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ABSTRACT 

Tsunamis have had a devastating effect on coastal communities in many areas 

around the world.  Apart from the tremendous loss of life, there is also a significant 

amount of structural and non-structural damage to coastal infrastructure and buildings in 

the inundation zone.  This study reviewed current design code provisions in the USA to 

develop a generalized set of loading equations that may be used to estimate the loads 

imposed by tsunami flow on structural elements.  It was concluded that current building 

design codes do not adequately address the loads applied to coastal structures during a 

tsunami event.  Recommendations are made to improve the current code equations, but 

additional experimental validation of these equations through large scale wave basin 

testing is needed. 

Past tsunami events were reviewed with the objective of evaluating observed 

structural response.  Selected structures are described and used to evaluate the 

performance of different structural systems and materials during a tsunami event.  In 

general, only engineered structural steel and reinforced concrete structures, and structures 

raised above the tsunami flow, were able to survive the tsunami forces without collapse 

or substantial structural damage. 

Three prototype multi-story reinforced concrete buildings with different structural 

systems, and designed for different levels of wind or seismic ground shaking, were 

subjected to 3, 5 and 10-meter tsunami flow, and evaluated based on the tsunami force 

equations derived from the current codes.  It was concluded that the prototype building 

with moment-resisting frame or dual system was able to resist the tsunami forces.  The 

prototype building with shear wall-frame systems designed for high seismic design 
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categories were able to resist the tsunami forces, however individual shear walls 

perpendicular to the tsunami flow may fail and lead to progressive collapse of the 

building.  The prototype building with bearing wall system was not able to resist the 

tsunami loads and is not recommended for construction in tsunami inundation zones. 
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CHAPTER 1 INTRODUCTION 

Tsunami is the Japanese term for “harbor wave,” which is often mistakenly 

referred to as a tidal wave.  A tsunami is characterized as a shallow open ocean wave 

which is generated by a sudden change in the ocean floor, causing a series of long 

wavelength swells.  Tsunamis usually are triggered by earthquakes, but can also be 

generated by underwater landslides, volcanic eruptions, onshore slope failures that fall 

into the ocean or even meteor impacts.  The tsunami swells, travel at hundreds of miles 

an hour in the deep ocean and as they approach land, the shallow water causes them to 

slow down and increase in height.  The tsunami often appears as a rapidly rising or 

falling tide flooding inland areas and carrying waterborne objects.  Tsunamis seldom 

impact the coastline as massive breaking waves however they tend to break offshore 

before approaching land as a white water bore. 

The underwater topography near land is different for every landmass, which 

makes predicting the characteristic of a tsunami very difficult.  Tsunamis are typically 

classified as either local or distant which depends on the location of the source relative to 

the landmass.  For a distant source tsunami, there is usually a lead-time of several hours 

before the tsunami impacts the shoreline.  For local source tsunamis, the lead-time may 

be as short as a few minutes.  Communities along any shoreline in a seismically active 

region are particularly vulnerable to near source tsunamis triggered by a local earthquake 

which could generate a tsunami within minutes.  Heavily populated areas near shorelines 

such as Waikiki and Hilo Bay in Hawaii, Humboldt Bay in California, and Newport, 

Oregon, are a major concern for locally generated tsunamis.  Since time is the major 

controlling factor for evacuation, many of these coastal communities are located in areas 
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that would be impossible to evacuate which could result in a significant loss of life.  The 

only alternative evacuation route would be vertical evacuation to the upper floors of mid 

to high rise buildings, provided these structures are capable of resisting both the 

earthquake and the tsunami loads. 

The objective of this study is to develop a better understanding of the forces that 

could be expected from tsunamis acting on reinforced concrete structures. Past tsunami 

characteristics and effects on various small scale coastal structures are  investigated for a 

comparison between their structural performance and the different structural materials 

used (CHAPTER 2).  Tsunami load equations from various building codes and published 

literature are reviewed to develop one set of equations to calculate the tsunami forces for 

use in this study (CHAPTER 3).  Three prototype multi-story reinforced concrete 

buildings are selected for evaluation under tsunami loads (CHAPTER 4).  The buildings 

are designed for various wind or seismic loading conditions (Ghosh & Fanella, 2003) and 

then subjected to tsunami flow depths of 3, 5 and 10 meters (CHAPTER 5).  The 

resulting forces in structural elements are compared with the original design forces, and 

with the as-built capacity of the elements (CHAPTER 6).  Recommendations are made 

regarding the tsunami loading equations and the building types suitable for tsunami 

inundation areas (CHAPTER 7). 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Past Tsunami Events 

The pacific basin has a long history of devastation by tsunamis, because it is the 

most active seismic region on earth.  Certain areas such as Hilo, Hawai’i, have 

encountered several significant tsunamis in the last century.  Tsunamis worldwide have 

killed hundreds of thousands of people.  On December 26, 2004, an earthquake of 

moment magnitude 9.3 off the coast of Sumatra in the Indian Ocean, triggered a series of 

lethal tsunamis that killed over 225,000 people, making this the deadliest tsunami in 

recorded history.  It has been concluded that any community near a coastline is 

vulnerable to a tsunami, which indicates a need for a global tsunami warning system.  

Coastlines have always been a popular location for people to settle, because of the natural 

resources the ocean provides and its beauty. 

Prior to the earthquake that caused the Indian Ocean tsunami, two of the largest 

earthquakes ever recorded which produced destructive tsunamis were the 1960 Chile 

earthquake and the 1964 Alaska earthquake.  In 1960, a magnitude 9.5 earthquake off the 

coast of Chile devastated parts of Chile and caused a Pacific tsunami that impacted all of 

the pacific rim including Hilo (Hawaii) and Japan.  Over 2,000 lives were lost, including 

61 in Hawaii and 122 in Japan.   The tsunami generated by the 1964 Alaska earthquake 

also spread destruction around the pacific rim. 

Since tsunamis are relatively infrequent, it is difficult to measure tsunami flow 

velocities, and the resulting loads on structures.  The maximum vertical height and 

horizontal distance to which the water is observed with reference to sea level is referred 

to as run-up and inundation, respectively. 
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Most often after a tsunami disaster, the majority of non-engineered structures are 

completely destroyed.  However, much can be learned from structures that survived the 

tsunami, or were only partially damaged.  Field surveys and photos obtained from a 

number of past tsunamis were used for further evaluation of the characteristics of 

tsunamis and structural response.  Some of these structures are discussed below. 

During 1964 in Hawai’i, a tsunami originating from the Alaskan earthquake 

struck the town of Hilo destroying much of the downtown area.  However some 

structures were able to withstand the tsunami loads.  One such structure is described 

below.  In 1992, an earthquake with the magnitude of 7.0 generated a tsunami in 

Nicaragua which devastated communities along the shoreline and caused 116 deaths.  

Two coastal structures impacted by this tsunami are reviewed below.  In 1993, a powerful 

earthquake west of Hokkaido in the Sea of Japan caused a tsunami that demolished 

coastal areas on nearby Okushiri Island.  One structure that survived the tsunami is 

described below. 

2.1.1 Structure A – Hilo 1964 

Structure A is located at Pier No. 1 towards the north end of Hilo harbor and 

situated on the edge of the coastline (Figure 2-1).  The building is approximately 160 feet 

long, 160 feet wide and over 30 feet high.  This structure consists of steel columns, 

supporting steel roof trusses and corrugated iron cladding (Figure 2-2).  The maximum 

still water level was approximately 9 feet 7 inches (3 meters) above the structure 

foundation.  During the tsunami, the corrugated iron cladding acted as a breakaway wall, 

leaving only the steel columns exposed to the tsunami flow.  This relatively small 

exposure area significantly reduced the tsunami loads and the structural frame was able to 
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survive relatively undamaged.  If the cladding had not broken away, the loads caused by 

the tsunami would have caused the structure to fail. 

 

Figure 2-1: Structure A – Front View 
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Figure 2-2: Structure A Hilo – Approximate Structural Framing 

2.1.2 Structure B – Nicaragua 1992 

Structure B is located near the shoreline approximately 100 feet from the ocean.  

The single story structure consist of masonry walls (CMU) and timber roof trusses, sitting 

on a 2 feet 6 inch high concrete pad (Figure 2-3 to Figure 2-5).  The 1992 tsunami 

inundated the structure to about 6 feet 7 inches (2 meters) above the surrounding grade.  

Because the building base level was elevated 2 feet 6 inches above the grade, the tsunami 

flow only acted on 4 feet of wall height.  The walls oriented perpendicular to the 

shoreline were able to resist the tsunami loads on the frontal exposure, whether or not the 

walls acted as break-out walls.  The front and back walls of one side of the house broke 

away while the other side of the structure resisted the tsunami load.  The estimated 

tsunami flood velocity was approximately 4 meters per second. 
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Figure 2-3: Structure B Nicaragua – Side View 

 

Figure 2-4: Structure B Nicaragua  – Rear View 
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Figure 2-5: Structure B Nicaragua – Approximate Structural Layout  

2.1.3 Structure C – Nicaragua 1992 

Structure C is located in close proximity to Structure B (Figure 2-6).  Structure C 

consists of concrete slab foundation with a timber structure sitting 9 feet 6 inches high on 

timber columns (Figure 2-7).  The 1992 tsunami inundated approximately 6 feet 7 inches 

(2 meters) at this location.  The estimated tsunami flood velocity was approximately 4 

meters per second.  The structure survived since the tsunami flood was able to flow freely 

under the structure without impacting the structures walls.  The “knee-bracing” at the top 

of the columns proved adequate to resist loads developed on the columns during the 

tsunami.  Scouring is evident around the edge of the foundation, but the concrete slab was 

able to span the undercutting and remain intact. 
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Figure 2-6: Structure C Nicaragua – Front View 

 

Figure 2-7: Structure C Nicaragua – Approximate Structural Framing 
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2.1.4 Structure D – Okushiri 1993 

Structure D is located in an area that experienced almost complete devastation 

(Figure 2-8).  The structure consists of reinforced concrete walls and columns (Figure 

2-11).  Only non-structural damage was noted to the top level balcony railings and the 

front glass windows.  The tsunami flood reached 9 feet (2.7 meters) at the structure, with 

debris deposited on the second level.  The estimated tsunami flood velocity was 

approximately 5 meters per second.  The reinforced concrete framing in this structure was 

able to resist the tsunami loads even though much of the first floor walls did not 

breakaway.   

 

Figure 2-8: General Devastation on Okushiri Island 
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Figure 2-9: Structure D Okushiri – Rear View 

 

Figure 2-10: Structure D Okushiri – Front View 
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Figure 2-11: Okushiri Structure D – Approximate Structural Layout 

 

2.2 Tsunami Design Code Reviews 

Available building codes that covered tsunami and flooding loads on structures 

were reviewed.  These include: the Design and Construction Standards for Residential 

Construction in Tsunami-Prone Areas in Hawaii (Dames & Moore, 1980); Development 

of Structural Standards in Flood and Tsunami Areas for the Island of Hawaii 

(Bretschneider, 1974); the City and County of Honolulu Building Code (CCH 2000); the 

1997 Uniform Building Code (UBC 1997), the 2003 International Building Code (IBC 

2003); the “Minimum Design Loads for Buildings and Other Structures” SEI/ASCE 7-02 

(ASCE 7, 2002); the “Flood Resistant Design and Construction”  ASCE 24-98 (ASCE 
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24, 1998); and the Federal Emergency Management Agency Coastal Construction 

Manual (FEMA 2000).  These references are introduced below.  CHAPTER 3 provides 

an overview of the tsunami loading requirements in these references, while the complete 

loading expressions from each reference are presented in APPENDIX A. 

2.2.1 Design and Construction Standards for Residential Construction in 

Tsunami-Prone Areas in Hawaii (Dames & Moore, 1980) 

Under contract with the Federal Insurance Administration, Dames & Moore 

developed design and construction standards for structures in tsunami-prone areas of 

Hawai’i for the Federal Emergency Management Agency.  The Honolulu office of 

Dames & Moore worked with local professionals, contractors and other experts to 

determine design and construction experience involving tsunami-resistant construction.  

The main goal of this study was to propose building code amendments that could be 

applied for design of residential structures to resist the effects of coastal floodwaters due 

to tsunamis.  Their report also included loading and forces for design of structures and 

foundations in tsunami-prone areas, example buildings designs and specifications, and an 

economic analysis of the added construction cost involved in complying with these 

requirements. 

2.2.2 Development of Structural Standards in Flood and Tsunami Areas for the 

Island of Hawaii (Bretschneider, 1974) 

This report was generated for tsunami flooding runup specifically on the Island of 

Hawaii.  Extensive topographic maps were created to accomplish this task.  Definitions 

and equations for flooding and tsunami forces are covered with detailed explanations and 
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diagrams.  The report provides an elaborate drag coefficient table for different shapes and 

sizes of objects. 

2.2.3 City and County of Honolulu Building Code (CCH 2000) 

The City and County of Honolulu Building Code Chapter 16 Article 11 authored 

by the Department of Planning and Permitting of Honolulu, Hawai'i, contains definitions, 

floodproofing requirements in certain areas, floodproofing methods, structural 

requirements and coastal flood water design to resist tsunami effects.  Floodwater 

equations are provided for the design of elevated structures which are based from the 

Dames & Moore, 1980 report. 

2.2.4 1997 Uniform Building Code (UBC 1997) 

The 1997 Uniform Building Code authored by the International Conference of 

Building Officials covers special construction topics in flood resistant construction.  

However, equations for flooding and wave forces are not provided. 

2.2.5 2003 International Building Code (IBC 2003) 

The 2003 International Building Code authored by the International Code Council 

provides information on flood design and flood resistant construction in Appendix G.  

Definitions and construction requirements are provided for areas subject to flooding.  

Loading equations are not provided in this building code. 

2.2.6 SEI/ASCE 7-02 (ASCE 7, 2002) 

The ASCE 7-02 “Minimum Design Loads for Buildings and other Structures” is 

authored by the American Society of Civil Engineers, Committee 7.  This model code 
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provides the various forces involved with flood and wave loads on specific types of 

structural elements.  The code also covers important definitions that relate to flooding and 

coastal high hazard areas. 

2.2.7 ASCE 24-98 (ASCE 24, 1998) 

The ASCE 24-98 “Flood Resistant Design and Construction” provides minimum 

requirements for flood-resistant design and construction of structures located in flood 

hazard areas.  This standard includes basic requirements for flood hazard areas, high risk 

flood areas, flood hazard areas subject to high velocity wave action, design, materials, 

dry and wet floodproofing.  Loading equations are not provided in this code. 

2.2.8 Federal Emergency Management Agency Coastal Construction Manual 

(FEMA 2000) 

The Federal Emergency Management Agency Coastal Construction Manual 

chapter 11 provides expressions for flood loads and wave loads on specific types of 

structural members.  The code also recommends certain loading combinations for specific 

types of structural elements.  The objective of this manual is to provide design and 

construction guidance for structures built in coastal areas throughout the United States in 

order to resist the effects of storm and hurricane surge and wave action.  FEMA 2000 

briefly introduces some aspects of tsunami loading. 
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CHAPTER 3 CURRENT TSUNAMI DESIGN FORCES 

3.1 Design Codes 

There is very little guidance provided by structural design codes for the forces 

induced by tsunami effects on coastal construction.  A set of generalized equations were 

created from currently available building codes and published literatures, which contain 

information and recommended equations on flooding, breaking waves and tsunamis.  The 

existing design codes investigated are the City and County of Honolulu Building Code 

(CCH 2000); the 1997 Uniform Building Code (UBC 1997), the 2003 International 

Building Code (IBC 2003); the SEI/ASCE 7-02 (ASCE 7, 2002); and the Federal 

Emergency Management Agency Coastal Construction Manual (FEMA 2000).  Details of 

the design requirements in each code are presented in Appendix A.  This chapter provides 

a synopsis of the forces that may occur during a tsunami.  These forces are lateral 

hydrostatic force, vertical (buoyant) hydrostatic force, hydrodynamic force, surge force, 

impact force, and breaking wave forces. 

3.1.1 Lateral Hydrostatic Forces 

Lateral hydrostatic forces occur when standing or slowly moving water 

encounters a building or building component causing a lateral force on its surface.  This 

load is usually not large enough to cause deflection or displacement of a building or 

building component unless there is a substantial difference in water elevation on opposite 

sides of the building. 
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3.1.2 Vertical (Buoyant) Hydrostatic Forces  

The buoyant force or vertical hydrostatic forces on a structure subjected to partial 

or total submergence will act vertically.  A tsunami causes a increase in water level in a 

short period of time which causes a buoyant effect on the structure.  Buoyant forces are a 

concern for basements, empty above-ground and below-ground tanks, and for swimming 

pools.  Any buoyant force on an object must be resisted by the weight of the object and 

any opposing force resisting flotation. 

3.1.3 Hydrodynamic Forces 

Hydrodynamic forces occur when water flows around a building at moderate to 

high velocity above ground level can be classified.  This is usually a lateral force caused 

by the impact of the moving mass of water and the drag forces as the water flows around 

the obstruction.  The resultant forces acts approximately half the distance of the design 

still water level. 

3.1.4 Surge Forces 

Dames & Moore, 1980 defines surge force as “the combined hydrostatic force and 

change in momentum of a tsunami leading edge on a vertical wall, which approaches the 

shore as a bore or bore-like wave.”  The resultant force acts at the design still water level. 

3.1.5 Impact Forces 

Impact forces are a result from debris such as driftwood, small boats, 

automobiles, etc., or any object transported by floodwaters that strikes against a building 

or its component.  Estimating its magnitude is the most likely cause of error in the 

calculation because there are numerous variables that could affect this type of force.  
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These variables could range from an accurate estimate of the objects weight and duration 

of impact.  The velocity and location of the waterborne object can be assumed equal to 

the flood velocity and the water surface level, respectively. 

3.1.6 Breaking Wave Forces 

There are two breaking wave load conditions, waves breaking on vertical 

elements such as piers or columns and waves breaking against breakaway walls and shear 

walls.  For walls that are non-vertical the breaking wave forces are modified, resulting in 

a smaller force on the wall.  The net force from breaking waves acting on a rigid vertical 

pile or column is assumed to act at the design stillwater depth. 

A reflected or standing wave forms against the seaward side of the wall by a 

breaking wave.  The crest of the wave slightly above the design stillwater depth.  Two 

cases are considered: (1) where a wave breaks against a vertical wall of an enclosed dry 

space, and (2) where the stillwater level on both sides of the wall is equal.  (1) is 

equivalent to a wave breaking against an enclosure in which there is no floodwater below 

the stillwater level.  (2) is equivalent to a wave breaking against a wall with openings that 

allow floodwaters to equalize on both sides of the wall. 

3.1.7 Tsunami Flood Velocity 

The tsunami flood velocities in coastal flood hazard areas are difficult to estimate 

accurately.  There is not much reliable historical information concerning the velocity of 

tsunamis and floodwaters during coastal flooding.  The direction and velocity of 

floodwaters can vary significantly throughout a tsunami and a coastal flood event.  
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Tsunami flood velocities should be estimated conservatively by assuming floodwaters 

approaching the most critical direction and extreme flow velocities. 

3.1.8 Localized Scour 

Tsunami flooding is capable of creating scour around structural foundation 

elements.  Scour effects are critical in designing coastal foundations to ensure that failure 

during and after flooding does not occur as a result of the loss in either bearing capacity 

or anchoring resistance around the structural foundation elements. 

3.1.9 Loading Combinations 

When a tsunami flooding event occurs, complex combinations of time dependent 

forces can occur on a structure or structural member.  The tsunami flood evaluation 

should demonstrate that the maximum force on the structure or structural member has 

been determined from the maximum appropriate force individually or combination of 

forces.  This does not imply that all forces are to be considered simultaneously in every 

situation, but that engineering judgment should be conservatively applied to the specific 

flooding condition and structure or structural member in order to evaluate the critical 

combinations of forces to be applied.  Due to the complexities associated with such an 

evaluation, it is recommended that a qualified engineer with experience and background 

in tsunami and flood loading design postulate the various force combinations and 

parameters that should be considered in the determination of the maximum force on the 

structure or structural member. 
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3.2 Design Code Equations 

After reviewing the design codes and their equations for flood, wave and tsunami 

forces, generalized equations are determined for use in calculating the expected forces on 

buildings within tsunami inundation zone.  The design codes that were investigated 

contained equations that were compared and evaluated to other corresponding design 

code equations.  This resulted in a generalized equation for lateral hydrostatic force, 

vertical (buoyant) hydrostatic force, hydrodynamic force, surge force, impact force, 

breaking wave forces and design flood velocity.  Greater detail of the forces from each 

code is presented in the Appendix A. 

3.2.1 Lateral Hydrostatic Force 

The CCH 2000 and FEMA 2000 contained similar expressions for lateral 

hydrostatic force.  The CCH 2000 equation includes a velocity head while the FEMA 

2000 does not include the velocity head, therefore the CCH 2000 equation was selected, 

because it is somewhat more conservative.  It has been noted (Dames and Moore, 1980) 

that hydrostatic forces are normally relatively small compared to surge and drag forces 

for the case of bore-like tsunami.  However, for tsunami that act as a rapidly rising tide, 

the hydrostatic forces generally become increasingly important.  This equation does not 

include the direct drag at the top of a wall when the wall is less than sd  in height. 
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Equation 3.1 Lateral Hydrostatic Force per unit width 
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Where: =hf hydrostatic force per unit width (lb/ft) resulting from flooding 

against vertical element 

=γ specific weight of water (62.4 lb/ft3 for fresh water and 64.0 lb/ft3 for 

salt water) 

=sd design stillwater flood depth in feet (ft) 

=pu component of velocity of flood flow perpendicular to the wall (ft/s) 

which is equal to t
ds , t = 1 second 

 

and, 

wfF hh ×=  

Equation 3.2 Lateral Hydrostatic Force on Structure 

=hF total equivalent lateral hydrostatic force on structure (lbs) 

=w width of vertical element in feet (ft) 

 

The resultant force will act horizontally at a distance of Rh  above the base 

of the vertical element in feet (ft),  
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Equation 3.3 Resultant Force Location (Lateral Hydrostatic Force) 

3.2.2 Vertical (Buoyant) Hydrostatic Force 

All design codes provided the same expression for buoyant force. 
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)(vFb γ=  

Equation 3.4 Vertical (Buoyant) Hydrostatic Force 

Where: =bF buoyant force acting vertically (lbs) 

=γ specific weight of water (62.4 lb/ft3 for fresh water and 64.0 lb/ft3 for 

salt water) 

=v displaced volume of water (ft3) 

3.2.3 Hydrodynamic Force 

Both CCH 2000 and FEMA 2000 provided the following expression for 

hydrodynamic force. 

2

2
1 AVCF dd ρ=  

Equation 3.5 Hydrodynamic Force 

Where: =dF total drag force acting in the direction of flow (lbs) 

=dC drag coefficient (these values differ and are listed below) 

The CCH 2000 recommends =dC 1.0 for circular piles, 2.0 for square 

piles and 1.5 for wall sections. 

The FEMA 2000 recommends =dC 2.0 for square or rectangular piles and 

1.2 for round piles.  In addition, Table 3.1 is given for the drag 

coefficients for larger obstructions. 
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Table 3.1: Drag Coefficients for Ratios of Width to Depth and Width to Height 
Width to Depth Ratio Drag Coefficient Cd

(w/ds or w/h)
From 1 - 12 1.25

13 - 20 1.3
21 - 32 1.4
33 - 40 1.5
41 - 80 1.75

81 - 120 1.8
> 120 2  

=ρ mass density of fluid (1.94 slugs/ft3 for fresh water and 1.99 slugs/ft3 

for salt water) 

=V velocity of flow relative to body (ft/sec)  

=A projected area of the body normal to the direction of flow (ft2) 

3.2.4 Surge Force 

The CCH 2000 adopted the following equation (Dames & Moore, 1980) for surge 

force. 

25.4 ss df γ=  

Equation 3.6 Surge Force per unit width of wall 

Where: =sf total force per unit width of wall (lb/ft) on a vertical wall 

=γ specific weight of water (62.4 lb/ft3 for fresh water and 64.0 lb/ft3 for 

salt water) 

=sd  design stillwater flood depth in feet (ft) 

 

and, 
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wfF ss ×=  

Equation 3.7 Surge Force on wall  

=sF total force on a vertical wall (lbs) 

=w width of vertical wall in feet (ft) 

The resultant force acts at a distance approximately sd  above the base of the wall. 

This equation is applicable for walls with heights equal to or greater than sd3 .  Walls 

whose heights are less than sd3  require surge forces to be calculated using appropriate 

combination of hydrostatic and hydrodynamic force equations for the given situation. 

3.2.5 Impact Force 

The CCH 2000, FEMA 2000 and ASCE 7, 2002 contained similar equations that 

resulted in the following generalized expression. 

tg
WV

t
VmFi ∆

=
∆

=  

Equation 3.8 Impact Force 

Where: =iF impact force acting at the stillwater level (lbs) 

=g  gravitational acceleration (32.2 ft/s2) 

=W weight of object is assumed to be 1000 lbs 

== gWm / mass in slugs, 1000 lb / 32.2 ft/sec2 = 31 slugs  

=V velocity of object in feet per second (ft/s), design flood velocity 

=∆t time to decelerate object in seconds  
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If the weight and time are assumed and the velocity of the object is 

reduced to zero in one second this results in an impact load of: 

VFi *31=     (lbs) 

The CCH 2000 recommends t∆  values for wood construction as 1.0 

second, steel construction as 0.5 second, and reinforced concrete as 

0.1 second. 

