

x 

(m) 

y 

(m) 

z 

(m) 

Ultrasonic Wave Gauge uswg1 29.00 0.02 2.29 

Ultrasonic Wave Gauge uswg2 28.99 0.50 2.30 

Ultrasonic Wave Gauge uswg3 32.18 -2.38 2.34 

Ultrasonic Wave Gauge uswg4 32.24 2.47 2.34 

Ultrasonic Wave Gauge uswg5 30.59 0.00 2.36 

Ultrasonic Wave Gauge uswg6 30.58 0.52 2.43 

Ultrasonic Wave Gauge uswg7 32.17 0.04 2.38 

Ultrasonic Wave Gauge uswg8 34.35 12.38 1.84 

Resistive Wave Gauge wg1 14.05 -3.54 n/a 

Resistive Wave Gauge wg2 14.05 -0.06 n/a 

Resistive Wave Gauge wg3 14.04 2.47 n/a 

Resistive Wave Gauge wg4 14.34 2.48 n/a 

Resistive Wave Gauge wg5 14.90 2.48 n/a 

Resistive Wave Gauge wg6 15.39 2.47 n/a 

Resistive Wave Gauge wg7 16.69 2.47 n/a 

Resistive Wave Gauge wg8 19.28 -3.54 n/a 

Resistive Wave Gauge wg9 19.25 2.49 n/a 

Acoustic Doppler Velocimeter adv1 29.02 -0.02 1.02 

Acoustic Doppler Velocimeter adv5 30.59 0.00 1.01 

Acoustic Doppler Velocimeter adv6 30.58 0.48 1.01 

Acoustic Doppler Velocimeter adv7 32.16 -0.12 1.02 

 241 

 Figure 3 is a photo of the experimental setup after Trial 3. Three steel grates were installed one 242 

meter apart on the onshore side of the specimens on the westernmost part of the flat section to minimize 243 

reflection. Rubble-mound breakwaters were constructed on both sides of the test section to dissipate waves. 244 

Figure 3 also shows the on-grade specimen in yellow and the elevated specimen in orange described in 245 

detail in the next sections.   The distance between the two specimens was 3.2 m. 246 
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 247 

Figure 3. Photo of the directional wave basin after Trial 3. On-grade specimen (left) shows damage from 248 
previous trials. 249 

 250 

3.3. Specimen construction 251 

The two specimens tested in this experiment were based on the design and construction detailed in 252 

the previous work of Burke (2018) and Karny (2018). This subsection provides an overview of the specimen 253 

design discussed in Burke (2018) to provide context for the experimental model setup and testing. Burke 254 

(2018) designed the specimens to model typical residential structures in Ortley Beach, New Jersey. Google 255 

Street View was used to characterize the buildings and Burke (2018) found that many residences were 256 

rectangular and had a front to side ratio of approximately 3:2. Although these structures were newly 257 

constructed after the disaster, they were deemed to be representative of structures in that area prior to the 258 

storm.  259 

Burke (2018) chose a length scale of 1:6 consistent with Wilson et al. (2008) due to the 3.6 m (12 260 

ft) width of the Large Wave Flume at Oregon State University where the initial tests were planned. The 261 

specimens were constructed to be 1.23 m by 1.83 m (4 ft by 6 ft), which is equivalent to a 7.32 m by 11 m 262 

(24 ft by 36 ft) prototype specimen. While a length scale was defined to be 1:6, structural stiffness and 263 
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capacity do not scale the same way and proportionally since they depend on factors such as the size of nails, 264 

local models of damage and failure of nails, and their spacing. In addition, when working with timber shear 265 

walls, the sheathing is also of extreme importance and the modes of deformation and failure can include a 266 

combination of shear and bending of the wall and therefore provide for a complex scaling problem. Burke 267 

(2018) originally constructed eight scaled wall panels that varied in nail spacing and shear wall size to 268 

determine the spacing to be used. The walls were constructed using Douglas fir wood as the wall studs and 269 

Luan plywood was used for the wall sheathing. The nail spacing on these test walls varied from 2.54 cm to 270 

20.3 cm (30.5 cm to 122 cm [6 in to 48 in] prototype) and the shear wall size varied between 20.3 cm by 271 

40.6 cm and 40.6 cm by 40.6 cm (1.23 m by 2.66 m and 2.44 m by 2.44 m [4 ft by 8 ft and 8 ft by 8 ft] 272 

prototype). Burke (2018) performed monotonic pushover tests on the various test walls and found that the 273 

test walls with a scaled nail spacing of 5.1 cm (2 in) and a shear wall size of 40.6 cm by 40.6 cm (16 in by 274 

16 in) had structural stiffness values most similar to full-scale 2.44 m by 2.44 m (8 ft by 8 ft) wood walls. 275 

Thus, additional monotonic pushover, in-plane shear wall tests were performed on 13 identical 40.6 cm by 276 

40.6 cm 1:6 scaled wall panels (2.44 m by 2.44 m [8 ft by 8 ft] prototype) with 5.1 cm (2 in) nail spacing. 277 

Burke (2018) then compared the structural stiffness and strength obtained from the testing of the scaled 278 

specimens to the experimental data available in the literature (e.g., Wilson et al. 2008; Koliou et al. 2018). 279 

 The goal of the pushover tests was to determine the stiffness and strength of the walls. Force-280 

displacement curves were generated from the pushover test data for each wall, which in the interest of 281 

brevity of this paper are not included but can be found in Burke (2018). The stiffness is found by 282 

calculating the slope of the linear elastic region, which was taken approximately between 10% and 40% 283 

of the peak load. Based on the average stiffness value, the per unit length stiffness was determined. The 284 

per unit length stiffness was important to allow for transferring the results from the tested walls (2.44 m 285 

by 2.44 m [8 ft by 8 ft]) to the constructed specimen walls (7.32 m by 2.44 m [24 ft by 8 ft] and 11.0 m by 286 

2.44 m [36 ft by 8 ft]). The per unit length stiffness also makes it easier for a direct comparison to 287 

standard values at full-scale (see Burke 2018 for details). At the 1:6 scale used to construct the specimen, 288 

the stiffness per unit length of wall was determined to be 351 N/mm per m of wall length (51 lbs/in/in). 289 
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When brought to full-scale this value equates to 2065 N/mm per m of wall length (300 lbs/in/in or 3.7 290 

kips/in/ft), which is approximately 3 times the standard value for a 1.22 m by 2.44 m (4 ft by 8 ft) wood 291 

wall structural panel (Applied Technology Council, 2017). Burke (2018) also performed pushover tests 292 

on the fully constructed specimens and scaled the stiffness results up by a factor of six. When connecting 293 

the walls on the fully constructed specimens, the nail spacing was not maintained between each wall 294 

panel and between each floor. The stiffness of the specimen walls decreased significantly after 295 

constructing the entire specimen and the stiffness was only 6.5% larger than the standard stiffness of the 296 

full-scale 1.22 m by 2.44 m (4 ft by 8 ft) wood walls. Burke (2018) stated that the decrease in stiffness 297 

from the individual test wall pushover tests is most likely due to the window and door openings in the 298 

walls.  299 

Burke (2018) also found that many coastal residences in the Ortley Beach, NJ, area were elevated 300 

with a crawl space of about 1.23 m (4 ft). Hatzikyriakou et al. (2015) and Tomiczek et al. (2017) found that 301 

the residential structures on the Bolivar Peninsula, TX, were elevated on piles had a higher survival rate 302 

than homes that were not on piles. To accommodate these regional differences in construction elevations, 303 

Burke (2018) constructed one of the specimens to be on-grade and one of the specimens to be on piles to 304 

study the effects of elevation. Burke (2018) referred to the Coastal Construction Manual (CCM, FEMA, 305 

2011) to construct the elevated specimen. Design examples in the CCM used pile dimensions of 30.5 cm 306 

by 30.5 cm (12 in by 12 in), which was used in the construction of the elevated specimen. Girders were also 307 

constructed so the piles could connect to the superstructure of the specimen following the CCM. The girders 308 

were two timber members nailed together that were connected to the top of each pile where the piles were 309 

“notched” for the girder-to-pile connection. The elevated specimen was also constructed with 5.08 cm by 310 

