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ABSTRACT 

The objective of this study was to analyze the effects of tsunami loading on prototypical office 

and residential buildings based on the proposed ASCE 7-16 chapter 6.  The lateral resisting system 

for the residential building was an eccentric braced frame (EBF) system and both moment resisting 

frame (MRF) and eccentric braced frame systems were used for the office building. The buildings 

were designed for Monterey California, Hilo Hawaii, and Waikiki Hawaii and two different soil 

types: B and D.  The buildings were initially designed for seismic and wind loads based on ASCE 

7-10.  The buildings were then evaluated for tsunami loads corresponding to anticipated flow 

conditions at their respective sites. After the analysis was compete, it was found that strengthening 

was required for both the MRF and EBF buildings in Waikiki and Hilo to account for tsunami 

forces.  No changes were needed for the MRF buildings in Monterey and minimal changes were 

required for the EBF buildings in Monterey. 
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1 Introduction 

Tsunami forces have to be taken into consideration for design of structures in coastal regions 

in seismic subduction areas.  The west coast of the United States, which includes Northern 

California, Oregon, Washington, and Alaska are the most susceptible to tsunami loads due to 

subduction earthquakes. Central and Southern California and Hawaii are subjected to tsunami 

effects from distant tsunamis, and less frequent local tsunamis.  The Tohoku Tsunami in 2011 

showed the destructive force of tsunamis, but it also showed that structures being designed to 

resist these forces can survive.  Many refugees took refuge in specially marked vertical 

evacuation buildings and survived. Others sought refuge in mid to high-rise reinforced concrete 

and structural steel buildings. Many of these buildings survived, thereby saving the refugees. 

Because of the damage during past tsunamis, an ASCE7 Chapter 6 has been developed and 

is currently awaiting approval.  This ASCE7 Chapter 6 covers tsunami loads and its effects.  In 

this report, prototypical steel buildings will be designed for earthquake and wind loads, and then 

evaluated for tsunami loading based on the newly written Chapter 6 to determine what 

modifications would be required for steel structures to structurally survive tsunami loads. 

1.1 Formation of Tsunamis 

The term tsunami is of Japanese origin meaning “big wave in the port”.  They can be formed 

by earthquakes at the seabed, volcanic eruptions, landslides, and even meteorites.  The majority 

of tsunamis are formed by earthquakes at the seabed.   

Earthquakes occur frequently at the seabed, but generally only those that measure 7.0 or 

greater on the Richter scale have the possibility of forming tsunamis.  This is because of the 

amount of energy required to rapidly displace the water upwards.  The major earthquakes at the 
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seabed happen at a subduction fault line where one tectonic plate pushes up and over another 

causing shear stress accumulation between the two contacting surfaces.  This stress is built up 

until the plates slip, releasing the energy and displacing the ocean water above it.  Figure 1-1 

illustrates this effect:  

 

Figure 1-1: The Formation of a Tsunami at the Fault Line (Roach, 2005) 

 When the water displaces upwards, gravity forces it outward to even out thus forming 

tsunami waves propagating towards the coastline and across the ocean. Unlike typical waves, 

tsunamis can reach heights of about 30 meters high like in the 2004 Indian Ocean tsunami.  

These waves can travel up to 500 miles per hour in the deep ocean and have the possibility to 

travel entire oceans in about a day.   While the tsunamis are traversing the deep oceans, they are 
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usually very low in amplitude, but when they approach coastlines, their speeds decrease and their 

heights increase immensely.  This decrease in speed and increase in height is because of the 

decrease in water depth and the friction that is caused as the wave comes into contact with the 

coast.  

When the tsunami reaches shore, it isn’t usually a gigantic wave as depicted in some movies, 

but usually as a tidal bore of water making its way on shore.  It is often perceived as the tide 

rising quickly, engulfing most things in its path: from cars, to boats, to entire structures.  When 

the tsunami reaches maximum run up, it will begin receding back to the ocean.  The waves will 

continue until equilibrium is reached.  Another attribute of tsunamis is that the time between 

waves can be anywhere from five minutes to an hour or so.  Therefore, as a tsunami is 

happening, it is hard to tell when it has truly stopped and the following tsunami can take the lives 

of unsuspecting survivors. An example of a tsunami reaching land and pouring over a seawall is 

shown on Figure 1-2:  

 

Figure 1-2: Tsunami Pouring Over Seawall in Miyako, Japan 

1.2 The Tohoku Tsunami 

The Great East Japan Earthquake happened on March 11, 2011.  The 9.0 magnitude 

earthquake was the largest known earthquake to have ever hit Japan.  The earthquake and 
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subsequent Tohoku Tsunami caused over $300 billion in damages which would make it the most 

costly natural disaster ever (Oskin, 2013).  Even worse, the tragedy caused about 18,000 deaths 

or missing persons (Oskin, 2013).  While this was one of the worst tragedies ever, it provided a 

learning experience for engineers to try and help prevent this amount of damage and deaths from 

happening again. 

The earthquake’s first shocks were felt at 2:46 in the afternoon.  Since the earthquake 

happened in broad daylight, the following tsunami was caught on video by multiple bystanders 

and news helicopters from above.  This allowed for a more accurate analysis of tsunami behavior 

than ever before.  A reconnaissance team was sent by the American Society of Civil Engineers 

(ASCE) to study the damage of this tsunami (Chock et al. 2011).  What resulted was a better 

understanding on this phenomenon and a chapter in the ASCE 7 code dedicated to tsunami 

loading. 
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2 Literature Review 

2.1 Current Tsunami Design Guidance in the United States – FEMA P-646 

FEMA P-646: Guidelines for Design of Structures for Vertical Evacuation from Tsunamis 

(FEMA, 2013), is currently the only tsunami design guidance in the United States. FEMA P–646 

is not written in mandatory code-style language and therefore could not be used directly in 

building codes.  In addition, it is written specifically for the design of vertical evacuation 

facilities, with no provisions for less critical buildings or coastal infrastructure. It is currently 

referenced in an appendix in the International Building Code for the use in design of critical 

facilities and vertical evacuation structures in tsunami inundation zones.   

The need for a tsunami code was apparent for coastal regions following the Tohoku tsunami.  

Japan had developed and used a tsunami design code for many vertical evacuation structures 

built prior to the Tohoku tsunami.  During the tsunami, many refugees sought shelter at these 

vertical evacuation facilities and survived.  In addition, many refugees sought shelter in other 

multi-story buildings that were not specifically designed or designated for tsunami evacuation. 

Many of these buildings survived structurally, thereby saving thousands of lives. The success of 

these buildings in Tohoku prompted the development of tsunami code provisions by the ASCE 

sub-committee on Tsunami Loads and Effects that can be used in the US and elsewhere to help 

coastal communities affected by tsunamis. 

2.2 Tohoku Tsunami-Induced Building Failure Analysis with Implications of 

U.S. Tsunami and Seismic Design Codes 

In Tohoku Tsunami-Induced Building Failure Analysis with Implications of U.S. Tsunami 

and Seismic Design Codes (Chock, et al. 2013), a number of buildings and structures that failed 

or were near to failure during the Tohoku tsunami were examined in detail.  One of the buildings 



  

Research Report UHM/CEE/14-02  December 2014 

 Page 6    

was an Onagawa three-story steel building.  Analysis of this building showed that the building 

columns yielded, but the structure did not collapse, under a drawdown flow velocity of about 7.5 

m/s.  For this building, the initial inward flow of the tsunami didn’t have much effect on the 

building because it was shielded by larger concrete structures, but during drawdown, the building 

was exposed to the flow and yielded.  This was a moment frame building with wide flange 

columns with 12 mm cover plates welded to them to form square columns.  The final results 

showed that the columns would yield with at least 60% debris blockage and a third floor drift of 

about 50 cm.   

2.3 Evaluation of Prototypical Reinforced Concrete Building Performance 

when Subjected to Tsunami Loading 

In Evaluation of Prototypical Reinforced Concrete Building Performance when Subjected to 

Tsunami Loading (Mikhaylov and Robertson, 2009), an analysis of the effects of tsunami 

loading on prototypical reinforced concrete buildings was done based on FEMA P–646.  

Initially, multistory reinforced concrete buildings were designed according to several site 

specific seismic and wind conditions using the International Building Code (IBC) 2006.  Then, 

these buildings were subjected to tsunami loads based on the first edition of FEMA P–646 

(FEMA 2008) to see the effects of the tsunami and ultimately, to see if these buildings could be 

used as vertical evacuation buildings. 

This report showed some inadequacies of FEMA P–646 first edition.  Tsunami bores were 

not represented accurately in FEMA P–646, therefore, the report used equations from 

Characterization of Tsunami-Like Bores in Support of Loading on Structures (Mohamed, 2008) 

to represent tsunami bores more accurately in areas such as Waikiki, Oahu with relatively 

shallow waters.  Another problem with FEMA P–646 was its information on shipping container 
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debris impact.  The stiffness of the containers was determined to be too high and the mass of the 

containers were considered low.  The mass of the containers given is for an empty container, but 

containers that are fully filled can still float and be considered as debris.  Therefore, to obtain a 

more accurate representation of a shipping container, measurements were taken of a number of 

containers to obtain a more realistic impact force. 

Mikhaylov and Robertson (2009) ultimately found that reinforced concrete structures can be 

designed to resist tsunami loading and therefore could be used as vertical evacuation facilities.  