The FEMA 2000 provides the t∆  values shown in Table 3.2.  

Table 3.2: Impact Durations (∆t) 
Type of construction   Duration (∆t) of Impact (sec)

Wall Pile
Wood 0.7 - 1.1 0.5 - 1.0
Steel NA 0.2 - 0.4
Reinforced Concrete 0.2 - 0.4 0.3 - 0.6
Concrete Masonry 0.3 - 0.6 0.3 - 0.6  

3.2.6 Breaking Wave Forces 

3.2.6.1 Breaking Wave Forces on Columns 

The ASCE 7 and FEMA CCH 2000 contained this expression. 

2

2
1

bdbbrkp DHCF γ=  

Equation 3.9 Breaking Wave Forces on Columns 

Where: =brkpF drag force acting at the stillwater level (lbs) 

=dbC breaking wave drag coefficient  

The ASCE 7 and FEMA 2000 recommended dbC values of 2.25 for square 

or rectangular piles/columns and 1.75 for round piles/columns. 
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=γ specific weight of water (62.4 lb/ft3 for fresh water and 64.0 lb/ft3 for 

salt water) 

=D pile diameter in feet (ft) 

=bH breaking wave height in feet (ft) 

FEMA 2000 recommends that )78.0( sb dH =  

Where:  =sd design stillwater flood depth in feet (ft) 

3.2.6.2 Breaking Wave Forces on Vertical Walls 

Equations from FEMA 2000 are given for the two cases.  The first case equations 

from ASCE 7 and FEMA 2000 are identical but the equations for Case 2 are slightly 

different.  The more conservative equations were chosen, which were from FEMA 2000.  

The tables for the dynamic pressure coefficient , pC , from FEMA 2000 and ASCE 7, 

2002 are given below.  The surge force equation from CCH 2000 represent this same 

loading condition however there are no two case events and dynamic pressure coefficient 

in the equation. 
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The following equations are from FEMA 2000, which incorporates the lateral hydrostatic 

force.  If this formula is used then the hydrostatic force should not be added. 

1 (enclosed dry space behind wall): 

22 41.21.1 sspbrkw ddCf γγ +=  

2 (equal stillwater level on both sides of wall): 

22 91.11.1 sspbrkw ddCf γγ +=  

Where: =brkwf total breaking wave load per unit length of wall (lb/ft) 

acting at the stillwater level, 

pC  is the dynamic pressure coefficient from Table 3.3 or Table 3.4 

=γ specific weight of water (62.4 lb/ft3 for fresh water and 64.0 lb/ft3 for 

saltwater) 

=sd design stillwater flood depth in feet (ft) 

wfF brkwbrkw ×=  

Equation 3.10 Breaking Wave Forces on Vertical Walls 

Where: =brkwF  total breaking wave load (lbs) acting at the stillwater level 

=w width of wall in feet (ft) 
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Table 3.3: Value of Dynamic Pressure Coefficient, pC , as a Function of probability of 
Exceedance (FEMA 2000) 

Cp Building Type Probability of 
Exceedance

1.6 Accessory structure, low hazard 0.5
to human life or property in the event of failure

2.8 Coastal residential building 0.01
3.2 High-occupancy or critical facility 0.001  

Table 3.4: Value of Dynamic Pressure Coefficient pC  (ASCE 7, 2002) 

Building Category Cp
I 1.6
II 2.8
III 3.2
IV 3.5  

 

Table 3.5:  Building Description and Category (ASCE 7, 2002) 
Name of Occupancy Category

Structures that represent a low hazard to human life in the event of failure including, but not limited to: I
agricultural facilities
certain temporary facilities
minor storage facilities

All structures except those listed in Categories I, III and IV II
Structures that represent a substantial hazard to human life in the event of failure including, but not limited to: III

Structures where more than 300 people congregate in one area
Structures with elementary school, secondary school, or day-care facilities with capacity greater than 250
Structures with a capacity greater than 500  for colleges or adult education facilities
Healthcare facilities with a capacity of 50 or more resident patients but not having surgery or emergency 
treatment facilities
Jails and detention facilities
Power generating stations and other public utility facilities not included in Category IV
Structures containing sufficient quantities of toxic or explosive substances to be dangerous to public if 
released

Structures designated as essential facilities including but not limited to: IV
Hospitals and other health-care facilities having surgery or emergency treatment facilities
Fire, rescue, and police stations and emergency vehicle garages
Designated earthquake, hurricane, or other emergency shelters
Communications centers and other facilities required for emergency response
Power generating stations and other public utility facilities required in an emergency
Structures having critical national defense functions

 

3.2.6.3 Breaking Wave Forces on Non-Vertical Walls 

ASCE 7 provides the following expression. 

θ2sinbrkwnv ff =  

Where: =nvf horizontal component of breaking wave force (lb/ft)  
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=brkwf total breaking wave force acting on a vertical surface (lb/ft)  

=θ vertical angle between non-vertical surface and the horizontal 

wfF nvnv ×=  

Equation 3.11 Breaking Wave Forces on Non-Vertical Walls 

Where: =nvF horizontal component of breaking wave force (lbs) 

=w width of wall in feet (ft) 

3.2.6.4 Breaking Wave Forces from Obliquely Incident Waves. 

ASCE 7 provides the following expression. 

α2sinbrkwoi ff =  

Where: =oif horizontal component of obliquely incident breaking wave 

force (lb/ft)  

=brkwf total breaking wave force (normally incident waves) acting on a 

vertical surface (lb/ft)  

=α horizontal angle between the direction of wave approach and the 

vertical surface 

wfF oioi ×=  

Equation 3.12 Breaking Wave Forces from Obliquely Incident Waves 

Where: =oiF horizontal component of obliquely incident breaking wave 

force (lbs) 

=w width of wall in feet (ft) 
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3.2.7 Tsunami Flood Velocity 

FEMA 2000 provides the following estimate of the flood velocity for a tsunami.  

Tsunami modeling of potential tsunami effects on a specific location could be used to 

determine a design flow velocity.  Current codes do not mention the potential of site-

specific tsunami modeling. 

sgdV 2=  

Equation 3.13 Tsunami Flood Velocity 

Where: =V tsunami flood velocity in ft/sec 

=sd design stillwater flood depth in feet (ft) 

=g gravitational constant (32.17 ft/sec2) 

In CHAPTER 2 past tsunami events were investigated along with structures that 

survived the tsunami will little structural damage.  The estimated flood velocity caused 

by the tsunami was given and compared to the calculated flood velocity.  For structure B 

and structure C Nicaragua 1992 the estimated and calculated tsunami flood velocity was 

approximately 4 meters per second and 8.86 meters per second, respectively.  For 

structure D Okushiri 1993 the estimated and calculated tsunami flood velocity was 

approximately 5 meters per second and 10.3 meters per second, respectively.  The cases 

that the estimated tsunami flow velocity is given, the calculated tsunami flood velocity 

were approximately double the estimated value. 

3.2.8 Localized Scour (Tsunami Conditions) 

The CCH 2000 and FEMA 2000 both reference their scour provisions to Dames 

& Moore, 1980.  Scour depth depends on soil type and scour depths in areas up to 300 
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feet from the shoreline can be determined as a percentage of the stillwater depth sd .  

Since tsunami occur along the shoreline, consideration of scour is not necessary for 

structures located 300 feet and greater from shoreline.  Table 3.6 provides expected scour 

depth as a percentage of still water depth from FEMA 2000 and Dames & Moore 1980. 

Table 3.6: Localized Scour Depth vs. Soil Type 
Soil Type Expected depth (% of ds)

Loose sand 80%
Dense sand 50%

Soft silt 50%
Stiff silt 25%
Soft clay 25%
Stiff clay 10%  

3.2.9 Loading Combinations 

The individual loading conditions must be applied to standard elements in certain 

appropriate load combinations.  The following load combinations are provided from 

FEMA 2000 and Dames & Moore, 1980.  The structural members considered in these 

references are piles or open foundations, columns, walls and basements.  Outer edge 

beams located multi-story structures are not mentioned because the references are 

intended for smaller scale residential structures.  These combinations were used in order 

to determine the maximum tsunami forces on prototype structures in this research. 

 

Type 1:  Columns in tsunami prone areas (Required) 

The following combinations are used in calculating the force on a column 

from a tsunami with the additional impact force from debris. 

brkpF  (from Equation 3.9 on column) + iF  (from Equation 3.8 on column) 

or  
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dF  (from Equation 3.5 on column) + iF  (from Equation 3.8 on column) 

Equation 3.14 Loading Combination For Columns 

 

Type 2:  Solid walls facing the shoreline in tsunami prone areas (Not 

recommended) 

Construction of non-breakaway walls or solid walls parallel to the shorelines are 

not recommended in structural designs.  The combinations provided below are for walls 

which are perpendicular to the flow of the tsunami.   

Tsunami effects on structural walls with additional impact force of debris.  

brkwF  (from Equation 3.10 on walls facing shoreline) + iF  (from Equation 

3.8on one corner) 

or  

sF  (from Equation 3.7 on walls facing shoreline) + iF  (from Equation 3.8 

on one corner) 

or 

dF  (from Equation 3.5 on walls facing shoreline) + iF  (from Equation 3.8 

on one corner) 

Equation 3.15 Loading Combinations on Walls  

 

Type 3:  Vertical (Buoyant) Forces on Structure 

This loading combination is used when there is a sudden increase in the water 

level.  The buoyant force on the structure must also be considered with other lateral 

forces.  
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bF  (from Equation 3.4 for basements, swimming pools, empty above-

ground and below ground tanks) 

Equation 3.16 Loading Combination For Buoyant Forces 

The design codes specify that breakaway walls and their connections facing 

shorelines are required to be designed for not less than 10 psf and not more than 20 psf. 

 

Recommended loading combinations provided by Dr. Harry Yeh which only 

takes into account the hydrodynamic force and the impact force are also used in 

evaluating the prototype structures in this report.  Dr. Yeh recommends that the breaking 

wave force can be neglected because tsunami most likely would not break directly onto a 

building.  He also states that the surge force equation may yield an overestimated value 

and for simplicity this equation is also neglected in the recommended evaluation section 

of this report however surge forces may be possible.  His recommended impact force 

equation is not used in this report, because it involves the knowledge of the structure 

stiffness therefore the impact force equation provided by the design codes is used. 
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CHAPTER 4 PROTOTYPE REINFORCED CONCRETE 

BUILDINGS 

4.1 Introduction 

The ability of a structure near the shoreline in a tsunami inundation zone to 

survive a tsunami is important in order to save lives.  If the structure is capable of 

resisting the tsunami loads, it can be used for vertical evacuation.  The recent Indian 

Ocean tsunami event illustrated the effectiveness of vertical evacuation particularly for a 

locally generated tsunami.  With limited warning time, it is often more appropriate for 

people to seek refuge in the upper floors of a multistory building than to attempt 

horizontal evacuation to higher grounds.  It is important, therefore, that such buildings 

resist not only the initial ground shaking but also the subsequent tsunami loads.  This 

chapter introduces three prototype reinforced concrete buildings that were selected for 

tsunami loading evaluation.  The prototype buildings were obtained from Seismic and 

Wind Design of Concrete Buildings by S.K. Ghosh and David A. Fanella.  Ghosh and 

Fanella provide detailed designs of five reinforced concrete buildings for wind and 

earthquake effects.  The buildings are designed for specific seismic design categories 

(SDC).  The SDC takes into account the seismic risk at the site of the structure, 

occupancy category of the structure, and soil characteristics at the site of the structure.  

The five reinforced concrete buildings incorporate various structural systems commonly 

used in the United States and are located in regions of low, moderate, and high seismic 

activity, and on different soil types, the buildings are designed according to the 2000 

International Building Code (IBC 2000) which utilizes the SDC, the ASCE Standard 
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“Minimum Design Loads for Buildings and Other Structures” (ASCE 7-98) and the 1999 

edition of the Building Code Requirements for Structural Concrete (ACI 318-99). 

Typical locations and loading combinations considered in these prototype designs 

are given in Table 4.1. 

Table 4.1 Prototype Building Locations 
SDC Wind Prototype Equiv. Tsunami

Speed Location Prone Location
A 145 Miami, FL Kauai,HI
B 90 Atlanta, GA
C 110 New York, NY Oahu & Maui, HI
D 85 San Francisco, CA West Coast, US & Hawaii, HI
E 85 Berkeley, CA West Coast, US & Hawaii, HI  

  Three of the five building types were selected as prototypes for this study: 1) 

office building with dual or moment-resisting frame systems (Ghosh and Fanella, Chapter 

2), 2) residential building with shear wall-frame interaction classified as a building frame 

system (Ghosh and Fanella, Chapter 3), and 3) residential building with bearing wall 

system (Ghosh and Fanella, Chapter 5).  In this report the sample building number and 

SDC letter will be represented in parentheses as an example for building 1 SDC A (1-A).  

The material properties used in these prototype designs are a 28 day compressive 

concrete strength of 4,000 psi, concrete density of 150 pcf and reinforcing steel yield 

strength of 60,000 psi.  Details of the buildings are presented below. 

4.2 Building 1 – Office Building With Dual And Moment-Resisting Frame Systems 

Building 1 is a twelve story office building with dual shear wall-frame system in 

the north-south direction and a moment-resistant frame system in the east-west direction 

(Figure 4-1).  Ghosh and Fanella provide designs for wind and earthquake SDC A, C, D 

and E in both the north-south and east-west directions. 
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Lateral forces are resisted by a combination of shear walls and frames acting 

simultaneously in the north-south direction.  IBC 2000 allows a shear wall-frame 

interaction system with ordinary reinforced concrete moment frames and ordinary 

reinforced concrete shear walls for SDC A.  For SDC C the dual system consist of 

intermediate moment frames and ordinary reinforced concrete shear walls.  For SDC D 

and E the dual system must consist of a special moment frames and special reinforced 

concrete shear walls.  The distinction between ordinary, intermediate and special frames 

or walls relates to the reinforcement detailing required to ensure adequate ductility during 

the particular load seismic event. 

In the east-west direction lateral forces are resisted by the flexural action of the 

beams and columns in the moment resisting frames.  The use of an ordinary reinforced 

concrete moment frame is permitted for SDC A.  Intermediate reinforced concrete 

moment frames can be used for SDC C but special reinforced concrete moment frames 

are required for SDC C and D. 

4.2.1 Building 1 – Loading Conditions 

The building is analyzed and designed for four of the prototype locations given in 

Table 4.1(Ghosh and Fanella, 2003).  Depending on the location, the lateral framing 

system is analyzed for the appropriate wind and seismic loads.  Sample beams, columns, 

and walls are then designed and detailed for the controlling load combination of gravity 

and wind, or seismic forces. 
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Figure 4-1: Typical Plan and Elevation of Building 1 

In Miami, Florida, the office building is assumed to be in site class D, with SDC 

A, and winds of 145 mph with exposure B.  The structural components consist of 8 inch 

floor slabs, 24 x 24 inch beams, 28 x 28 inch columns and 12 inch thick shear walls 

(Figure 4-1). 

In New York City, the office building is designed for SDC C with a wind speed of 

110 mph with exposure B.  The member dimensions are 8 inch floor slabs, 22 x 22 inch 
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beams, 26 x 26 inch interior columns, 24 x 24 inch exterior columns and 12 inch thick 

shear walls. 

In San Francisco, office building is assumed to be SDC D with a wind speed of 85 

mph with exposure B.  The member dimensions are 8 inch floor slabs, 28 x 26 inch 

beams, 30 x 30 inch interior columns, 26 x 26 inch exterior columns, 36 x 36 inch 

boundary elements at each end of the 16 inch shear walls. 

In Berkeley, CA, the office building is assumed to be located in SDC E with wind 

speed of 85 mph and exposure B.  In this example additional shear walls are located 

along column lines 3 and 6 (Figure 4-1).  The dimensions of the structural components 

are 8 inch floor slabs, 28 x 32 inch beams, 34 x 34 inch interior columns, 30 x 30 inch 

exterior columns, 40 x 40 inch boundary elements at each end of the 18 inch thick shear 

walls. 

4.2.2 Building 1 - Column Design 

For SDC A, and 145 mph wind, a 28 x 28 inch column with 16-No. 10 bars was 

sufficient for a typical interior column, C4.  This column is somewhat over-designed 

based on the required load combinations, however Ghosh and Fanella conclude that the 

reinforcement ratio, %59.2=gρ , is within the allowable range of 1% to 8% (ACI 10.91).  

Figure 4-2 shows reinforcing details for column C4 for the second floor of the building.  

For the purpose of tsunami evaluation of this building, the same reinforcing details are 

assumed for the ground floor column. 
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Figure 4-2: Column C4 (1-A) 

Based on SDC C loading combinations; a 26 x 26 inch column with 12-No. 10 

bars is adequate.  Figure 4-3 shows the reinforcement details for column C4 at the second 

floor level.  The same details are assumed at the ground floor. 
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Figure 4-3: Column C4 (1-C) 

Based on SDC D loading combinations, a 30 x 30 inch column with 12-No. 10 

bars with a reinforcement ratio of 1.69% is adequate.  Figure 4-4  shows the 

reinforcement details for column C4. 
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Figure 4-4 Column C4 (1-D) 

Based on SDC E loading combinations, a 34 x 34 inch column with 12-No. 10 

bars with a reinforcement ratio of 1.32% is adequate.  Figure 4-5 shows the reinforcement 

details for column C4. 
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Figure 4-5: Column C4 (1-E) 

4.2.3 Building 1 - Shear Wall Design 

The 12 inch thick shear walls designed for SDC A and 145 mph wind, contain 16-

No. 10 bars in the 28 x 28 inch boundary elements at each end of the wall, and No. 5 

vertical bars at 18 inches on center on both sides of the web.  Reinforcing details are 

shown in Figure 4-6. 
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Figure 4-6: Shear Wall along line 7 (1-A) 

The 12 inch thick shear walls designed for SDC C contain 12-No. 10 bars in the 

26 x 26 inch boundary elements at each end of the wall, and No. 4 vertical bars at 13 

inches on center on both sides of the web.  Reinforcing details are shown below in Figure 

4-7. 

 

Figure 4-7: Shear Wall along line 7 (1-C) 
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The 16 inch thick shear walls designed for SDC D contains 32-No. 11 bars in the 

36 x 36 inch boundary elements at each end of the wall, and No. 5 vertical bars at 12 inch 

on center on both sides of the web.  Reinforcing details are shown in Figure 4-8. 

 

Figure 4-8: Shear Wall along line 7 (1-D) 

The 18 inch thick shear walls designed for SDC E contain 36-No. 11 bars in the 

40 x 40 inch boundary elements at each end of the wall and No. 5 vertical bars at 12 

inches on center on both sides of the web.  Reinforcing details are shown in Figure 4-9. 
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Figure 4-9: Shear Wall along line 7 (1-E) 

4.3 Building 2 – Residential Building With Shear Wall-Frame Dual System And 

Building Frame System 

This residential building incorporates a shear-wall frame interaction dual system 

in SDC A and B, and a building frame system for lateral resistance in SDC C, D, and E 

(Figure 4-10).  In a building frame system, the complete space frame resists gravity loads 

while the lateral loads are resisted by the shear walls.  Deformation compatibility 

requirements must be satisfied for SDC D and E which recognizes that members not 

designated to be part of the seismic-force-resisting system must deform with the members 

of the seismic-force-resisting system.  Members which are not seismic-force-resisting 

system must be able to support the gravity forces even when subjected to earthquake-
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induced lateral displacements.  The building was designed for wind and seismic forces 

according to IBC 2000 in both north-south and east-west directions.  The individual 

structural members are designed for the governing load combination of gravity and wind 

or seismic forces. 

4.3.1 Building 2 – Loading Conditions  

In Miami, FL, the 9-story residential building is assumed to be in site class D, 

with SDC A, and winds of 145 mph with exposure B (Figure 4-10).  The structural 

components consist of 9 inch floor slabs, 22 x 22 inch columns, and 8 inch and 12 inch 

thick walls in the north-south and east-west direction, respectively. 
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Figure 4-10: Typical Plan and Elevation of Building 2 (SDC A & B) from Ground to 9th 

Floor Level 

In Atlanta, GA, the 9-story residential building is assumed to be in site class C, 

with SDC B, and winds of 90 mph with exposure B (Figure 4-10).  The structural 

components consist of 9 inch floor slabs, 22 x 22 inch columns, and 8 inch and 12 inch 

thick walls in the north-south and east-west direction, respectively. 
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In New York, NY, the 6-story residential building is assumed to be in site class D, 

with SDC C, and winds of 110 mph with exposure B (Figure 4-11).  The structural 

components consist of 9 inch floor slabs, 24 x 24 inch columns, and 8 inch and 12 inch 

thick walls in the north-south and east-west direction, respectively. 

 

Figure 4-11: Typical Plan and Elevation of Building 2 (SDC C) from Ground to 6th Floor 

Level 

In Atlanta, GA, the 7-story residential building is assumed to be in site class E, 

with SDC D, and winds of 90 mph with exposure B (Figure 4-12).  The structural 

components consist of 9 inch floor slabs, 28 x 28 inch columns, and 12 inch thick walls 

in both directions. 



 50

 

Figure 4-12: Typical Plan and Elevation of Building 2 (SDC D) from Ground to 7th Floor 

Level 

In San Fransico, CA, the 5-story residential building is assumed to be in site class 

D, with SDC D, and winds of 85 mph with exposure B (Figure 4-13).  The structural 

components consist of 9 inch floor slabs, 28 x 28 inch columns, and 12 inch thick walls 

in both directions. 
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Figure 4-13: Typical Plan and Elevation of Building 2 (SDC D & E) from Ground to 5th 

Floor Level 

In Berkley, CA, the 5-story residential building is assumed to be in site class D, 

with SDC E, and winds of 85 mph with exposure B (Figure 4-13).  The structural 

components consist of 9 inch floor slabs, 28 x 28 inch columns, and 12 inch thick walls 

in both directions. 

4.3.2 Building 2 – Column Design 

For SDC A, and 145 mph wind, a 22 x 22 inch column with 8-No. 10 bars was 

sufficient for a typical column, B2.  This column is somewhat over-designed based on the 

required load combinations, however Ghosh and Fanella conclude hat the reinformcent 
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ratio, %)10.2( =gρ  is within the allowable range of 1% to 8% (ACI 10.91).  Figure 4-14 

shows the reinforcing details for the first floor of the building. 

 

Figure 4-14: Column B2 (2-A,B) 

Based on SDC B loading combinations, a 22 x 22 inch column with 8-No. 10 bars 

with a reinforcement ratio of 2.10% is adequate.  Figure 4-14 shows the reinforcement 

details for the first floor level. 

Based on SDC C loading combinations, a 24 x 24 inch column with 8-No. 8 bars 

with a reinforcement ratio of 1.10% is adequate.  Figure 4-15 shows the reinforcement 

details for the first floor level. 
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Figure 4-15: Column B2 (2-C) 

Based on SDC D loading combinations, a 28 x 28 inch column with 8-No. 9 bars 

with a reinforcement ratio 1.02% of is adequate.  Figure 4-16 shows the reinforcement 

details for the first floor level. 

 

Figure 4-16: Column B2 (2-D,E) 
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Based on SDC E loading combinations, a 28 x 28 inch column with 8-No. 9 bars 

with a reinforcement ratio 1.02% of is adequate.  Figure 4-16 shows the reinforcement 

details for the first floor level. 

4.3.3 Building 2 – Shear Wall Design 

The shear wall section located along line 5 for SDC A, B and C contains No. 4 

vertical bars at 12 inches on center on both sides of the web and the flange.  At each end 

of the web contains 4-No. 10 vertical bars.  Reinforcing details are shown below in 

Figure 4-17. 

 

Figure 4-17: Shear Wall (2-A,B,C) 

The shear wall section for the residential building located in Atlanta with SDC D 

is designed with No. 4 vertical bars at 12 inches on center on both sides of the web and 

flange.  At each end of the web contains 6-No. 10 vertical bars.  Reinforcing details are 

shown in Figure 4-18. 
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Figure 4-18: Shear Wall (2-D) 

The structure located in San Francisco with shear wall design for SDC D contains 

No. 4 vertical bars at 12 inches on center on both sides of the web and flange.  At each 

end of the web contains 8-No. 11 vertical bars.  Reinforcing details are shown in Figure 

4-19. 

The structure located in Berkeley with shear wall design for SDC E contains No. 

4 vertical bars at 12 inches on center on both sides of the web and flange.  At each end of 

the web contains 8-No. 11 vertical bars.  Reinforcing details are shown in Figure 4-19. 
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Figure 4-19: Shear Wall (2-D,E) 

4.4 Building 3 – Residential Building With Bearing Wall System 

Bearing walls are designed to provide support for most or all of the gravity loads 

and which also act like shear walls to resist lateral loads.  Ordinary reinforced concrete 

shear walls can be utilized in buildings with bearing walls systems assigned to SDC A, B, 

or C.  Buildings assigned to SDC D or E require special reinforced concrete shear walls. 
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4.4.1 Building 3 – Loading Conditions 

 

Figure 4-20: Typical Plan and Elevation of Building 3 (SDC A, B, C, D & E) from Ground 

to 7th Floor Level 

In Miami, FL, the 7-story residential building is assumed to be in site class D, 

with SDC A, and winds of 145 mph, with exposure B.  This structure contains walls 6 

inch thick wall in both directions and typical floor joists (Figure 4-20). 
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In Atlanta, GA, the 7-story residential building is assumed to be in site class C, 

with SDC B, and winds of 90 mph, with exposure B.  This structure contains walls 6 inch 

thick walls in both directions and typical floor joists (Figure 4-20). 