25.4 cm (2 in by 10 in) floor joists on the bottom side of the specimen oriented in the x-direction to follow 311 

the IRC requirements. It is noted that the floor itself was not modeled for this study and was composed of 312 

a single sheet of plywood, 1.91 cm (0.75 in) thick. A single plywood sheet 1.91 cm (0.75 in) thick was also 313 

used as the roof for both of the specimens in this study. 314 
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Two main modifications of the elevated specimen designed by Burke (2018) were made in this 315 

study. The first modification was to shorten the piles so that the bottom elevation of the LHM of the elevated 316 

specimen was 35 cm above the test section corresponding to 2.1 m (6.9 ft). This is slightly lower than the 317 

3.0 to 3.7 m (10 to 12 ft) elevation more commonly associated with elevated residential structures and was 318 

necessitated by the physical limitations of the DWB at that time. Nevertheless, the 35 cm (2.1 m prototype) 319 

elevation was sufficient to have a significantly different response than the on-grade specimen.  320 

The second modification was the construction of the cross-bracing on the piles in the x-direction as 321 

prescribed in the CCM.  A drawing of each specimen can be seen in Figure 4 with the modifications that 322 

were done. The on-grade specimen had to be raised 9.7 cm for the load cells to be correctly installed 323 

underneath it but is still considered to be “on-grade” for this study. Additional specimen information, such 324 

as window and door dimensions, can be found in Duncan et al. (2020). 325 

 326 

Figure 4. Front view and side view of the on-grade specimen (top) and elevated specimen (bottom). 327 

 328 
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3.4. Specimen instrumentation 329 

 Table 2 lists the instruments installed within and around the specimens, including 12 pressure 330 

sensors (press1-press12), four load cells (load1-load4), four accelerometers (accel1-accel4), and three string 331 

potentiometers (sp1-sp3). Figure 5 shows the configuration of the four vertical load cells the on-grade 332 

specimen was installed on and the configuration of the 12 pressure gauges installed in the elevated 333 

specimen. The gauges were installed along the bottom of the elevated specimen to determine the uplift 334 

pressures. Eight of the sensors (press1, press4-press10) were installed along the center of the specimen to 335 

measure the uplift pressure distribution in the x-direction. These sensors were installed 7.6 cm from the 336 

centerline of the specimen in the y-direction due to floor joists. The remaining four sensors (press2, press3, 337 

press11, and press12) were installed along the front and back of the bottom of the specimen to evaluate the 338 

variation in pressure in the y-direction. The pressure sensors are GE-DRUCK PDCR830 gauges and have 339 

a combined linearity and hysteresis of 0.1%. The on-grade specimen was equipped with two accelerometers, 340 

accel1 on the second level and accel2 on the top level of the specimen, which measured the acceleration of 341 

the specimens in the x, y, and z direction. The elevated specimen was also equipped with two 342 

accelerometers, accel3 on the second level of the specimen and accel4 on the top of the specimen. The 343 

accelerometers on both specimens used during the wave loading testing were of the PCB model W356A12 344 

type. The sensitivity of the accelerometers as provided by the manufacturer were confirmed through testing 345 

performed on a shaker at Oregon State University.   Figure 4 shows the location of these accelerometers. 346 

The pressure sensors, load cells, and accelerometers recorded data with a sampling rate of 1,000 Hz. The 347 

structural tests used additional instruments, including the string potentiometers listed in Table 2 that were 348 

removed once the structural tests were complete. The string potentiometers are UniMeasure HX-PB-40 349 

with a linearity of 0.1% full scale. 350 
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 351 

Figure 5. Drawing of the load cell configuration underneath the on-grade specimen (left) and the pressure 352 
sensor configuration on the bottom of the elevated specimen (right). 353 

 354 

Table 2. Instruments and their locations used to measure the pressure, force, and response of the 355 
specimens. 356 

Instrument 

Data  

Column 

x 

(m) 

y 

(m) 

z 

(m) 

Used in 

Hydrodynamic 

Test 

Used in 

Structural 

Tests 

Pressure Sensor press1 33.30 2.59 1.35 Y  

Pressure Sensor press2 33.29 2.93 1.35 Y  

Pressure Sensor press3 33.30 3.29 1.35 Y  

Pressure Sensor press4 33.50 2.59 1.35 Y  

Pressure Sensor press5 33.61 2.59 1.35 Y  

Pressure Sensor press6 33.88 2.58 1.35 Y  

Pressure Sensor press7 34.03 2.59 1.35 Y  

Pressure Sensor press8 34.17 2.59 1.35 Y  

Pressure Sensor press9 34.29 2.58 1.35 Y  

Pressure Sensor press10 34.43 2.58 1.35 Y  

Pressure Sensor press11 34.42 2.95 1.35 Y  

Pressure Sensor press12 34.44 3.29 1.35 Y  

Load Cell (vertical) load1 33.40 -3.36 1.05 Y  

Load Cell (vertical) load2 33.40 -1.68 1.05 Y  

Load Cell (vertical) load3 34.35 -3.36 1.05 Y  

Load Cell (vertical) load4 34.35 -1.68 1.05 Y  

Load Cell (horizontal) load5 n/a n/a n/a  Y 

Accelerometer (x-direction) accel1x 33.87 -2.52 1.56 Y Y 
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 357 

4. Methods for Structural Property Characterization 358 

 In-situ tests were performed on each specimen in both the x-direction and y-direction before the 359 

hydrodynamic testing to determine the structural properties of the specimens, which were lateral load “pull” 360 

tests and free vibration tests. In addition, the recorded accelerations were used to determine the fundamental 361 

frequencies of the structure during the surge and wave trials. Section 4.1 provides details of the methods 362 

used for the in-air structural tests and Section 4.2 includes the methods for determining the in-water 363 

structural properties. 364 

4.1. In-air specimen lateral force and free vibration tests 365 

 The purpose of the lateral force and free vibration tests were to determine the stiffness, damping 366 

ratio, and natural frequency of the specimens. These were done sequentially for both specimens as described 367 

in this subsection. In the lateral force testing, a lateral force was applied at the top level of the specimens, 368 

and the displacements were measured at different elevations simultaneously using string potentiometers. A 369 

crane pulled the specimens through a pulley and lever system attached to the top edge of the specimens 370 

with a guy-wire. The force was measured with an in-line load cell (load5 in Table 2). String potentiometers 371 

were used to measure the displacement of the specimens in the direction of the applied force, which were 372 

connected to the outside of the specimens. These were all connected to a rigid beam fixed floor of the wave 373 

Accelerometer (y-direction) accel1y 33.87 -2.52 1.56 Y Y 

Accelerometer (z-direction) accel1z 33.87 -2.52 1.56 Y Y 

Accelerometer (x-direction) accel2x 33.87 -2.53 1.98 Y Y 

Accelerometer (y-direction) accel2y 33.87 -2.53 1.98 Y Y 

Accelerometer (z-direction) accel2z 33.87 -2.53 1.98 Y Y 

Accelerometer (x-direction) accel3x 33.86 2.50 1.79 Y Y 

Accelerometer (y-direction) accel3y 33.86 2.50 1.79 Y Y 

Accelerometer (z-direction) accel3z 33.86 2.50 1.79 Y Y 

Accelerometer (x-direction) accel4x 33.86 2.50 2.22 Y Y 

Accelerometer (y-direction) accel4y 33.86 2.50 2.22 Y Y 

Accelerometer (z-direction) accel4z 33.86 2.50 2.22 Y Y 

String Potentiometer sp1 34.48 2.54 1.36  Y 

String Potentiometer sp2 34.48 2.53 1.78  Y 

String Potentiometer sp3 34.48 2.53 2.20  Y 
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basin. The displacements were measured at the second level and the top level of the on-grade specimen. 374 

The displacements were measured at the first, second, and top level when performing the lateral load tests 375 

on the elevated specimen. In the lateral force testing, the forces were incrementally increased to force of 376 

approximately 0.30 kN as measured on a load cell installed on the crane. 377 

Once the peak force was reached, the guy-wire was cut, thus creating a pluck-type test and allowing 378 

the specimen to vibrate freely until it came to rest. The accelerometers installed on the structures were used 379 

to measure the specimen responses in the x, y, and z directions. These tests were repeated five times in both 380 

the x-direction and y-direction for each specimen. 381 

The instruments for each trial of the lateral load and free vibration tests consisted of a load cell 382 

(load5 in Table 2) to measure the force that was applied to the specimens and two accelerometers installed 383 

at the floor levels of the specimen. The accelerometers were the same instruments described in Section 3.3. 384 