The results yielded only an 8% increase in reinforcing steel and a 3% increase in concrete 

volume which is a small amount to pay in the overall cost of the building.  They also found that 

special moment frame buildings designed for high seismic regions might not need any upgrading 

at all.  The shear wall buildings might need additional shear reinforcing in the form of headed 

studs for the out of plane walls.  It was also found that debris impact strikes from a shipping 

container will most likely exceed shear and bending capacity of both columns and walls, so 

therefore, the building should be designed to resist progressive collapse if an individual member 

fails. 
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3 Prototypical Buildings 

In this report, prototypical office and residential buildings are designed for seismic and wind 

loads and evaluated for tsunami loadings.  The office building is designed for both steel special 

moment resisting frames (SMRF) and eccentric braced frames (EBF) lateral force resisting 

systems.  The residential building is designed only for EBFs.  These buildings are considered at 

three locations: Monterey, California, Hilo, Hawaii, and Waikiki, Hawaii.  The coordinates of 

the three locations are presented in Table 3-1: 

Table 3-1: Coordinates of Selected Locations 

 

 

The buildings are initially designed to resist wind and seismic forces in accordance with 

ASCE 7-10.  The buildings are then subjected to tsunami loading following the proposed 

Chapter 6 of the ASCE 7-16 to see the extent of the damage and to see what improvements need 

to be made to the buildings to ensure their safety in the event of a tsunami. 

3.1 Dimensions of the Buildings 

The plan and elevation views of the office building are shown in Figure 3-1 and the plan and 

elevation views of the residential building are shown in Figure 3-2: 

Location Latitude Longitude

Monterey 36.6 N 121.8821 W

Hilo 19.7208 N 155.0833 W

Waikiki 21.27578 N 157.8257 W
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Figure 3-1: Plan and Elevation Views of Prototypical Office Building 

 

Figure 3-2: Plan and Elevation Views of Prototypical Residential Building 
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3.2 Dead and Live Loads on Building 

Table 3-2 and Table 3-3 show the dead and live loads for the office and residential buildings 

respectively.  

Table 3-2: Office Building Dead and Live Loads 

 

Table 3-3: Residential Building Dead and Live Loads 

 

 

Dead Loads Load (psf)

5 1/2" Normal Weight Concrete Slab 51

3VLI 20 Decking 2.14

Floor Finish/ Tapered Roofing 5

Ceiling/ Insulation 5

MEP 10

Joist (Estimate): W16x50 5.25

Girder (Estimate): W18x60 3

Column (Estimate): W14x145 4.36

Total: 85.75

Live Loads Load (psf)

Corridors 80

Remainder 50

Roof 20

Partition 15

Office Building
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4 Earthquake Loading 

The prototypical office and residential buildings were designed for seismic loading based on 

ASCE 7-10. Two different soil types were considered: soil types B and D.  In Hilo and Waikiki, 

the two soil types were used, but in Monterey, only soil type D was used. 

The following example illustrates the seismic design of the office building in Monterey. 

4.1 Nomenclature 

Ss  = 0.2 Second Response Acceleration 

S1 = 1 Second Response Acceleration 

SDS = Design Spectral Response Acceleration Parameter Based on Ss 

SD1 = Design Spectral Response Acceleration Parameter Based on S1 

Ts = Short Period 

TL = Long Period Transition Period 

V = Base Shear 

Cs = Seismic Response Coefficient  

W = Effective Seismic Weight of the Building 

R = Response Modification Coefficient 

I = Importance Factor 

T = Fundamental Period of Building 

SDC = Seismic Design Category 

Fx = Lateral Seismic Force 

Cvx = Vertical Distribution Factor 

 

4.2 USGS Design Maps Application 

The USGS (United States Geological Survey) website was used to determine Ss, S1, and the 

design response spectrum.  The report was based on ASCE 7-10 while assigning a soil type of D 

and a risk category of II and entering the coordinates of the building location in Monterey, 

California. Figure 4-1 summarizes the USGS’s seismic parameters and spectra. 
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Figure 4-1: USGS Design Maps Output 

4.3 Calculation of Earthquake Load Distribution 

Following the use of the USGS design maps application, the next step is to calculate the 

seismic load distribution based on Chapters 11-14 in ASCE 7-10.  First, the Seismic Design 

Category (SDC) must be determined using Table 11.6-1 and Table 11.6-2.  From those tables, it 

was determined that the building must be designed as SDC of D. 

The seismic base shear is given by Equation 4-1: 

𝑉 = 𝐶𝑠𝑊 

Equation 4-1: Base Shear 

Where Cs is the smallest of the following: 

𝐶𝑠 =
𝑆𝐷𝑆

𝑅
𝐼⁄

 

𝐶𝑠 =
𝑆𝐷1

𝑇(𝑅
𝐼⁄ )

  𝑓𝑜𝑟 𝑇 ≤ 𝑇𝐿 

𝐶𝑠 =
𝑆𝐷1𝑇𝐿

𝑇2(𝑅
𝐼⁄ )

  𝑓𝑜𝑟 𝑇 > 𝑇𝐿 
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but Cs shall not be less than: 

𝐶𝑠 = 0.044𝑆𝐷𝑆𝐼 ≥ 0.01 

 

The Importance Factor (I) depends on the building Risk Category.  From Table 1.5-1, an 

office building corresponds to a Risk Category of II. Table 1.5-2 gives I = 1.0 for a Risk 

Category II building. 

The Response Modification Coefficient (R) is given in Table 12.2-1 under the special 

moment frame section.  Using this table, R = 8.  

The approximate fundamental period of the building (Ta) is given by the equation: 

𝑇𝑎 = 𝐶𝑡(ℎ𝑛)𝑥 

where Ct and x is given  in Table 12.8-2 and hn is the height of the building.  In this instance, Ct 

= 0.028, x = 0.8, and hn = 74 feet. TL is given in Figure 22-12 in ASCE 7-10. TL = 12 seconds for 

Monterey.  After solving for all the Cs equations, the controlling Cs was found to be 0.0915. 

The Effective Seismic Weight (W) is calculated by finding the weight of each typical floor 

plus the roof.  The dead load plus a partition load was used to get the weight for a typical floor 

and just the dead load for the roof was used to get the weight of the roof.  The five typical story 

weights were equal to 2251.96 kips and the weight of the roof was also equal to 2251.96 kips.  

Therefore: 

𝑊 = 𝑊𝑡𝑦𝑝 + 𝑊𝑟𝑜𝑜𝑓 = 6(2251.96) = 13512 𝑘𝑖𝑝𝑠 

Substituting CS and W into Equation 4-1 gives: 

𝑉 = 0.0915 ∗ 13512 = 1236 𝑘𝑖𝑝𝑠 

The base shear must then be distributed amongst the 6 stories of the office building using: 
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𝐹𝑥 = 𝐶𝑣𝑥V  

 

Table 4-1 summarizes the seismic distribution using Microsoft Excel: 

Table 4-1: Distribution of Base Shear 

 

Figure 4-2 shows application of the seismic forces to each story of the office building in the 

ETABS model for ground motion in the building longitudinal direction. 

 

 

Figure 4-2: ETABS Model Showing Distribution of Base Shear to Each Story 

Level Weight (kips) Height (ft) h^k w*h^k Cvx Fx (kips)

Roof 2252 74 129 289672 0.295 364

5 2252 62 105 237244 0.241 298

4 2252 50 82.6 186111 0.189 234

3 2252 38 60.6 136545 0.139 172

2 2252 26 39.5 88981 0.091 112

1 2252 14 19.6 44250 0.045 55.7

Sum = 982803 1 1236
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5 Wind Loading 

Wind design was performed in accordance with chapters 26 – 31 in ASCE 7-10 using the 

directional procedure. The following example demonstrates application of this procedure to the 

office building in Monterey. 

5.1 Nomenclature 

V = Basic Wind Speed 

Kzt = Topographical Effect 

Kd = Directionality Factor 

I = Importance Factor 

G = Gust Effect Factor 

Kz = Velocity Pressure Exposure Coefficient Evaluated at Height Z 

Kh = Velocity Pressure Exposure Coefficient Evaluated at Height of the Building 

Cp = External Pressure Coefficient 

qz = Velocity Pressure Evaluated at Height Z  

qh = Velocity Pressure Evaluated at Height of the Building  

PW = Wind Pressure on Windward Side of Building 

PL = Wind Pressure on Leeward Side of Building 

5.2 Wind Loading 

The Basic Wind Speed (V) can be found on Figure 26.5-1A.  Using this figure, the basic 

wind speed for Monterey is V = 110 mph. 

From section 26.7.3, it can be determined that Exposure Category C applies to this building. 

For the purpose of this design of the special moment frame in Monterey, seismic design will 

likely control, so a conservative value of Topographical Factor (Kzt) was estimated as 1.0.   

The Directionality Factor (Kd) is equal to 0.85 from Table 26.6-1.   
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The Importance Factor (I) can be found in the International Building Code (IBC) Table 

1604.5. In this case I = 1.0. 

The Gust Effect Factor (G) is taken to be 0.85.  This is assuming the structure is rigid and is 

a conservative approach.   

The next step is to find the Velocity Pressure Exposure Coefficient (Kz) at the height of each 

story.  Table 27.3-1 is used to find the values of Kz.  The values in Table 27.3-1 are given in 

increments of 10 feet but linear interpolation can be used for values that are not multiples of 10.  

Table 5-1 summarizes the Kz values at the story heights: 

Table 5-1: Kz at Story Heights 

 

 

The External Pressure Coefficient (Cp) can be found using Figure 27.4-1.  Figure 5-1 is an 

illustration of the pressure distribution along the building along with the values of Cp: 

z (ft) Kz

Roof 74 1.186 (Kh)

Level 5 62 1.138

Level 4 50 1.09

Level 3 38 1.028

Level 2 26 0.948

Level 1 14 0.85

Ground 0 0.85
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Figure 5-1: Illustration of Wind Pressures and Cp 

  

 Using the variables determined above, Equation 4-1 can be solved to get the velocity 

pressures at each height. 