In New York, NY, the 7-story residential building is assumed to be in site class D, 

with SDC C, and winds of 110 mph, with exposure B.  This structure contains walls 6 

inch thick walls in both directions and typical floor joists (Figure 4-20). 

In San Francisco, CA, the 7-story residential building is assumed to be in site 

class D, with SDC D, and winds of 85 mph, with exposure B.  This structure contains 

walls 8 inch thick walls in both directions and typical floor joists (Figure 4-20). 

The structure is located in Berkley, CA for SDC E the design wind speed is 85 

mph, site class D and exposure of B.  This structure contains walls 10 inch thick walls in 

both directions and typical floor joists (Figure 4-20). 

4.4.2 Building 3 – Shear Wall Design 

The shear wall section located along line 6 for SDC A, B, and C contains No. 4 

vertical bars at 18 inches on center throughout the flange and web.  Horizontal 

reinforcing in the web and flange are provided with No. 4 bars at 6 inches on center 

throughout the flange and web.  Reinforcing details are shown in Figure 4-21. 
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Figure 4-21: Shear Wall (3-A,B,C) 

The shear wall section located along line 6 for SDC D contains No. 6 vertical and 

horizontal bars at 18 inches on center throughout the flange and web.  Reinforcing details 

are shown in Figure 4-22. 
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Figure 4-22: Shear Walls (3-D) 

The shear wall section located along line 6 for SDC E contains No. 6 vertical and 

horizontal bars at 16 inches on center throughout the flange and web.  Reinforcing details 

are shown in Figure 4-23. 
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Figure 4-23: Reinforcement Details for Shear Walls (3-E) 
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CHAPTER 5 EVALUATION OF PROTOTYPE STRUCTURES 

FOR TSUNAMI LOADING 

5.1 Introduction 

The prototype structures presented in chapter 4 represent typical reinforced 

concrete (RC) construction of multistory buildings that may be located in tsunami 

inundation zones.  It is now assumed that these buildings are located at the shoreline and 

are subjected to three levels of tsunami flow, namely 3, 5 and 10-meter above the ground 

floor level.  No attempt was made in this study to evaluate the probability of these flow 

levels at any particular coastal location.  Rather, the intent was to study the effects on 

typical prototype buildings given a certain depth of tsunami induced flow passing around 

or through the building.  Based on this assumed flow depth, the appropriate code 

equations and loading combinations presented in CHAPTER 3 were used to compute 

flow velocity and the subsequent loads on the building or structural element under 

consideration.  The buildings were evaluated for base shear of the entire structure and 

critical forces on individual structural elements at the lower levels induced by the tsunami 

flow.  The structures are evaluated for tsunami inundation in the north-south direction 

and east-west direction separately. 

The effects of scour are not considered in these tsunami evaluations, because the 

prototype structures are hypothetical and no information is provided on the likely 

foundation systems.  Scour must be considered in actual designs of structures in coastal 

areas to prevent foundation failure. 

The general evaluation procedures used in this study are discussed in the sections 

below with application to prototype Building 1, designed for SCD A and 145mph winds 
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(Miami, FL).  For the higher SDC levels the calculations are similar to what is shown 

below.  Buildings 2 and 3 are evaluated in a similar manner. 

5.2 Calculating Base Shear for the Entire Structure 

Tsunami loading combinations from Chapter 3 in this report were used for 

calculating base shear for the entire structure for the prototype buildings.  Two cases 

were investigated for each building to determine the base shear resulting from each 

tsunami.   

Case 1: prototype buildings were modeled with break-away walls at the lower 

levels which expose the structural components during the tsunami.  Tsunami loads are 

applied to these structural members including columns, beams/floor slab and structural 

walls.  The forces on each structural component were combined with a single impact 

force in order to determine the base shear for the entire structure.  These base shear forces 

from Case 1 were then compared with the base shear for which the prototype structure 

was designed. 

Case 2: the tsunami forces on the structure were computed as if the structure is 

built with non-break-away walls at the lower levels.  The total force on the wall plus the 

impact force results in the base shear for the entire structure.  The base shear force from 

Case 2 is compared with the base shear for which the prototype structure was designed. 

5.2.1 Prototype Structure 1: Case 1 – Structural Components Exposed 

In Case 1 when the tsunami strikes Building 1 in the north-south direction the 

shear walls are equivalent to columns since the walls are parallel to the flow of water 

(Figure 5-1).  These forces are then combined with the loads on all other columns and 
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beams impacted by the tsunami flow.  For a tsunami in the east-west direction, the shear 

walls are now perpendicular to the flow.  The resulting shear wall forces are combined 

with the loads on the columns and beams. 

The 3 meter tsunami impacts only the ground floor columns and shear walls.  The 

5 meter tsunami reaches a little above the first floor level resulting in loads on the 

exterior beams on the face of the building at the first floor level.  The 10 meter tsunami 

submerges the ground, first and second floor levels.  Beams on the front face of the 

building on the first and second floors are impacted by the tsunami, along with columns 

and shear walls at ground, first and second floor levels.  Table 5.1 and Table 5.2 show the 

number of structural members impacted by the tsunami with various tsunami heights in 

both directions. 

 

Figure 5-1:  Plan view of Building 1 SDC A 



 66

Table 5.1 (1-A) – Structural members impacted by north-south tsunami  
N-S Direction

Tsunami (meters) Columns Shear Walls Beams
3 32 0 0
5 32 0 7

10 32 0 14

Number of members impacted

 

Table 5.2 (1-A) – Structural member impacted by east-west tsunami 
E-W Direction

Tsunami (meters) Columns Shear Walls Beams
3 32 2 0
5 32 2 3

10 32 2 6

Number of members impacted

 

The forces on each of the impacted members are computed and combined with a 

single impact load to determine the base shear for the entire structure for the tsunami 

being considered.  A sample detailed tsunami loading combination worksheet is provided 

in Appendix B. 

5.2.2 Prototype Structure 1: Case 2 – Non-break-away Walls  

If all wall, windows, doors, etc. at the lower levels of the prototype building are 

assumed not to break-away during the tsunami, then significantly larger tsunami loads 

would be anticipated.  These loads are computed as Case 2 to illustrate the importance of 

providing break-away non-structural elements at the lower levels. 

The width of Building 1 for north-south tsunami flow is 184 feet 4 inches and 68 

feet 4 inches for east-west tsunami flow.  The three equations used for forces on this fully 

enclosed building are hydrodynamic, breaking wave and surge forces.  The impact force 

is added at the top of the tsunami flow.  The result which yields the greatest force on the 

structure is compared to the wind or seismic base shear used in the prototype building 

design.  A sample detailed loading combination worksheet is provided in Appendix B. 
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5.3 Calculating Forces on Structural Members 

Tsunami force loading combinations from Chapter 3 were applied to the ground 

floor columns and/or walls.  Only the ground floor structural members were investigated 

because the tsunami forces are greatest at this level, and these members carry the greatest 

gravity loads.  Failure of any of these members could lead to progressive collapse of a 

significant portion of the building. 

The lateral tsunami loads were applied to the structural members using Enercalc 

Version 5.8, a structural analysis computer program (Enercalc 2003).  The columns and 

walls were modeled with fixed end conditions at the foundation and the first floor.  The 

dimensions of the individual member were input along with the tsunami forces for the 

particular structural member.  This analysis was repeated for the tsunami loads from each 

of the three tsunami flow depths.  The maximum bending moment, shear force and axial 

force were than compared with the seismic or wind designed bending moment, shear 

force and axial force for the same member. 

As is common in practice, many of the members in the prototype buildings have 

greater strength than actually required for the member forces induced by the seismic or 

wind loading.  In order to evaluate the actual strength of the members, the as-built 

structural section properties and reinforcing steel layout were modeled in PCA Column, a 

computer program for design of reinforced concrete columns and walls (PCA 2004).  

This program determines the bending moment - axial load interaction diagram for the 

column or wall member.  Given the maximum factored axial load on the column during 

the tsunami, the member bending moment capacity is determined from the interaction 

diagram.  The moment capacity can then be compared with the bending moment applied 
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by the tsunami loads.  The as-built shear capacity of the column is calculated following 

the ACI Code procedure, and compared with the maximum factored shear force from the 

tsunami loads. 

The computation of member forces and as-built strengths is demonstrated in the 

following sections for column C4 and the shear wall on Line 7 of the prototype building 1 

(SDC A – Miami, FL) (Figure 5-2). 

 

Figure 5-2 (1-A) Plan view of prototype building 1 showing members evaluated 

5.3.1 Prototype Structure 1: Type 1 Column Forces  

Type 1 individual structural member loading combinations are provided in 

Chapter 3 for tsunami forces on a column.  The two combinations include hydrodynamic 

and breaking wave forces on a vertical column.  The hydrodynamic force on a column is 

modeled as a uniform load from the column base to the top of the tsunami flow depth.  

The breaking wave force on the column is modeled as a point load acting at the tsunami 

flow depth.  The impact force is added to both models at the top of the tsunami flow 

depth.  Procedures for calculating these three forces for Type 1 members with a 3 meter 

tsunami on prototype structure 1 (SDC A) are shown below.  Similar computations were 
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performed for the same column subjected to the other tsunami flow depths.  The same 

procedure was then repeated for prototype structure 1 designed for other seismic design 

categories.  This column analysis was then repeated for prototype buildings 2 and 3. 

5.3.1.1 Impact Force 

An impact force is applied to the column in addition to the hydrodynamic or 

breaking wave force to simulate the effect of floating debris.  The weight, velocity, 

duration and location of this debris impact are all defined by the codes as described in 

Chapter 3.  A sample calculation of the impact force for column C4 subjected to a 3 m 

tsunami flow is shown below. 

)
sec

(17.32 2

ftg =
     Gravitational constant 

)(842.9 ftd s =   Tsunami flow depth (3 m) 

)(1000 lbW =   Code assumed weight of debris 

)
sec

(59.35*2 ftdgV s ==   Tsunami design flood velocity 

(sec)1.0=∆t    Code assumed impact duration in seconds  

)(06.11
1.017.32
59.351000 kips

tg
WVFi =

×
×=

∆
=  Impact force 

5.3.1.2 Hydrodynamic Force on Column 

The procedure for calculating the hydrodynamic force on the column is provided 

below for a 3 meter tsunami flow. 
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)(842.9 ftd s =   Tsunami flow depth (3 m) 

)sec*(99.1 4

2

ft
lb=ρ   Mass density of fluid 

0.2=dC    Drag coefficient for square column 

)(333.2 ftD =   Column dimension 

)(96.22* 2ftdDA s ==   Column exposed area 

)
sec

(17.32 2

ftg =    Gravitational constant 

)
sec

(59.352 ftdgV s =×=   Tsunami design flood velocity 

)(88.5759.3596.220.299.1
2
1

2
1 22 kipsAVCF dd =××××== ρ   

This represents the total hydrodynamic force on the column.  To determine the 

force per unit height of the column, the hydrodynamic force is divided by the tsunami 

flow depth as follows. 

)(88.5
842.9

88.57
ft
kips

d
F

w
s

d
d ===  

The hydrodynamic force per unit height and the impact force acting at the top of 

the tsunami flow are then modeled as transverse loads applied to a fixed end column in 

Enercalc.  The free height of the column is the distance from the ground floor to the 

bottom of the first floor beams (14 feet).  Figure 5-3 shows the Enercalc model of the 

column in a horizontal orientation.  The base of the column (left end) is assumed fixed 

against lateral translation and rotation at the foundation.  The top of the column (right 

end) is assumed fixed against lateral translation and rotation because of the continuity 
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with the column above the first floor, and the restraint provided by the first floor beams 

and slab.  The applied uniformly distributed hydrodynamic load and concentrated impact 

force are shown, along with the resulting maximum bending moments and shears in the 

column. 

     

Figure 5-3 (1-A) Column analysis for hydrodynamic and impact forces 

5.3.1.3 Breaking Wave Force on Column 

The procedure for calculating the breaking wave force on the column is provided 

below for a 3 meter tsunami flow. 
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)(68.778.0 ftdH sb =×=   Breaking wave height 

25.2=dbC     Breaking wave drag coefficient 

)(0.64 3ft
lb=γ    Specific weight of salt water 

)(333.2 ftD =    Column dimension 

)(90.968.7333.225.20.64
2
1

2
1 22 kipsDHCF bdbbrkp =××××== γ  

The breaking wave load acts like a point load at the tsunami height.  The impact 

force and the breaking wave load combination are modeled as shown in Figure 5-4.  The 

column is modeled with fixed ends as described previously.  The resulting maximum 

bending moments and shear forces are shown in Figure 5-4. 

 

Figure 5-4 (1-A) Column analysis for breaking wave and impact forces 
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Table 5.3 Building 1 SDC A column results for tsunami force models 
Bottom of Middle of Top of 
Column Column Column

Bending Moment (ft-kips) 97.82 49.83 85.82
Shear Force (kips) 41.67 0 27.26

Bending Moment (ft-kips) 18.21 25.5 43.07
Shear Force (kips) 4.45 0 16.51

Hydrodynamic Model

Breaking Wave Model

Building 1 - SDC A
Column - Ground To First Floor

 

Table 5.3 shows the results of column C4 analysis for both hydrodynamic and 

breaking wave loading in combination with the debris impact force.  The maximum 

bending moment and shear force from either the hydrodynamic or breaking wave 

analyses are selected.  In this case, the hydrodynamic loading yields the largest values of 

bending moment and shear force of 97.82 ft-kips and 41.67 kips, respectively. 

The axial force on this column is given by Ghosh and Fanella (2003) as 1,182.55 

kips dead load and 146.18 kips live load reduced according to IBC 2000.  The dead, live 

and tsunami loads are then factored by two different loading combinations.  The 

maximum factored bending moment, shear force and axial force are then compared with 

the design forces due to wind and seismic loading. 

In these loading combinations, the tsunami load is incorporated in the same way 

that winds loads are considered by Ghosh and Fanella.  The first loading combination is 

)7.17.14.1(75.0 TLD ++  which incorporates the effects of dead load (D), live load (L) 

and tsunami load (T). 

)7.17.14.1(75.0 TLD ++  

Equation 5.1 Factored Loading Combination 1 

Calculation of the factored axial force is shown below.  The tsunami causes no 

axial force so T is zero. 
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)(05.428,1)07.118.1467.155.182,14.1(75.0 kips=×+×+×  

Calculation of the factored bending moment is shown below.  The dead and live 

loads cause no bending moment in column C4, therefore D and L are zero. 

)(72.124)82.977.107.104.1(75.0 kipsft −=×+×+×  

Calculation of the factored shear force is shown below.  The dead and live loads 

cause no shear force in column C4, therefore D and L are zero. 

)(13.53)67.417.107.104.1(75.0 kips=×+×+×  

The second loading combination is TD 3.19.0 +  which incorporates a reduced 

dead load and the tsunami force. 

TD 3.19.0 +  

Equation 5.2 Factored Loading Combination 2 

Calculation of the factored axial force is shown below.  The tsunami causes no 

axial force so T is zero. 

)(30.064,103.155.182,19.0 kips=×+×  

Calculation of the factored bending moment is shown below.  The dead load 

causes no bending moment in column C4, therefore D is zero. 

)(17.12782.973.109.0 kipsft −=×+×  

Calculation of the factored bending moment is shown below.  The dead load 

causes no shear force in column C4, therefore D is zero. 
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)(17.5467.413.109.0 kips=×+×  

Table 5.4 Summary of Loading Combinations for column C4 (1-A) 
Load Cases Axial Force Bending Moment Shear Force

(kips) (ft-kips) (kips)
Dead (D) 1,182.55 0.00 0.00
Live (L) 146.18 0.00 0.00

Tsunami (T) 0.00 97.82 41.67
Loading Combinations
0.75(1.4D+1.7L+1.7T) 1,428.05 124.72 53.13

0.9D+1.3T 1,064.30 127.17 54.17  

The maximum factored axial force, bending moment and shear force are then 

selected.  In this example the maximum factored axial force is from the first loading 

combination.  The maximum factored bending moment and shear force result from the 

second loading combination.  Table 5.5 lists the maximum factored loads for a 3 meter 

tsunami on column C4 for building 1 (SDC A). 

Table 5.5  Maximum 3 meter tsunami loading on column (1-A) 
Column Maximum Axial Maximum Bending Maximum Shear

Ground to First Floor Force (kips) Moment (kips-foot) Force (kips)
3 Meter Tsunami 1428.05 127.17 54.17  

These values are now compared with the design forces for which the members 

were designed based on seismic and wind loading.  For building 1 SDC A, wind is the 

controlling factor in the design.  Table 5.6 shows the column forces from wind analysis 

along with the forces due to a 3 meter tsunami. 

Table 5.6   Building 1 SDC A design forces and 3 meter tsunami forces  
KEY

ADEQUATE Max Axial N-S Max E-W Max N-S Max E-W Max 
MARGINAL SDC Force Bending Moment Bending Moment Shear Force Shear Force

INADEQUATE (kips) (ft-kips) (ft-kips) (kips) (kips)
*WIND (145 mph) A 1,443.27 126.55 126.55 24.00 24.00
3 Meter Tsunami A 1,428.05 127.17 127.17 54.17 54.17

Column

 

In Table 5.6 the tsunami force cells are color-coded to indicate whether the 

column is adequate, marginal or inadequate.  In this case, if the tsunami force is less than 
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or equal to the design load, the member is adequate and the cell is shaded green.  If the 

tsunami force exceeds the design force by up to 50%, the column is considered marginal 

since the load factors and strength reduction factors used in typical design result in an 

approximate safety factor against failure of 1.5.  These cells are shaded yellow.  If the 

member forces induced by the tsunami exceed 1.5 times the design forces, the member is 

considered inadequate and the cell is shaded red.  This color-coding is used throughout 

this report for easier comparison of tsunami and design forces. 

As is common in practice, many of the members in the prototype buildings have 

greater strength than actually required for the member forces induced by the seismic or 

wind loading.  In order to evaluate the as-built strength of column C4, the computer 

program PCA Column was used to develop the axial force – bending moment interaction 

diagram for the column which uses ACI 318-02.  Figure 5-5 shows the column cross-

section entered into PCA column while Figure 5-6 shows the resulting interaction 

diagram.  The maximum factored axial force (1,428.05 kips) and maximum factored 

bending moment (127.17 kip-ft) from the 3 meter tsunami are plotted on this diagram.  

Since the point representing this state of loading falls inside the column failure envelope, 

the column is adequate to resist this loading condition.  Assuming a maximum axial force 

of 1,428.05 kips, the bending moment capacity of this column is actually 772 kip-ft 

(Figure 5-6).  This represents the “as-built” column bending moment capacity. 
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Figure 5-5  Column C4 modeled in PCA column 

 

Figure 5-6  Interaction diagram for column C4 with 3 meter tsunami forces 

The “as-built” shear capacity of the column is calculated according to the ACI-

318 building code as shown below.  The shear capacity of the concrete is given by: 
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Where, )(976 kipsNu =  is the smallest axial force corresponding to the largest 

shear force )(22 kipsVu =  for which the prototype column was designed, )(85.23 ind =  is 

the effective depth of the column longitudinal reinforcing, Ag is the gross area of the 

column cross-section, fc’ is the concrete compressive strength, and bw is the column 

width. 

The shear contribution of the reinforcing steel ties is given by: 

s
dfA

V yv
s =  

)(24.26
18

85.236011.03 kipsVs =×××=  

Where Av is the cross-sectional area of shear reinforcement in one set of ties (3 #3 

bars in column C4), fy is the nominal yield strength of the shear reinforcement, d is the 

column effective depth, and s is the tie spacing along the length of the column. 

The nominal shear capacity of the as-built column is than calculated as: 

)(8.138)24.261.137(85.0)( kipsVVV scn =+=+= φφ  

The as-built column capacities are listed in Table 5.7 along with the maximum 

column forces resulting from a 3 meter tsunami.  The cells are color coded to indicate 

whether the column is adequate (green), marginal (yellow) or inadequate (red) in a 

similar manner to that described previously for the design force comparison. 
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Table 5.7 Prototype Building 1 SDC A: 3 m tsunami forces and as-built column capacity 
KEY

ADEQUATE Max Axial Max Bending Max Shear
MARGINAL SDC Force Moment Capacity Strength

INADEQUATE (kips) (ft-kips) (kips)
*WIND (145 mph) A 1,443.27 772.00 138.80

3 Meter Wave A 1,428.05 127.17 54.17

As-Built Column

 

5.3.2 Prototype Structure 1: Type 2 Wall Forces 

Type 2 individual structural member loading conditions are provided in Chapter 3 

for calculating tsunami forces acting perpendicular to a wall.  These three conditions are 

hydrodynamic, breaking wave and surge forces perpendicular to the wall.  The 

hydrodynamic force is modeled as a uniform load over the full height of the tsunami 

flow.  The breaking wave force is modeled as a uniform load on the wall from the base of 

the structure to the design tsunami flow depth.  The surge force is modeled as a triangular 

load with a maximum intensity at the base of the wall and decreasing to zero at the top of 

the tsunami flow depth.   

In combination with each hydraulic load mentioned previously and the impact 

force introduced earlier is applied to the wall.  The wall capacity is determined in two 

ways.  First, this section considers the full geometric shape of the wall cross-section to 

resist the tsunami loads.  In the next section, a 1 foot wide vertical strip of the wall is 

considered to resist the hydraulic loads only, without the impact force, to investigate the 

ability of the wall to span vertically between the foundation and first floor.  This second 

analysis is particularly important for walls with a large l/h aspect ratio, where l is the 

horizontal wall dimension and h is the height of the wall between structural levels. 
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Similar computations were performed for the other tsunami flow levels for 

prototype building 1, and for the other building 1 locations.  These computations were 

then repeated for the other two prototype buildings. 

5.3.2.1 Hydrodynamic Force on Structural Wall 

The hydrodynamic force applied by a 3 meter tsunami in the east-west direction 

to the structural shear wall in prototype building 1 (Figure 5-1) is given by: 

2

2
1 AVCF dd ρ=  

where )(842.9 ftd s =     Tsunami flow depth (3 m) 

)sec(99.1 4

2

ft
lb×=ρ     Mass density of fluid 

25.1=dC     Drag coefficient  

)(333.24 ftw =    Width of wall 

)(49.239* 2ftdwA s ==   Area impacted by tsunami 

)
sec

(17.32 2

ftg =    Gravitational constant 

)
sec

(59.352 ftdgV s =×=   Tsunami design flood velocity 

The total hydrodynamic force on the wall is therefore: 

)(27.37759.3549.23925.199.1
2
1

2
1 22 kipsAVCF dd =××××== ρ  

To obtain the uniformly distributed force along the height of the wall the total 

hydrodynamic force is divided by the tsunami flow depth.  The force on the wall from the 
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hydrostatic equation is equivalent to a uniformly distributed load over the depth of the 

tsunami flow of: 

)(33.38
842.9

27.377
ft
kips

d
F

w
s

d
d ===  

The hydrodynamic force per unit length with the impact force acting at the top of 

the tsunami flow was then modeled in Enercalc as shown in Figure 5-7.  The wall is 

modeled with fixed ends at the foundation and first floor level, resulting in the maximum 

bending moments and shear forces shown in Figure 5-7. 

 

Figure 5-7  Prototype building 1 (SDC A) with hydrodynamic and impact force on wall 

5.3.2.2 Breaking Wave loading on Structural Wall 

The total breaking wave load applied to the structural walls due to a 3-meter high 

east-west tsunami flow is given by: 
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wfF brkwbrkw ×=  

where: 
22 41.21.1 sspbrkw ddCf γγ +=  

)(03.34842.96441.2842.9648.21.1 22

ft
kipsfbrkw =××+×××=∴  

where: 8.2=pC    dynamic pressure coefficient  

)(0.64 3ft
lb=γ    weight density of sea water  

)(842.9 ftd s =   tsunami flow depth  

)(333.24 ftw =    width of wall 

)(16.828333.2403.34 kipswfF brkwbrkw =×=×=  

The breaking wave force is modeled as a uniformly distributed load acting on the 

wall for the height of the tsunami, as follows: 

)(14.84
842.9

16.828
ft
kips

d
F

w
s

brkw
brkw ===  

 

Figure 5-8 (1-A) East-West 3 meter breaking wave force and impact force on wall 
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Figure 5-8 shows the breaking wave loading along with the impact load applied to 

the ground floor wall.  The resulting moments and shears are also shown. 

5.3.2.3 Surge Force on Structural Wall 

The surge force acting on the wall is calculated using the tsunami flow depth.  

Based on (Dames & Moore, 1980) the surge force on a wall is modeled as a triangular 

force, with the total load given by: 

wfF ss ×=  

where: )(333.24 ftw =    width of wall 

25.4 ss df γ=  

)(0.64 3ft
lb=γ    weight density of sea water  

)(842.9 ftd s =   tsunami flow depth  

)(9.27842.9645.45.4 22

ft
kipsdf ss =××==∴ γ  

and,  )(8.678333.249.27 kipswfF ss =×=×=  

The surge force on the wall is modeled as a triangular distributed load decreasing 

in magnitude from the base to the top of the tsunami.   