 The structural stiffness of the specimens is a measurement of their ability to resist deformation 385 

when a load is applied. The load applied to the specimens during the lateral force tests was plotted against 386 

the displacement from the point the load was applied to determine the slope with provided the stiffness of 387 

the specimen.  388 

 The natural frequency was found using the free vibration tests, ambient vibration tests and the 389 

forced vibration tests. A power spectral density was computed of the accelerations measured on the top 390 

level of each specimen during the free vibration test, and the peak frequency was identified as the 391 

specimen’s natural frequency. 392 

 The damping ratio was found from the oscillations of the accelerometers on the top levels of the 393 

specimens measured using  394 

            ζ =  
1

2𝜋𝑗
ln (

𝑢𝑖

𝑢𝑖+𝑗
)                           (1) 395 

from Chopra (1995), where ui is the acceleration at one chosen peak after the cut, j is the number of cycles 396 

away a second chosen peak is after the oscillations have damped, and ui+j is the acceleration at the second 397 

peak j cycles away from ui.  398 
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 Based on the lateral force testing, Table 3 lists the stiffness of each specimen in the x-direction and 399 

y-direction. The mean stiffness of the on-grade specimen was 577 N/mm and 451 N/mm in the x-direction 400 

and y-direction, respectively. The mean stiffness of the elevated specimen was 266 N/mm and 406 N/mm 401 

in the x-direction and y-direction, respectively. 402 

 Table 3 lists the natural frequency for each specimen in the x- and y-direction from the free vibration 403 

tests. The mean natural frequencies of the on-grade specimen derived from the free vibration tests were 404 

28.3 Hz and 28.2 Hz in the x-direction and y-direction, respectively. The mean natural frequencies of the 405 

elevated specimen derived from the free vibration tests were 21.0 Hz and 15.2 Hz in the x-direction and y-406 

direction, respectively. Table 3 lists the damping ratio for each specimen in the x- and y-directions. The 407 

mean damping ratio of the on-grade specimen was 6.1 % and 7.2 % in the x-direction and y-direction, 408 

respectively. The mean damping ratio of the elevated specimen was 6.6 % and 3.8 % in the x-direction and 409 

y-direction, respectively. 410 

Table 3. Structural properties of the on-grade specimen and elevated specimen. The table is in the format x 411 
(y, z) where x is the mean value from the five trials, y is the standard deviation, and z is the standard error. 412 

  On-grade Specimen Elevated Specimen 

Structural Property x-direction y-direction x-direction y-direction 

Stiffness (N/mm) 577 (77.8, 34.8) 451 (49.0, 21.9) 266 (19.7, 8.8) 406 (54.1, 24.2) 

Damping ratio (%) 6.1 (0.73, 0.33) 7.2 (1.50, 0.66) 6.6 (0.61, 0.27) 3.8 (0.40, 0.18) 

Natural freq. (Hz) 28.3 (0.24, 0.11) 28.2 (0.56, 0.25) 21.0 (0.41,0.18) 15.2 (0.13,0.06) 

 413 

4.2. In-water specimen structural properties for damage identification 414 

The specimens were subjected to hydrodynamic testing, as described in the Section 5. Using the 415 

recorded acceleration data discretized in intervals of 0.001s, and grouping the acceleration signals for each 416 

trial into groups of four to twelve waves, the natural frequencies were estimated through peak picking from 417 

the power spectral density functions obtained using the pspectrum function in MATLAB and a frequency 418 

resolution of 0.5. Naturally, due to the short duration of each wave (~20 seconds) the uncertainty in the 419 

results is captured through the grouping of the wave data. 420 
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5. Hydrodynamic Testing 421 

For specimen tests discussed previously (e.g., Bradner et al., 2011; Park et al., 2017), it is possible 422 

to use a wide range of testing conditions such as regular waves, irregular waves, and solitary (tsunami-like) 423 

waves and can vary the water depth, wave height, and wave period.  For destructive tests mentioned before 424 

(e.g., Linton et al., 2013; Wilson et al., 2008; Yeh et al., 1999), a narrower range of conditions are used, 425 

and previous researchers from these tests had generally used either solitary (tsunami-like) or regular waves.  426 

For the experiments presented here, the hydrodynamic tests focused on regular waves with one predominant 427 

wave period of T = 4.5 s (11 s prototype), with the exception of Trials 9 and 10, which had a wave period 428 

of T = 3.5 s and T = 5.5 s, respectively. Regular waves were used in this study for simplicity and to easily 429 

identify the wave conditions that caused the specimens to fail. They were also used to be consistent with 430 

previous studies (e.g., Bradner et al., 2011; Park et al., 2017). Table 4 shows the hydrodynamic conditions 431 

for the 21 trials of the experiment. The water depth at the wavemaker, h0, ranged from 1.10 m to 1.45 m. 432 

The test section was elevated 1.0 m above the basin floor, so the corresponding water depth at the specimen, 433 

h, ranged from 0.10 m to 0.45 m, which corresponds to a range from 0.6 m (2.0 ft) to 2.7 m (8.9 ft) prototype, 434 

similar to the observed surge conditions at Ortley Beach during Hurricane Sandy (Blake et al., 2013). 435 

Column 3 lists the air gap of the elevated specimen, a, defined as the elevation of the bottom of the LHM 436 

of the elevated specimen relative to the still water level.  When the mean water level is above the LHM, the 437 

air gap is negative.  The elevation of the LHM of the elevated structure was 35 cm (2.1 m prototype), and 438 

the elevation of the LHM of the on-grade structure was 9.7 cm (0.58 m prototype).  439 

The regular waves used for this experiment were characterized by the nominal input wave height 440 

at the wavemaker, Hin and wave period, T. The input wave heights ranged from 0.1 to 0.4 m, which 441 

corresponded to a range of 0.6 m (2.0 ft) < Hin < 2.4 m (7.8 ft) in prototype, similar to large storm waves 442 

produced by hurricanes.  It is noted that the wave heights at the specimens were often lower than the input 443 

wave height due to depth limited breaking and were occasionally larger than the input wave height due to 444 

shoaling on the 1:20 slope before reaching the specimen.  445 

 446 
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Table 4. Water levels, input wave conditions, breaking type, number of cumulative waves impacting the 447 
specimens (NW), and scans conducted for all trials. 448 

Trial 

h0  

(m) 

h 

(m) 

a 

(m) 

Hin 

(m) 

T 

(s) 

Breaking Type at 

Specimens NWO NWE Notes 

1 1.10 0.10 0.25 0.1 4.5 Broken 40 - Scan before Trial 1 

2 1.10 0.10 0.25 0.4 4.5 Broken 81 - Scan after Trial 2 

3 1.12 0.12 0.23 0.1 4.5 Breaking 122 -  

4 1.20 0.20 0.15 0.2 4.5 Broken 164 -   

5 1.20 0.20 0.15 0.3 4.5 Broken 206 - Scan after Trial 5 

6 1.30 0.30 0.05 0.1 4.5 Nonbreaking 246 40   

7 1.30 0.30 0.05 0.2 4.5 Breaking 286 80  
8 1.30 0.30 0.05 0.3 4.5 Broken 327 121  
9 1.30 0.30 0.05 0.3 3.5 Broken 380 174  

10 1.30 0.30 0.05 0.3 5.5 Broken 414 208 Scan after Trial 10 

11 1.35 0.35 0.00 0.1 4.5 Nonbreaking 454 248   

12 1.35 0.35 0.00 0.2 4.5 Breaking 461 289 On-grade specimen fails 

13 1.35 0.35 0.00 0.3 4.5 Broken - 330  
14 1.35 0.35 0.00 0.4 4.5 Broken - 371 Scan after Trial 14 

15 1.40 0.40 -0.05 0.1 4.5 Nonbreaking - 412   

16 1.40 0.40 -0.05 0.2 4.5 Breaking - 453  
17 1.40 0.40 -0.05 0.3 4.5 Breaking - 494  
18 1.40 0.40 -0.05 0.4 4.5 Broken - 535 Scan after Trial 18 

19 1.45 0.45 -0.10 0.1 4.5 Nonbreaking - 576   

20 1.45 0.45 -0.10 0.2 4.5 Breaking - 617  
21 1.45 0.45 -0.10 0.3 4.5 Breaking - 620 Elevated specimen fails 

 449 

Approximately 40 regular waves were generated, which lasted about 3 minutes for each trial. The 450 

type of waves observed at the specimen were broken, breaking, or nonbreaking wave.  The cumulative 451 

number of waves that interacted with the specimen was recorded for both the on-grade specimen, NWO, and 452 

the elevated specimen, NWE. The on-grade specimen failed during Trial 12, and the elevated specimen failed 453 

during Trial 21. After Trial 21, the foundations were removed from the wave basin, and Trial 1 to Trial 21 454 

were repeated to measure the hydrodynamic conditions without the effects of the specimens. 455 