𝑞𝑧 = 0.00256𝐾𝑧𝐾𝑧𝑡𝐾𝑑𝑉2𝐼 

Equation 5-1: Velocity Pressure Evaluated at a Height z 

 

After obtaining the velocity pressures, the wind pressures can finally be determined using 

Equation 5-2: 

𝑃𝑊 = 𝑞𝑧 𝐺𝐶𝑝 − 𝑞𝑖(𝐺𝐶𝑝𝑖) ; 𝑊𝑖𝑛𝑑𝑤𝑎𝑟𝑑 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 

𝑃𝐿 = 𝑞ℎ𝐺𝐶𝑝 − 𝑞𝑖(𝐺𝐶𝑝𝑖) ; 𝐿𝑒𝑒𝑤𝑎𝑟𝑑 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 

Equation 5-2: Wind Pressures Evaluated at a Height z 

 

The wind pressure results are presented in Table 5-2 and Table 5-3.  
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Table 5-2: Wind Pressures in the East – West Direction 

 

 

Table 5-3: Wind Pressures in the North – South Direction 

 

 

The wind pressures can be used to determine story shear forces by multiplying them by 

the tributary area. Table 5-4 and Table 5-5 summarize the wind shear forces per story: 

Table 5-4: Wind Shear Forces in the East – West Direction 

 

 

East - West Direction z (ft) Kz Pw (psf) PL (psf) P_total (psf)

Roof 74 1.19 21.2 6.78 28.0

Level 5 62 1.14 20.4 6.78 27.2

Level 4 50 1.09 19.5 6.78 26.3

Level 3 38 1.03 18.4 6.78 25.2

Level 2 26 0.948 17.0 6.78 23.8

Level 1 14 0.85 15.2 6.78 22.0

Ground 0 0.85 15.2 6.78 22.0

North - South Direction z (ft) Kz Pw (psf) PL (psf) P_total (psf)

Roof 74 1.19 21.2 13.3 34.5

Level 5 62 1.14 20.4 13.3 33.6

Level 4 50 1.09 19.5 13.3 32.8

Level 3 38 1.03 18.4 13.3 31.7

Level 2 26 0.948 17.0 13.3 30.2

Level 1 14 0.85 15.2 13.3 28.5

Ground 0 0.85 15.2 13.3 28.5

East - West Direction z (ft) (Pw) x (Area) V (kips)

Roof 74 27.1(6*88) 14.79245

Level 5 62 27.1(6*88) + 26.0(6*88) 29.13113

Level 4 50 26.0(6*88) + 24.9(6*88) 28.22361

Level 3 38 24.9(6*88) + 23.5(6*88) 27.18374

Level 2 26 23.5(6*88) + 21.7(6*88) 25.84136

Level 1 14 21.7(6*88) + 19.4(7*88) 24.15866

Ground 0 19.4(7*88) 13.55213

Total = 162.8831
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Table 5-5: Wind Shear Forces in the North – South Direction 

 

  

North - South Direction z (ft) (Pw) x (Area) V (kips)

Roof 74 27.1(6*254) 52.58673

Level 5 62 27.1(6*254) + 26.0(6*254) 103.8637

Level 4 50 26.0(6*254) + 24.9(6*254) 101.2443

Level 3 38 24.9(6*254) + 23.5(6*254) 98.24285

Level 2 26 23.5(6*254) + 21.7(6*254) 94.36825

Level 1 14 21.7(6*254) + 19.4(7*254) 89.51137

Ground 0 19.4(7*254) 50.65512

Total = 590.4724
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6 Design of the Moment Resisting Frame Buildings 

The analysis and design of the Special Moment Resisting Frame (SMRF) was performed 

using ETABS 2013. Design checks of the ETABS model were done in accordance with the 

AISC Seismic Design Manual and the AISC Steel Construction Manual.  The typical steel used 

throughout the structure is ASTM A572 Gr. 50 Steel. 

The section demonstrates the design process for the office building in Monterey. 

6.1 Design of SMRF Based on Drift 

From Chapters 2 and 3 of this report, it can be seen that the seismic loading controls over the 

wind loading.  The seismic story shears were placed at each story using ETABS in both the East-

West and North-South directions.  Then, the displacements were found for both directions.  The 

East-West direction had greater displacements and therefore, controlled. 

The maximum displacement was then found at the roof.  This displacement was used for the 

elastic wind drift check.  The wind elastic limit is: 

∆𝑅<  𝐻
400⁄  ; 𝐻 = ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 

In order to get the inelastic story drift, the difference in the story displacements was found 

and then multiplied by Cd and a RBS amplification factor. Cd can be found using Table 12.2-1 in 

ASCE 7-10 as 5.5.  The RBS amplification factor is based on the depth of the cut in the reduced 

beam section as described in the next section.  The maximum a beam can be cut yields a RBS 

amplification factor of 1.1 which is used here to be conservative from Section 5.8, Step 1 of the 

ANSI/AISC 358.  This is due to a reduction in stiffness of the beam when a RBS is designed. 

The drift check used is the inelastic story drift check.  The equation for this check is as 

follows: 
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𝐼𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑆𝑡𝑜𝑟𝑦 𝐷𝑟𝑖𝑓𝑡 𝐿𝑖𝑚𝑖𝑡 =  ℎ𝑠𝑡𝑜𝑟𝑦 ∗ 0.02 

The inter-story drift limit is therefore equal to 2% of the story height.  For the office building, the 

drift limit is: 

𝐷𝑟𝑖𝑓𝑡 𝐿𝑖𝑚𝑖𝑡𝑇𝑦𝑝𝑖𝑐𝑎𝑙 𝑆𝑡𝑜𝑟𝑦 = 0.02 ∗ (12𝑓𝑡) ∗ (
12 𝑖𝑛

1 𝑓𝑡
) = 2.88"  

𝐷𝑟𝑖𝑓𝑡 𝐿𝑖𝑚𝑖𝑡𝐺𝑟𝑜𝑢𝑛𝑑 𝐹𝑙𝑜𝑜𝑟 = 0.02 ∗ (14𝑓𝑡) ∗ (
12 𝑖𝑛

1 𝑓𝑡
) = 3.36"  

In a steel structure, the base of the columns can be either pinned or fixed.  Pinned columns 

are typically used in steel structures because fixed connections are usually more expensive and 

time consuming.  However, it was found that using pinned connections resulted in unreasonably 

large sections in order to meet the ground floor drift limit.  Therefore, the columns were modeled 

with fixed bases.  Table 6-1 summarizes the optimal SMRF beam and column sizes for both 

pinned and fixed column bases: 

Table 6-1: Optimal Sizing Based on End Condition 

 

6.2 Design of the Reduced Beam Section  

In a moment frame, it is beneficial to have the beam sections yield rather than the columns 

or the connections.  To ensure a beam hinge forms away from the beam-column connection, a 

reduced beam section (RBS) is designed.  To design the RBS for a W24x103 beam some 

End Condition: Pinned End Condition: Fixed

Using W24x229 Beams: Columns Drift Using W24x103 Beams: Columns Drift

6th Story Column W14x68 1.46 6th Story Column W14x132 1.50

5th Story Column W14x68 2.73 5th Story Column W14x132 2.55

4th Story Column W14x120 2.54 4th Story Column W14x342 2.53

3rd Story Column W14x120 2.77 3rd Story Column W14x342 2.82

2nd Story Column W14x550 1.72 2nd Story Column W14x370 2.77

1st Story Column W14x550 3.29 1st Story Column W14x370 1.96
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properties of the section must first be known.  From Table 1-1 in the AISC Steel Construction 

Manual, a summary of the variables used in the RBS design is shown in Table 6-2: 

Table 6-2: Summary of Variables for RBS in a W24x103 Beam 

 

 

Because ASTM A572 Gr. 50 Steel is used, from Table 2-4 in the AISC Steel Construction 

Manual we get that: 

Fy = 50 ksi and Fu = 65 ksi 

 The RBS was designed by picking trial dimensions a, b, and c and then doing checks 

based on Example 4.3.3 and Table 4-A in the AISC Seismic Provisions.  The trial dimensions a, 

b, and c can be seen in Figure 6-1: 

Variables Value

d 24.5"

kdes 1.48"

ry 1.99"

bf 9.00"

h/tw 39.2

h0 23.5"

tf 1.00"

Sx
245 in3

tw 0.555"

Zx
280 in3
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Figure 6-1: Reduced Beam Section Dimensions 

 

The trial dimensions chosen for a, b, and c have to be within the following limits: 

0.5𝑏𝑏𝑓 < 𝑎 < 0.75𝑏𝑏𝑓 

0.65𝑑 < 𝑏 < 0.85𝑑 

0.16𝑏𝑏𝑓 < 𝑐 < 0.25𝑏𝑏𝑓 

The selected trial dimensions were: 

a = 6”, b = 20”, c = 2” 

 After selecting the trial dimensions, the following checks are performed to see if the RBS 

is sufficient: 

 Beam Slenderness 

 Spacing of Lateral Bracing 

 Available Flexural Strength at Center of RBS 

 Available Shear Strength at Center of RBS 

 

Detailed examples of these checks are available in Table 4-A and the accompanying example in 

the AISC Seismic Provision Manual. 
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 The final design of the RBS is shown in Figure 6-2: 

 

Figure 6-2: Final Design of the RBS 

6.3 Moment Ratio Check 

The moment ratio check is necessary to satisfy the strong column weak beam concept.  This 

concept states that it is desirable to have stronger columns than beams.  Schneider et al. (1991) 

and Roeder (1987) showed that the real benefit of the strong column weak beam concept is that 

the columns would be strong enough to force flexural yielding in beams in multiple levels in the 

building, therefore achieving a higher level of energy dissipation in the system. 