The force per unit height at the base of the tsunami is calculated as follows: 

)(94.137333.24842.96499
ft
kipswdF ss =×××== γ  

Figure 5-9 shows the surge and impact loading on the structural wall, along with 

the maximum bending moments and shears induced in the wall. 
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Figure 5-9 (1-A) East-West 3 meter surge force and impact force on wall 

Table 5.8 Building 1 SDC A - Wall results for tsunami force models 
Bottom of Middle of Top of 

Wall Wall Wall
Bending Moment (ft-kips) 584.71 288.28 434.07

Shear Force (kips) 258.71 0.00 129.63
Bending Moment (ft-kips) 1,272.02 625.40 925.66

Shear Force (kips) 565.08 0.00 274.13
Bending Moment (ft-kips) 1,001.19 385.94 475.32

Shear Force (kips) 560.59 0.00 129.28Surge Model

Building 1 - SDC A
Wall - Ground To First Floor

Hydrodynamic Model

Breaking Wave Model

 

The bending moments and shear forces which result from either the 

hydrodynamic, breaking wave or surge force models are listed in Table 5.8.  The 

breaking wave model yields the largest values of bending moment and shear force of 

1,272.02 ft kips and 565.08 kips, respectively.  The axial force due to dead and live loads 

are 2,716 kips and 279 kips, respectively, as determined by Ghosh and Fanella (2003).  

These forces are combined using two factored load combinations.  The maximum 

factored bending moment, maximum shear force and axial force are than selected. 

The first loading combination is )7.17.14.1(75.0 TLD ++  as shown below.  The 

tsunami causes no axial force so T is zero when calculating the factored axial force: 
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)(53.207,3)07.12797.1716,24.1(75.0 kipsNu =×+×+×= . 

The dead and live loads cause no bending moment therefore the D and L are zero 

when calculating the factored bending moment: 

)(83.621,102.272,17.107.104.1(75.0 kipsftM u −=×+×+×=  

The dead and live loads cause no shear force therefore the D and L are zero when 

calculating the factored shear force: 

)(48.72008.5657.107.104.1(75.0 kipsVu =×+×+×=  

The second loading combination is TD 3.19.0 +  which incorporates the axial 

dead load and the tsunami force.  The tsunami causes no axial force so T is zero when 

calculating the factored axial force: 

)(4.444,203.1716,29.0 kipsNu =×+×=  

The dead load causes no bending moment therefore the D is zero when 

calculating the factored bending moment: 

)(64.653,1 1,272.023.109.0 kipsftM u −=×+×=  

The dead load causes no shear force therefore the D is zero when calculating the 

factored shear force: 

)(60.73408.5653.109.0 kipsVu =×+×=  

The maximum axial force, bending moment and shear force due to the two load 

combinations are listed in Table 5.9. 
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Table 5.9 Summary of Loading Combinations for (1-A) Wall 
Load Cases Axial Force Bending Moment Shear Force

(kips) (ft-kips) (kips)
Dead (D) 2,716.00 0.00 0.00
Live (L) 279.00 0.00 0.00

Tsunami (T) 0.00 97.82 41.67
Loading Combinations
0.75(1.4D+1.7L+1.7T) 3,207.53 1,621.83 720.48

0.9D+1.3T 2,444.40 1,653.64 734.60  

The maximum factored axial force results from the first loading combination 

while the maximum factored bending moment and maximum factored shear force result 

from the second loading condition.  These values are listed in Table 5.10. 

Table 5.10 Maximum 3 meter tsunami loading on (1-A) Wall 
Wall Maximum Axial Maximum Bending Maximum Shear

Ground To First Floor Force (kips) Moment (kips-foot) Force (kips)
3 Meter Tsunami 3,207.53 1,653.64 734.6  

5.3.2.4 Structural Wall Evaluation 

The wall is reinforced with 16-No. 10 bars in each of the 28 x 28 inch columns at 

the ends of the wall, and No. 5 vertical bars @ 18 inches on center on either face of the 

web.  The wall was modeled in PCA Column to determine the interaction diagram for 

bending about the X-axis (Figure 5-10).  The interaction diagram is shown in Figure 5-11 

along with the maximum factored axial force and maximum factored bending moment 

from the 3 meter tsunami load.   

 

Figure 5-10 (1-A) Wall Bending about X-axis modeled in PCA column  
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Figure 5-11 (1-A) Interaction Diagram with 3 m tsunami force for wall along Line 7  

In the original prototype design for wind and seismic loads, Ghosh and Fanella 

(2003) utilize the structural walls only in the north-south direction.  Therefore there are 

no design loads in the east-west direction that can be used to compare with the tsunami 

forces.  The tsunami forces are therefore compared with the as-built wall capacity.   

Figure 5-11 shows that the as-built bending moment capacity is 2,856 k-ft.  The 

as-built shear strength of the wall is calculated using the ACI-318 procedure as shown 

below:     

The “as-built” transverse shear capacity of the shear wall is calculated according 

to the ACI-318 building code as shown below.  The shear capacity of the concrete is 
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determined for the columns on both ends of the wall, and for the wall between the 

columns. 

The shear capacity of the concrete columns is given by: 

dbf
A

NuV wc
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Since there are two columns the total )(5.435 kipsVc = . 

Where, )(5.435 kipsNu =  is the portion of the axial force corresponding to the 

area of one end column.  )(85.23 ind =  is the effective depth of the end column 

longitudinal reinforcing, Ag is the gross area of the end column cross-section, fc’ is the 

concrete compressive strength, and bw is the column width. 

The shear capacity of the concrete wall is given by: 
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Where, )(573,1 kipsNu =  is the smallest axial force corresponding to the area of 

the wall relative to the entire shear wall.  )(3125.10 ind =  is the effective depth of the 

wall longitudinal reinforcing, Ag is the gross area of the wall cross-section, fc’ is the 

concrete compressive strength, and bw is the wall width. 

The shear capacity of the reinforcement is based only on the ties provided in the 

boundary columns.  The tie shear capacity is given: 
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s
dfA

V yv
s =  

)(24.26
18

85.236011.03 kipsVs =×××=  

Since there are two columns the total )(48.52 kipsVs = . 

The nominal shear capacity of the entire wall is than calculated as: 

)(43.562)48.5234.39386.215(85.0)( kipsVVV scn =++=+= φφ  

The resulting as-built wall capacities are compared with the factored loads due to 

a 3-meter tsunami flow depth in Table 5.11.  In this case, all tsunami loads are less than 

the wall capacity. 

Table 5.11 (1-A) 3 Meter tsunami forces with As-Built Wall Capacity 
KEY

ADEQUATE Max Axial E-W Max Bending Max Shear
MARGINAL SDC Force Moment Capacity Strength

INADEQUATE (kips) (ft-kips) (kips)
*WIND (145 mph) A 3,208.00 2,856.00 562.43
3 Meter Tsunami A 3,207.53 1,653.64 734.60

As-Built Shear Wall - Ground To First Floor

 

5.3.3 Prototype Structure 1: Type 2 Wall Strip Forces 

A 1 foot wide strip of the structural wall is evaluated in a manner similar to the 

procedure discussed above for tsunami forces on the entire wall, however the impact 

force is not applied.  The same method for calculating as-built capacities and strengths 

for the whole wall are used for the strip of wall (Figure 5-12).  A typical strip of wall is 

shown in Figure 5-13 for Building 1 SDC A.  PCA Column was used to determine the 

interaction diagram for this strip bending about the X-axis.  Figure 5-14 shows that the 

maximum factored bending moment on the wall strip exceeds the nominal capacity.  The 

as-built capacity of 47 ft-k is compared with the applied bending moment in Table 5.12, 
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indicating that the wall strip would be considered marginal since the applied moment 

exceeds the as-built capacity by less than 50%. 

 

Figure 5-12 (1-A) Shear wall with typical 1 foot wide strip  

 

Figure 5-13 (1-A) Wall Strip Bending about X-axis modeled in PCA column 
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Figure 5-14 (1-A) Interaction diagram with 3 meter tsunami force for wall strip 

Table 5.12 (1-A) 3 Meter tsunami forces with As-Built Wall Strip Capacity 
KEY

ADEQUATE Max Axial E-W Max Bending Max Shear
MARGINAL SDC Force Moment Capacity Strength

INADEQUATE (kips) (ft-kips) (kips)
*WIND (145 mph) A 131.84 47.00 17.95
3 Meter Tsunami A 131.82 67.44 30.07

As-Built Shear Wall Strip

 

5.3.4 Recommended tsunami loading 

Based on recommendations by Harry Yeh (2005), the breaking wave loads will 

only affect buildings that are located on the shoreline adjacent to deep coastal water.  For 

the vast majority of coastal buildings, the breaking wave loads can be ignored.  The 

resulting loading produced by hydrodynamic and impact effects are referred to here as 

the recommended tsunami loading.  The structural elements at the ground floor level are 
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also evaluated for these recommended forces.  The same procedures for evaluating the 

critical structural members explained previously are also used for the recommended 

tsunami forces.  Details procedures are not given below since they are exactly the same as 

the procedures stated earlier but considering only the hydrodynamic force and impact 

force. 

Since the maximum factored load on a column is the hydrodynamic force, the 

tsunami results, tables and graphics are identical for the maximum tsunami forces and the 

recommended tsunami forces on the critical structural members.  The wall loads for the 3 

meter tsunami were controlled by the breaking wave force, therefore new analyses and 

interaction diagram were obtained for both the entire wall and wall strip considering only 

the hydrodynamic and impact forces.  Procedures are identical to the previous wall case 

for the critical wall and wall strip.  Table 5.13 and Table 5.14 provide the as-built 

strength comparisons for the entire wall and wall strip, respectively.  These elements are 

now adequate to resist the 3-meter tsunami loads. 

Table 5.13 (1-A) As-Built Shear Wall with Recommended Forces 
KEY

ADEQUATE Max Axial E-W Max Bending Max Shear
MARGINAL SDC Force Moment Capacity Strength

INADEQUATE (kips) (ft-kips) (kips)
*WIND (145 mph) A 3,208.00 2,856.00 562.43
3 Meter Tsunami A 3,207.53 760.12 336.32

As-Built Shear Wall

 

Table 5.14 (1-A) As-Built Shear Wall Strip with Recommended Forces 
KEY

ADEQUATE Max Axial E-W Max Bending Max Shear
MARGINAL SDC Force Moment Capacity Strength

INADEQUATE (kips) (ft-kips) (kips)
*WIND (145 mph) A 131.84 47.00 17.95
3 Meter Tsunami A 131.82 30.72 13.69

As-Built Shear Wall Strip
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CHAPTER 6 RESULTS 

6.1 Introduction 

Each of the three prototype reinforced concrete buildings was evaluated when 

subjected to tsunami flows of 3 meters, 5 meters and 10 meters in the north-south 

direction and east-west direction separately.  This chapter presents the results of these 

evaluations.  The first two tables represent the tsunami base shear force on building 1.  In 

the following sections of this chapter tables are provided for the individual critical 

structural members in the three sample buildings with the 3 meter, 5 meter and 10 meter 

maximum and recommended tsunami forces.  The critical structural components 

evaluated for that particular building are shown prior to the results table.   

6.2 Building 1 – Base Shear Evaluation 

Prototype building 1 consisted of a Moment Resisting Frame and Dual system 

(Figure 6-1).  The building was evaluated for two response conditions.  Case 1 assumes 

that the non-structural walls at the lower levels are designed to break away during the 

tsunami, exposing the structural components.  In Case 2 the building is evaluated 

assuming the exterior walls do not break away during the tsunami.  Case 2 therefore 

assumes a solid exterior wall on the entire exterior of the building.  The tsunami base 

shear forces from the two cases are compared with the governing design base shear forces 

for the original building design.  Table 6.1 shows the calculated base shear for Case 1, 

while, Table 6.2 shows the base shear comparison for Case 2. 
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Table 6.1: Building 1 Case 1 Structural Components Exposed –Tsunami Base Shear Forces 
Compared to Design Base Shear Forces 

KEY SDC A SDC C SDC D SDC E
ADEQUATE WIND GOVERNS (145 mph) EQ GOVERNS EQ GOVERNS EQ GOVERNS
MARGINAL Entire Structure Entire Structure Entire Structure Entire Structure

INADEQUATE Base Shear (kips) Base Shear (kips) Base Shear (kips) Base Shear (kips)
Seismic Forces 291.10 -- -- --

N-S Seismic Forces -- 871.00 2,789.00 4,690.00
E-W Seismic Forces -- 653.00 1,859.00 3,162.00
N-S Wind Forces 1,493.50 856.20 512.70 512.70
E-W Wind Forces 498.90 285.30 171.50 171.50

3 Meter Tsunami 1,480.00 1,320.00 1,470.00 1,680.00
5 Meter Tsunami 4,960.00 4,460.00 5,030.00 5,810.00

10 Meter Tsunami 19,800.00 17,800.00 20,100.00 23,200.00

3 Meter Tsunami 2,890.00 2,690.00 2,900.00 3,940.00
5 Meter Tsunami 8,304.00 7,730.00 8,360.00 11,320.00

10 Meter Tsunami 33,100.00 30,800.00 33,400.00 45,200.00
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Table 6.2 Building 1 Case 2 Non-Breakable Exterior Walls –Tsunami Base Shear Forces 
Compared to Design Base Shear Forces 

KEY SDC A SDC C SDC D SDC E
ADEQUATE WIND GOVERNS (145 mph) EQ GOVERNS EQ GOVERNS EQ GOVERNS
MARGINAL Entire Structure Entire Structure Entire Structure Entire Structure

INADEQUATE Base Shear (kips) Base Shear (kips) Base Shear (kips) Base Shear (kips)
Seismic Forces 291.10 -- -- --

N-S Seismic Forces -- 871.00 2,789.00 4,690.00
E-W Seismic Forces -- 653.00 1,859.00 3,162.00
N-S Wind Forces 1,493.50 856.20 512.70 512.70
E-W Wind Forces 498.90 285.30 171.50 171.50

3 Meter Tsunami 6,280.00 6,280.00 6,280.00 6,280.00
5 Meter Tsunami 17,400.00 17,400.00 17,400.00 17,400.00

10 Meter Tsunami 69,700.00 69,700.00 69,700.00 69,700.00

3 Meter Tsunami 2,330.00 2,330.00 2,330.00 2,330.00
5 Meter Tsunami 6,460.00 6,460.00 6,460.00 6,460.00

10 Meter Tsunami 25,800.00 25,800.00 25,800.00 25,800.00
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These tables show the tsunami base shear, for the three different tsunami flow 

depths, compared with the controlling base shear for which the structure was designed.  

The tsunami cells are color-coded to indicate whether the tsunami base shear is less than 

the design base shear (Green – adequate), greater than the design base shear by up to 50% 

(Yellow – marginal), or greater than 1.5 times the design base shear (Red – inadequate).  
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This color-coding is used throughout this chapter for easier comparison of tsunami and 

design forces. 

In Table 6.1, with breakaway walls, the tsunami base shear exceeds the design 

base shear in both north-south and east-west directions for most design conditions.  

However, the base shear from the 3 meter north-south tsunami flow is less than the 

design base shear for the high wind condition (SDC A), and high seismic design (SDC D 

and E).  The east-west tsunami impacts the two interior shear walls resulting in a larger 

tsunami base shear than the north-south tsunami. 

In Table 6.2 the tsunami impacts the non-breakable exterior walls on each face of 

the building.  For north-south tsunami flow, the resulting tsunami base shears are 

significantly larger than with breakaway walls (Table 6.1).  All tsunami flow depths 

result in base shears greater than the design values.  For the east-west direction, the non-

breakaway walls present a projected area similar to the two interior walls and numerous 

columns which are exposed when the walls break away.  Again the majority of tsunami 

base shear values significantly exceed the design values. 

For the north-south exposure, the breakaway walls and orientation of interior 

walls parallel to the tsunami flow significantly reduce the tsunami loads on the building.  

These practices should therefore be encouraged in tsunami inundation areas.  Even with 

these measures, however, the base shear from 5-meter and 10-meter deep tsunami flows 

are significantly greater than the base shear from wind or seismic loading. 
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6.3 Building 1 Evaluation of Critical Members  

 

Figure 6-1: Plan View of Building 1 with Critical Column and Shear Wall 

The typical column and shear wall that were evaluated for tsunami load are shown 

in Figure 6-1 at the ground floor level.  Column C4 and the shear wall along line 7 were 

evaluated for 3-meter, 5-meter and 10-meter tsunami flow in the north-south and east-

west directions.  The results of these evaluations are presented in the following sections. 

6.3.1 Building 1 - Evaluation of Column C4 

The maximum axial load, bending moment and shear force in column C4 due to 

tsunami loads are compared with the prototype design values in Table 6.3, and with the 

column as-built capacities in Table 6.4.  As noted in chapter 4, the columns in the wind-

controlled and lower seismic design categories were over designed, but still typical of 

common reinforced concrete construction. 

When Building 1 is designed for high wind and low to moderate seismic 

conditions (SDC A and C), all tsunami bending moments and shear forces exceed the 

original design values for all depths of tsunami flow (Table 6.3).  When the building is 

designed for high seismic design categories (SDC D and E), the column bending 
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moments induced by 3 and 5 meter tsunami are less than those for which the column was 

designed.  However, most of the tsunami induced shear forces exceed those resulting 

from the seismic design of the structure. 

Table 6.3: Building 1 - Column C4 - Maximum Tsunami Forces compared with Prototype 
Design Values 

KEY
ADEQUATE Max Axial N-S Max E-W Max N-S Max E-W Max 
MARGINAL SDC Force Bending Moment Bending Moment Shear Force Shear Force

INADEQUATE (kips) (ft-kips) (ft-kips) (kips) (kips)
*WIND (145 mph) A 1,443.27 126.55 126.55 24.00 24.00
3 Meter Tsunami A 1,428.05 127.17 127.17 54.17 54.17
5 Meter Tsunami A 1,428.05 208.10 208.10 89.79 89.79

10 Meter Tsunami A 1,428.05 416.22 416.22 178.37 178.37

*EQ C 1,507.64 117.82 117.82 21.82 21.82
3 Meter Tsunami C 1,362.76 121.52 121.52 51.08 51.08
5 Meter Tsunami C 1,362.76 197.93 197.93 83.82 83.82

10 Meter Tsunami C 1,362.76 395.88 395.88 167.66 167.66

*EQ D 1,841.45 228.00 386.18 39.27 77.45
3 Meter Tsunami D 1,512.82 132.56 132.56 57.23 57.23
5 Meter Tsunami D 1,512.82 217.70 217.70 94.43 94.43

10 Meter Tsunami D 1,512.82 435.44 435.44 188.86 188.86

*EQ E 2,124.00 273.82 658.91 58.91 140.73
3 Meter Tsunami E 1,641.11 139.37 139.37 62.41 62.41
5 Meter Tsunami E 1,641.11 229.36 229.36 103.18 103.18

10 Meter Tsunami E 1,641.11 458.74 458.74 206.36 206.36

*Governing design of structure

Column

 

Table 6.4 compares the tsunami forces with the as-built capacity of the column.  

In virtually all prototype design conditions, and for all tsunami flow depths, the as-built 

column strengths are greater than the tsunami forces.  This is attributed to the over design 

of the columns at the base of this prototype reinforced concrete building.   
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Even though the tsunami induces bending moments and shears in the ground floor 

columns that exceed the forces induced by wind and seismic loading, the actual column 

strength is adequate to resist all levels of tsunami considered in this study. 

Table 6.4  Building 1 - Column C4 - Maximum Tsunami Forces compared with As-Built 
Capacity 

KEY
ADEQUATE Max Axial Max Bending Max Shear
MARGINAL SDC Force Moment Capacity Strength

INADEQUATE (kips) (ft-kips) (kips)
*WIND (145 mph) A 1,443.27 772.00 138.80
3 Meter Tsunami A 1,428.05 127.17 54.17
5 Meter Tsunami A 1,428.05 208.10 89.79

10 Meter Tsunami A 1,428.05 416.22 178.37

*EQ C 1,507.64 503.00 115.96
3 Meter Tsunami C 1,362.76 121.52 51.08
5 Meter Tsunami C 1,362.76 197.93 83.82

10 Meter Tsunami C 1,362.76 395.88 167.66

*EQ D 1,841.45 851.00 327.42
3 Meter Tsunami D 1,512.82 132.56 57.23
5 Meter Tsunami D 1,512.82 217.70 94.43

10 Meter Tsunami D 1,512.82 435.44 188.86

*EQ E 2,124.00 1,274.00 365.40
3 Meter Tsunami E 1,641.11 139.37 62.41
5 Meter Tsunami E 1,641.11 229.36 103.18

10 Meter Tsunami E 1,641.11 458.74 206.36

*Governing design of structure

As-Built Column

 

6.3.2 Building 1 - Evaluation of Shear Wall on Line 7  

The prototype design of the shear wall on Line 7 considered only in-plane forces 

induced by wind and seismic loading in the north-south direction.  The maximum 

tsunami forces on the shear wall occur in the east-west direction, and no design forces are 

provided by Ghosh and Fanella for this direction.  Consequently, the tsunami induced 
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forces are only compared with the as-built capacity of the shear wall.  Table 6.5 presents 

the shear wall evaluation considering the entire shear wall cross-section, while Table 6.6 

presents the shear wall evaluation considering a 1 foot wide strip of the wall spanning 

vertically from ground level to the first floor. 

Table 6.5  Building 1 - Shear Wall on Line 7 - Maximum Tsunami Forces compared with 
As-Built Capacity of Entire Wall 

KEY
ADEQUATE Max Axial E-W Max Bending Max Shear
MARGINAL SDC Force Moment Capacity Strength

INADEQUATE (kips) (ft-kips) (kips)
*WIND (145 mph) A 3,208.00 2,856.00 562.43
3 Meter Tsunami A 3,207.53 1,653.64 734.60
5 Meter Tsunami A 3,207.53 3,215.30 1,556.54

10 Meter Tsunami A 3,207.53 8,097.17 3,648.76

*EQ C 3,112.00 2,386.00 535.58
3 Meter Tsunami C 3,111.98 1,670.81 735.66
5 Meter Tsunami C 3,111.98 3,249.78 1,557.93

10 Meter Tsunami C 3,111.98 8,194.21 3,654.17

*EQ D 4,471.00 7,482.00 1,181.89
3 Meter Tsunami D 3,604.43 1,669.01 748.28
5 Meter Tsunami D 3,604.43 3,245.03 1,586.61

10 Meter Tsunami D 3,604.43 8,141.78 3,710.56

*EQ E 5,135.00 9,912.00 1,601.36
3 Meter Tsunami E 3,899.48 1,600.37 738.17
5 Meter Tsunami E 3,899.48 3,113.38 1,569.20

10 Meter Tsunami E 3,899.48 7,726.59 3,644.41

As-Built Shear Wall

*Governing design of structure  

The shear wall designed for high wind and low to moderate seismic conditions 

(SDC A and C) is able to resist the loads applied by a 3 meter tsunami flow, but cannot 

withstand the 5 or 10 meter tsunami flows.  The shear wall designed for high seismic 

conditions (SDC D and E) is able to resist both 3 and 5 meter tsunami flow, but has 

inadequate shear strength to resist the 10 meter tsunami flow. 
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Table 6.6  Building 1 - Shear Wall on Line 7 - Maximum Tsunami Forces compared with 
As-Built Capacity of 1 foot wide strip of wall 

KEY
ADEQUATE Max Axial E-W Max Bending Max Shear
MARGINAL SDC Force Moment Capacity Strength

INADEQUATE (kips) (ft-kips) (kips)
*WIND (145 mph) A 131.84 47.00 17.95
3 Meter Tsunami A 131.82 67.44 30.07
5 Meter Tsunami A 131.82 132.12 63.96

10 Meter Tsunami A 131.82 332.76 149.96

*EQ C 128.77 49.00 18.15
3 Meter Tsunami C 128.77 68.59 30.31
5 Meter Tsunami C 128.77 134.47 64.47

10 Meter Tsunami C 128.77 339.06 151.20

*EQ D 178.84 88.00 22.63
3 Meter Tsunami D 144.18 66.29 29.81
5 Meter Tsunami D 144.18 129.80 63.46

10 Meter Tsunami D 144.18 325.67 148.42

*EQ E 202.70 107.00 25.07
3 Meter Tsunami E 153.93 62.79 29.04
5 Meter Tsunami E 153.93 122.89 61.94

10 Meter Tsunami E 153.93 305.00 143.86

As-Built Shear Wall Strip

*Governing design of structure  

Table 6.6 compares the tsunami forces with the as-built capacity of a 1 foot wide 

strip of the shear wall.  Shear walls designed for the high seismic categories (SCD D and 

E) are able to resist a 3 meter tsunami flow, but all other conditions would lead to either 

bending or shear failure of the wall strip.  Based on the results presented in Table 6.6, this 

is a more critical evaluation than considering the overall wall section.  Consideration of 

failure of an individual strip of wall is more realistic for walls with an aspect ratio 

(width/story height) greater than 2.  The center section of the wall will tend to span 

vertically with little contribution from the boundary elements at the ends of the wall. 
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As discussed in chapter 3, it is considered unlikely that breaking wave loads will 

actually impact buildings located along the coastline.  It was therefore recommended that 

the tsunami loading combination with breaking wave loads be ignored.  This results in 

significantly reduced tsunami loads on the shear wall on Line 7, as shown in Table 6.7. 