Before each increase in water level, LiDAR scans were taken of the wave basin to qualitatively and 456 

quantitatively track the progressive damage of each specimen. A Leica Geosystems P40 Scanner and a 457 

BLK360 Scanner were used from multiple angles on the onshore and offshore sides of the specimens. Each 458 

scan took approximately 15 minutes with the scanners in different positions. The positions of the scanners 459 

can be seen in Figure 2. Methods presented in Barbosa et al. (2017) and Wood et al. (2017) were used to 460 

quantify the damage. 461 
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5.1. Time series data 462 

 The hydrodynamic testing had a variety of water levels, wave heights, and breaking types ranging 463 

from nonbreaking waves to waves breaking directly against the specimens. Figure 6 shows an example of 464 

the water level time series from wg1, uswg3, and uswg4 and water velocity time series in the x-direction 465 

from adv7 from Trial 7 and Trial 18. Based on the video recordings and trial notes from Table 4, the waves 466 

during Trial 7 were breaking directly in front of the specimens, and the waves during Trial 18 were breaking 467 

several meters offshore from the specimens. 468 

 469 

Figure 6. Time series of the hydrodynamic conditions from Trial 7 (left, h0 = 1.30 m) and Trial 18 (right, 470 
h0 = 1.40 m). Panels a-f show free surface elevations and g-h show wave-induced water velocities in the x-471 
direction. The x-position of each sensor is also indicated above each panel. 472 

 473 
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 Trial 7 had a water depth of 1.30 m at the wavemaker, which relates to a 0.30 m water depth at the 474 

specimens and an air gap of 0.05 m relative to the elevated specimen. Trial 18 had a water depth of 1.40 m 475 

at the wavemaker, which relates to a 0.45 m water depth at the specimens and an air gap of -0.05 m relative 476 

to the elevated specimen. The waves breaking directly on the specimens during Trial 7 and the negative air 477 

gap during Trial 18 led to relatively large forces measured by the load cells underneath the on-grade 478 

specimen and large uplift pressures on the elevated specimen. Figure 7 shows the overturning force 479 

measured by the load cells underneath the on-grade specimen (Figure 7a, c, e, and g), uplift pressures on 480 

the bottom of the elevated specimen (Figure 7b, d, f, h), and accelerations on the top level of both specimens 481 

(Figure 7i, j). Figure 7a, c and Figure 7e, g show that the front and back pairs of load cells are uniform as 482 

would be expected for the normally incident waves. The loads shown here are consistent with Wilson et al. 483 

(2008), Garcia et al. (2008), and van de Lindt et al. (2009). In Figure 7b, d, f, and h, an apparent decrease 484 

in uplift pressure can be seen as waves propagate from the front of the specimen to the back. Figure 7i, j 485 

show that there are large accelerations that occur with the initial impact by the wave on the structure and 486 

that these accelerations dampen before the arrival of the subsequent wave. 487 
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 488 

Figure 7. Time series of load cells 1-4 and accelerometer 2 on the on-grade specimen from Trial 7 (left, h0 489 
= 1.30 m). Time series of pressure sensors 1, 5, 7, and 10 and accelerometer 4 on the elevated specimen 490 
from Trial 18 (right, h0 = 1.40 m). Both accelerometer time series (i and j) are in the x-direction. 491 

 492 

5.2. Ensemble averaging and wave classification 493 

 In general, Figures 9 and 10 show that the wave forcing and structural response are repeatable 494 

patterns with each wave period. Subsequently, ensemble averaging is used to find representative parameters 495 

for each trial, such as wave heights, pressures, and loads. The ensemble average is performed in the time 496 

domain by the identification of waves by zero-crossing analysis. About 35 waves were averaged for each 497 

trial and wave ramp up and ramp down were not included in the ensemble averaging. Figure 8 shows 498 
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examples of ensemble-averaged free surface elevations of Trial 7, Trial 18, and Trial 19, where t = 0 s is 499 

the beginning of a wave period. Trials 7, 18, and 19 are examples of breaking, broken, and nonbreaking 500 

waves, respectively. Each plot also shows one standard deviation above and below the ensemble-averaged 501 

water surface elevations. The free surface elevations were taken from uswg3, uswg7, and uswg4, which 502 

were the wave gauges directly in front of the on-grade specimen, in the middle of the specimens, and in 503 

front of the elevated specimen, respectively. These ensemble-averaged water surface elevations are used to 504 

characterize the wave height at the specimens for each trial. Table 5 lists the ensemble-averaged wave 505 

heights, H̅, offshore using wg1 and wg2 as well as wave heights measured in front of each specimen using 506 

uswg3, uswg7, and uswg4. It is noted that certain wave heights are not included in the table due to 507 

insufficient wave gauge readings from waves overtopping resistive wave gauges or water splashing on the 508 

face of ultrasonic wave gauges and interfering with their measurements. 509 

 A wave reflection analysis was completed using the nine resistive wave gauges (wg1-wg9) located 510 

offshore from the specimens according to the recommendations from Mansard and Funke (1980). The wave 511 

reflection analysis was intended to identify the far field average reflection from the test section, as well as 512 

to detect the formation of cross-waves, particularly during the experiments of overland flow. Wave 513 

reflection coefficients ranging from 10% to 45% have been obtained, and the contribution of the specimens 514 

increased the reflected wave energy by 10% to 25%. The finite width of the structures, and the varying 515 

geometry as the residences sustained more damage and overtopping, significantly increased the scattering 516 

of the results, preventing the generalization of a response model relating the wave energy reflection and the 517 

progressive damage to the specimens. The incident waves were also subject to significant transformation 518 

(shoaling and breaking) before impacting the specimens. Hence, it was determined more realistic to 519 

consider the wave heights near the toe of the specimens. 520 

 521 
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 522 

Figure 8. Examples of ensemble-averaged free surface elevations (blue solid line) from Trial 7 (a, b, and c, 523 
h0 = 1.30 m), Trial 18 (d, e, and f, h0 = 1.40 m), and Trial 19 (g, h, and i, h0 = 1.45 m) and their standard 524 
deviations (black dashed line). Plots on the left (a, d, and g) were taken from uswg3; plots in the middle (b, 525 
e, and h) were taken from uswg7; plots on the right (c, f, and i) were taken from uswg4. 526 

 527 

Table 5. Ensemble averaged wave heights calculated from wg1, wg2, uswg3, uswg7, and uswg4 (m). 528 

Trial 

h0 

(m) 

Hin 

(m) 

T 

(s) 

wg1      

(m) 

wg2 

(m) 

uswg3   

(m) 

uswg7 

(m) 

uswg4    

(m) 

1 1.10 0.1 4.5 0.12 0.10 0.09 0.07 0.11 

2 1.10 0.4 4.5 0.54 0.49 0.08 0.11 0.12 

3 1.12 0.1 4.5 0.12 0.12 n/a n/a n/a 

4 1.20 0.2 4.5 0.18 0.21 0.14 0.14 0.15 

5 1.20 0.3 4.5 0.33 0.37 0.18 0.18 0.18 
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6 1.30 0.1 4.5 0.14 0.11 0.16 0.20 0.16 

7 1.30 0.2 4.5 0.25 0.24 0.24 0.28 0.29 

8 1.30 0.3 4.5 0.33 0.32 0.25 0.25 0.27 

9 1.30 0.3 3.5 0.29 0.34 0.19 0.20 0.19 

10 1.30 0.3 5.5 0.36 0.40 0.26 0.20 0.23 

11 1.35 0.1 4.5 0.11 0.13 0.16 0.13 0.18 

12 1.35 0.2 4.5 0.19 0.22 0.35 0.33 0.41 

13 1.35 0.3 4.5 0.30 0.28 0.32 0.30 0.31 

14 1.35 0.4 4.5 n/a 0.37 0.27 0.27 0.31 

15 1.40 0.1 4.5 0.12 0.09 0.16 0.13 0.11 

16 1.40 0.2 4.5 n/a 0.20 0.32 0.30 0.30 

17 1.40 0.3 4.5 0.32 n/a 0.36 0.38 0.39 

18 1.40 0.4 4.5 0.38 n/a 0.29 0.27 0.32 

19 1.45 0.1 4.5 0.13 0.08 0.10 0.14 0.12 

20 1.45 0.2 4.5 0.20 0.16 0.25 0.27 0.27 

21 1.45 0.3 4.5 0.27 n/a 0.37 0.38 0.40 

 529 

 It is important to classify the types of waves that were run during the experiment and to know when 530 

it is acceptable to apply specific wave theories. Figure 9 shows the classification of the types of waves run 531 

for each trial of the experiment at wg1 and uswg7 except for Trial 3, where H is the ensemble averaged 532 

wave height, h is the still water depth, and L is the calculated wavelength. Filled circles are for wg1, which 533 

was offshore, and hollow circles are for uswg7 in front of the on-grade specimen. The marker types 534 

correspond to the still water depth at the wavemaker at the start of each trial. For this experiment, second 535 

order nonlinear waves were generated and can be classified as Cnoidal waves. At wg1, most waves are 536 

within the Cnoidal Theory limits and are in shallow water based on Fenton’s limit. Waves from 537 

approximately four trials can be classified by linear wave theory in intermediate water depth. At uswg7, all 538 

waves are defined by Cnoidal waves and are in shallow water. These waves are all either approaching the 539 

theoretical breaking limit given by Miche’s equation or have crossed the theoretical breaking limit.  540 
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 541 