6.3.1  Nomenclature 

M*pc = Projections of the Nominal Flexural Strengths of the Columns 

M*pb = Projections of the Expected Flexural Strengths of the Beams at the Plastic Hinge 

Location to the Column Centerline       

Ag = Gross Area of Column 

Fyb/yc = Specified Minimum Yield Stress of Beam/Column          

Muv = Additional Moment Due to Shear Amplification from the Location of the Plastic 

Hinge to the Column Centerline based on LRFD 

Puc = Required Compressive Strength using LRFD Load Combinations 

Zb/c = Plastic Section Modulus of the beam/column 

ZRBS = Minimum Plastic Section Modulus at the Reduced Beam Section 

Ry = Ratio of the Expected Yield Stress to the Specified Minimum Yield Strength, Fy 
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6.3.2 Moment Ratio 

 The Moment Ratio is to be applied at every story, except the roof.  In Section E3 of the 

Seismic Design Manual it states that “Columns used in a one story building or the top story of a 

multistory building” need not meet the moment ratio requirement.  The top story doesn’t have to 

meet the moment ratio requirement because if the top story of a multistory building collapses, it 

generally won’t cause any other floors to collapse.   

The Moment Ratio must satisfy the following requirement: 

∑
𝑀∗

𝑝𝑐

𝑀∗
𝑝𝑏

> 1.0 

Equation 6-1: Moment Ratio 

The summation comes from the sum of the respective columns or beams located at the 

intersection in question.  From the steel design check function in ETABS, it was found that the 

second outermost columns in the long direction are the critical ones. Figure 6-3 labels the 

intersections in question: 
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Figure 6-3: Intersection Labels 

  

The equation for M*pc is given below:  (*Note: Puc is found using ETABS by looking at the 

axial force at each column). 

∑ 𝑀∗
𝑝𝑐 = ∑ 𝑍𝑐(𝐹𝑦𝑐 −

𝑃𝑢𝑐

𝐴𝑔
) 

Table 6-3 summarizes the results: 

1 

2 

3 

4 

5 
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Table 6-3: M*pc Calculations 

 

 

 

The beam moment capacity, M*pb is given by: 

𝑀∗
𝑝𝑏 = ∑(1.1𝑅𝑦𝐹𝑦𝑏𝑍𝑅𝐵𝑆 + 𝑀𝑢𝑣) 

Ry can be found in Table A3.1 in the Seismic Design Manual.  In this case Ry =1.1. 

From Section 6.2 in this report, it was found that ZRBS = 186 in
3
 

Muv is calculated by the shear amplification multiplied by the distance from the centerline of 

the column to the plastic hinge location.  The plastic hinge location for the RBS occurs at the 

center of the reduced section or 16” from the column face.  The shear amplification was found 

using ETABS by finding the shear force 16” away from the column.  Table 6-4 summarizes the 

results for M*pb: 

Story Column Z (in3)
Ag (in

2) Pu (ETABS)

Ground W14x370 736 109 66.9

Level 1 W14x370 736 109 53.0

Level 2 W14x342 672 101 37.2

Level 3 W14x342 672 101 22.4

Level 4 W14x109 192 32 10.1

Level 5 W14x109 192 32 2.96

Intersection Column Below (k*ft) Column Above (k*ft) Total (k*ft)

1 3029 3037 6066

2 3037 2779 5816

3 2779 2788 5567

4 2788 795 3582

5 795 798 1593



  

Research Report UHM/CEE/14-02  December 2014 

 Page 31    

Table 6-4: M*pb Calculations 

 

 

 

From Table 6-3 and Table 6-4, it can be seen that at Intersection 5 the moment ratio will be 

below 1.  Therefore the following table is a summary of the trial column sections used for the 

fifth intersection: 

Table 6-5: Top Two Story Column Selection Based on Moment Ratio 

 

6.4 SMRF Design Conclusions  

 From the Moment Ratio check, it can be seen that the optimal column section would be a 

W14x132 for the top two floors.  Doing the drift check for this yields the following: 

Column dc (in.) (dc/2)+a+(b/2)

W14x132 14.7 23.4

W14x342 17.5 24.8

W14x370 17.9 25.0

Intersection Shear Left (ETABS) Shear Right (ETABS) Mu (Left) Mu (Right) Total (k*ft)

1 19.1 19.6 39.7 40.7 1956

2 22.0 22.4 45.7 46.7 1968

3 20.6 20.9 42.4 43.2 1961

4 16.9 17.4 34.9 35.9 1946

5 10.1 10.6 19.6 20.6 1916

Top Floor Columns Moment Ratio

W14x109 0.832

W14x145 1.13

W14x132 1.01
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Table 6-6: Final Drift Check 

 

 

All of the stories meet the maximum drift requirement of 2.88”.  Therefore, this design 

meets the drift check.  The final design of the SMRF Office building is shown in Figure 6-4:  

 

Figure 6-4: Final SMRF Office Building Design 

Using W24x103 Beams: Columns Disp. Drift

6th Story Column W14x132 2.34 1.50

5th Story Column W14x132 2.09 2.55

4th Story Column W14x342 1.67 2.53

3rd Story Column W14x342 1.25 2.82

2nd Story Column W14x370 0.782 2.77

1st Story Column W14x370 0.324 1.96
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6.5 SMRF Gravity Design 

After designing the SMRF, the gravity columns and beams need to be designed.  Figure 

6-5 shows the location of the gravity members.  The members in red are the gravity members 

while the green members are the SMRF members. 

 

Figure 6-5: Locations of Gravity Members 

6.5.1 SMRF Gravity Column 

The design of the columns is done by finding the axial force of a particular member and 

selecting a member capable of supporting that axial force.  Table 6-1 in the AISC Steel 

Construction Manual is used to find the axial capacity of particular shapes.  Since the columns 

are spliced at every two floors, the gravity columns shall be designed at levels 1, 3, and 5.  

Figure 6-6 shows the gravity sections selected for the office building turned on its side. 

 

Figure 6-6: Gravity Column Sections 

6.5.2 SMRF Gravity Beam 

The gravity beams are designed as partially composite beams since a composite deck is 

used.  A sample calculation is included in the Appendix. 
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7 Design of Eccentric Braced Frame Buildings 

The design of the Eccentric Braced Frame (EBF) was also done primarily with ETABS 

2013.  Checks of the EBF design was done in accordance to Section 5.4 in the AISC Seismic 

Design Manual.  The typical steel used throughout the structure is ASTM A572 Gr. 50 Steel. 

The designs of the connections within the EBF system were ignored once again because the 

members were assumed to fail due to tsunami loading and not the connections. 

The locations of the EBF’s are on the outside perimeter of the building as shown in Figure 

7-1: 

 

Figure 7-1: Locations of EBF’s 

 

7.1 Design of EBF Based on Drift 

The initial member sizing for the EBF system was done based on drift requirements 

similarly to Section 6.1.  The two differences are a different Cd and the lack of a RBS 

amplification factor.  For each lateral resisting system, a new Cd (deflection amplification factor) 

must be found.  In this case the Cd factor was equal to 4 for the eccentric braced frame. The final 

equation is: 

𝐷𝑟𝑖𝑓𝑡𝐸𝐵𝐹 = (𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡𝑖𝑡ℎ 𝑓𝑙𝑜𝑜𝑟 − 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡𝑖𝑡ℎ−1 𝑓𝑙𝑜𝑜𝑟) ∗ 𝐶𝑑 
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7.2 Design of Link Section 

The main component in an EBF is the link.  The link is the component in the EBF system 

that is designed for ductile yielding behavior.  In this design, the link is designed to yield in 

shear.  The link is designed following Example 5.4.2 in the AISC Seismic Design Manual.  The 

shear and moment forces from the dead, live, and earthquake loads were found using ETABS.  

The earthquake axial force was found manually.   

The first step in finding the earthquake axial force is distributing the lateral earthquake force 

per floor evenly.  Because of the presence of a rigid diaphragm and the force being placed at the 

middle, the earthquake load is distributed equally between the two EBF’s acting in that direction.  

Figure 7-2 is a visual representation of this for the top floor of the residential building in Hilo 

with soil type B: 

 

Figure 7-2: Distributing the Earthquake Load Between the EBF’s 

This force is then divided by the width of the building to get 83.24
k 

÷ 64 ft = 1.30 k/ft.  This is 

the axial force per foot distributed along the width of the building.  The axial force load path 

goes from the edge of the building to the edge of the link where is meets the braces and then 

down the braces.  One of the braces goes into tension and the other goes into compression.  The 

two braces must have the same magnitude and if there is a difference, then that axial force will 

go into the link.  In the office building, the EBF is located in the middle of the building.  
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Therefore, the axial load can transfer evenly down the braces without any excess going into the 

link.  In the residential building, the EBF is offset so there is an axial force in the link. Table 7-1 

summarizes the axial forces in the link at each level. 

Table 7-1: Hilo Soil B Residential Axial Force in the Link 

 

After obtaining the axial, shear and moment forces, the design of the link can be done by 

following Example 5.4.2 in the AISC Seismic Manual. 