Table 6.7  Building 1 - Shear Wall on Line 7 - Recommended Tsunami Forces compared 
with As-Built Strength of entire wall 

KEY
ADEQUATE Max Axial E-W Max Bending Max Shear
MARGINAL SDC Force Moment Capacity Strength

INADEQUATE (kips) (ft-kips) (kips)
*WIND (145 mph) A 3,208.00 2,856.00 562.43
3 Meter Tsunami A 3,207.53 760.12 336.32
5 Meter Tsunami A 3,207.53 1,356.62 581.41

10 Meter Tsunami A 3,207.53 2,713.26 1,162.82

*EQ C 3,112.00 2,386.00 535.58
3 Meter Tsunami C 3,111.98 768.33 336.88
5 Meter Tsunami C 3,111.98 1,379.69 584.32

10 Meter Tsunami C 3,111.98 2,759.42 1,168.66

*EQ D 4,471.00 7,482.00 1,181.89
3 Meter Tsunami D 3,604.43 766.74 342.46
5 Meter Tsunami D 3,604.43 1,360.76 590.23

10 Meter Tsunami D 3,604.43 2,721.52 1,180.45

*EQ E 5,135.00 9,912.00 1,601.36
3 Meter Tsunami E 3,899.48 734.34 337.61
5 Meter Tsunami E 3,899.48 1,281.97 576.68

10 Meter Tsunami E 3,899.48 2,563.93 1,153.36

*Governing design of structure

As-Built Shear Wall

 

Except for the shear capacity when subjected to a 10 meter tsunami flow, all shear 

wall designs are capable of resisting the tsunami loads based on the loading combinations 

recommended in this study. 
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Table 6.8  Building 1 - Shear Wall on Line 7 – Recommended Tsunami Forces compared 
with As-Built Strength of a 1 foot wide strip of wall 
KEY

ADEQUATE Max Axial E-W Max Bending Max Shear
MARGINAL SDC Force Moment Capacity Strength

INADEQUATE (kips) (ft-kips) (kips)
*WIND (145 mph) A 131.84 47.00 17.95
3 Meter Tsunami A 131.82 30.72 13.69
5 Meter Tsunami A 131.82 55.76 23.89

10 Meter Tsunami A 131.82 111.50 47.79

*EQ C 128.77 49.00 18.15
3 Meter Tsunami C 128.77 31.24 13.81
5 Meter Tsunami C 128.77 57.08 24.18

10 Meter Tsunami C 128.77 114.18 48.36

*EQ D 178.84 88.00 22.63
3 Meter Tsunami D 144.18 30.19 13.59
5 Meter Tsunami D 144.18 54.43 23.60

10 Meter Tsunami D 144.18 108.86 47.22

*EQ E 202.70 107.00 25.07
3 Meter Tsunami E 153.93 28.05 12.97
5 Meter Tsunami E 153.93 50.60 22.76

10 Meter Tsunami E 153.93 101.21 45.53

*Governing design of structure

As-Built Shear Wall Strip

 

All shear wall designs are able to resist the tsunami loads from 3 and 5 meter 

tsunami flows using the load combinations recommended in this study.  None of  the 

shear walls are able to resist the 10 meter tsunami loads. 

6.4 Building 2 - Evaluation of Critical Members 

Prototype building 2 consists of interior shear walls designed to resist all lateral 

loads, and a slab-column frame supporting gravity loads, known as a building frame 

system.  Since they are not part of the lateral load resisting system, the columns in this 

building are smaller than those in prototype building 1, and are designed predominantly 

for axial load.  The forces induced in these columns by the tsunami loads are compared 
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with the design forces provided by Ghosh and Fanella, and with the as-built capacity of 

the column.  The interior “C-shaped” shear walls are evaluated in both north-south and 

east-west directions considering both full cross-section properties and a 1 foot wide strip 

of wall spanning vertically as shown in Figure 6-2.  For high seismic design conditions 

(SDC D and E), additional wall elements are added to the perimeter of the building 

(Figure 6-3).  The performance of these elements would be identical to the 1 foot wide 

wall strips subjected to north-south tsunami flow. 

 

Figure 6-2 Plan View of Building 3 (SDC A, B, C, D)with Critical Column and Shear Wall 

 

Figure 6-3 Plan View of Building 2 (SDC D, E) with Critical Column and Shear Wall 



 104

6.4.1 Building 2 - Evaluation of Column B2 

Table 6.9 shows the maximum tsunami forces induced in column B2 compared 

with the design values given by Ghosh and Fanella.  Because these columns are not part 

of the lateral load resisting system, their design requirements are well below those 

imposed by the tsunami loads.  In Table 6.10, the same tsunami forces are compared with 

the as-built capacity of column B2.  For all seismic design categories, the column 

bending moment capacity is adequate to resist the tsunami loads for all flow depths.  The 

column shear capacity, however, is marginal or inadequate for the 10 meter tsunami flow, 

particularly in the low seismic design categories (SDC A and B) where column detailing 

requirements do not require closely spaced ties to improve column ductility. 
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Table 6.9  Building 2 - Column B2 - Maximum Tsunami Forces compared with Design 
Forces 

KEY
ADEQUATE Max Axial N-S Max E-W Max N-S Max E-W Max 
MARGINAL SDC Force Bending Moment Bending Moment Shear Force Shear Force

INADEQUATE (kips) (ft-kips) (ft-kips) (kips) (kips)
*WIND (145 mph) A 1,175.00 18.00 18.00 13.00 13.00
3 Meter Tsunami A 881.03 92.40 92.40 40.97 40.97
5 Meter Tsunami A 881.03 146.45 146.45 66.31 66.31

10 Meter Tsunami A 881.03 292.92 292.92 132.64 132.64

*EQ B 1,175.00 18.00 18.00 13.00 13.00
3 Meter Tsunami B 881.03 92.40 92.40 40.97 40.97
5 Meter Tsunami B 881.03 146.45 146.45 66.31 66.31

10 Meter Tsunami B 881.03 292.92 292.92 132.64 132.64

*EQ C 793.00 151.00 151.00 12.00 12.00
3 Meter Tsunami C 594.75 99.97 99.97 44.49 44.49
5 Meter Tsunami C 594.75 159.80 159.80 72.36 72.36

10 Meter Tsunami C 594.75 319.61 319.61 144.73 144.73

*EQ D 793.00 151.00 151.00 12.00 12.00
3 Meter Tsunami D 594.75 115.05 115.05 51.51 51.51
5 Meter Tsunami D 594.75 186.41 186.41 84.41 84.41

10 Meter Tsunami D 594.75 372.81 372.81 168.82 168.82

*EQ D 793.00 151.00 151.00 12.00 12.00
3 Meter Tsunami D 594.75 115.05 115.05 51.51 51.51
5 Meter Tsunami D 594.75 186.41 186.41 84.41 84.41

10 Meter Tsunami D 594.75 372.81 372.81 168.82 168.82

*EQ E 793.00 151.00 151.00 12.00 12.00
3 Meter Tsunami E 594.75 115.05 115.05 51.51 51.51
5 Meter Tsunami E 594.75 186.41 186.41 84.41 84.41

10 Meter Tsunami E 594.75 372.81 372.81 168.82 168.82

*Governing design of structure

Column

 



 106

Table 6.10:  Building 2 - Column B2 - Maximum tsunami forces compared with as-built 
column strength 

KEY
ADEQUATE Max Axial Max Bending Max Shear
MARGINAL SDC Force Moment Capacity Strength

INADEQUATE (kips) (ft-kips) (kips)
*WIND (145 mph) A 1,175.00 336.00 56.36
3 Meter Tsunami A 881.03 92.40 40.97
5 Meter Tsunami A 881.03 146.45 66.31

10 Meter Tsunami A 881.03 292.92 132.64

*EQ B 1,175.00 336.00 56.36
3 Meter Tsunami B 881.03 92.40 40.97
5 Meter Tsunami B 881.03 146.45 66.31

10 Meter Tsunami B 881.03 292.92 132.64

*EQ C 793.00 451.00 112.70
3 Meter Tsunami C 594.75 99.97 44.49
5 Meter Tsunami C 594.75 159.80 72.36

10 Meter Tsunami C 594.75 319.61 144.73

*EQ D 793.00 861.00 112.70
3 Meter Tsunami D 594.75 115.05 51.51
5 Meter Tsunami D 594.75 186.41 84.41

10 Meter Tsunami D 594.75 372.81 168.82

*EQ D 793.00 861.00 112.70
3 Meter Tsunami D 594.75 115.05 51.51
5 Meter Tsunami D 594.75 186.41 84.41

10 Meter Tsunami D 594.75 372.81 168.82

*EQ E 793.00 861.00 112.70
3 Meter Tsunami E 594.75 115.05 51.51
5 Meter Tsunami E 594.75 186.41 84.41

10 Meter Tsunami E 594.75 372.81 168.82

*Governing design of structure

As-Built Column

 



 107

6.4.2 Building 2 - Evaluation of Shear Wall on Line 5  

The maximum tsunami forces on the shear wall located along line 5 are compared 

(Table 6.11).  The wall is also evaluated by comparing the tsunami forces on a 1 foot 

wide vertical wall strip with the as-built capacity of the strip (Table 6.12). 
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Table 6.11:  Building 2 - Shear Wall on Line 5 - Maximum tsunami forces compared with 
as-built capacity of entire wall section 

KEY
ADEQUATE Max Axial N-S Max Bending E-W Max Bending N-S Max E-W Max 
MARGINAL SDC Force Moment Capacity Moment Capacity Shear Strength Shear Strength

INADEQUATE (kips) (ft-kips) (ft-kips) (kips) (kips)
*WIND (145 mph) A 2,500.00 34,930.00 5,798.00 468.89 418.88
3 Meter Tsunami A 1,875.08 1,003.78 1,376.69 464.72 638.12
5 Meter Tsunami A 1,875.08 1,946.32 2,676.19 986.52 1,356.46

10 Meter Tsunami A 1,875.08 4,273.89 6,629.75 2,102.52 3,146.75

*EQ B 2,500.00 34,930.00 5,798.00 467.61 417.49
3 Meter Tsunami B 1,875.08 1,003.78 1,376.69 464.72 638.12
5 Meter Tsunami B 1,875.08 1,946.32 2,676.19 986.52 1,356.46

10 Meter Tsunami B 1,875.08 4,273.89 6,629.75 2,102.52 3,146.75

*EQ C 1,665.00 34,930.00 5,798.00 457.55 406.56
3 Meter Tsunami C 1,248.75 1,003.78 1,376.69 464.72 638.12
5 Meter Tsunami C 1,248.75 1,946.32 2,676.19 986.52 1,356.46

10 Meter Tsunami C 1,248.75 4,273.89 6,629.75 2,102.52 3,146.75

*EQ D 2,063.00 33,984.00 5,022.00 686.03 507.07
3 Meter Tsunami D 1,547.48 1,003.78 1,376.69 464.72 638.12
5 Meter Tsunami D 1,547.48 1,946.32 2,676.19 986.52 1,356.46

10 Meter Tsunami D 1,547.48 4,273.89 6,629.75 2,102.52 3,146.75

*EQ D 1,474.00 40,256.00 5,335.00 676.14 499.75
3 Meter Tsunami D 1,105.43 1,003.78 1,376.69 464.72 638.12
5 Meter Tsunami D 1,105.43 1,946.32 2,676.19 986.52 1,356.46

10 Meter Tsunami D 1,105.43 4,273.89 6,629.75 2,102.52 3,146.75

*EQ E 1,474.00 40,256.00 5,335.00 676.14 499.75
3 Meter Tsunami E 1,105.43 1,003.78 1,376.69 464.72 638.12
5 Meter Tsunami E 1,105.43 1,946.32 2,676.19 986.52 1,356.46

10 Meter Tsunami E 1,105.43 4,273.89 6,629.75 2,102.52 3,146.75

*Governing design of structure

As-Built Shear Wall

 

The wall has adequate bending moment capacity for all tsunami loading 

conditions, however the shear capacity is generally marginal or inadequate for all tsunami 

flow depths. 
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Table 6.12:  Building 2 - Shear Wall on line 5 - Maximum tsunami forces compared with as-
built capacity of a 1 foot wide strip of wall 

KEY
ADEQUATE Max Axial N-S Max Bending E-W Max Bending N-S Max E-W Max 
MARGINAL SDC Force Moment Capacity Moment Capacity Shear Strength Shear Strength

INADEQUATE (kips) (ft-kips) (ft-kips) (kips) (kips)
*WIND (145 mph) A 113.64 42.00 20.00 15.60 9.65
3 Meter Tsunami A 85.23 62.15 62.15 28.90 28.90
5 Meter Tsunami A 85.23 121.63 121.63 61.65 61.65
10 Meter Tsunami A 85.23 301.34 301.34 143.00 143.00

*EQ B 113.64 42.00 20.00 15.51 9.60
3 Meter Tsunami B 85.23 62.15 62.15 28.90 28.90
5 Meter Tsunami B 85.23 121.63 121.63 61.65 61.65
10 Meter Tsunami B 85.23 301.34 301.34 143.00 143.00

*EQ C 75.68 42.00 20.00 14.79 9.15
3 Meter Tsunami C 56.76 62.15 62.15 28.90 28.90
5 Meter Tsunami C 56.76 121.63 121.63 61.65 61.65
10 Meter Tsunami C 56.76 301.34 301.34 143.00 143.00

*EQ D 93.77 37.00 37.00 14.77 14.77
3 Meter Tsunami D 70.34 62.15 62.15 28.90 28.90
5 Meter Tsunami D 70.34 121.63 121.63 61.65 61.65
10 Meter Tsunami D 70.34 301.34 301.34 143.00 143.00

*EQ D 67.00 37.00 37.00 14.30 14.30
3 Meter Tsunami D 50.25 62.15 62.15 28.90 28.90
5 Meter Tsunami D 50.25 121.63 121.63 61.65 61.65
10 Meter Tsunami D 50.25 301.34 301.34 143.00 143.00

*EQ E 67.00 37.00 37.00 14.30 14.30
3 Meter Tsunami E 50.25 62.15 62.15 28.90 28.90
5 Meter Tsunami E 50.25 121.63 121.63 61.65 61.65
10 Meter Tsunami E 50.25 301.34 301.34 143.00 143.00

*Governing design of structure

As-Built Shear Wall Strip

 

The as-built shear wall strip capacity is marginal or inadequate for virtually all 

tsunami loading conditions.  This implies that localized damage could be expected at the 

free edge of wall flanges, and at the center of wall web sections.  Such localized failure 

will reduce the overall wall capacity and may lead to progressive collapse of portions of 
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the structure.  The exterior flat walls included in high seismic design categories (Figure 

6-3) would also be inadequate base on the wall strip evaluation.  The combination of 

impact loads, which were not considered in the wall strip evaluation, would increase the 

likelihood of localized damage to the wall sections. 

The controlling load combination for evaluation of the shear walls includes the 

effect of breaking waves and surge force.  As discussed in CHAPTER 3, it is 

recommended in this study that the hydrodynamic force should only be considered.  The 

result is a reduction in the tsunami forces in the shear walls.  Table 6.13 shows the 

comparison between tsunami loads on the entire shear wall with the wall capacities, while 

Table 6.14 compares the tsunami loads on a 1 foot wide vertical wall strip with the strip 

capacities. 
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Table 6.13:  Building 2 - Shear Wall on line 5 - Recommended tsunami forces compared 
with as-built capacity of entire wall section 

KEY
ADEQUATE N-S Max Bending E-W Max Bending N-S Max E-W Max 
MARGINAL SDC Moment Capacity Moment Capacity Shear Strength Shear Strength

INADEQUATE (ft-kips) (ft-kips) (kips) (kips)
*WIND (145 mph) A 34,930.00 5,798.00 468.89 414.88
3 Meter Tsunami A 462.37 632.27 212.99 299.91
5 Meter Tsunami A 799.02 1,098.50 361.82 497.50

10 Meter Tsunami A 1,598.05 2,197.31 732.65 995.01

*EQ B 34,930.00 5,798.00 467.61 417.49
3 Meter Tsunami B 462.37 632.27 212.99 299.91
5 Meter Tsunami B 799.02 1,098.50 361.82 497.50

10 Meter Tsunami B 1,598.05 2,197.31 732.65 995.01

*EQ C 34,930.00 5,798.00 457.55 406.56
3 Meter Tsunami C 462.37 632.27 212.99 299.91
5 Meter Tsunami C 799.02 1,098.50 361.82 497.50

10 Meter Tsunami C 1,598.05 2,197.31 732.65 995.01

*EQ D 33,984.00 5,022.00 686.03 507.07
3 Meter Tsunami D 462.37 632.27 212.99 299.91
5 Meter Tsunami D 799.02 1,098.50 361.82 497.50

10 Meter Tsunami D 1,598.05 2,197.31 732.65 995.01

*EQ D 40,256.00 5,335.00 676.14 499.75
3 Meter Tsunami D 462.37 632.27 212.99 299.91
5 Meter Tsunami D 799.02 1,098.50 361.82 497.50

10 Meter Tsunami D 1,598.05 2,197.31 732.65 995.01

*EQ E 40,256.00 5,335.00 676.14 499.75
3 Meter Tsunami E 462.37 632.27 212.99 299.91
5 Meter Tsunami E 799.02 1,098.50 361.82 497.50

10 Meter Tsunami E 1,598.05 2,197.31 732.65 995.01

*Governing design of structure

As-Built Shear Wall

 

Table 6.13 shows that the entire shear wall section is adequate to resist all tsunami 

loads except for shear capacity when subjected to 10 meter tsunami flow. 
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Table 6.14:  Building 2 - Shear Wall on line 5 - Recommended tsunami forces compared 
with as-built capacity of a 1 foot wide strip of wall 

KEY
ADEQUATE Max Axial N-S Max Bending E-W Max Bending N-S Max E-W Max 
MARGINAL SDC Force Moment Capacity Moment Capacity Shear Strength Shear Strength

INADEQUATE (kips) (ft-kips) (ft-kips) (kips) (kips)
*WIND (145 mph) A 113.64 42.00 20.00 15.60 9.65
3 Meter Tsunami A 85.23 28.30 28.30 13.16 13.16
5 Meter Tsunami A 85.23 49.92 49.92 22.61 22.61

10 Meter Tsunami A 85.23 102.95 102.95 46.85 46.85

*EQ B 113.64 42.00 20.00 15.51 9.60
3 Meter Tsunami B 85.23 28.30 28.30 13.16 13.16
5 Meter Tsunami B 85.23 49.92 49.92 22.61 22.61

10 Meter Tsunami B 85.23 102.95 102.95 46.85 46.85

*EQ C 75.68 42.00 20.00 14.79 9.15
3 Meter Tsunami C 56.76 28.30 28.30 13.16 13.16
5 Meter Tsunami C 56.76 49.92 49.92 22.61 22.61

10 Meter Tsunami C 56.76 102.95 102.95 46.85 46.85

*EQ D 93.77 37.00 37.00 14.77 14.77
3 Meter Tsunami D 70.34 28.30 28.30 13.16 13.16
5 Meter Tsunami D 70.34 49.92 49.92 22.61 22.61

10 Meter Tsunami D 70.34 102.95 102.95 46.85 46.85

*EQ D 67.00 37.00 37.00 14.30 14.30
3 Meter Tsunami D 50.25 28.30 28.30 13.16 13.16
5 Meter Tsunami D 50.25 49.92 49.92 22.61 22.61

10 Meter Tsunami D 50.25 102.95 102.95 46.85 46.85

*EQ E 67.00 37.00 37.00 14.30 14.30
3 Meter Tsunami E 50.25 28.30 28.30 13.16 13.16
5 Meter Tsunami E 50.25 49.92 49.92 22.61 22.61

10 Meter Tsunami E 50.25 102.95 102.95 46.85 46.85

*Governing design of structure

As-Built Shear Wall Strip

 

Table 6.14 shows that without the effect of breaking wave loading, all shear walls 

can resist the 3-meter tsunami flow without localized wall strip failure.  The 5 and 10 

meter tsunami flows always exceed the wall strip capacity in bending and shear, for all 

seismic design categories. 
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6.5 Building 3 – Evaluation of Critical Members  

Prototype Building 3 is a bearing wall system.  Both gravity and lateral loads are 

carried by a series of wall sections (Figure 6-4).  The end wall on line 6 was evaluated in 

north-south and east-west directions both as a complete wall section and as 1 foot wide 

vertical strips of wall spanning from ground level to the first floor.  Because of the large 

aspect ratio (width/story height) for these walls, consideration of the wall strip 

performance is a more realistic predictor of wall resistance to tsunami loading. 

 

Figure 6-4 Plan View of Building 3 with Critical Shear Wall 

The maximum tsunami forces on the shear wall located along line 6 are compared 

with the as-built capacity of the entire “L-shaped” shear wall in Table 6.15.  The wall is 

than evaluated as 1 foot wide strips spanning vertically.  The as-built capacity of the wall 

strip is compared with the tsunami forces in Table 6.16. 
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Table 6.15:  Building 3 - Shear Wall on line 6 - Maximum tsunami forces compared with as-
built capacity of the entire shear wall 

KEY
ADEQUATE N-S Max Bending E-W Max Bending N-S Max E-W Max 
MARGINAL SDC Axial Force Moment Capacity Moment Capacity Shear Strength Shear Strength

INADEQUATE (kips) (ft-kips) (ft-kips) (kips) (kips)
*WIND (145 mph) A 754.50 8,134.00 1,445.00 360.98 138.82

3 Meter Wave A 565.80 413.69 1,049.59 253.71 629.37
5 Meter Wave A 565.80 851.41 2,167.23 552.02 1,405.16

10 Meter Wave A 565.80 1,977.38 5,033.34 1,227.60 3,124.81

*EQ B 754.50 8,134.00 1,445.00 359.78 138.67
3 Meter Wave B 565.80 413.69 1,049.59 253.71 629.37
5 Meter Wave B 565.80 851.41 2,167.23 552.02 1,405.16

10 Meter Wave B 565.80 1,977.38 5,033.34 1,227.60 3,124.81

*EQ C 754.50 8,134.00 1,445.00 358.72 138.52
3 Meter Wave C 565.80 413.69 1,049.59 253.71 629.37
5 Meter Wave C 565.80 851.41 2,167.23 552.02 1,405.16

10 Meter Wave C 565.80 1,977.38 5,033.34 1,227.60 3,124.81

*EQ D 908.50 11,850.00 2,287.00 578.38 225.60
3 Meter Wave D 610.95 413.69 1,049.59 253.71 629.37
5 Meter Wave D 610.95 851.41 2,167.23 552.02 1,405.16

10 Meter Wave D 610.95 1,977.38 5,033.34 1,227.60 3,124.81

*EQ E 1,051.00 12,756.00 2,538.00 678.49 264.87
3 Meter Wave E 656.63 413.69 1,049.59 253.71 629.37
5 Meter Wave E 656.63 851.41 2,167.23 552.02 1,405.16

10 Meter Wave E 656.63 1,977.38 5,033.34 1,227.60 3,124.81

*Governing design of structure

As-Built Shear Wall

 

The shear capacity of the wall in the east-west direction is inadequate for all 

conditions considered.  For high wind and low to moderate seismic loading, the bending 

moment capacity in the east-west direction and shear capacity in the north-south direction 

are marginal or inadequate for both 5 meter and 10 meter tsunami flow.  For high seismic 

categories, the bending moment capacity in the east-west direction and shear capacity in 

the north-south direction are inadequate for 10 meter tsunami flow 
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Table 6.16:  Building 3 - Shear Wall on line 6 - Maximum tsunami forces compared with as-
built capacity of a 1 foot wide strip of wall 

KEY
ADEQUATE Max Max Bending Max Shear 
MARGINAL SDC Axial Force Moment Capacity Strength

INADEQUATE (kips) (ft-kips) (kips)
*WIND (145 mph) A 19.35 4.00 4.16
3 Meter Tsunami A 14.51 37.47 22.48
5 Meter Tsunami A 14.51 77.39 50.18

10 Meter Tsunami A 14.51 179.76 111.59

*EQ B 19.35 4.00 4.13
3 Meter Tsunami B 14.51 37.47 22.48
5 Meter Tsunami B 14.51 77.39 50.18

10 Meter Tsunami B 14.51 179.76 111.59

*EQ C 19.35 4.00 4.11
3 Meter Tsunami C 14.51 37.47 22.48
5 Meter Tsunami C 14.51 77.39 50.18

10 Meter Tsunami C 14.51 179.76 111.59

*EQ D 23.29 9.00 5.28
3 Meter Tsunami D 15.67 37.47 22.48
5 Meter Tsunami D 15.67 77.39 50.18

10 Meter Tsunami D 15.67 179.76 111.59

*EQ E 26.95 13.00 6.51
3 Meter Tsunami E 16.84 37.47 22.48
5 Meter Tsunami E 16.84 77.39 50.18

10 Meter Tsunami E 16.84 179.76 111.59

*Governing design of structure

As-Built Shear Wall Strip

 

For all conditions considered, the tsunami induced bending moments and shear 

forces on a 1 foot wide strip of wall are significantly greater than the wall capacity. 