Figure 9. Wave classification from wg1 (solid) and uswg7 (hollow) for each trial. For h0 = 1.10 m (star); h0 542 
= 1.20 m (downward triangle); h0 = 1.30 m (upward triangle); h0 = 1.35 m (circle); h0 = 1.40 m (square); h0 543 
= 1.45 m (diamond). 544 

 545 

 Figure 10 shows the ensemble-averaged uplift pressures, Pu, from four of the twelve total pressure 546 

sensors and the total vertical force per unit width, Fv, taken from the eight pressure sensors along the middle 547 

of the elevated specimen from Trial 18. The magnitude of the uplift pressures is consistent with Park et al. 548 

(2017). The peak pressure decreases and becomes more elongated as the wave moves through the structure, 549 

which was present for a majority of trials. Fv was calculated by integrating the pressure distribution over 550 

the length of the specimen in the x-direction.  551 
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 552 

Figure 10. Ensemble averaged uplift pressures and total vertical force measured on the elevated specimen 553 
from press1 (a), press5 (b), press7 (c), press10 (d), and total vertical force (e) from Trial 18 (h0 = 1.40 m). 554 

6.  Results 555 

6.1. Description of progressive damages and failure 556 

 The first goal of this project was to design and construct specimens that behaved similarly to full-557 

scale wood-frame residential structures and to create hydrodynamic conditions where these specimens 558 

would fail similar to their full-scale counterparts observed in previous field studies (Kennedy et al. 2011; 559 

Tomiczek et al. 2017; Hatzikyriakou et al. 2015). Trial 1 had a local water depth of 0.10 m and was already 560 

flooding the first level of the on-grade specimen. Wall panels started to disconnect from the on-grade 561 
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specimen during the first trial and continued to do so until failure. Figure 11 is a photo of the specimens 562 

during Trial 10, where multiple wall panels disconnected from the on-grade specimen. The on-grade 563 

specimen failed at a local water depth of 0.35 m (2.1 m prototype). The input wave height was 0.20 m, and 564 

an ensemble-averaged wave height of 0.35 m (2.1 m prototype) was measured at the specimens.  565 

 These waves were breaking directly on the specimens with relatively large forces. Table 4 indicates 566 

that the on-grade specimen had experienced 461 cumulative waves (NWO) throughout the 12 trials. NWO was 567 

calculated by identifying the number of waves that created a force on the on-grade specimen that exceeded 568 

10% of the peak force measured by load cell 1 throughout the 12 trials. The first story of the specimen, 569 

where the waves were impacting, failed in shear, causing the specimen to detach from its foundation. At 570 

the instant the on-grade specimen failed, the elevated specimen remained standing with minor damage. 571 

Results in Table 4 indicate that the elevated specimen only experienced 289 cumulative waves (NWE) at the 572 

end of Trial 12. NWE was calculated by identifying the number of waves that created a vertical pressure on 573 

the elevated specimen that exceeded 10% of the peak pressure measured by pressure sensor 1 throughout 574 

the 21 trials. 575 
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 576 

Figure 11. Photo taken during trial 10 (h0 = 1.30 m that shows the damages the specimens experienced 577 
during testing. 578 

 579 

Similarly, to the on-grade specimen, wall panels began disconnecting from the elevated specimen 580 

once the water depth reached 0.35 m and the first level of the elevated specimen was inundated. The 581 

elevated specimen failed at a local water depth of 0.45 m (2.7 m prototype) at the specimen, which 582 

corresponds to an air gap of -0.10 m. Table 4 indicates that the specimen experienced a total of 620 waves 583 

before failing. The input wave height was 0.30 m and an ensemble-averaged wave height of 0.40 m (2.4 m 584 

prototype) was measured at the specimen. Similarly to Trial 12, when the on-grade specimen failed, these 585 

waves were breaking directly on the elevated specimen.   586 

Both specimens failed at the expected water levels and in ways very similar to what was observed in 587 

the field based on the observations of Hatzikyriakou et al. (2015), Kennedy et al. (2011), and Tomiczek et 588 

al. (2013, 2017). Both specimens failed at the first floor and were disconnected from their foundations. 589 

Because of these experimental observations of comparable hydrodynamic conditions to Hurricane Sandy 590 



Manuscript to Coastal Engineering (accepted) 

33 

 

noted earlier, the experiments can be considered to have successfully reproduced well, qualitatively, the 591 

progressive damage and failure of wood-frame residential structures under hurricane surge and wave 592 

conditions. 593 

6.2. Progressive damage analysis using LiDAR 594 

LiDAR scans were taken of the wave basin before Trial 1 (presurvey scan) and before each increase 595 

in water level. Point clouds generated from the scans were used to quantitatively and qualitatively track the 596 

progressive damages of each specimen. Yu et al. (2019) used Leica Cyclone to model the structural 597 

members of each specimen, including each wall panel and wall stud. Figure 12 and Figure 13 show the 598 

models that were created of both specimens from each scan. These figures show the progressive damages 599 

to the walls that were discussed in Section 6.1. Points below the water level and areas of the specimen that 600 

were covered in water were not visualized because the scanners used do not scan through the water. 601 

 602 

Figure 12. Models of the on-grade specimen created after each scan (Yu et al., 2019). 603 
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 604 

Figure 13. Models of the elevated specimen created after each scan (Yu et al., 2019). 605 

The LiDAR scans of the specimens taken before Trial 1 were compared to the scans taken before 606 

each increase in water level. Yu et al. (2019) created a cumulative damage fraction, c’, that is used to 607 

calculate the fraction of cumulative wall damage each specimen experienced leading up to the current scan: 608 

  c' = Cumulative Damage Fraction = 
Presurvey Wall Area- Scan # Wall Area

First Floor Presurvey Wall Area*
                      (2). 609 

Figure 14a and Figure 14b show c’ as a function of water depth, h, in the x-direction and y-direction, 610 

respectively. As expected, the on-grade specimen was damaged at lower water depths before the elevated 611 

specimen experienced any damage. The parameter h’ was developed to compare the damage rates between 612 

the specimens. This parameter is a measurement of the still water depth relative to the elevation of the 613 

bottom of the wall panels for each specimen. The elevation of the bottom of the wall panels on the on-grade 614 

specimen was found to be 0.108 m. The elevation of the bottom of the wall panels on the elevated specimen 615 

was found to be 0.343 m. Therefore, h’ can be calculated as 616 

           ℎ′ = ℎ − 0.108𝑚             (3) 617 

for the on-grade specimen and 618 
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           ℎ′ = ℎ − 0.343𝑚             (4) 619 

for the elevated specimen. Figure 14c and Figure 14d show c’ as a function of h’ in the x-direction and y-620 

direction. These plots also indicate that the elevated specimen failed at a slightly quicker rate than the on-621 

grade specimen. The difference in damage rates may be because the elevated specimen became waterlogged 622 

and structurally weaker the longer it was in the water and experienced more waves relative to the on-grade 623 

specimen.  624 

 625 

Figure 14. Cumulative damage fraction, c’, of the on-grade specimen (red) and elevated specimen (black) 626 
as a function of h (a, b) and h’ (c, d). Panels a and c are of walls oriented in the x-direction and panels b 627 
and d are of walls oriented in the y-direction (Yu et al., 2019). 628 