7.3 Design of Beam Outside of Link, Braces, and Columns 

The beam outside of link (BOL), braces, and columns can be designed by following 

Examples 5.4.3, 5.4.4, and 5.4.5 in the AISC Seismic Design Manual.  The designs of the BOL, 

braces, and columns are similar in the fact that the ultimate check is a combined axial and 

moment force check.  ETABS is used to find the axial, shear, and moment forces.  When 

designing the BOL, the axial force needs to be found similarly to the link design. The only 

difference is the axial force per foot is taken to the brace instead of the difference. 

 After designing the EBF based on the AISC Seismic Design Manual, a design check is 

done using ETABS.  The design check is an elastic check; therefore, the link portion of the EBF 

will always fail the design check.  When the link yields and buckles due to shear, it becomes 

inelastic and the design check sees that as a problem.  So, the design check is used only to check 

the columns and braces.   

Level Fx (kips) Max Shear Line Load (klf)Max Link (kips)

Roof 277 139 2.17 7.58

6 254 127 1.99 6.95

5 209 105 1.64 5.73

4 166 82.9 1.29 4.53

3 123 61.6 0.963 3.37

2 82.4 41.2 0.644 2.25

1 43.8 21.9 0.342 1.20
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7.4 Design of the EBF Gravity System 

The design of the gravity system is done exactly like the process covered for the SMRF 

system except for the exterior gravity columns.  Unlike in a SMRF system, there are gravity 

columns and beams located along the border of the building.  The design of these beams follows 

the same process.  However, there is a slight difference in the columns.  Because only one side of 

the column has a beam framing into it, there is an eccentricity.  The dead and live load gets 

transferred from the steel joist into the connection then into the column.  The distance between 

the connection and the column is conservatively estimated to be 2 inches.  Based on the 

orientation of the column, the eccentricity will be either 2” or (d/2 + 2”).  Figure 7-3 shows an 

example of what the eccentricity will look like based on the column orientation:  
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Figure 7-3: Eccentricity in EBF Gravity Columns 

 

A moment is created due to this eccentricity and has to be taken into account.  This is done using 

a combined axial and moment equation given by Section H in the AISC Steel Construction 

Manual Specifications.   

Figure 7-4 shows the final design of the office EBF soil type D building in Hilo: 
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Figure 7-4: Final Design of Hilo Soil Type D Office EBF Building 
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8 Energy Grade Line Method 

In order to obtain tsunami forces, the maximum height (hmax) of the tsunami flow and 

maximum velocity (umax) of the flow must be found.  The best way to find this is through a 

tsunami site specific analysis.  This is not always available or feasible, so another method of 

obtaining hmax and umax is the energy grade line method. 

The theory behind the energy grade line method is assuming the flow velocity of the tsunami 

is zero at the inundation point, and a maximum at the shoreline.  The kinetic energy can be 

perceived the same way: a maximum at the shoreline and zero at the inundation point.  In 

between the shoreline and inundation point, friction from the roughness of the land is what slows 

the flow down. 

In order to use the Energy Grade Line Method, some inundation data must be obtained.  

Historical data cannot be used because the Tohoku tsunami proved that a much larger tsunami 

can hit compared to the historical data.  Therefore, the inundation and flow depths for a location 

must be designed for a mean return period of 2500 years, similar to the seismic return period.  

For the Waikiki and Hilo locations, a Great Aleutian tsunami is assumed.  For the Monterey 

location, a site specific study has already been done so the energy grade line method doesn’t 

need to be done. 

8.1 Obtaining Elevations 

The first step is to find the inundation point for the location being looked at.  This is done by 

choosing an inundation point behind the building that will be normal to the shoreline.  Then, that 

line is to be rotated by 22.5 degrees about the building in each direction to account for the 

tsunami hitting the building at an angle because it cannot be assumed that the tsunami will hit the 
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building head on.  The two 22.5 degree lines will extend to the shoreline and to the line extended 

at the inundation point.  These lines are known as transects.  Figure 8-1 shows the transect lines 

in Hilo. 

 

Figure 8-1: Hilo Transect Lines 

After drawing the transects, elevations need to be found.  Any program that can estimate 

elevations can be used.  Google Earth was used in this study.  As a rule of thumb, the more 

elevation points that are taken, the better the results.  The horizontal spacing of transect points 

must be less than 100 ft.  Once those points are found and recorded along the three transect lines, 

the energy grade line method can be finally done. 

Hilo Building Location 

Inundation Point 
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8.2 Energy Grade Line Calculations 

After obtaining the proper elevations, the energy grade line method can be done with a 

series of simple equations.  The following steps were done in accordance to the proposed chapter 

6 in ASCE 7-10 (October 14, 2014 edit). 

1. Compute the topographic slope (ϕi).  ϕi can be calculated by doing rise over run for 

the different elevations. 

ϕ𝑖 =  
𝑧𝑖 − 𝑧𝑖−1

𝑥𝑖 − 𝑥𝑖−1
 ; 𝑧 = 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑥 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑠ℎ𝑜𝑟𝑒 

2. Determine the Manning’s Coefficient (Manning’s Roughness) from Table 6.6-1.  

This takes into account the roughness of the terrain.  For example, in both Waikiki 

and Hilo, the Manning’s Coefficient was taken to be 0.03 because the terrain was 

neither coastal waters, open land/field, or buildings with at least urban density. 

3. Compute the Froude number at each point on the transect using Equation 6.6.2-3.   

𝐹𝑟𝑖 =∝ (1 −
𝑥

𝑥𝑅
)

0.5

; ∝ = 1.0, 𝑥𝑅 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑠ℎ𝑜𝑟𝑒𝑙𝑖𝑛𝑒 𝑡𝑜 𝑟𝑢𝑛𝑢𝑝 𝑝𝑜𝑖𝑛𝑡 

4. Start the EGL method at the runup point with a boundary condition of ER = 0.  The 

Energy is assumed to be zero at the runup point because the velocity of the flow at 

that point is zero and a maximum energy occurs at the shoreline where the maximum 

velocity is. 

5. At the runup point, assume a nominally small number for the inundation height (0.1 

ft. was used in this study).  This is necessary because in the following step (Step 7), 

the required equation divides by the inundation height and dividing by zero in 

undefined.  
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6. Compute the hydraulic friction slope (si) between points using Equation 6.6.2-2. 

𝑠𝑖 =
𝑔𝐹𝑟𝑖

2

((
1.49

𝑛 )
2

ℎ𝑖
1 3⁄

)

 

7. Calculate the energy head (Ei+1) from Equation 6.6.2-1 at successive point. 

𝐸𝑔,𝑖+1 = 𝐸𝑔,𝑖 + (∅𝑖 + 𝑠𝑖)∆𝑥𝑖 

8. Find the inundation depth (hi+1) using the following equation: 

ℎ𝑖+1 =
𝐸𝑔,𝑖+1

(1 + 0.5𝐹𝑟𝑖
2 )

 

9. Determine the velocity (ui+1) using the definition of the Froude Number.  The 

velocity must be checked against the flow velocity required by Section 6.6.1. 

𝑢𝑖+1 = 𝐹𝑟𝑖(𝑔ℎ)0.5 

10. Repeat steps 1 through 9 through the transect. 

11. Repeat steps 1 through 10 for both the 22.5 degree clockwise and 22.5 degree 

counter clockwise transects as well. 

12. Compare the three sets of data and select the one set that yields the maximum 

inundation height and maximum flow velocity at your site. 

A Froude Number of 1.0 was used to calculate hmax and umax initially.  ASCE 7 suggests a 

Froude Number of 1.3. Table 8-1 is a summary of the maximum inundation height and 

maximum velocity at the Hilo, Waikiki, and Monterey locations for Froude Numbers of 1.0 and 

1.3.  Hilo showed evidences of bores based on historic data.  Bores had to be taken into 

consideration for Waikiki because of the existence of fringing reefs.  In Monterey, no evidence 
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of bores were shown, so solving the energy grade line method with the Froude Number equaling 

1.3 wasn’t done. 

Table 8-1: Summary of Maximum Inundation Height and Flow Velocity 

 

 

The EGL Method can easily be done on Microsoft Excel.  By using Excel, helpful graphs 

can be generated. Figure 8-2, Figure 8-3, and Figure 8-4 are examples of graphs that can be made 

on Excel to help visualize the data: 

 

Figure 8-2: Elevation vs. Distance from Shoreline 

 

Location Maximum Height (ft) Maximum Velocity (ft/sec) Maximum Height (ft) Maximum Velocity (ft/sec)

Waikiki 25 28 26.9 37.8

Hilo 55 35.8 49 43.7

Monterey 13 18 - -

Froude Number = 1.0 Froude Number = 1.3
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Figure 8-3: Flow Depth vs. Distance from Shoreline 

 

Figure 8-4: Velocity vs. Distance from Shoreline 
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9 Tsunami Forces 

After obtaining the maximum inundation height and maximum flow velocity from the EGl 

method, tsunami forces can be calculated.  Tsunami forces must be calculated using three 

different load cases: buoyancy, maximum inundation height, and maximum flow velocity.  

Along with calculating the tsunami forces, component forces need to be calculated too.  There 

are two types of component forces that need to be accounted for: drag forces from the tsunami, 

and a hypothetical log or container impact force hitting the component based on the site location. 

All the calculations in this chapter are done in accordance to the proposed chapter 6 in 

ASCE 7-16 (October 14, 2014 draft). 