The shear wall on line 6 was also evaluated using the loading combinations 

recommended in this study, without consideration of breaking wave loads and surge 

forces.  Table 6.17 shows the comparison between tsunami forces and the capacity of the 

entire shear wall, while Table 6.18 shows the comparison for a 1 foot wide strip of wall. 
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Table 6.17:  Building 3 - Shear Wall on line 6 – Recommended tsunami forces compared 
with as-built capacity of the entire shear wall 

KEY
ADEQUATE N-S Max Bending E-W Max Bending N-S Max E-W Max 
MARGINAL SDC Axial Force Moment Capacity Moment Capacity Shear Strength Shear Strength

INADEQUATE (kips) (ft-kips) (ft-kips) (kips) (kips)
*WIND (145 mph) A 754.50 8,134.00 1,445.00 360.98 138.82
3 Meter Tsunami A 565.80 189.67 479.36 123.40 291.90
5 Meter Tsunami A 565.80 312.88 796.47 187.73 477.88

10 Meter Tsunami A 565.80 625.78 1,592.93 374.73 955.76

*EQ B 754.50 8,134.00 1,445.00 359.78 138.67
3 Meter Tsunami B 565.80 189.67 479.36 123.40 291.90
5 Meter Tsunami B 565.80 312.88 796.47 187.73 477.88

10 Meter Tsunami B 565.80 625.78 1,592.93 374.73 955.76

*EQ C 754.50 8,134.00 1,445.00 358.72 138.52
3 Meter Tsunami C 565.80 189.67 479.36 123.40 291.90
5 Meter Tsunami C 565.80 312.88 796.47 187.73 477.88

10 Meter Tsunami C 565.80 625.78 1,592.93 374.73 955.76

*EQ D 908.50 11,850.00 2,287.00 578.38 225.60
3 Meter Tsunami D 610.95 189.67 479.36 123.40 291.90
5 Meter Tsunami D 610.95 312.88 796.47 187.73 477.88

10 Meter Tsunami D 610.95 625.78 1,592.93 374.73 955.76

*EQ E 1,051.00 12,756.00 2,538.00 678.49 264.87
3 Meter Tsunami E 656.63 189.67 479.36 123.40 291.90
5 Meter Tsunami E 656.63 312.88 796.47 187.73 477.88

10 Meter Tsunami E 656.63 625.78 1,592.93 374.73 955.76

*Governing design of structure

As-Built Shear Wall

 

Table 6.17 shows that the bending moment capacities of the entire wall section 

are adequate for virtually all tsunami conditions.  The shear capacity of the wall in the 

east-west direction is inadequate for virtually all tsunami flow depths. 

Table 6.18 shows that the 1 foot wide wall strips are inadequate for all tsunami 

loading conditions, regardless of the seismic design category for which the building was 

designed.  The primary reason for the poor out-of-plane performance of these walls is the 

use of a single layer of reinforcement placed at the centerline of the relatively thin wall 
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sections.  This significantly reduces the bending and shear capacity compared with a wall 

having two layers of reinforcing steel. 

Table 6.18:  Building 3 - Shear Wall on line 6 – Recommended tsunami forces compared 
with as-built capacity of 1 foot wide strip of wall 

KEY
ADEQUATE Max Max Bending Max Shear 
MARGINAL SDC Axial Force Moment Capacity Strength

INADEQUATE (kips) (ft-kips) (kips)
*WIND (145 mph) A 19.35 4.00 4.16
3 Meter Tsunami A 14.51 17.06 10.24
5 Meter Tsunami A 14.51 28.43 17.06

10 Meter Tsunami A 14.51 58.64 35.36

*EQ B 19.35 4.00 4.13
3 Meter Tsunami B 14.51 17.06 10.24
5 Meter Tsunami B 14.51 28.43 17.06

10 Meter Tsunami B 14.51 58.64 35.36

*EQ C 19.35 4.00 4.11
3 Meter Tsunami C 14.51 17.06 10.24
5 Meter Tsunami C 14.51 28.43 17.06

10 Meter Tsunami C 14.51 58.64 35.36

*EQ D 23.29 9.00 5.28
3 Meter Tsunami D 15.67 17.06 10.24
5 Meter Tsunami D 15.67 28.43 17.06

10 Meter Tsunami D 15.67 58.64 35.36

*EQ E 26.95 13.00 6.51
3 Meter Tsunami E 16.84 17.06 10.24
5 Meter Tsunami E 16.84 28.43 17.06

10 Meter Tsunami E 16.84 58.64 35.36

*Governing design of structure

As-Built Shear Wall Strip

 

Based on the prototype building considered in this study, bearing wall systems do 

not appear to have the capacity to resist out-of-plane tsunami loading on the wall 

elements.  This system should therefore not be used in tsunami prone areas. 
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CHAPTER 7 SUMMARY, CONCLUSION AND 

RECOMMENDATIONS 

7.1 Summary 

This study reviewed current design code provisions in the USA to develop a 

generalized set of loading equations that may be used to estimate the loads imposed by 

tsunami flow on structural elements.  Past tsunami events were reviewed with the 

objective of evaluating observed structural response.  Selected structures are described 

and used to evaluate the performance of different structural systems and materials during 

a tsunami event. 

Three prototype multi-story reinforced concrete buildings with different structural 

systems, and designed for different levels of wind and seismic ground shaking, were 

subjected to 3, 5 and 10-meter tsunami flow, and evaluated based on the tsunami force 

equations derived from the current codes. 

7.2 Conclusions 

1. For coastal regions subject to near-source tsunami generation, horizontal 

evacuation is often not feasible.  It is necessary for buildings in these areas to 

resist not only the initial earthquake ground shaking, but also the subsequent 

tsunami loads, so that they can be used for vertical evacuation to levels above the 

expected maximum flow. 

2. Based on a review of current USA building code recommendations, it was 

concluded that these codes do not adequately address the flow velocity and 
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subsequent structural loading during a tsunami event.  Experimental validation of 

the velocity, flow depth and loading expressions is needed. 

3. A review of structural performance during past tsunami lead to the conclusion that, in 

general, only engineered structural steel and reinforced concrete structures, and 

structures raised above the tsunami flow, were able to survive the tsunami forces 

without collapse or substantial structural damage.  In some instances, the failure of 

non-structural walls (breakaway walls) at the lower levels reduced the tsunami 

loading such that the overall structure survived. 

4. A review of three typical prototype building structures indicated that the as-built 

capacity of individual structural members is often well in excess of the wind and 

seismic forces for which they were designed. 

5. It was concluded that the prototype building with moment-resisting frame or dual 

system was able to resist the tsunami forces.   

6. The prototype building with shear wall-frame system was able to resist the tsunami 

forces, however individual shear walls perpendicular to the tsunami flow may fail and 

lead to progressive collapse of the building.   

7. The prototype building with bearing wall system was not able to resist the tsunami 

loads and is not recommended for construction in tsunami inundation zones. 

7.3 Recommendations 

1. Experimental verification of tsunami flow depth and velocity should be performed 

using large-scale wave tank studies. 

2. Wave tank studies should also be performed to verify hydrodynamic loading due 

to tsunami flow, and impact due to waterborne debris. 
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3. Based on these experimental studies, the code tsunami loading equations should 

be revised.  It is also recommended that breaking wave forces not be considered, 

however surge forces may be possible. 

4. All non-structural walls at the lower levels should be designed to breakaway 

during the tsunami event so as not to overload the structural system. 

5. Buildings in tsunami inundation areas should avoid the use of bearing walls or 

large structural walls perpendicular to the anticipated tsunami flow. 

6. Open moment frame or dual systems are recommended for lateral framing of 

buildings in tsunami inundation areas. 

7. The structure must be able to resist the local source earthquake, which often 

precedes the tsunami, with limited structural damage. 
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CHAPTER 8 APPENDIX A 

8.1 City and County of Honolulu 

8.1.1 Buoyant Force  

gVFB ρ=  

Where: =BF buoyant force acting vertically 

=ρ density of water (2.0 lb-s2/ft4 for salt water) 

=g gravitational acceleration (32.2 ft/s2) 

=V displaced volume of water (ft3) 

 

8.1.2 Surge Force  

hughFs
22

2
1 ρρ +=  

Referenced from Dames & Moore, 1980 

                     Substituting ghu 2=  yields equation stated below 

25.4 ghFs ρ=  

Where: =sF total force per unit width of wall 

=ρ density of water (2.0 lb-s2/ft4 for salt water) 

=g gravitational acceleration (32.2 ft/s2) 

=h surge height (ft)  
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8.1.3 Hydrodynamic Force 

AuCF dd ρ2

2
1=  

Where: =dF total drag (lbs) acting in the direction of flow 

=dC drag coefficient (non-dimensional) (1.0 for circular  

 columns, 2.0 for square piles, 1.5 for wall sections) 

=ρ density of water (2.0 lb-s2/ft4 for salt water) 

=u velocity of flow relative to body (ft/s) (estimated as 

 equal in magnitude to depth in feet of water at the structure) 

=A projected area of the body normal to the direction of  

 flow (ft2)  

 

8.1.4 Impact Force 

t
Vm

dt
dumF bb

I ∆
==  

Where: =IF impact force in (lb) 

=
dt
dub  acceleration (deceleration) of the body at (ft/s2)

 

=bu velocity of the body (ft/s) (estimated as equal in magnitude to depth 

in feet of water at the structure) 

=t  time (sec) 

=m mass of the water displaced by the body impacting the structure 

(slugs) 
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For structural material of wood construction, assume ∆t, the time interval 

over which impact occurs, is one second.  

For structural material of reinforced concrete construction, ∆t is 0.1 second 

and ∆t is 0.5 seconds for steel construction. 

8.1.5 Hydrostatic Force 











+=
g
u

hgF p
H 22

1 2

ρ  

Where: =HF hydrostatic force (lb/ft) on a wall, per unit width of wall 

=ρ density of water (2.0 lb-s2/ft4 for salt water) 

=g gravitational acceleration (32.2 ft/s2) 

=h water depth (ft) 

=pu component of velocity of flood flow perpendicular to the wall (ft/s) 

(total velocity u  estimated as equal in magnitude to depth in feet of 

water at the structure) 

 

The resultant force will act horizontally at a distance of Rh  above the base 

of the wall, where 
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+=
g
u
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R 23

1
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8.1.6 Localized Scour  

Referenced from Dames & Moore, 1980 

Table 8.1 Estimated Minimum Scour 

Soil Type Up to 300 ft (1) Greater than 300 ft (2)
Loose sand 80% h 60% h
Dense sand 50% h 35% h

Soft silt 50% h 25% h
Stiff silt 25% h 15% h
Soft clay 25% h 15% h
Stiff clay 10% h 5% h

Estimated Minimum Scour

 

 (1)  Values may be reduced by 40% if a substantial dune or berm higher than the 

regulatory flood elevation protects the building site.   

(2)  Values may be reduced by 50% if the entire region is essentially flat. 

 

8.2 ASCE – 7 

8.2.1 Breaking Wave loads on vertical pilings and columns. 

2

2
1

bDwD DHCF γ=  

Where: =DF net wave force, in pounds (kN) 

=wγ unit weight of water, in pounds per cubic foot (kN/m3), = 62.4 pcf 

(9.80 kN/m3) for fresh water and 64.0 pcf (10.05 kN/m3) for salt 

water. 
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=DC coefficient of drag for breaking waves, = 1.75 for round piles or 

columns, and = 2.25 for square piles or columns. 

=D pile or column diameter, in feet (m) for circular sections, or for a 

square pile or column, 1.4 times the width of the pile or column in 

feet (m).  

=bH breaking wave height, in feet (m). 

8.2.2 Breaking wave loads on vertical walls. 

swswp ddCP γγ 2.1max +=  

and 

22 4.21.1 swswpt ddCF γγ +=  

Where: =maxP maximum combined dynamic ( swp dC γ ) and static 

( swdγ2.1 ) wave pressure, also referred to as shock pressure in lb/ft2 

(kN/m2) 

=tF total breaking wave force per unit length of structure, also referred to 

as shock, impulse or wave impact force in lb/ft (kN/m), acting near 

the stillwater elevation 

=pC dynamic pressure coefficient (1.6 < Cp < 3.5 -see Table below) 

=wγ unit weight of water, in pounds per cubic foot (kN/m3), = 62.4 pcf 

(9.80 kN/m3) for fresh water and 64.0 pcf (10.05 kN/m3) for salt 

water. 
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=sd stillwater depth in feet (m) at base of building and or other structure 

where the wave breaks 

 

If free water exists behind wall, the hydrostatic component of the wave 

pressure and force disappears and the dynamic wave pressure and 

the net force shall be computed by: 

swp dCP γ=max  

and 

21.1 swpt dCF γ=  
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Table 8.2 Value of Dyanmic Pressure Coefficient, pC  

Building Category Cp
I 1.6
II 2.8
III 3.2
IV 3.5  

Table 8.3 Building Description and Category 
Name of Occupancy Category

Structures that represent a low hazard to human life in the event of failure including, but not limited to: I
agricultural facilities
certain temporary facilities
minor storage facilities

All structures except those listed in Categories I, III and IV II
Structures that represent a substantial hazard to human life in the event of failure including, but not limited to: III

Structures where more than 300 people congregate in one area
Structures with elementary school, secondary school, or day-care facilities with capacity greater than 250
Structures with a capacity greater than 500  for colleges or adult education facilities
Healthcare facilities with a capacity of 50 or more resident patients but not having surgery or emergency 
treatment facilities
Jails and detention facilities
Power generating stations and other public utility facilities not included in Category IV
Structures containing sufficient quantities of toxic or explosive substances to be dangerous to public if 
released

Structures designated as essential facilities including but not limited to: IV
Hospitals and other health-care facilities having surgery or emergency treatment facilities
Fire, rescue, and police stations and emergency vehicle garages
Designated earthquake, hurricane, or other emergency shelters
Communications centers and other facilities required for emergency response
Power generating stations and other public utility facilities required in an emergency
Structures having critical national defense functions

 

8.2.3 Breaking wave loads on non-vertical walls. 

θ2sintnv FF =  

Where: =nvF horizontal component of breaking wave force in lb/ft (kN/m) 

=tF total breaking wave force acting on a vertical surface in lb/ft (kN/m) 

=θ vertical angle between non-vertical surface and the horizontal 
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8.2.4 Breaking wave loads from obliquely incident waves. 

α2sintoi FF =  

Where: =oiF horizontal component of obliquely incident breaking wave 

force in lb/ft (kN/m) 

=tF total breaking wave force (normally incident waves) acting on a 

vertical surface in lb/ft (kN/m) 

=α horizontal angle between the direction of wave approach and the 

vertical surface 

8.2.5 Impact 

maFI =  

Where: =IF impact force in pounds (kN) 

=g  due to gravity 32.2 feet per second per second  

=w  water of object in pounds (kN) 

t
Va
∆
∆=  

=∆V  change from bV to zero velocity 

=bV velocity of object in feet per second (m/s) 

=∆t time to decelerate object in seconds 

== gwm / mass in slugs (kg) 

 

Assume that the velocity of the object is reduced to zero in one second 

resulting in a minimum impact load: 
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bVFi *31=     (in pounds) 

(in SI: bVFi *453.0=  kN) 

8.3 FEMA 2000: Coastal Construction Manuel 

8.3.1 Design Flood Velocity 

Tsunami    sgdV 2=    

Upper Bound     sgdV =   

Lower Bound    t
dV s=  

 

Where: =V design flood velocity in ft/sec 

 =sd design stillwater flood depth in feet 

 =t 1 sec 

 =g gravitational constant (32.2 ft/sec2) 

8.3.2 Hydrostatic Loads 

8.3.2.1 Lateral Hydrostatic Load 

2

2
1

ssta df γ=  

Where: =staf hydrostatic force per unit width (lb/ft) resulting from 

flooding against vertical element 
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=γ specific weight of water (62.4 lb/ft3 for fresh water and 64.0 lb/ft3 for 

salt water). 

=sd design stillwater flood depth in feet 

 

)(wfF stasta =  

Where: =w width of vertical element in feet 

 =staF total equivalent lateral hydrostatic force on structure in lb 

8.3.2.2 Vertical (Buoyant) Hydrostatic Force 

)(VolFbuoy γ=  

Where: =buoyF vertical hydrostatic force in lb resulting from the 

displacement of a given volume of flood water 

=γ specific weight of water (62.4 lb/ft3 for fresh water and 64.0 lb/ft3 for 

salt water). 

=Vol volume of flood water displaced by a submerged object in ft3. 

8.3.3 Wave Loads 

8.3.3.1 Breaking Wave Loads on Vertical Piles 

2

2
1

bdbbrkp DHCF γ=  

Where: =brkpF drag force in lb acting at the stillwater level 
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=dbC breaking wave drag coefficient (recommended values are 2.25 for 

square or rectangular piles and 1.75 for round piles) 

=γ specific weight of water (62.4 lb/ft3 for fresh water and 64.0 lb/ft3 for 

salt water) 

=D pile diameter in feet 

=bH breaking wave height in feet )78.0( sd  

Where: =sd design stillwater flood depth in feet 

 

8.3.3.2 Breaking wave Load on Vertical Walls 

Case 1 (enclosed dry space behind wall): 

22 41.21.1 sspbrkw ddCf γγ +=  

Case 2 (equal stillwater level on both sides of wall): 

22 91.11.1 sspbrkw ddCf γγ +=  

Where: brkwf = total breaking wave load per unit length of wall (lb/ft) 

acting at the stillwater level 

brkwF = total breaking wave load (lb) acting at the stillwater level = 

wfbrkw * , where =w  width of wall in feet 

=pC dynamic pressure coefficient from Table below 

=γ specific weight of water (62.4 lb/ft3 for fresh water and 64.0 lb/ft3 for 

saltwater) 

=sd design stillwater flood depth in feet 
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Table 8.4 Value of Dynamic Pressure Coefficient, pC , as a Function of Probability of 
Exceedance 

Cp Building Type Probability of 
Exceedance

1.6 Accessory structure, low hazard 0.5
to human life or property in the event of failure

2.8 Coastal residential building 0.01

3.2 High-occupancy or critical facility 0.001  

 

8.3.4 Hydrodynamic Loads 

AVCF ddyn
2

2
1 ρ=  

 (flow velocity greater than 10 ft/sec) 

Where: =dynF horizontal drag force in lb acting at the stillwater mid-depth 

(half-way between the stillwater elevation and the eroded ground 

surface) 

=dC drag coefficient (recommended values are 2.0 for square or 

rectangular piles and 1.2 for round piles, or from Table 11.2 for 

larger obstructions) 

=ρ mass density of fluid (1.94 slugs/ft3 for fresh water and 1.99 slugs/ft3 

for saltwater) 

=V velocity of water in ft/sec 

== swdA surface area of obstruction normal to flow in ft2  
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Table 8.5 Drag Coefficient for Ratios of Width to Depth and Width to Height 
Width to Depth Ratio Drag Coefficient Cd

(w/ds or w/h)
From 1 - 12 1.25

13 - 20 1.3
21 - 32 1.4
33 - 40 1.5
41 - 80 1.75

81 - 120 1.8
> 120 2  

8.3.5 Impact Load 

gt
wVFi =  

Where: =iF impact force in lb acting at the stillwater level 

=w weight of the object in lb 

=V velocity of water in ft/sec or approximated by sgd2
1

 

=g gravitational constant (32.2 ft/sec2) 

=t duration of impact in seconds (1.0 seconds for wood construction, 0.5 

seconds for steel construction and 0.1 seconds for reinforced 

concrete) a recommended table is shown below 

 

Table 8.6 Impact Durations (t) 
Type of construction   Duration (t) of Impact (sec)

Wall Pile
Wood 0.7 - 1.1 0.5 - 1.0
Steel NA 0.2 - 0.4
Reinforced Concrete 0.2 - 0.4 0.3 - 0.6
Concrete Masonry 0.3 - 0.6 0.3 - 0.6  
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8.3.6 Localized Scour  

Referenced from Dames & Moore, 1980; (Tsunami conditions) suggest that scour 

depth depends on soil type and that scour depths in areas up to 300 feet from the 

shoreline can be determined as a percentage of the stillwater depth sd , as shown in Table 

2-6. 

Table 8.7 Localized Scour Depth vs. Soil TypeScour Depth vs. Soil Type 
Soil Type Expected depth (% of ds)

Loose sand 80%
Dense sand 50%

Soft silt 50%
Stiff silt 25%
Soft clay 25%
Stiff clay 10%  

8.3.7 Loading Combinations  

CASE 1:  Pile or Open Foundation in V Zone (Required) 

brkpF  (on all piles ) + IF  (on one corner or critical pile) 

or  

brkpF  (on front row of piles only) + dynF  (on all piles but front row) + IF  

(on one corner or critical pile) 

 

CASE 2:  Pile or Open Foundation in Coastal A Zone (Recommended) 

brkpF  (on all piles ) + IF  (on one corner or critical pile) 

or  

brkpF  (on front row of piles only) + dynF  (on all piles but front row) + IF  

(on one corner or critical pile) 
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CASE 3:  Solid (Wall) Foundation in Coastal A Zone (NOT 

Recommended) 

brkwF  (on walls facing shoreline, which includes hydrostatic component) + 

dynF  (assume one corner is destroyed by debris, and design in 

redundancy) 

 

CASE 4:  Solid (Wall) Foundation in Non-Coastal A Zone (for 

comparison) 

staF (vertical and lateral static force) + dynF   
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CHAPTER 9 APPENDIX B 

9.1 Building 1 –North-South and East-West 3 meter Tsunami 

 

γ 64.0
lb

ft3
⋅:= Cdw 1.25:= Hydrodynamic drag coefficient on solid exterior wall

Cds 0:= Hydrodynamic drag coefficient on shear wall

ti 0.1sec:= Impact time

Wc 1000lb:= Weight of object impacting column

Ws 0lb:= Weight of object impacting shear wall

Ww 1000lb:= Weight of object impacting solid exterior wall

Cdb 2.25:= Breaking wave drag coefficient on column 

Cdb1 2.25:= Breaking wave drag coefficient on beam or slab 

Cp 2.8:= Breaking wave dynamic pressure coefficient on solid wall 

Cp1 0:= Breaking wave dynamic pressure coefficient on shear wall 

bs1 14ft:= Height of beam sofit from ground to second floor 

bs2 10ft:= Height of beam sofit on other floors

Building 1  Tsunami Forces
N-S Direction 

Seismic Design Category (SDC) A
Design Properties

ds 9.842ft:= D1 2.333ft:= Exterior column diameter

D2 2.333ft:= Interior column diameter
ds 3m=

BD 68.333ft:= Depth of building (along side of building)

up 9.842
ft

sec
:= BW 184.333ft:= Width of building (impact face of building) 

bt 2ft:= Beam thickness
g 32.17

ft

sec2
=

L 23.667ft:= Width of beam (impact face of building)

w1 0ft:= Width of shear wall (impact face of building)

ρ 1.99
lb sec2⋅

ft4
⋅:= Cd 2.0:= Hydrodynamic drag coefficient on column

Cd1 1.25:= Hydrodynamic drag coefficient on beam or slab
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* Indicates which code was used in the problem calculated below

Width to Depth Ratio Drag Coefficient Cd
(w/ds or w/h)
From 1 - 12 1.25

13 - 20 1.3
21 - 32 1.4
33 - 40 1.5
41 - 80 1.75

81 - 120 1.8
> 120 2

Circular Column Square Column Wall Sections
CCH 1 2 1.5

*FEMA CCM 1.2 2.0 Refer to Cd Table below

CdsCdwCd1Cd:  drag Coefficient, used to determine Cd

Hydrodynamic Force

Total number of interior columnsm c k−:=

Total number of exterior columns but not front rowk j b−:=

Total number of shear walls except front rowf e d−:=

Total number of columns but not front rowc a b−:=

Number of front beams on single floorz 7:=

Total number of shear wallse 0:=

Total number of front shear wallsd 0:=

Number of exterior columnsj 20:=

Total number of front row columnsb 8:=

Total number of columnsa 32:=
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Impact Force

ti :  time of object deceleration (sec)

*CCH:   Wood 1.0 sec, Steel 0.5 sec, Reinforced Concrete 0.1 sec 

FEMA CCM: Refer to table below

Type of construction   Duration (ti) of Impact (sec)
Wall Column

Wood 0.7 - 1.1 0.5 - 1.0
Steel NA 0.2 - 0.4
Reinforced Concrete 0.2 - 0.4 0.3 - 0.6
Concrete Masonry 0.3 - 0.6 0.3 - 0.6

* Indicates which code was used in the problem calculated below

Breaking Wave Force on Vertical Pilling and Columns

Cdb :  breaking wave drag coefficient, used to determine Cdb Cdb1

Circular Column Square Column
*ASCE 7 1.75 2.25

*FEMA CCM 1.75 2.25

* Indicates which code was used in the problem calculated below
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Breaking Wave Force on Vertical Walls

Cp Cp Cp1:  dynamic pressure coefficient, used to determine 

FEMA CCM

Cp Building Type Probability of 
Exceedance

1.6 Accessory structure, low hazard 0.5
to human life or property in the event of failure

2.8 Coastal residential building 0.01

3.2 High-occupancy or critical facility 0.001

*ASCE7 

Building Category Cp
I 1.6
II 2.8
III 3.2
IV 3.5

Name of Occupancy Category
Structures that represent a low hazard to human life in the event of failure including, but not limited to: I

agricultural facilities
certain temporary facilities
minor storage facilities

All structures except those listed in Categories I, III and IV II
Structures that represent a substantial hazard to human life in the event of failure including, but not limited to: III

Structures where more than 300 people congregate in one area
Structures with elementary school, secondary school, or day-care facilities with capacity greater than 250
Structures with a capacity greater than 500  for colleges or adult education facilities
Healthcare facilities with a capacity of 50 or more resident patients but not having surgery or emergency 
treatment facilities
Jails and detention facilities
Power generating stations and other public utility facilities not included in Category IV
Structures containing sufficient quantities of toxic or explosive substances to be dangerous to public if 
released