  629 

 Yu et al. (2019) also quantitatively tracked the damages of the specimens using a damage state 630 

classification system. The classification, shown in Table 6, is a modification of the system used in Tomiczek 631 
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et al. (2017). The damage states range from 0 to 4, where 0 indicates no visible damage and 4 indicates that 632 

the walls of the specimen were disconnected. Figure 15 shows the damage state of the walls oriented in the 633 

x-direction for each specimen as a function h’ created by Yu et al. (2019). This figure also shows the higher 634 

rate of damage of the elevated specimen. It is noted that the walls oriented in the y-direction were not 635 

classified into damage states because of the low damage fractions of these walls. 636 

 637 

Table 6. Damage state classification system (Yu et al., 2019). 638 

Damage state 

0 1 2 3 4 

• No visible 

damage 

• < 15% 

damage to 

normally 

oriented 

walls 

• loose or 

partially 

removed 

panels 

• > 15% 

cumulative 

damage to 

normally 

oriented 

walls 

• > 40% 

cumulative 

damage to 

normally 

oriented 

walls  

• Walls have 

collapsed 

 639 

 640 
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 641 

Figure 15. Damage state of the on-grade specimen (black) and the elevated specimen (red) as a function of 642 
h' (Yu et al., 2019). 643 

 644 
 As expected, Figure 14 shows that the on-grade specimen experienced damage at lower water 645 

depths and ultimately failed before the elevated specimen. However, Figure 15 indicates that the elevated 646 

specimen experienced damage rates higher than the on-grade specimen. The results shown in this section 647 

also show that LiDAR scans of a physical laboratory model can be used to track progressive damage 648 

quantitatively.  649 

6.3. In-water Damage Identification 650 

 Figure 16 shows acceleration measurements and corresponding power spectrum density (PSD) 651 

functions for obtained from the hydrodynamic testing for trials 2 and 13, to illustrate the data collected. In 652 

each subfigure, plots are shown for responses in the x-direction and y-direction. In Figure 16a and b, it can 653 

be seen that the amplitude of the accelerations recorded in Trial 13 were considerably larger than those 654 
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recorded in Trial 2, which was expected since the wave height recorded at uswg7 (near the structure) were 655 

0.11 m and 0.30 m for trial 2 and 13, respectively. In Figure 16b, it can also be seen that the amplitude of 656 

the accelerations in the x-direction are notably higher than the ones in the y-direction. Note also that the 657 

first 20 seconds (approximately) are not plotted for the time series, since this was prior to arrival of the 658 

waves to the structure and that the acceleration data are differentiated into four groups, each one represented 659 

with a different color. 660 

Figure 16c and d show the power spectrum functions for trials 2 and 13, respectively, for both the 661 

x- and y-directions.  Note that the colors of the PSD functions shown have direct relation to the colors 662 

selected in plotting of the acceleration time series for the same trials and for the x- and y-directions. The 663 

frequencies at which the peak values of the PSD functions are observed correspond to the natural 664 

frequencies. Comparison of the natural frequencies obtained from Figure 16c (Trial 2) and d (Trial 13) 665 

indicate that the natural frequencies in both the x- and y-direction tend to decrease with increase trial 666 

number. 667 

The reduction in natural frequencies as a function of the trial number can be further observed in 668 

Figure 17, which shows the identified natural frequencies as a function of the trial number for the elevated 669 

specimen. For each trial, four points are shown in this figure for both the x-direction and y-direction 670 

markers, which correspond to the four groups of waves mentioned in results shown in Figure 16. The 671 

reduction of the natural frequency with trial number can in part be explained with the accumulated loss of 672 

shear walls that was observed during testing that was also illustrated in Section 6.2. The natural frequency 673 

reduction can also be attributed to the loosening of nails and other connections and other load duration 674 

effects on wood members and connections (e.g., Rosowsky and Bulleit, 2002). However, this was not 675 

explored further in this study. 676 
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 677 

Figure 16. Elevated specimen hydrodynamic testing response in terms of x- and y-direction. Acceleration 678 
measurements for (a) Trial 2 (h0 = 1.10 m) and (b) Trial 13 (h0 = 1.35 m). Corresponding power spectrum 679 
for (c) Trial 2 and (c) Trial 13. Note that approximately the first 20 seconds were not considered in the 680 
data analysis reported here and that colors of the curves for the power spectral density functions shown 681 
have direct relation to the colors selected in plotting of the acceleration time series.  682 

 683 
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 684 
Figure 17. Elevated specimen identified natural frequency as a function of the trial number. 685 

 686 

6.4. Pressure distribution on the elevated specimen 687 

Pressure sensors were also installed in the alongshore (y-direction) on the bottom front (press1, 688 

press2, and press3) and back (press10, press11, and press12) of the elevated specimen to determine the 689 

variation in the y-direction (Figure 5). Table 7 shows the uplift pressure measured at pressure sensors 1, 2, 690 

and 3 (Pu,1, Pu,2, and Pu,3) and the standard deviation and standard error of the three sensors during the time 691 

of maximum ensemble-averaged vertical force, tv,max. Table 7 also shows the uplift pressure of pressure 692 

sensors 10, 11, and 12 (Pu,10, Pu,11, and Pu,12) and the standard deviation and standard error of the three 693 

sensors during tv,max. The variation in pressure in the y-direction was small and, therefore, was considered 694 

negligible for the vertical force calculations that will be discussed in Section 6.5 and Section 6.6.  695 

 696 
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Table 7. Uplift pressures during time of maximum vertical force and the standard deviation (σ) and 697 
standard error (SE). 698 

  Pu,1 Pu,2 Pu,3 σ SE Pu,10 Pu,11 Pu,12 σ SE 

Trial (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) 

1 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 

2 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 

3 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 

4 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 

5 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 

6 0.60 0.47 0.43 0.07 0.04 -0.08 -0.13 -0.22 0.06 0.03 

7 0.24 0.12 0.27 0.07 0.04 0.47 0.45 0.53 0.03 0.02 

8 0.67 0.54 0.70 0.07 0.04 0.82 0.72 0.57 0.10 0.06 

9 0.83 0.77 0.88 0.05 0.03 0.26 0.22 0.12 0.06 0.03 

10 0.84 0.69 0.81 0.06 0.04 0.32 0.27 0.12 0.09 0.05 

11 0.86 0.69 0.66 0.09 0.05 0.19 0.15 0.01 0.08 0.04 

12 1.11 0.91 0.94 0.09 0.05 0.36 0.31 0.21 0.06 0.03 

13 1.12 0.98 1.06 0.06 0.03 0.85 0.80 0.84 0.02 0.01 

14 1.40 1.24 1.28 0.07 0.04 1.02 1.00 1.03 0.01 0.01 

15 0.71 0.58 0.77 0.08 0.04 0.96 0.98 0.99 0.01 0.01 

16 1.74 1.45 1.65 0.12 0.07 1.10 1.03 0.92 0.07 0.04 

17 1.48 1.37 1.50 0.06 0.03 1.20 1.19 1.32 0.06 0.03 

18 1.64 1.67 1.66 0.01 0.01 1.22 1.19 1.20 0.01 0.01 

19 1.81 1.66 1.75 0.06 0.04 1.24 1.23 1.20 0.02 0.01 

20 2.54 2.84 2.58 0.13 0.08 1.00 0.89 0.78 0.09 0.05 

21 2.04 2.37 2.03 0.16 0.09 1.67 1.66 1.74 0.04 0.02 

 699 

As previously mentioned, pressure sensors were aligned down the center of the elevated specimen 700 

to observe the variation in uplift pressure the specimen experienced in the x-direction. Figure 18 shows the 701 

uplift pressure distribution on the elevated specimen during the tv,max, during trials 18, 19, 20, and 21. The 702 

tv,max for trials 18,19, 20, and 21 are 2.81 s, 2.82 s, 2.66 s, and 2.60 s, respectively. Each bar represents is 703 

the ensemble averaged pressure measured during tv,max by the eight pressure sensors aligned down the center 704 

of the elevated specimen (press1, press4-press10). The bar positioned at x’ = 0.04 m is the ensemble 705 

averaged uplift pressure measured by press1 and the bar positioned at x’ = 1.17 m is the ensemble averaged 706 

pressure measured by press10.The uplift pressure distribution for these trials is linearly decreasing from the 707 

front to the back of the specimen, which was observed for most trials with a negative air gap. While the 708 

maximum uplift pressure is not always at the very front of the specimen, it is likely that it will occur near 709 
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the front. This indicates that the uplift pressures will be greatest at the front of the structure and will decrease 710 

as a wave travels from the front to the back of a structure for waves that produce relatively large vertical 711 

forces. 712 

 713 

Figure 18. Uplift pressure distribution along the bottom of the elevated specimen at the time of maximum 714 
vertical force during trials 18 (a, h0 = 1.40 m), 19, (b, h0 = 1.45 m), 20 (c, h0 = 1.45 m), and 21 (d, h0 = 715 
1.45 m). x’ indicates the location of the pressure sensor measurement relative to the length of the 716 
specimen in the wave direction (x-direction). 717 