9.1 Nomenclature 

h = Tsunami inundation depth above grade plane at the structure 

he = Inundated height of an individual element 

s = Density of sea water = 2.2 slugs/ft
3 

Fdx = Drag force on the building or structure at each level 

Fd = Drag force on components 

Itsu = Tsunami Importance Factor 

Cd = Drag coefficient based on quasi-steady forces 

Ccx = Proportion of closure coefficient 

B = Overall width of building 

u = Tsunami flow velocity 

 

9.2 Load Case 1: Buoyancy 

Buoyancy effects need to be taken into account whenever the ground floor slab is a 

structural slab, meaning that the slab is connected directly to the grade beams through dowels 

and/or other mechanisms.  If there was instead an isolated slab on grade, the tsunami seepage 
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below the bottom of the slab would uplift the slab only, and the structure would remain standing.  

When a structural slab is present and the buoyant force exceeds the weight of the building, then 

the building will tend to float.  The connection between the foundation and building usually isn’t 

designed for any uplift, so the building could conceivably float away. Figure 9-1 shows a 

building in the Tohoku tsunami that was carried away and turned over due to buoyancy.  It can 

be seen that buoyancy lifted the building because the grade beams and slab are still in place with 

the connection to the piles failing. 

 

Figure 9-1: Buoyancy Effects on a Building in Tohoku 

In this project, the buildings were assumed to have slab on grade so buoyancy forces wouldn’t 

need to be taken into account.  However, a sample calculation for buoyancy is done in the 

appendix. 

9.3 Load Case 2: Maximum Velocity 

For load case 2, the maximum velocity is taken to control.  At the building site in Hilo, the 

maximum tsunami velocity flow is 35.8 ft/sec from the EGL method.  From Figures 6.8-1(a) and 

(b) it can be seen that a maximum velocity conditions corresponds to two thirds of the maximum 

flow height.  Therefore, the height used for load case 2 is 36.67 ft.  The building is taken to be 
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broad side facing the shoreline to give the worse possible outcome. The following example is for 

the SMRF office building located in Hilo, Hawaii: 

Load case 2 occurs at two thirds the maximum flow height which is 36.67 ft. 

The overall drag force on the building is given by Equation 6.10-1: 

𝐹𝑑𝑥 =
1

2
𝜌𝑠𝐼𝑡𝑠𝑢𝐶𝑑𝐶𝑐𝑥𝐵(ℎ𝑢2) 

𝜌𝑠 = 𝑘𝑠𝜌𝑠𝑤 ; 𝑤ℎ𝑒𝑟𝑒 𝑘𝑠 𝑖𝑠 1.1 

𝜌𝑠𝑤 =
𝛾𝑠𝑤

𝑔
; 𝑤ℎ𝑒𝑟𝑒 𝛾𝑠𝑤 = 64 𝑙𝑏

𝑓𝑡3⁄  

∴ 𝜌𝑠𝑤 =
64 𝑙𝑏

𝑓𝑡3⁄

32
𝑓𝑡

𝑠2⁄
= 2

𝑠𝑙𝑢𝑔𝑠
𝑓𝑡3⁄   

𝜌𝑠 = 1.1 ∗ 2
𝑠𝑙𝑢𝑔𝑠

𝑓𝑡3⁄ = 2.2
𝑠𝑙𝑢𝑔𝑠

𝑓𝑡3⁄  

Itsu = 1 for Risk Category II buildings per Table 6.8-1.  Cd = 1.314 from interpolating Table 6.10-

1 based on B/hsx = 21.167. 

Ccx is proportion of closure or blockage coefficient.  Ccx is the percentage of the tributary area 

that is blocked by floating debris during the tsunami, with a Ccx ≥ 0.7 from Section 6.8.7.  Ccx is 

equal to: 

𝐶𝑐𝑥 =
∑(𝐴𝑐𝑜𝑙 + 𝐴𝑤𝑎𝑙𝑙) + 1.5 ∗ 𝐴𝑏𝑒𝑎𝑚

𝐵ℎ𝑠𝑥
 

Acol represents the vertical projected area of all the columns below the inundation depth 

being looked at.  Awall is taken to be zero for both the MRFs and the EBFs because there are no 
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structural walls in them.  Abeam is the combined vertical projected area of the slab edge facing the 

flow and the deepest beam laterally exposed to the flow.  Figure 9-2 shows the inundated depth 

and the columns and beams that should be taken into account when calculating Ccx. 

 

 

Figure 9-2: Inundated Columns and Beams 

 

The following equation shows the calculation for Ccx: 

𝐶𝑐𝑥 =
∑(𝐴𝑐𝑜𝑙 + 𝐴𝑤𝑎𝑙𝑙) + 1.5 ∗ 𝐴𝑏𝑒𝑎𝑚

𝐵ℎ𝑠𝑥
=  

(2344 + 0) + 1.5 ∗ 440

254 ∗ 36.67
= 0.322 < 0.7 → 𝐶𝑐𝑥 = 0.7 

and finally,  

𝐹𝑑𝑥 =
1

2
𝜌𝑠𝐼𝑡𝑠𝑢𝐶𝑑𝐶𝑐𝑥𝐵(ℎ𝑢2) =

1

2
∗ 2.2 ∗ 1 ∗ 1.314 ∗ 0.7 ∗ 254 ∗ (36.67 ∗ 35.82) ≈ 9769 𝑘𝑖𝑝𝑠 

Fdx now needs to be distributed between the floors of the building that are inundated.  This is 

done using tributary area.  Table 9-1 shows the tsunami forces distributed amongst the first three 

floors of the building: 
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Table 9-1: Load Case 2 Distributed Forces 

 

 

9.4 Load Case 3: Maximum Height 

In load case 3, the maximum height is used.  At the building site in Hilo, the maximum flow 

height is 55 ft from the EGL method.  From Figures 6.8-1(a) and (b) it can be seen that a 

maximum height corresponds to one third of the maximum tsunami flow velocity.  The velocity 

used in load case 3 is 11.93 ft/sec.  

The procedure for load case 3 is similar to load case 2 except that the Ccx value is different 

because there is more area of beam and column inundated. 

𝐶𝑐𝑥 =
∑(𝐴𝑐𝑜𝑙 + 𝐴𝑤𝑎𝑙𝑙) + 1.5 ∗ 𝐴𝑏𝑒𝑎𝑚

𝐵ℎ𝑠𝑥
=  

(3515 + 0) + 1.5 ∗ 880

254 ∗ 55
= 0.346 < 0.7 → 𝐶𝑐𝑥 = 0.7 

In this case, the minimum value for Ccx controlled again, so ultimately there was no change in 

value.  The tsunami drag force on the building for load case 3 is then: 

𝐹𝑑𝑥 =
1

2
𝜌𝑠𝐼𝑡𝑠𝑢𝐶𝑑𝐶𝑐𝑥𝐵(ℎ𝑢2) =

1

2
∗ 2.2 ∗ 1 ∗ 1.314 ∗ 0.7 ∗ 254 ∗ (55 ∗ 11.932) = 1756.19 𝑘𝑖𝑝𝑠 

Fdx used = 9769 kips

height used = 36.7 ft

Ground (0 ft) *load goes into ground

Level 1 (14 ft) 3463 kips

Level 2 (26 ft) 3197 kips

Level 3 (38 ft) 1243 kips

Level 4 (50 ft) 0 kips

Level 5 (62 ft) 0 kips

Level 6 (74 ft) 0 kips

Distribute Load
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Fdx distributed along the building is summarized in Table 9-2: 

Table 9-2: Load Case 3 Distributed Forces 

 

 

Table 9-3 is a summary of the tsunami base shears for Load Case 2 and load Case 3 in 

Monterey, Hilo, and Waikiki: 

Table 9-3: Summary of Tsunami Base Shears 

 

 

9.5 Component Forces 

Individual components need to be evaluated for tsunami loading as well.  The component 

drag force is calculated similarly to load cases 2 and 3.  The equation for component drag force 

is: 

𝐹𝑑 =
1

2
𝜌𝑠𝐼𝑡𝑠𝑢𝐶𝑑𝑏(ℎ𝑒𝑢2) 

The drag force is calculated for both the interior and exterior columns.  The differences between 

the two are the Cd and the b.  For exterior columns, Cd = 2.0 and for interior columns, Table 

Fdx used = 1756 kips

height used = 55 ft

Ground (0 ft) *load goes into ground

Level 1 (14 ft) 415 kips

Level 2 (26 ft) 383 kips

Level 3 (38 ft) 383 kips

Level 4 (50 ft) 351 kips

Level 5 (62 ft) 0 kips

Level 6 (74 ft) 0 kips

Distribute Load

Building location Load Case 2 (kips) Load Case 3 (kips)

Monterey 139 55.5

Hilo 9769 1756

Waikiki 1947 403
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6.10-2 is used according to Section 6.10.2.2.  For exterior columns, the effective width of the 

column is increased for debris damming.  This effective width is equal to the tributary width 

between columns multiplied by 0.7.  The interior columns are assumed to not gather debris 

because the exterior columns are assumed to gather all the debris.  For interior columns, just the 

width of the column is used.   

Along with the drag force from the tsunami, a debris impact load needs to be calculated.  

The worst case debris strike is determined to be a shipping container when the building is near a 

shipping port, if the building isn’t near a shipping port, then a log is used as the worst case 

impact force.  This impact force can be calculated using a static point load.  A dynamic analysis 

can be done, but is not considered in this report. The equation for a debris strike is: 

𝐹𝑖 = 330 ∗ 𝐶𝑜 ∗ 𝐼𝑇𝑆𝑈 

where Co, the orientation coefficient, equals 0.65 and ITSU is the same as it were before.  