Structures designated as essential facilities including but not limited to: IV
Hospitals and other health-care facilities having surgery or emergency treatment facilities
Fire, rescue, and police stations and emergency vehicle garages
Designated earthquake, hurricane, or other emergency shelters
Communications centers and other facilities required for emergency response
Power generating stations and other public utility facilities required in an emergency
Structures having critical national defense functions

* Indicates which code was used in the problem calculated below
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Fs 5.14 106× lb=Fs fs BW⋅:=

fs 27897.11
lb
ft

=fs 4.5 γ⋅ ds
2⋅:=

BW 184.33ft=

(equation applicable for walls with heights equal to or greater than 3ds walls with heights
are less than 3ds require surge forces to be calculated using approximate
combinations of hydrostatic and hydrodynamic forces)

Solid Exterior Wall 2.2 Surge Force   

Fdwall 2.86 106× lb=Fdwall
1
2
ρ⋅ Cdw⋅ A⋅ V2⋅:=

A 1814.21ft2=

A ds BW⋅:=Cdw 1.25=

Solid Exterior Wall 2.1 Hydrodynamic Force

2. Non-Breakable Walls

Fb 7.93 106× lb=Fb γ v⋅:=

v 123970.1ft3=

v BW BD⋅ ds⋅:=

1. Vertical (Buoyant) Hydrostatic Force

m
sec

Vm 10.85=V 24.27mph=V 35.59
ft

sec
=

Vm .3048V
sec
ft

⋅:=

V 2 g ds⋅:=

Flood Velocity
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Fd2 57876.23lb=Fd2
1
2
ρ⋅ Cd⋅ A2⋅ V2⋅:=

A2 22.96ft2=

A2 ds D2⋅:=Cd 2=

Interior column 3.1.2 Hydrodynamic Force

Fd1 57876.23lb=Fd1
1
2
ρ⋅ Cd⋅ A1⋅ V2⋅:=

A1 22.96ft2=

A1 ds D1⋅:=Cd 2=

Exterior column 3.1.1 Hydrodynamic Force

3.1 Hydrodynamic Force

3. Structural Components Exposed

Fbrkw2 5.7 106× lb=Fbrkw2 fbrkw BW⋅:=

fbrkw 30934.79
lb
ft

=fbrkw 1.1 Cp⋅ γ ds
2⋅ 1.91 γ⋅ ds

2⋅+:=

Case 2 (Equal stillwater level on both sides of wall)

Fbrkw1 6.27 106× lb=Fbrkw1 fbrkw BW⋅:=

fbrkw 34034.47
lb
ft

=fbrkw 1.1 Cp⋅ γ⋅ ds
2⋅ 2.41 γ⋅ ds

2⋅+:=

Case 1 (Enclosed dry space behind wall)

BW 184.33ft=

Cp 2.8=

Solid Exterior Wall 2.3 Breaking Wave Force on Vertical Wall
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Fdshear 0 lb=Fdshear
1
2
ρ⋅ Cds⋅ A⋅ V2⋅:=

A 0ft2=

A ds w1⋅:=Cds 0=

Shear Wall 3.1.4 Hydrodynamic Force

Fdbeam 74568.49lb=Fdbeam
1
2
ρ⋅ Cd1⋅ A⋅ V2⋅:=

Total number of stories impact on structures 0=

A 47.33ft2=

A bt L⋅:=

Cd1 1.25=

L 23.67ft=s 0 h1 0≤if

1 h1 0>if

2 h2 0>if

3 h3 0>if

4 h4 0>if

5 h5 0>if

:=

h5 52.16− ft=h5 ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2−:=

h4 40.16− ft=h4 ds bs1− bt− bs2− bt− bs2− bt− bs2−:=

h3 28.16− ft=h3 ds bs1− bt− bs2− bt− bs2−:=

h2 16.16− ft=h2 ds bs1− bt− bs2−:=

h1 4.16− ft=h1 ds bs1−:=

Beams  3.1.3 Hydrodynamic Force
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Fbrkp2 9899.27lb=Fbrkp2
1
2
γ⋅ Cdb⋅ D2⋅ Hb

2⋅:=

D2 2.33ft=

Cdb 2.25=

Hb 7.68ft=

Interior column3.3.2 Breaking Wave Force on Vertical Columns

Fbrkp1 9899.27lb=Fbrkp1
1
2
γ⋅ Cdb⋅ D1⋅ Hb

2⋅:=

D1 2.33ft=

Cdb 2.25=

Hb 7.68ft=Hb 0.78 ds⋅:=

Exterior column3.3.1 Breaking Wave Force on Vertical Columns

3.3 Breaking Wave Force

Fsw 0lb=Fsw fs w1⋅:=

fs 27897.11
lb
ft

=fs 4.5 γ⋅ ds
2⋅:=

w1 0ft=

(equation applicable for walls with heights equal to or greater than 3ds walls with heights
are less than 3ds require surge forces to be calculated using approximate
combinations of hydrostatic and hydrodynamic forces)

3.2 Surge Force    Shear Wall  
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Hb2 1098.11−
lb

ft2
=

Hb2
H2 H2a+( )

2
:=H2a 1162.11−

lb

ft2
=

H2a
γ Hb⋅

Hb
ds bs1− bt− bs2− bt−( )⋅:=

H2 1034.11−
lb

ft2
=

H2
γ Hb⋅

Hb
ds bs1− bt− bs2−( )⋅:=Beam 2 (third floor)

Fbrkb1 0lb=Fbrkb1 Cdb1 L⋅ Hb1⋅ bt⋅:=

Hb1 0
lb

ft2
Hb1 0≤if

Hb1 Hb1 0>if

:=

Hb1 330.11−
lb

ft2
=

Hb1
H1 H1a+( )

2
:=H1a 394.11−

lb

ft2
=

H1a
γ Hb⋅

Hb
ds bs1− bt−( )⋅:=

H1 266.11−
lb

ft2
=

H1
γ Hb⋅

Hb
ds bs1−( )⋅:=

Beam 1 (second floor)

L 23.67ft=

Cdb1 2.25=

Hb 7.68ft=Hb 0.78 ds⋅:=

Beam 3.3.3 Breaking Wave Force on Beam
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H4a
γ Hb⋅

Hb
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt−( )⋅:=

H4 2570.11−
lb

ft2
=

H4
γ Hb⋅

Hb
ds bs1− bt− bs2− bt− bs2− bt− bs2−( )⋅:=Beam 4 (fourth floor)

Fbrkb3 0lb=Fbrkb3 Cdb1 L⋅ Hb3⋅ bt⋅:=

Hb3 0
lb

ft2
Hb3 0≤if

Hb3 Hb3 0>if

:=

Hb3 29734.85−
lb

ft2
=

Hb3
H3 H3a+( )

2
:=H3a 1930.11−

lb

ft2
=

H3a
γ Hb⋅

Hb
ds bs1− bt− bs2− bt− bs2− bt−( )⋅:=

H3 1802.11−
lb

ft2
=

H3
γ Hb⋅

Hb
ds bs1− bt− bs2− bt− bs2−( )⋅:=Beam 3 (fourth floor)

 Fbrkb2 0lb=Fbrkb2 Cdb1 L⋅ Hb2⋅ bt⋅:=

Hb2 0
lb

ft2
Hb2 0≤if

Hb2 Hb2 0>if

:=
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H4a 2698.11−
lb

ft2
= Hb4

H3 H3a+( )
2

:=

Hb4 29734.85−
lb

ft2
=

Hb4 0
lb

ft2
Hb4 0≤if

Hb4 Hb4 0>if

:=

Fbrkb4 Cdb1 L⋅ Hb4⋅ bt⋅:= Fbrkb4 0lb=

Beam 5 (fifth floor) H5
γ Hb⋅

Hb
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2−( )⋅:=

H5 3338.11−
lb

ft2
=

H5a
γ Hb⋅

Hb
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2− bt−( )⋅:=

H5a 3466.11−
lb

ft2
= Hb5

H3 H3a+( )
2

:=

Hb5 29734.85−
lb

ft2
=

Hb5 0
lb

ft2
Hb5 0≤if

Hb5 Hb5 0>if

:=

Fbrkb5 Cdb1 L⋅ Hb5⋅ bt⋅:= Fbrkb5 0lb=
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Fiw 11061.62lb=Fiw
Ww V⋅

g ti⋅
:=

Fis 0 lb=Fis
Ws V⋅

g ti⋅
:=

 

Fic 11061.62lb=Fic
Wc V⋅

g ti⋅
:=

ti 0.1sec=

Ww 1000lb=Ws 0lb=Wc 1000lb=

3.4 Impact Force

Fbrksw2 0lb=Fbrksw2 fbrkw w1⋅:=

fbrkw 11840.77
lb
ft

=fbrkw 1.1 Cp1⋅ γ ds
2⋅ 1.91 γ⋅ ds

2⋅+:=

Case 2 (Equal stillwater level on both sides of wall)

Fbrksw1 0lb=Fbrksw1 fbrkw1 w1⋅:=

fbrkw1 14940.45
lb
ft

=fbrkw1 1.1 Cp1⋅ γ⋅ ds
2⋅ 2.41 γ⋅ ds

2⋅+:=

Case 1 (Enclosed dry space behind wall)

w1 0ft=

Cp1 0=

3.3.4 Breaking Wave Force on Shear Wall
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Fic 11061.62lb=

Fbrkb5 0 lb=Fbrkb3 0 lb=

Fbrkb4 0 lb=Fbrkb2 0 lb=

Fbrkb1 0 lb=

Exterior Critical ColumnFa 20960.89lb=Fbrkp1 9899.27lb=

Fa Fbrkp1 Fbrkb1+ Fbrkb2+ Fbrkb3+ Fbrkb4+ Fbrkb5+ Fic+:=

Breaking wave force on a column of the exposed structure plus the breaking wave force on the
buildings front single beam per floor connected to the column plus the impact force on the column.

Fic 11061.62lb=

s Fdbeam⋅ 0 lb=

Fbrkp2 9899.27lb=

Interior Critical ColumnFa 20960.89lb=Fa Fbrkp2 s Fdbeam⋅+ Fic+:=

Fic 11061.62lb=

s Fdbeam⋅ 0 lb=

Fbrkp1 9899.27lb=

Exterior Critical ColumnFa 20960.89lb=Fa Fbrkp1 s Fdbeam⋅+ Fic+:=

Breaking wave force on a column of the exposed structure plus the hydrodynamic force on the
buildings front single beam per floor connected to the column plus the impact force on the column.

Critical Column Forces

Load Case 1: Frame Structures

Structural Components Exposed  



 154

 

 

 

 

 

Fic 11061.62lb=

Fbrkb5 0 lb=Fbrkb3 0lb=

Fbrkb4 0 lb=Fbrkb2 0lb=

Fbrkb1 0lb=

Interior Critical ColumnFa 68937.85lb=Fd2 57876.23lb=

Fa Fd2 Fbrkb1+ Fbrkb2+ Fbrkb3+ Fbrkb4+ Fbrkb5+ Fic+:=

Hydrodynamic force on one interior column plus the breaking wave force on the buildings front
beams connect to the column plus the impact force on the column.

Fic 11061.62lb=

s Fdbeam⋅ 0lb=

Fd2 57876.23lb=

Interior Critical ColumnFa 68937.85lb=Fa Fd2 s Fdbeam⋅+ Fic+:=

Hydrodynamic force on one interior column plus the hydrodynamic force on the buildings front
single beam connected to the column plus the impact force on the column.

Fic 11061.62lb=

Fbrkb5 0 lb=Fbrkb3 0lb=

Fbrkb4 0 lb=Fbrkb2 0lb=

Fbrkb1 0lb=

Interior Critical ColumnFa 20960.89lb=Fbrkp2 9899.27lb=

Fa Fbrkp2 Fbrkb1+ Fbrkb2+ Fbrkb3+ Fbrkb4+ Fbrkb5+ Fic+:=
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Fic 11061.62lb=

z s⋅ Fdbeam⋅ 0 lb=

m Fd2⋅ 694514.77lb=

k Fd1⋅ 694514.77lb=

b Fbrkp1⋅ 79194.16lb=

Entire StructureFa 1.48 106× lb=Fa b Fbrkp1⋅ k Fd1⋅+ m Fd2⋅+ z s⋅ Fdbeam⋅+ Fic+:=

Breaking wave force on all front columns of the exposed structure plus the hydrodynamic force on
interior columns plus hydrodynamic force on the front beams plus the impact force on one column.

Fic 11061.62lb=

z Fbrkb5⋅ 0 lb=z Fbrkb3⋅ 0 lb=

z Fbrkb4⋅ 0 lb=z Fbrkb2⋅ 0 lb=

z Fbrkb1⋅ 0 lb=

m Fbrkp2⋅ 118791.24lb=

Entire StructureFa 327838.26lb=j Fbrkp1⋅ 197985.4lb=

Fa j Fbrkp1⋅ m Fbrkp2⋅+ z Fbrkb1⋅+ z Fbrkb2⋅+ z Fbrkb3⋅+ z Fbrkb4⋅+ z Fbrkb5⋅+ Fic+:=

Breaking wave force on all columns of the exposed structure plus the breaking wave force on
the buildings front beams plus the impact force on one column.

Fic 11061.62lb=

z s⋅ Fdbeam⋅ 0 lb=

m Fbrkp2⋅ 118791.24lb=

j Fbrkp1⋅ 197985.4lb=

Entire StructureFa 327838.26lb=Fa j Fbrkp1⋅ m Fbrkp2⋅+ z s⋅ Fdbeam⋅+ Fic+:=

Breaking wave force on all columns of the exposed structure plus the hydrodynamic force on
the buildings front beams plus the impact force on one column.

Entire Structural Forces - Columns
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Fis 0 lb=

Fsw 0lb=

Single Front Shear WallFa 0 lb=Fa Fsw Fis+:=

Surge force on one front shear wall plus impact force on a section of wall.

Fis 0 lb=

Fdshear 0 lb=

Single Interior Shear WallFa 0 lb=Fa Fdshear Fis+:=

Hydrodynamic force on one interior shear wall plus impact force on a section of wall.

Fis 0 lb=

Fbrksw1 0lb=

Single Front Shear WallFa 0 lb=Fa Fbrksw1 Fis+:=

Breaking wave force on one front shear wall plus impact force on a section of wall.

Critical Shear Wall Forces

Fic 11061.62lb=

z Fbrkb5⋅ 0 lb=z Fbrkb3⋅ 0 lb=

z Fbrkb4⋅ 0 lb=z Fbrkb2⋅ 0 lb=

z Fbrkb1⋅ 0 lb=

m Fd2⋅ 694514.77lb=

k Fd1⋅ 694514.77lb=

b Fbrkp1⋅ 79194.16lb=
Entire StructureFa 1.48 106× lb=

Fa b Fbrkp1⋅ k Fd1⋅+ m Fd2⋅+ z Fbrkb1⋅+ z Fbrkb2⋅+ z Fbrkb3⋅+ z Fbrkb4⋅+ z Fbrkb5⋅+ Fic+:=

Breaking wave force on all front columns of the exposed structure plus the hydrodynamic force on
interior columns plus breaking wave force on the front beams plus the impact force on one column.
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Fiw 11061.62lb=

Fbrkw1 6.27 106× lb=

Entire StructureFa 6.28 106× lb=Fa Fbrkw1 Fiw+:=

Breaking wave force on the front of the building plus the impact force on a section of the wall. 

Fiw 11061.62lb=

Fdwall 2.86 106× lb=

Entire StructureFa 2.87 106× lb=Fa Fdwall Fiw+:=

Hydrodynamic  force on the front of the building plus the impact force on a section of the wall. 

Load Case 2: Solid Walls

Non-Breakable Walls 

Fis 0 lb=

f Fdshear⋅ 0 lb=

d Fsw⋅ 0 lb=

Entire StructureFa 0 lb=Fa d Fsw⋅ f Fdshear⋅+ Fis+:=

Surge force on front shear walls plus hydrodynamic force on interior shear walls plus impact force
on a section of wall.

Fis 0 lb=

f Fdshear⋅ 0 lb=

d Fbrksw1⋅ 0lb=

Entire StructureFa 0 lb=Fa d Fbrksw1⋅ f Fdshear⋅+ Fis+:=

Breaking wave force on front shear walls plus hydrodynamic force on interior shear walls plus
impact force on a section of wall.

Entire Structural Forces - Shear Walls
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f1 5880.54
lb
ft

=

f1
Fd2
ds

:=

Hydrodynamic Force affects interior columns in load combinations

Hydrodynamic Force

(if number is negative this indicates amount
of beam height not being impacted on
respective floor)

p 9.84ft=height reaches s 1+ 1=On Floor 

Overview of what level is impacted by tsunami and how high on the indicated floor

p 9.84ft=ds 9.84ft=

p ds s 0≥if

ds bs1− bt− s 1≥if

ds bs1− bt− bs2− bt− s 2≥if

ds bs1− bt− bs2− bt− bs2− bt− s 3≥if

ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− s 4≥if

ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2− bt− s 5≥if

:=

________________________________________________________________________

Entire StructureFa 7.93 106× lb=Fa Fb:=

Buoyant force on entire structure.

Load Case 3: 

Buoyancy 

Fiw 11061.62lb=

Fs 5.14 106× lb=

Entire StructureFa 8.01 106× lb=Fa Fs Fdwall+ Fiw+:=

Surge force on the front of the building plus impact force on a section of the wall.
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Fbrkc1b 5428.31−
lb
ft

= Fbrkc2b 5428.31−
lb
ft

=

Fbrkc2b Cdb H2⋅ D2⋅:=TopFbrkc1b Cdb H2⋅ D1⋅:=

Interior ColumnExterior Column

Breaking wave force on second floor column

Fbrkc2a 2579.02
lb
ft

=Fbrkc1a 2579.02
lb
ft

=

Fbrkc2a γ Cdb⋅ Hb⋅ D2⋅:=BottomFbrkc1a γ Cdb⋅ Hb⋅ D1⋅:=

Fbrkc2b 1396.89−
lb
ft

=Fbrkc1b 1396.89−
lb
ft

=

Fbrkc2b Cdb H1⋅ D2⋅:=TopFbrkc1b Cdb H1⋅ D1⋅:=

Interior ColumnExterior Column

Breaking wave force on ground floor column

Breaking wave force affects both exterior and interior columns

f3 290392.4
lb
ft

=

f3
Fdwall

ds
:=

Hydrodynamic force affects solid exterior wall

f2 0
lb
ft

=
f2

Fdshear
ds

:=

Hydrodynamic force affects interior shear walls
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Fbrkc2a 10131.64−
lb
ft

=Fbrkc1a 10131.64−
lb
ft

=

Fbrkc2a Cdb H3a⋅ D2⋅:=BottomFbrkc1a Cdb H3a⋅ D1⋅:=

Fbrkc2b 13491.16−
lb
ft

=Fbrkc1b 13491.16−
lb
ft

=

TopFbrkc1b Cdb H4⋅ D1⋅:= Fbrkc2b Cdb H4⋅ D2⋅:=

Interior ColumnExterior Column

Breaking wave force on fourth floor column

Fbrkc1a 6100.22−
lb
ft

= Fbrkc2a 6100.22−
lb
ft

=

BottomFbrkc1a Cdb H2a⋅ D1⋅:= Fbrkc2a Cdb H2a⋅ D2⋅:=

Fbrkc1b 9459.74−
lb
ft

= Fbrkc2b 9459.74−
lb
ft

=

TopFbrkc1b Cdb H3⋅ D1⋅:= Fbrkc2b Cdb H3⋅ D2⋅:=

Interior ColumnExterior Column

Breaking wave force on third floor column

Fbrkc1a 2068.79−
lb
ft

= Fbrkc2a 2068.79−
lb
ft

=

BottomFbrkc1a Cdb H1a⋅ D1⋅:= Fbrkc2a Cdb H1a⋅ D2⋅:=
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Top of beam sofit on second floorfb2 0
lb
ft

=

fb2
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2−( ) w1⋅:=

Base of Buildingfb 0
lb
ft

=

fb 9 γ⋅ ds⋅( ) w1⋅:=

Top of beam sofit from ground to second floorfb1 0
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1−( ) w1⋅:=

Surge force affects exterior shear walls

f1b 637439.2
lb
ft

=

f1b
Fbrkw1

ds
:=

Breaking wave force affects solid exterior wall

f1a 0
lb
ft

=

f1a
Fbrksw1

ds
:=

Breaking wave force affects exterior shear walls

Fbrkc1a 14163.06−
lb
ft

= Fbrkc2a 14163.06−
lb
ft

=

BottomFbrkc1a Cdb H4a⋅ D1⋅:= Fbrkc2a Cdb H4a⋅ D2⋅:=

Fbrkc1b 17522.58−
lb
ft

= Fbrkc2b 17522.58−
lb
ft

=

TopFbrkc1b Cdb H5⋅ D1⋅:= Fbrkc2b Cdb H5⋅ D2⋅:=

Interior ColumnExterior Column

Breaking wave force on fifth floor column
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fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2− bt− bs2−( ) w1⋅:=

Fifth Floorfb1 0
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt−( ) w1⋅:=

Top of beam sofit on fifth floorfb1 0
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2−( ) w1⋅:=

Fourth Floorfb1 0
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt−( ) w1⋅:=

Top of beam sofit on fourth floorfb1 0
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2−( ) w1⋅:=

Third Floorfb1 0
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt−( ) w1⋅:=

Top of beam sofit on third floorfb1 0
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2−( ) w1⋅:=

Second Floorfb1 0
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt−( ) w1⋅:=
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Top of beam sofit on fourth floorfb1 4.26− 106×
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2−( ) BW⋅:=

Third Floorfb1 1.93− 106×
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt−( ) BW⋅:=

Top of beam sofit on third floorfb1 2.99− 106×
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2−( ) BW⋅:=

Second Floorfb1 653830.63−
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt−( ) BW⋅:=

Top of beam sofit on second floorfb2 1.72− 106×
lb
ft

=

fb2
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2−( ) BW⋅:=

Base of Buildingfb 1.04 106×
lb
ft

=

fb 9 γ⋅ ds⋅( ) BW⋅:=

Top of beam sofit from ground to second floorfb1 441479.01−
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1−( ) BW⋅:=

Surge force affects solid exterior wall

Sixth Floorfb1 0
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2− bt−( ) w1⋅:=

Top of beam sofit on sixth floorfb1 0
lb
ft

=
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fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt−( ) BW⋅:=

fb1 3.2− 106×
lb
ft

= Fourth Floor

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2−( ) BW⋅:=

fb1 5.54− 106×
lb
ft

= Top of beam sofit on fifth floor

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt−( ) BW⋅:=

fb1 4.48− 106×
lb
ft

= Fifth Floor

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2− bt− bs2−( ) BW⋅:=

fb1 6.81− 106×
lb
ft

= Top of beam sofit on sixth floor

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2− bt−( ) BW⋅:=

fb1 5.75− 106×
lb
ft

= Sixth Floor
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γ 64.0
lb

ft3
⋅:= Cdw 1.25:= Hydrodynamic drag coefficient on solid exterior wall

Cds 1.25:= Hydrodynamic drag coefficient on shear wall

ti 0.1sec:= Impact time

Wc 1000lb:= Weight of object impacting column

Ws 1000lb:= Weight of object impacting shear wall

Ww 1000lb:= Weight of object impacting solid exterior wall

Cdb 2.25:= Breaking wave drag coefficient on column 

Cdb1 2.25:= Breaking wave drag coefficient on beam or slab 

Cp 2.8:= Breaking wave dynamic pressure coefficient on solid wall 

Cp1 2.8:= Breaking wave dynamic pressure coefficient on shear wall 

bs1 14ft:= Height of beam sofit from ground to second floor 

bs2 10ft:= Height of beam sofit on other floors

Building 1  Tsunami Forces
E-W Direction 

Seismic Design Category (SDC) A
Design Properties

ds 9.842ft:= D1 2.333ft:= Exterior column diameter

D2 2.333ft:= Interior column diameter
ds 3m=

BD 184.333ft:= Depth of building (along side of building)

up 9.842
ft

sec
:= BW 68.333ft:= Width of building (impact face of building) 

bt 2ft:= Beam thickness
g 32.17

ft

sec2
=

L 19.667ft:= Width of beam (impact face of building)

w1 24.333ft:= Width of shear wall (impact face of building)

ρ 1.99
lb sec2⋅

ft4
⋅:= Cd 2.0:= Hydrodynamic drag coefficient on column

Cd1 1.25:= Hydrodynamic drag coefficient on beam or slab
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* Indicates which code was used in the problem calculated below

Width to Depth Ratio Drag Coefficient Cd
(w/ds or w/h)
From 1 - 12 1.25

13 - 20 1.3
21 - 32 1.4
33 - 40 1.5
41 - 80 1.75

81 - 120 1.8
> 120 2

Circular Column Square Column Wall Sections
CCH 1 2 1.5

*FEMA CCM 1.2 2.0 Refer to Cd Table below

CdsCdwCd1Cd:  drag Coefficient, used to determine Cd

Hydrodynamic Force

Total number of interior columnsm c k−:=

Total number of exterior columns but not front rowk j b−:=

Total number of shear walls except front rowf e d−:=

Total number of columns but not front rowc a b−:=

Number of front beams on single floorz 3:=

Total number of shear wallse 2:=

Total number of front shear wallsd 1:=

Number of exterior columnsj 20:=

Total number of front row columnsb 4:=

Total number of columnsa 32:=
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Impact Force

ti :  time of object deceleration (sec)