 718 

6.5. Vertical forces on the elevated specimen 719 

 The ensemble-averaged vertical force (Fv) was found on the elevated specimen for each trial by 720 

integrating the pressure distribution measured by the sensors along the bottom of the specimen. For this to 721 

be done, the measured pressures were assumed to be constant over a horizontal distance that extended 722 

halfway between adjacent sensors. The pressure measured by each sensor was then integrated over this 723 

distance to obtain a force acting on that section of the specimen. These forces were then added together to 724 
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obtain a total vertical force time series. Finally, the time series was ensemble-averaged and the maximum 725 

force, Fv,max, was identified. Figure 19 shows Fv,max for each trial plotted as a function of the ensemble-726 

averaged wave height, H̅, at uswg4 in front of the elevated specimen. The different colors indicate 727 

nonbreaking (blue), broken (black), and breaking (red) waves. The various marker types indicate a water 728 

depth of 0.30 m (triangles), 0.35 m (circles), 0.40 m (squares), and 0.45 m (diamonds). Figure 19 shows a 729 

correlation between increasing wave height and increasing vertical force, which is consistent with past 730 

literature such as Bradner et al. (2011). There are two outlier trials where the wave heights were relatively 731 

small (approximately H̅ = 0.11m) yet yielded relatively large forces. The air gap is negative in these two 732 

outlier trials, which could explain why the measured force is larger than expected with small wave heights.  733 

 734 

Figure 19. Maximum ensemble-averaged vertical force against ensemble-averaged wave height. Colors 735 
indicate nonbreaking (blue), broken (black), and breaking (red) waves. Marker types indicate trials where 736 
h = 0.30 m (triangles), h = 0.35 m (circles), h = 0.40 m (squares), and h = 0.45 m (diamonds). 737 

 738 

 Figure 20 shows Fv,max plotted as a function of the air gap, a. The different marker types indicate a 739 

value of H̅ less than 0.15 m (stars), between 0.15 m and 0.25 m (downward triangle), between 0.25 m and 740 

0.35 m (upward triangles), and greater than 0.35 m (circles). Figure 20 shows the maximum vertical force 741 
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is significantly affected by the air gap. The trials with the greatest ensemble-averaged forces all occurred 742 

during the trials with the largest negative air gap. Past literature has indicated that the vertical forces are 743 

usually at a maximum when a is zero (Bradner et al., 2011; Park et al., 2017; Sogut et al., 2020; Tomiczek 744 

et al., 2019). The reason why this differs from our experiment could be due to the floor beams and girders 745 

on the underside of the elevated specimen to follow building codes discussed in Section 3. In addition, 746 

previous experiments, such as Park et al. (2017) and Tomiczek et al. (2019), used repeated input wave 747 

conditions at various air gaps causing the same wave types and wave breaking locations throughout the 748 

experiment. In this study, the wave conditions and breaking locations varied for each air gap condition 749 

which could also explain the difference in vertical force readings. Past literature has also indicated that the 750 

vertical forces will begin to decrease as the air gap becomes more negative because the bottom of the 751 

structure is less affected by the dynamic pressures (Park et al., 2017; Tomiczek et al., 2019). However, the 752 

elevated specimen failed before more trials could be run, so this effect is not present in this study. 753 

Nonbreaking waves had the smallest force at each of the different air gaps due to relatively small wave 754 

heights, but at the most negative air gap, a nonbreaking wave produced a relatively large force compared 755 

to all other trials even with a small wave height. The peak forces occurring at an air gap of -0.1 m were due 756 

to relatively large waves breaking on the specimen directly. All trials had a period of T = 4.5 s except for 757 

Trial 9 and Trial 10, which are labeled in both plots and indicated by hollow markers. Bradner et al. (2011) 758 

found that the maximum uplift force was dependent on the wave period. Not enough data was collected to 759 

see any significant trends in wave period and vertical force, which is a characteristic that could be studied 760 

in future experiments. 761 
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 762 

Figure 20. Maximum ensemble averaged vertical force against air gap. Nonbreaking (blue), broken (black), 763 
and breaking (red). H̅ < 0.15 m (stars), 0.15 m < H̅ < 0.25 m (down triangle), 0.25 m < H̅ < 0.35 m 764 
(triangles), and H̅ > 0.35 m (circles). 765 

 766 

6.6. Predictive uplift pressure distribution equation 767 

 The second goal of this study was to develop an uplift pressure distribution equation for the elevated 768 

specimen. As mentioned previously, there is a lack of design criteria for uplift pressures and forces in 769 

current design manuals such as the CCM and ASCE 7-16. Although uplift equations exist for caisson 770 

structures (Goda, 1974), these structures have a rubble-mound base, so these equations are not directly 771 

applicable. Because this present experiment conducted only a limited number of trials because of the 772 

destructive nature of the tests, the data set is not sufficient to develop a comprehensive formula.  However, 773 

because there are relatively few experiments on residential structures in shallow water under surge and 774 

wave conditions, it is worthwhile to investigate the general form of the equation.   775 

  Based on the observations of Figure 18, the general form of the uplift pressure distribution equation 776 

is a linear line of the form: 777 

     Pu =  Pu,0 + mx'                         (5), 778 



Manuscript to Coastal Engineering (accepted) 

46 

 

where Pu is the pressure distribution along the centerline of the bottom of the structure, Pu,0 is the uplift 779 

pressure at the front edge of the bottom of the structure, m is the slope in kPa/m, and x’ is the position on 780 

the bottom surface of the structure in the x-direction, where positive is onshore and in the direction of wave 781 

propagation. Equation 5 is a line with a maximum value at the leading edge (x’ = 0 m) and decreasing 782 

shoreward, as can be seen in the dashed lines in Figure 18. This line fit the measured uplift pressure 783 

distributions during trials where the maximum vertical force, Fv,max, was relatively large. Because of this, 784 

trials where Fv,max exceeds 1.18 kN/m, which is 50% of the maximum force measured for all trials, were 785 

only considered when calculating m and Pu,0. The value of m was found by averaging the slopes of the fitted 786 

uplift pressure distribution lines (Figure 18) for trials where the maximum vertical force exceeded 1.18 787 

kN/m. The average slope was m = -0.4 kPa/m.  788 

 Cuomo et al. (2007) developed predictive force equations dependent on wave crest elevation, air 789 

gap, and water depth since these parameters were correlated to vertical forces. Earlier work and the data 790 

collected from this experiment showed that wave height and air gap are correlated with vertical force, 791 

therefore the parameter α was developed  in this study to include wave height and air gap in the calculation 792 

of Pu,0 which is:  793 

           α =  H̅ - a                          (6). 794 

The intercept of each fitted pressure distribution lines for where Fv,max > 1.18 kN/m were plotted as a 795 

function of α and the intercepts were found to be positively correlated to α. A linear line was fitted through 796 

these data points and the equation of this line was set equal to Pu,0. Pu,0 was calculated as  797 

             Pu,0 =  0.64 + 3.0α            (7). 798 

 Equation 7 was substituted into the general form of the uplift pressure distribution equation 799 

(Equation 5) to obtain: 800 

     Pu = 0.64 + 3.0α - 0.4x′                            (8). 801 

Since the development of this equation was only considered for trials where Fv,max exceeded 50% of the 802 

maximum force measured for all trials, Equation 8 is only valid for certain ranges of H̅, a, h and structure 803 
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length, w, to wavelength, L, ratios. The range of H̅ is between 0.12 m and 0.39 m, the range of a is between 804 

-0.10 m and 0.05 m, the range of h is between 0.30 m and 0.45 m, and the range of w to L is between 0.13 805 

and 0.16. The ranges of H̅, a, and h translate to 0.72 m and 2.34 m, -0.54 m and 0.30 m, and 1.8 m and 2.7 806 

m, respectively when the 1:6 experimental length scale is considered.  807 

 Equation 8 must be integrated over the length of the structure in the x-direction to obtain the total 808 

vertical force. Figure 21 shows the maximum vertical force, Fv,max, as a function of α. This figure shows the 809 

positive correlation between maximum vertical force and α.  A conservative uplift pressure distribution 810 

equation was also created: 811 

     Pu =  1.1 + 3.0α - 0.4x'                             (9). 812 

  813 

Figure 21. Maximum vertical force as a function of α. Colors indicate nonbreaking (blue), broken (black), 814 
and breaking (red) waves. Marker types indicate trials where h = 0.30 m (triangles), h = 0.35 m (circles), h 815 
= 0.40 m (squares), and h = 0.45 m (diamonds). 816 