Therefore, a shipping container can be modeled as a 214.5 kip point load.  For a log load, it is the 

same as the shipping container load divided by 2.  A log load can therefore be modeled as a 

107.25 kips point load. 
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10 Analyzing the Tsunami Forces  

Before analyzing the structure for tsunami forces, a check to compare the base shear of the 

seismic and the tsunami must be done.  If the seismic design category is A, B or C as it is in 

Waikiki, then the seismic base shear is compared directly to the tsunami base shear.  If the 

seismic base shear is greater, then the overall building drag force does not need to be checked, 

but the component forces must be checked.  If the seismic design category is D, E, or F, then the 

seismic base shear can be multiplied by 0.75*Ω, where the over strength factor Ω, can be found 

in Table 12.2-1 in the ASCE 7-10.  This is permitted because if a seismic design category of D or 

greater is used, then the building is designed to have extra ductility which can be used to resist 

the tsunami forces.  If 0.75*Ω*earthquake base shear is larger than the tsunami base shear, then 

the building does not need to be checked for overall drag forces, though the components would 

still have to be checked.  Table 10-1 summarizes the seismic base shears and tsunami base 

shears: 

Table 10-1: Comparison of Seismic Base Shear and Tsunami Base Shear 

 

 

It can be seen when comparing Table 9-1 and Table 9-2 that load case 2 will control the 

tsunami loads in Hilo.  Therefore, in this chapter, load case 2 is used in this example.  The SMRF 

and EBF buildings being analyzed in the upcoming chapter will be the Hilo buildings with soil 

type taken to be B. 

MRF (Ω 0  = 3) Office EBF (Ω 0  = 2) Resi. EBF (Ω 0  = 2)

Location (Soil Type) Seismic Design Category 0.75*Ω0*Eh 0.75*Ω0*Eh 0.75*Ω0*Eh Fdx (Load Case 2) 0.75*Ω0*Eh > Fdx

Monterey (D) D 2403 2472 2312 139 YES

Hilo (D) D 2403 2472 2312 9769 NO

Hilo (B) D 1601 1647 1540 9769 NO

Waikiki (D) C 463 536 501 1947 NO

Waikiki (B) C 218 252 236 1947 NO



  

Research Report UHM/CEE/14-02  December 2014 

 Page 56    

10.1 Analyzing the SMRF with Tsunami Loads 

The analysis of the SMRF structure to see if it can with stand the tsunami forces being 

applied to it was done on ETABS.  The loads were applied to the appropriate floors and ran 

through a design check.  The design check runs every member through a combined loading test 

to test the members’ axial and flexural capacity.  The load combination used for the loading is 

1.2D + FTSU + 0.5L based on section 6.8.3.3 of the ASCE proposed chapter 6. The failing 

members were then increased until the design check was run without error.  Figure 10-1 shows 

the results of the SMRF designed only for seismic when hit with the tsunami forces. 
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Figure 10-1: Initial Response of Building to Tsunami Force 
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The adjusted member sizes to satisfy the design check are shown on Figure 10-2: 

 

Figure 10-2: Updated Building with Tsunami Forces 
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Following the design check in ETABS, it is necessary to check the moment ratio at beam 

and column intersections again; similar to Section 6.3. 

10.2 Analyzing the EBF with Tsunami Loads 

The process for analyzing the tsunami drag force on the building is similar to analyzing the 

SMRF in Section 10.1.  The major difference is in analyzing the link.  As in designing the link 

for seismic loads, the inelastic buckling of the link shall be ignored in the design check.  Figure 

10-3 shows the results of the ETABS design check: 

 

Figure 10-3: Comparison of Seismic and Tsunami EBF’s 



  

Research Report UHM/CEE/14-02  December 2014 

 Page 60    

10.3 Design for Component Forces 

The design for components is the same for both the SMRF and EBF buildings.  There will 

be a bigger change in the EBF buildings because of the gravity columns on the exterior of the 

building.  The gravity columns are much smaller than the SMRF columns and therefore will need 

a lot bigger columns.  The SMRF office building is used for the following example. 

The tsunami drag component force is checked first.  For the SMRF Hilo soil B building, the 

component drag force for a typical exterior column is: 

𝐹𝑑 =
1

2
𝜌𝑠𝐼𝑡𝑠𝑢𝐶𝑑𝑏(𝑢2) =  

1

2
∗ 2.2 ∗ 1 ∗ 2 ∗ (0.7 ∗ 28) ∗ (35.8)2 = 55.26 𝑘/𝑓𝑡 

This line load is then modeled on a beam into Dr. Beam, a program that will calculate the 

maximum moment quickly.  The columns are modeled as a continuous beam with a fixed end 

and a continuous beam all the way up the building.  The 55.26 k/ft line load is distributed from 

0– 36.67 ft.  Figure 10-4 shows an example output from Dr. Beam for a typical first floor 

exterior column: 

 

Figure 10-4: Component Maximum Moment 

This maximum moment is then combined with the axial force.  The axial force is just the 

combined dead and live load using the combination 1.2D + 1.6L.  The column is then analyzed 

for combined forces.  The equations used are: 
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𝐼𝑓 
𝑃𝑟

𝑃𝑐
≥ 0.2, 𝑡ℎ𝑒𝑛 

𝑃𝑟

𝑃𝑐
+

8

9
∗ (

𝑀𝑟𝑥

𝑀𝑐𝑥
+

𝑀𝑟𝑦

𝑀𝑐𝑦
) ≤ 1.0 

𝐼𝑓 
𝑃𝑟

𝑃𝑐
< 0.2, 𝑡ℎ𝑒𝑛 

𝑃𝑟

2𝑃𝑐
+

8

9
∗ (

𝑀𝑟𝑥

𝑀𝑐𝑥
+

𝑀𝑟𝑦

𝑀𝑐𝑦
) ≤ 1.0 

Equation 10-1: Combined Loading Equations 

 

where Pr is the required axial force, Pc is the axial capacity of the column, Mr is the required 

flexural strength, and Mc is the flexural capacity of the column.  The x and y subscripts stand for 

strong and weak axis bending respectively.  The axial capacities can be found on Table 4-1 and 

the flexural capacities can be found on Tables 3-2 and 3-10 in the AISC Steel Construction 

Manual.  Trial and error is then used to find a column size that satisfies the ratio in Equation 

10-1.  This process is repeated for columns at each level where the tsunami inundation reaches. 

 The next step is to test the columns for debris impact loading.  In Hilo, containers are 

present so the columns are analyzed with a 214.5 kip point load representing the container, from 

Section 9.5.  A moment envelope is used to find the largest moment caused by the 214.5 kip 

force on the column.  A Dr. Beam analysis with a maximum height of 55 ft. shipping container 

strike in Hilo is shown on Figure 10-5: 
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Figure 10-5: Shipping Container Moment Envelope 

From the Figure 10-5 it can be seen that the maximum moment occurs at the fixed end for the 

first floor column.  In this instance, the moment generated from the shipping container is smaller 

than the moment generated from the tsunami drag force.  Therefore, no further size increase of 

the column is necessary for the first floor.  This process is repeated for every floor up to 55 ft (5
th

 

Story Column) because that’s the maximum tsunami flow depth.  The worst case scenario is 

always tested for to be conservative. 

Next, the interior columns need to be tested.  The tsunami drag force for the interior 

columns is: 

𝐹𝑑 =
1

2
𝜌𝑠𝐼𝑡𝑠𝑢𝐶𝑑𝑏(𝑢2) =  

1

2
∗ 2.2 ∗ 1 ∗ 2 ∗

12 𝑖𝑛

12 𝑖𝑛
𝑓𝑡⁄

∗ (35.8)2 = 2.35 𝑘/𝑓𝑡 

A process similar to the tsunami drag force for exterior columns is then done to see if any of the 

interior columns need re-sizing. 
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Tsunami bores need to be checked for also when looking at components.  However, tsunami 

bores only affect structural walls such as shear walls in concrete structures with a width to 

inundation depth ratio of 3 or more per Section 6.10.2.3 in the proposed ACSE Chapter 6.  In 

SMRF’s and EBF’s there are no structural walls so tsunami bore loads can be ignored. 
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11 Results 

Table 11-1, Table 11-2, and Table 11-3 show the total weight comparison of the three steel 

buildings.  The tables show the weight of the buildings designed for seismic, designed for the 

overall building drag force, and designed for the component forces. 

Table 11-1: MRF Steel Quantity Comparison 

 

Table 11-2: Office EBF Steel Quantity Comparison 

 

Table 11-3: Residential EBF Steel Quantity 

 

Table 11-1 shows a minimal increase in building weight in Monterey and Waikiki.  This is 

due to the low tsunami forces present in Monterey and Waikiki.  Component forces also showed 

little changes in Monterey and Waikiki as the exterior moment frame columns were sufficient in 

Overall Building Drag Force Component Force

Location + Soil Type Seismic (tons) Tsunami (tons) Tsunami (tons) % Difference

Monterey (D) 1097 1097 1097 0

Hilo (D) 1098 1133 1134 3.26%

Hilo (B) 929 1002 1003 7.95%

Waikiki (D) 916 916 917 0.09%

Waikiki (B) 855 855 856 0.10%

Overall Building Drag Force Component Force

Location + Soil Type Seismic (tons) Tsunami (tons) Tsunami (tons) % Difference

Monterey (D) 592 592 594 0.28%

Hilo (D) 592 648 689 16.26%

Hilo (B) 573 637 678 18.30%

Waikiki (D) 540 542 545 1.03%

Waikiki (B) 523 525 528 1.06%

Overall Building Drag Force Component Force

Location + Soil Type Seismic (tons) Tsunami (tons) Tsunami (tons) % Difference

Monterey (D) 567 567 572 0.78%

Hilo (D) 567 603 631 11.2%

Hilo (B) 556 608 636 14.3%

Waikiki (D) 527 528 535 1.55%

Waikiki (B) 514 517 523 1.77%
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resisting the component drag forces and the log impact load.  The only changes made to the 

Waikiki IMRFs were an increase to the interior gravity columns at the base of the building.  In 

Hilo, changes to the SMRF had to be made as Hilo is affected by large tsunami loads.  The 

moment frame columns were able to resist the column drag forces, but the top two floor columns 

had to be resized to withstand the shipping container impact load.  The interior gravity columns 

had to be resized at the base also. 