*CCH:   Wood 1.0 sec, Steel 0.5 sec, Reinforced Concrete 0.1 sec 

FEMA CCM: Refer to table below

Type of construction   Duration (ti) of Impact (sec)
Wall Column

Wood 0.7 - 1.1 0.5 - 1.0
Steel NA 0.2 - 0.4
Reinforced Concrete 0.2 - 0.4 0.3 - 0.6
Concrete Masonry 0.3 - 0.6 0.3 - 0.6

* Indicates which code was used in the problem calculated below

Breaking Wave Force on Vertical Pilling and Columns

Cdb :  breaking wave drag coefficient, used to determine Cdb Cdb1

Circular Column Square Column
*ASCE 7 1.75 2.25

*FEMA CCM 1.75 2.25

* Indicates which code was used in the problem calculated below
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Breaking Wave Force on Vertical Walls

Cp Cp Cp1:  dynamic pressure coefficient, used to determine 

FEMA CCM

Cp Building Type Probability of 
Exceedance

1.6 Accessory structure, low hazard 0.5
to human life or property in the event of failure

2.8 Coastal residential building 0.01

3.2 High-occupancy or critical facility 0.001

*ASCE7 

Building Category Cp
I 1.6
II 2.8
III 3.2
IV 3.5

Name of Occupancy Category
Structures that represent a low hazard to human life in the event of failure including, but not limited to: I

agricultural facilities
certain temporary facilities
minor storage facilities

All structures except those listed in Categories I, III and IV II
Structures that represent a substantial hazard to human life in the event of failure including, but not limited to: III

Structures where more than 300 people congregate in one area
Structures with elementary school, secondary school, or day-care facilities with capacity greater than 250
Structures with a capacity greater than 500  for colleges or adult education facilities
Healthcare facilities with a capacity of 50 or more resident patients but not having surgery or emergency 
treatment facilities
Jails and detention facilities
Power generating stations and other public utility facilities not included in Category IV
Structures containing sufficient quantities of toxic or explosive substances to be dangerous to public if 
released

Structures designated as essential facilities including but not limited to: IV
Hospitals and other health-care facilities having surgery or emergency treatment facilities
Fire, rescue, and police stations and emergency vehicle garages
Designated earthquake, hurricane, or other emergency shelters
Communications centers and other facilities required for emergency response
Power generating stations and other public utility facilities required in an emergency
Structures having critical national defense functions

* Indicates which code was used in the problem calculated below
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Fs 1.91 106× lb=Fs fs BW⋅:=

fs 27897.11
lb
ft

=fs 4.5 γ⋅ ds
2⋅:=

BW 68.33ft=

(equation applicable for walls with heights equal to or greater than 3ds walls with heights
are less than 3ds require surge forces to be calculated using approximate
combinations of hydrostatic and hydrodynamic forces)

Solid Exterior Wall 2.2 Surge Force   

Fdwall 1.06 106× lb=Fdwall
1
2
ρ⋅ Cdw⋅ A⋅ V2⋅:=

A 672.53ft2=

A ds BW⋅:=Cdw 1.25=

Solid Exterior Wall 2.1 Hydrodynamic Force

2. Non-Breakable Walls

Fb 7.93 106× lb=Fb γ v⋅:=

v 123970.1ft3=

v BW BD⋅ ds⋅:=

1. Vertical (Buoyant) Hydrostatic Force

m
sec

Vm 10.85=V 24.27mph=V 35.59
ft

sec
=

Vm .3048V
sec
ft

⋅:=

V 2 g ds⋅:=

Flood Velocity
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Fd2 57876.23lb=Fd2
1
2
ρ⋅ Cd⋅ A2⋅ V2⋅:=

A2 22.96ft2=

A2 ds D2⋅:=Cd 2=

Interior column 3.1.2 Hydrodynamic Force

Fd1 57876.23lb=Fd1
1
2
ρ⋅ Cd⋅ A1⋅ V2⋅:=

A1 22.96ft2=

A1 ds D1⋅:=Cd 2=

Exterior column 3.1.1 Hydrodynamic Force

3.1 Hydrodynamic Force

3. Structural Components Exposed

Fbrkw2 2.11 106× lb=Fbrkw2 fbrkw BW⋅:=

fbrkw 30934.79
lb
ft

=fbrkw 1.1 Cp⋅ γ ds
2⋅ 1.91 γ⋅ ds

2⋅+:=

Case 2 (Equal stillwater level on both sides of wall)

Fbrkw1 2.33 106× lb=Fbrkw1 fbrkw BW⋅:=

fbrkw 34034.47
lb
ft

=fbrkw 1.1 Cp⋅ γ⋅ ds
2⋅ 2.41 γ⋅ ds

2⋅+:=

Case 1 (Enclosed dry space behind wall)

BW 68.33ft=

Cp 2.8=

Solid Exterior Wall 2.3 Breaking Wave Force on Vertical Wall
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Fdshear 377277.73lb=Fdshear
1
2
ρ⋅ Cds⋅ A⋅ V2⋅:=

A 239.49ft2=

A ds w1⋅:=Cds 1.25=

Shear Wall 3.1.4 Hydrodynamic Force

Fdbeam 61965.54lb=Fdbeam
1
2
ρ⋅ Cd1⋅ A⋅ V2⋅:=

Total number of stories impact on structures 0=

A 39.33ft2=

A bt L⋅:=

Cd1 1.25=

L 19.67ft=s 0 h1 0≤if

1 h1 0>if

2 h2 0>if

3 h3 0>if

4 h4 0>if

5 h5 0>if

:=

h5 52.16− ft=h5 ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2−:=

h4 40.16− ft=h4 ds bs1− bt− bs2− bt− bs2− bt− bs2−:=

h3 28.16− ft=h3 ds bs1− bt− bs2− bt− bs2−:=

h2 16.16− ft=h2 ds bs1− bt− bs2−:=

h1 4.16− ft=h1 ds bs1−:=

Beams  3.1.3 Hydrodynamic Force
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Fbrkp2 9899.27lb=Fbrkp2
1
2
γ⋅ Cdb⋅ D2⋅ Hb

2⋅:=

D2 2.33ft=

Cdb 2.25=

Hb 7.68ft=

Interior column3.3.2 Breaking Wave Force on Vertical Columns

Fbrkp1 9899.27lb=Fbrkp1
1
2
γ⋅ Cdb⋅ D1⋅ Hb

2⋅:=

D1 2.33ft=

Cdb 2.25=

Hb 7.68ft=Hb 0.78 ds⋅:=

Exterior column3.3.1 Breaking Wave Force on Vertical Columns

3.3 Breaking Wave Force

Fsw 678820.37lb=Fsw fs w1⋅:=

fs 27897.11
lb
ft

=fs 4.5 γ⋅ ds
2⋅:=

w1 24.33ft=

(equation applicable for walls with heights equal to or greater than 3ds walls with heights
are less than 3ds require surge forces to be calculated using approximate
combinations of hydrostatic and hydrodynamic forces)

3.2 Surge Force    Shear Wall  
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Hb2 1098.11−
lb

ft2
=

Hb2
H2 H2a+( )

2
:=H2a 1162.11−

lb

ft2
=

H2a
γ Hb⋅

Hb
ds bs1− bt− bs2− bt−( )⋅:=

H2 1034.11−
lb

ft2
=

H2
γ Hb⋅

Hb
ds bs1− bt− bs2−( )⋅:=Beam 2 (third floor)

Fbrkb1 0lb=Fbrkb1 Cdb1 L⋅ Hb1⋅ bt⋅:=

Hb1 0
lb

ft2
Hb1 0≤if

Hb1 Hb1 0>if

:=

Hb1 330.11−
lb

ft2
=

Hb1
H1 H1a+( )

2
:=H1a 394.11−

lb

ft2
=

H1a
γ Hb⋅

Hb
ds bs1− bt−( )⋅:=

H1 266.11−
lb

ft2
=

H1
γ Hb⋅

Hb
ds bs1−( )⋅:=

Beam 1 (second floor)

L 19.67ft=

Cdb1 2.25=

Hb 7.68ft=Hb 0.78 ds⋅:=

Beam 3.3.3 Breaking Wave Force on Beam
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H4a
γ Hb⋅

Hb
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt−( )⋅:=

H4 2570.11−
lb

ft2
=

H4
γ Hb⋅

Hb
ds bs1− bt− bs2− bt− bs2− bt− bs2−( )⋅:=Beam 4 (fourth floor)

Fbrkb3 0lb=Fbrkb3 Cdb1 L⋅ Hb3⋅ bt⋅:=

Hb3 0
lb

ft2
Hb3 0≤if

Hb3 Hb3 0>if

:=

Hb3 29734.85−
lb

ft2
=

Hb3
H3 H3a+( )

2
:=H3a 1930.11−

lb

ft2
=

H3a
γ Hb⋅

Hb
ds bs1− bt− bs2− bt− bs2− bt−( )⋅:=

H3 1802.11−
lb

ft2
=

H3
γ Hb⋅

Hb
ds bs1− bt− bs2− bt− bs2−( )⋅:=Beam 3 (fourth floor)

 Fbrkb2 0lb=Fbrkb2 Cdb1 L⋅ Hb2⋅ bt⋅:=

Hb2 0
lb

ft2
Hb2 0≤if

Hb2 Hb2 0>if

:=



 175

 

 

 

 

H4a 2698.11−
lb

ft2
= Hb4

H3 H3a+( )
2

:=

Hb4 29734.85−
lb

ft2
=

Hb4 0
lb

ft2
Hb4 0≤if

Hb4 Hb4 0>if

:=

Fbrkb4 Cdb1 L⋅ Hb4⋅ bt⋅:= Fbrkb4 0lb=

Beam 5 (fifth floor) H5
γ Hb⋅

Hb
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2−( )⋅:=

H5 3338.11−
lb

ft2
=

H5a
γ Hb⋅

Hb
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2− bt−( )⋅:=

H5a 3466.11−
lb

ft2
= Hb5

H3 H3a+( )
2

:=

Hb5 29734.85−
lb

ft2
=

Hb5 0
lb

ft2
Hb5 0≤if

Hb5 Hb5 0>if

:=

Fbrkb5 Cdb1 L⋅ Hb5⋅ bt⋅:= Fbrkb5 0lb=
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Fiw 11061.62lb=Fiw
Ww V⋅

g ti⋅
:=

Fis 11061.62lb=Fis
Ws V⋅

g ti⋅
:=

 

Fic 11061.62lb=Fic
Wc V⋅

g ti⋅
:=

ti 0.1sec=

Ww 1000lb=Ws 1000lb=Wc 1000lb=

3.4 Impact Force

Fbrksw2 752736.36lb=Fbrksw2 fbrkw w1⋅:=

fbrkw 30934.79
lb
ft

=fbrkw 1.1 Cp1⋅ γ ds
2⋅ 1.91 γ⋅ ds

2⋅+:=

Case 2 (Equal stillwater level on both sides of wall)

Fbrksw1 828160.85lb=Fbrksw1 fbrkw1 w1⋅:=

fbrkw1 34034.47
lb
ft

=fbrkw1 1.1 Cp1⋅ γ⋅ ds
2⋅ 2.41 γ⋅ ds

2⋅+:=

Case 1 (Enclosed dry space behind wall)

w1 24.33ft=

Cp1 2.8=

3.3.4 Breaking Wave Force on Shear Wall
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Fic 11061.62lb=

Fbrkb5 0lb=Fbrkb3 0lb=

Fbrkb4 0lb=Fbrkb2 0lb=

Fbrkb1 0lb=

Exterior Critical ColumnFa 20960.89lb=Fbrkp1 9899.27lb=

Fa Fbrkp1 Fbrkb1+ Fbrkb2+ Fbrkb3+ Fbrkb4+ Fbrkb5+ Fic+:=

Breaking wave force on a column of the exposed structure plus the breaking wave force on the
buildings front single beam per floor connected to the column plus the impact force on the column.

Fic 11061.62lb=

s Fdbeam⋅ 0lb=

Fbrkp2 9899.27lb=

Interior Critical ColumnFa 20960.89lb=Fa Fbrkp2 s Fdbeam⋅+ Fic+:=

Fic 11061.62lb=

s Fdbeam⋅ 0lb=

Fbrkp1 9899.27lb=

Exterior Critical ColumnFa 20960.89lb=Fa Fbrkp1 s Fdbeam⋅+ Fic+:=

Breaking wave force on a column of the exposed structure plus the hydrodynamic force on the
buildings front single beam per floor connected to the column plus the impact force on the column.

Critical Column Forces

Load Case 1: Frame Structures

Structural Components Exposed  
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Fic 11061.62lb=

Fbrkb5 0 lb=Fbrkb3 0lb=

Fbrkb4 0 lb=Fbrkb2 0lb=

Fbrkb1 0lb=

Interior Critical ColumnFa 68937.85lb=Fd2 57876.23lb=

Fa Fd2 Fbrkb1+ Fbrkb2+ Fbrkb3+ Fbrkb4+ Fbrkb5+ Fic+:=

Hydrodynamic force on one interior column plus the breaking wave force on the buildings front
beams connect to the column plus the impact force on the column.

Fic 11061.62lb=

s Fdbeam⋅ 0lb=

Fd2 57876.23lb=

Interior Critical ColumnFa 68937.85lb=Fa Fd2 s Fdbeam⋅+ Fic+:=

Hydrodynamic force on one interior column plus the hydrodynamic force on the buildings front
single beam connected to the column plus the impact force on the column.

Fic 11061.62lb=

Fbrkb5 0 lb=Fbrkb3 0lb=

Fbrkb4 0 lb=Fbrkb2 0lb=

Fbrkb1 0lb=

Interior Critical ColumnFa 20960.89lb=Fbrkp2 9899.27lb=

Fa Fbrkp2 Fbrkb1+ Fbrkb2+ Fbrkb3+ Fbrkb4+ Fbrkb5+ Fic+:=
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Fic 11061.62lb=

z s⋅ Fdbeam⋅ 0lb=

m Fd2⋅ 694514.77lb=

k Fd1⋅ 926019.69lb=

b Fbrkp1⋅ 39597.08lb=

Entire StructureFa 1.67 106× lb=Fa b Fbrkp1⋅ k Fd1⋅+ m Fd2⋅+ z s⋅ Fdbeam⋅+ Fic+:=

Breaking wave force on all front columns of the exposed structure plus the hydrodynamic force on
interior columns plus hydrodynamic force on the front beams plus the impact force on one column.

Fic 11061.62lb=

z Fbrkb5⋅ 0lb=z Fbrkb3⋅ 0lb=

z Fbrkb4⋅ 0lb=z Fbrkb2⋅ 0lb=

z Fbrkb1⋅ 0lb=

m Fbrkp2⋅ 118791.24lb=

Entire StructureFa 327838.26lb=j Fbrkp1⋅ 197985.4lb=

Fa j Fbrkp1⋅ m Fbrkp2⋅+ z Fbrkb1⋅+ z Fbrkb2⋅+ z Fbrkb3⋅+ z Fbrkb4⋅+ z Fbrkb5⋅+ Fic+:=

Breaking wave force on all columns of the exposed structure plus the breaking wave force on
the buildings front beams plus the impact force on one column.

Fic 11061.62lb=

z s⋅ Fdbeam⋅ 0lb=

m Fbrkp2⋅ 118791.24lb=

j Fbrkp1⋅ 197985.4lb=

Entire StructureFa 327838.26lb=Fa j Fbrkp1⋅ m Fbrkp2⋅+ z s⋅ Fdbeam⋅+ Fic+:=

Breaking wave force on all columns of the exposed structure plus the hydrodynamic force on
the buildings front beams plus the impact force on one column.

Entire Structural Forces - Columns
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Fis 11061.62lb=

Fsw 678820.37lb=

Single Front Shear WallFa 689881.99lb=Fa Fsw Fis+:=

Surge force on one front shear wall plus impact force on a section of wall.

Fis 11061.62lb=

Fdshear 377277.73lb=

Single Interior Shear WallFa 388339.36lb=Fa Fdshear Fis+:=

Hydrodynamic force on one interior shear wall plus impact force on a section of wall.

Fis 11061.62lb=

Fbrksw1 828160.85lb=

Single Front Shear WallFa 839222.47lb=Fa Fbrksw1 Fis+:=

Breaking wave force on one front shear wall plus impact force on a section of wall.

Critical Shear Wall Forces

Fic 11061.62lb=

z Fbrkb5⋅ 0 lb=z Fbrkb3⋅ 0 lb=

z Fbrkb4⋅ 0 lb=z Fbrkb2⋅ 0 lb=

z Fbrkb1⋅ 0 lb=

m Fd2⋅ 694514.77lb=

k Fd1⋅ 926019.69lb=

b Fbrkp1⋅ 39597.08lb=
Entire StructureFa 1.67 106× lb=

Fa b Fbrkp1⋅ k Fd1⋅+ m Fd2⋅+ z Fbrkb1⋅+ z Fbrkb2⋅+ z Fbrkb3⋅+ z Fbrkb4⋅+ z Fbrkb5⋅+ Fic+:=

Breaking wave force on all front columns of the exposed structure plus the hydrodynamic force on
interior columns plus breaking wave force on the front beams plus the impact force on one column.
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Fiw 11061.62lb=

Fbrkw1 2.33 106× lb=

Entire StructureFa 2.34 106× lb=Fa Fbrkw1 Fiw+:=

Breaking wave force on the front of the building plus the impact force on a section of the wall. 

Fiw 11061.62lb=

Fdwall 1.06 106× lb=

Entire StructureFa 1.07 106× lb=Fa Fdwall Fiw+:=

Hydrodynamic  force on the front of the building plus the impact force on a section of the wall. 

Load Case 2: Solid Walls

Non-Breakable Walls 

Fis 11061.62lb=

f Fdshear⋅ 377277.73lb=

d Fsw⋅ 678820.37lb=

Entire StructureFa 1.07 106× lb=Fa d Fsw⋅ f Fdshear⋅+ Fis+:=

Surge force on front shear walls plus hydrodynamic force on interior shear walls plus impact force
on a section of wall.

Fis 11061.62lb=

f Fdshear⋅ 377277.73lb=

d Fbrksw1⋅ 828160.85lb=

Entire StructureFa 1.22 106× lb=Fa d Fbrksw1⋅ f Fdshear⋅+ Fis+:=

Breaking wave force on front shear walls plus hydrodynamic force on interior shear walls plus
impact force on a section of wall.

Entire Structural Forces - Shear Walls
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f1 5880.54
lb
ft

=

f1
Fd2
ds

:=

Hydrodynamic Force affects interior columns in load combinations

Hydrodynamic Force

(if number is negative this indicates amount
of beam height not being impacted on
respective floor)

p 9.84ft=height reaches s 1+ 1=On Floor 

Overview of what level is impacted by tsunami and how high on the indicated floor

p 9.84ft=ds 9.84ft=

p ds s 0≥if

ds bs1− bt− s 1≥if

ds bs1− bt− bs2− bt− s 2≥if

ds bs1− bt− bs2− bt− bs2− bt− s 3≥if

ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− s 4≥if

ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2− bt− s 5≥if

:=

________________________________________________________________________

Entire StructureFa 7.93 106× lb=Fa Fb:=

Buoyant force on entire structure.

Load Case 3: 

Buoyancy 

Fiw 11061.62lb=

Fs 1.91 106× lb=

Entire StructureFa 2.98 106× lb=Fa Fs Fdwall+ Fiw+:=

Surge force on the front of the building plus impact force on a section of the wall.
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Fbrkc1a 2068.79−
lb
ft

= Fbrkc2a 2068.79−
lb
ft

=

BottomFbrkc1a Cdb H1a⋅ D1⋅:= Fbrkc2a Cdb H1a⋅ D2⋅:=

Fbrkc1b 5428.31−
lb
ft

= Fbrkc2b 5428.31−
lb
ft

=

Fbrkc2b Cdb H2⋅ D2⋅:=TopFbrkc1b Cdb H2⋅ D1⋅:=

Interior ColumnExterior Column

Breaking wave force on second floor column

Fbrkc2a 2579.02
lb
ft

=Fbrkc1a 2579.02
lb
ft

=

Fbrkc2a γ Cdb⋅ Hb⋅ D2⋅:=

Hydrodynamic force affects interior shear walls

f2
Fdshear

ds
:=

f2 38333.44
lb
ft

=

Hydrodynamic force affects solid exterior wall

f3
Fdwall

ds
:=

f3 107649.66
lb
ft

=

Breaking wave force affects both exterior and interior columns

Breaking wave force on ground floor column

Exterior Column Interior Column

Fbrkc1b Cdb H1⋅ D1⋅:= Top Fbrkc2b Cdb H1⋅ D2⋅:=

Fbrkc1b 1396.89−
lb
ft

= Fbrkc2b 1396.89−
lb
ft

=

Fbrkc1a γ Cdb⋅ Hb⋅ D1⋅:= Bottom
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Fbrkc1b Cdb H4⋅ D1⋅:= Top

Fbrkc1b 13491.16−
lb
ft

= Fbrkc2b 13491.16−
lb
ft

=

Fbrkc1a Cdb H3a⋅ D1⋅:= Bottom Fbrkc2a Cdb H3a⋅ D2⋅:=

Fbrkc1a 10131.64−
lb
ft

= Fbrkc2a 10131.64−
lb
ft

=

Breaking wave force on fifth floor column

Exterior Column Interior Column

Fbrkc2b Cdb H5⋅ D2⋅:=Fbrkc1b Cdb H5⋅ D1⋅:= Top

Fbrkc2b 17522.58−
lb
ft

=Fbrkc1b 17522.58−
lb
ft

=

Breaking wave force on third floor column

Exterior Column Interior Column

Fbrkc2b Cdb H3⋅ D2⋅:=Fbrkc1b Cdb H3⋅ D1⋅:= Top

Fbrkc2b 9459.74−
lb
ft

=Fbrkc1b 9459.74−
lb
ft

=

Fbrkc2a Cdb H2a⋅ D2⋅:=Fbrkc1a Cdb H2a⋅ D1⋅:= Bottom

Fbrkc2a 6100.22−
lb
ft

=Fbrkc1a 6100.22−
lb
ft

=

Breaking wave force on fourth floor column

Exterior Column Interior Column

Fbrkc2b Cdb H4⋅ D2⋅:=
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Second Floorfb1 86309.35−
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt−( ) w1⋅:=

Top of beam sofit on second floorfb2 226467.43−
lb
ft

=

fb2
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2−( ) w1⋅:=

Base of Buildingfb 137943.58
lb
ft

=

fb 9 γ⋅ ds⋅( ) w1⋅:=

Top of beam sofit from ground to second floorfb1 58277.73−
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1−( ) w1⋅:=

Surge force affects exterior shear walls

f1b 236301.33
lb
ft

=

f1b
Fbrkw1

ds
:=

Breaking wave force affects solid exterior wall

f1a 84145.59
lb
ft

=

f1a
Fbrksw1

ds
:=

Breaking wave force affects exterior shear walls

Fbrkc1a 14163.06−
lb
ft

= Fbrkc2a 14163.06−
lb
ft

=

BottomFbrkc1a Cdb H4a⋅ D1⋅:= Fbrkc2a Cdb H4a⋅ D2⋅:=
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Sixth Floorfb1 759068.13−
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2− bt−( ) w1⋅:=

Top of beam sofit on sixth floorfb1 899226.21−
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2− bt− bs2−( ) w1⋅:=

Fifth Floorfb1 590878.43−
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt−( ) w1⋅:=

Top of beam sofit on fifth floorfb1 731036.51−
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2−( ) w1⋅:=

Fourth Floorfb1 422688.74−
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt−( ) w1⋅:=

Top of beam sofit on fourth floorfb1 562846.82−
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2−( ) w1⋅:=

Third Floorfb1 254499.04−
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt−( ) w1⋅:=

Top of beam sofit on third floorfb1 394657.12−
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2−( ) w1⋅:=
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Top of beam sofit on fourth floorfb1 1.58− 106×
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2−( ) BW⋅:=

Third Floorfb1 714695.39−
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt−( ) BW⋅:=

Top of beam sofit on third floorfb1 1.11− 106×
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2−( ) BW⋅:=

Second Floorfb1 242377.7−
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt−( ) BW⋅:=

Top of beam sofit on second floorfb2 635975.78−
lb
ft

=

fb2
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2−( ) BW⋅:=

Base of Buildingfb 387379.23
lb
ft

=

fb 9 γ⋅ ds⋅( ) BW⋅:=

Top of beam sofit from ground to second floorfb1 163658.08−
lb
ft

=

fb1
9 γ⋅ ds⋅

ds
ds bs1−( ) BW⋅:=

Surge force affects solid exterior wall
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fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt−( ) BW⋅:=

fb1 1.19− 106×
lb
ft

= Fourth Floor

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2−( ) BW⋅:=

fb1 2.05− 106×
lb
ft

= Top of beam sofit on fifth floor

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt−( ) BW⋅:=

fb1 1.66− 106×
lb
ft

= Fifth Floor

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2− bt− bs2−( ) BW⋅:=

fb1 2.53− 106×
lb
ft

= Top of beam sofit on sixth floor

fb1
9 γ⋅ ds⋅

ds
ds bs1− bt− bs2− bt− bs2− bt− bs2− bt− bs2− bt−( ) BW⋅:=

fb1 2.13− 106×
lb
ft

= Sixth Floor
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