 817 

  818 
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Equation 9 was created by adding an additional 0.46 to Pu,0 to ensure the equation would over predict the 819 

vertical force for every trial during the experiment. 820 

 Figure 22 compares the measured vertical forces and predicted vertical forces using both Equation 821 

8 and Equation 9. Solid circles indicate the trials where the maximum vertical force exceed 50% of the 822 

highest Fv,max value recorded and hollow circles indicate trials where the maximum vertical force did not 823 

exceed 50% of the highest Fv,max value recorded and therefore did not have ranges of  H̅, a, h, and w to L in 824 

the valid ranges described above. 825 

 826 

Figure 22. Measured vertical force compared to the predicted vertical force. Force predicted using Equation 827 
8 in red and force predicted using Equation 9 in blue. A marker that is not filled indicates that the trial did 828 
not use values of H̅, a, h, and w to L within the valid ranges described above. 829 

 830 

 Data from Park et al. (2017) and Tomiczek et al. (2019) was used in conjunction with the data 831 

collected from this study to validate Equation 8 and Equation 9. Figure 22 also shows the comparison of 832 
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the measured vertical force from Park et al. (2017) and Tomiczek et al. (2019) (black triangles) and the 833 

predicted vertical force after integrating Equation 8. Equation 8 seems to over predict the measured vertical 834 

force from the experiments done by Park et al. (2017) and Tomiczek et al. (2019).  835 

 Brander et al. (2011) also created predictive equations from their experimental study for both 836 

vertical and horizontal forces. The researchers developed force equations for many of the water depths and 837 

periods they tested with regular waves, ending up with 29 vertical force equations dependent on wave 838 

height. Two of the 29 equations were developed using parameters within the valid ranges of Equation 8 in 839 

this study. The equations are: 840 

                                                          Fv = 1.47H + 58.2H2                        (10) 841 

and 842 

                                                            Fv = 9.58H + 24.4H2           (11), 843 

where H is the measured wave height and Fv is the measured vertical force. These equations were developed 844 

using trials where a = 0 m and, therefore, can only be used to predict the vertical force on the elevated 845 

specimen in this study for Trials 13 and 14, where a is also 0 m. Figure 22 also compares of the predicted 846 

vertical force using Equations 10 and 11 and the measured vertical force from this study. This figure shows 847 

that the predicted vertical force that is calculated using Equation 8 during Trials 13 and 14 (red stars) is 848 

within the range of the predicted vertical force that is calculated using the equations developed by Bradner 849 

et al. (2011). This shows that developing an equation for vertical forces that is dependent on wave height 850 

and the air gap is possible. 851 

7. Discussion 852 

 The results of this study indicate that the modeled specimens behaved similarly to full-scale 853 

residential structures when exposed to surge and waves. The specimens in this study were constructed as 854 

rectangular idealized wood-frame coastal residences. However, the geometries of real-world coastal 855 

residences vary significantly, and different building archetypes should be studied, such as the specimens 856 

constructed in Wilson et al. (2008) including the effects of overhanging structural members. The girders 857 
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and floor joists constructed on the bottom side of the elevated specimen added a level of complexity to the 858 

vertical pressures and forces. A similar wood-frame structure without these structural members should be 859 

exposed to similar surge and wave conditions to quantitatively compare the effects the structural members 860 

have on the vertical pressures and forces such as air entrainment. The specimens were also constructed with 861 

openings to represent windows and doors on a residential structure. These openings can significantly affect 862 

the forces on a structure. These openings will decrease the area of impact but also allows water to rush 863 

through the structure causing large forces in the inside of the structure on the back walls. 864 

 Pressure sensors were only installed on the bottom of the elevated specimen to measure uplift 865 

pressures, and load cells were only installed underneath the on-grade specimen. Pressure sensors mounted 866 

on the front face of the specimens should be considered to compare horizontal and vertical pressures and 867 

forces similarly to Park et al. (2017). Additional pressure sensors installed on the bottom side of the elevated 868 

specimen in a grid would allow for the pressure distribution in both the x-direction and y-direction to be 869 

more accurately measured. Additional load cells could be installed on the elevated specimen for additional 870 

force measurements in both the horizontal and vertical directions. 871 

 Regular waves were considered in this study for simplicity and to easily identify the wave heights 872 

and water depths that caused the specimens to fail. However, irregular waves are more realistic and would 873 

expose the specimens to conditions similar to the real world. In a future study, a hydrograph of Hurricane 874 

Sandy conditions could be used to replicate the wave climate during the storm. Additionally, this study 875 

considered only one wave period (4.5 s) except for two trials. Bradner et al. (2011) found that the wave 876 

period is positively correlated to wave forces due to larger wave celerity and wave energy flux, so the effect 877 

of wave period should be taken into consideration in alternative studies.  878 

 The uplift pressure equation developed in this study was only valid for a specific range of structure 879 

length to wavelength ratios, air gaps, wave heights, and water depths. These ranges are 0.13 to 0.16, -0.10 880 

m to 0.05 m, 0.12 m to 0.39 m, and 0.30 m to 0.45 m, respectively. Future studies should consider increasing 881 

the boundaries of these ranges to cover a larger range of values.  In addition to increasing the parameter 882 

boundaries, uplift pressure equations should consider breaking types. Figure 20 shows the effects of wave 883 
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breaking types and wave breaking locations have on vertical forces. Developing equations for specific 884 

breaking types will increase the accuracy of the uplift pressure distribution equation. Bradner et al. (2011) 885 

and Sogut et al. (2020) also found that the momentum flux is highly correlated to maximum forces on 886 

elevated structures. This should also be explored to increase the accuracy of predictive uplift force 887 

equations. 888 

8. Conclusion 889 

 This study used regular waves with varying wave heights and water depths to test the performance 890 

and behavior of 1:6 scale wood-frame on-grade and elevated residential house specimens. The following 891 

conclusions were found from this study: 892 

1. Through careful design and construction, a scaled wood-frame specimen was constructed to behave 893 

and fail under wave forcing conditions similar to full-scale residential structures with similar 894 

structural properties and forcing. 895 

2. LiDAR was shown to be a useful tool to track the progressive damage of laboratory specimens 896 

quantitatively. 897 

3. The on-grade specimen experienced damages at lower water depths compared to the elevated 898 

structure as expected. 899 

4. The elevated specimen experienced higher rates of damages than the on-grade specimen when 900 

compared at the same elevation of the structure due to the increased wave heights at the elevated 901 

specimen. 902 

5. Vertical forces on the elevated specimen are correlated with wave height, air gap, and water depth. 903 

Vertical forces were found to increase with increasing wave heights and water depth. Previous 904 

studies have shown that maximum vertical forces occur when the bottom of the lowest horizontal 905 

member (LHM) of an elevated structure is even with the still water level. In this study, the peak 906 

vertical forces occurred at the greatest water depths during the maximum submergence of the 907 
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specimens. Previous laboratory studies mentioned in this paper did not consider waves entering the 908 

specimen through openings and did not include floor joists on the bottom of the specimen.  909 

6. Vertical forces are also affected by breaking type and location. Waves breaking directly on the 910 

specimens generally caused larger vertical forces. 911 

7. An empirical uplift pressure distribution equation (Equation 8) was developed dependent on wave 912 

height and air gap. The equation is valid for a specific range of structure length to wavelength 913 

ratios, wave heights, air gaps, and water depths, which are 0.13 to 0.16, 0.12 m to 0.39 m, -0.10 m 914 

to 0.05 m, and 0.30 m to 0.45 m, respectively. The equation is conservative when comparing it to 915 

other data sets such as Park et al. (2017) and Tomiczek et al. (2019) and agrees with the vertical 916 

force equations developed by Bradner et al. (2011). This shows that developing an equation for 917 

vertical forces that is dependent on wave height and the air gap is possible. 918 

 This study increases the current work to better understand the wave-structure interaction during 919 

hurricane storm conditions. Through more work, the design criteria of residential structures can be 920 

improved to increase the resiliency of coastal communities to extreme storm events. 921 
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