For both the office and residential EBFs, larger increases were seen in comparison to the 

MRFs.  This is mainly due to the presence of exterior gravity columns.  These columns are much 

smaller than the MRF columns and had to be resized.  These changes were drastic in Hilo where 

the column drag forces were very large, and contributed largely to the overall increase in 

building weight.  The EBF system had little changes in Waikiki and no changes in Monterey, 

while Hilo showed larger changes to the EBF system.  The interior gravity columns had to be 

resized in Hilo and Waikiki only. 

Assuming the structural components of a building is 20% of the overall cost, then  

Table 11-4 shows the percent increase of the overall building cost: 

Table 11-4: Percent Increase of Overall Building Cost 

 

 

Location (Soil Type) MRF Office EBF Residential EBF

Monterey (D) 0.00% 0.06% 0.16%

Hilo (D) 0.65% 3.25% 2.24%

Hilo (B) 1.59% 3.66% 2.86%

Waikiki (D) 0.02% 0.21% 0.31%

Waikiki (B) 0.02% 0.21% 0.35%

% Increase of Overall Building Cost
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12 Conclusions 

After designing all 15 buildings for seismic loading and tsunami loading, the following 

conclusions were drawn: 

 No changes needed to be made to the Monterey SMRF building after analyzing the 

building for tsunami forces.  For both the residential and office EBF building, no changes 

needed to be made to the EBF system, but changes to the exterior gravity columns at the 

base had to be made to account for the log impact load.  The overall building increase 

was 0.28% for the office EBF building and 0.78% for the residential office building. 

 No changes needed to be made to the IMRF system in Waikiki for both soil types, but an 

increase needed to be made to the interior gravity columns at the base due to tsunami 

drag forces.  The overall building increase for the IMRF Soil B building was 0.10% and 

0.09% for the Soil D IMRF building. 

 For the office and residential EBF buildings in Waikiki, a small increase was seen in each 

case for the EBF system.  An increase in the base of both the exterior and interior gravity 

columns was needed because of the log impact load and tsunami drag force respectively.  

An overall building increase of about 1% was seen for both of the office EBF buildings 

and a 1.55% increase was seen for the soil D residential building and a 1.77% increase 

for the soil B residential building. 

 Major changes needed to be made to the SMRF building in Hilo due to the large tsunami 

forces.  The increases in both the soil type B and D SMRF systems were sufficient to 

resist the component forces.  The only component changes were made to the interior 
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gravity columns.  The overall building increases were 3.26% and 7.95% for the soil type 

B and D SMRF buildings respectively 

 Changes had to be made for both the EBF system and the gravity systems.  The gravity 

systems needed bigger sections than the Waikiki or Monterey buildings because a 

shipping container was assumed instead of a log.  The overall increase for the Office EBF 

buildings are 16.26% for soil D and 18.30% for soil B.  For the residential EBF buildings, 

the increases were 11.2% and 14.3% for soil types D and B. 
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Appendix A – Gravity  Partially Composite Beam Sample Calculation 

 

 

 

𝑇𝑟𝑖𝑏𝑢𝑡𝑎𝑟𝑦 𝐴𝑟𝑒𝑎 = (28′)(19′) = 532 𝑓𝑡2 

 

𝐷𝑒𝑎𝑑 𝐿𝑜𝑎𝑑 = 85.75 𝑝𝑠𝑓 

𝐿𝑖𝑣𝑒 𝐿𝑜𝑎𝑑 = 37.39 𝑝𝑠𝑓 (𝑅𝑒𝑑𝑢𝑐𝑒𝑑) 

𝑤𝑢 = 1.2𝐷𝐿 + 1.6𝐿𝐿 = 1.2(85.75)(19′) + 1.6(37.39)(19′) =  3.09 𝑘𝑙𝑓 

𝑀𝑢 =
𝑤𝑢𝐿2

8
=

(3.09) ∗ (28)2

8
= 302.99 𝑘 ∗ 𝑓𝑡 

Select a Trial Size: 

𝑍𝑥 𝑚𝑖𝑛 =
𝑀𝑢

ϕ𝐹𝑦

=
(302.99 𝑘 ∗ 𝑓𝑡)(12

𝑖𝑛
𝑓𝑡

)

0.9 ∗ 50
= 80.80 𝑖𝑛3 

Try a W16x45: Zx = 82.3 in
3
, A = 13.3 in

2
, Ix = 586 in

4
, tf = 0.565 in 

Design for Composite Condition: 

b2 = lesser of: * 
𝐿

8
=

28′

8
= 42”  ← controls 

Typical Exterior Beam to be Designed 
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                       * 
1

2
 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑎𝑑𝑗𝑎𝑐𝑒𝑛𝑡 𝑏𝑒𝑎𝑚 = 19′ = 288” 

                       * 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑒𝑑𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑙𝑎𝑏 = 48′ = 576” 

∴ b2 = 42” 

𝑎𝑡𝑟𝑖𝑎𝑙 =
Σ𝑄𝑛

0.85 ∗ 𝑓′𝑐𝑏𝑒𝑓𝑓
=

0.5(𝐴𝑠𝐹𝑦)

0.85 ∗ 𝑓′𝑐𝑏𝑒𝑓𝑓
=

0.5 ∗ 13.3 ∗ 50

0.85 ∗ 4 ∗ 54
= 1.81" → 𝑢𝑠𝑒 2" 

𝑌2 = 𝑌𝑐𝑜𝑛 −
𝑎𝑡𝑟𝑖𝑎𝑙

2
= 5.5" −  

2"

2
= 4.5"  

Table 3-19: Select PNA location 4 with ΣQn = 367 k*ft yields a flexural strength of 521 k*ft 

ϕ𝑀𝑛 = 521 𝑘 ∗ 𝑓𝑡 >  𝑀𝑢 = 302.99 𝑘 ∗ 𝑓𝑡 , 𝑶𝑲 

Actual a: 
Σ𝑄𝑛

0.85∗𝑓′𝑐𝑏𝑒𝑓𝑓
=

367

0.85∗4∗54
= 1.9989 < atrial = 2" , 𝑶𝑲 

Live Load Deflection: 

∆𝐿𝐿=  
5𝑤𝐿𝐿4

384𝐸𝐼𝐿𝐵
 ; Table 3-20: ILB = 1330 in

4
 

∆𝐿𝐿=
5 ∗ (0.710

𝑘
𝑓𝑡

)(
1 𝑓𝑡

12 𝑖𝑛)(28 𝑓𝑡 ∗
12 𝑖𝑛
1 𝑓𝑡

)4 

384 ∗ (29000 𝑘𝑠𝑖) ∗ (1330 𝑖𝑛4)
= 0.255" 

𝐿

360
=  

28 𝑓𝑡 ∗
12 𝑖𝑛
1 𝑓𝑡

360
= 0.933 > ∆LL=0.255" , 𝑶𝑲 

∴ Use a W16x45 with a 5.5" Vulcraft 3VLI Normalweight Concrete Deck 
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Appendix B – Tsunami Load Case 1: Buoyancy Calculation 

The Following example Tsunami Load Case 1 example calculation is done in Hilo assuming 

the building consists of structural grade beams and integral slab on grade without isolation joints: 

ℎ𝑒𝑥𝑡 = min(ℎ𝑚𝑎𝑥 = 55 𝑓𝑡 , 10 𝑓𝑡 , 𝑡𝑜𝑝 𝑜𝑓 𝑓𝑖𝑟𝑠𝑡 𝑠𝑡𝑜𝑟𝑦 𝑤𝑖𝑛𝑑𝑜𝑤𝑠 = 8 𝑓𝑡) = 8 𝑓𝑡 

𝐹𝑣 = 𝛾𝑠𝑉𝑤 =
(1.1 ∗ 64)(254′ ∗ 88′ ∗ 8′)

1000
= 12,588 𝑘𝑖𝑝𝑠 

Use Lad Combination:  0.9𝐷 + 𝐹𝑇𝑆𝑈 + 1.2𝐻𝑇𝑆𝑈 where HTSU = 0 since scour is assumed uniform 

around the building perimeter and 𝐷 = 13,522 𝑘𝑖𝑝𝑠 for the office building. 

𝑁𝑒𝑡 𝑈𝑝𝑙𝑖𝑓𝑡 = (−0.9 ∗ 13,522) + 12,588 = 418 𝑘𝑖𝑝𝑠 

Therefore, overall uplift would be a concern.  This example also ignores any uplift resistance 

provided by the deep foundations. 

In combination with buoyancy, Load Case 1 requires the application of the hydrodynamic drag 

on the entire building where 𝐹𝑑𝑥 = 1/2𝜌𝑠𝐼𝑇𝑆𝑈𝐶𝑑𝐶𝑐𝑥𝐵(ℎ𝑢2) similar to Section 9.3. 

 

 

 

 

 

 


