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Abstract 

 This report is part of an extensive research project by the University of 

Hawaii at Manoa Civil and Environmental Engineering and Ocean Resources 

Engineering Departments to analyze the vulnerability of Hawaii’s coastal bridges 

and ports to storm waves and tsunamis. The main focus of this report was the 

structural evaluation of coastal bridges on the island of Oahu, where the bridge 

capacities and potential demand during hurricanes and tsunami inundation were 

compared for potentially at-risk bridges. In addition, a method was been developed 

to facilitate the organization and archiving of survey data. 

 Of the 26 bridges surveyed, 11 bridges were selected based on the bridge 

location, number of communities in proximity to the bridge, and the critical service 

routes that the bridge provided. In addition, the bridges that were determined to be 

the most exposed to wave forces were favored during the selection process. The 

chosen bridges were: Kuliouou Stream Bridge, Kahaluu Stream Bridge, New South 

Punaluu Bridge, Ukoa Pond Bridge, Old Makaha #3A Bridge, New Makaha #3A 

Bridge, Maipalaoa Bridge, Moanalua Stream Bridge, Kalihi Stream Bridge, and the 

Nimitz Highway at Aloha Tower Slip Cover #2 and Slip Cover #3. 

 As-built drawings provided by the Hawaii Department of Transportation 

were used to calculate bridge weights, buoyancy forces, the lateral and vertical 

connection capacities, and the negative bending strength of the bridges’ decks and 

girders. As a preliminary check of the bridges vulnerability to failure, the capacities 

of each bridge were then compared to estimated 100-year storm wave forces. From 

this assessment, it was determined the estimated wave forces that will impact the 

Kahaluu Bridge, Old Makaha #3A Bridge, and the Maipalaoa Bridge are greater than 

the calculated bridge capacities and therefore all of these bridges are at risk of 

failing during a 100-year storm event. If submerged by tsunami inundation, the 

Ukoa Pond Bridge was determined to be at risk of failing due to buoyancy forces. 

The Kuliouou Stream Bridge, the New Makaha #3A Bridge, the New South Punaluu 

Bridge, the Moanalua Bridge, the Kalihi Bridge, and the Nimitz Highway Slip Covers 

#2 and #3 are all determined to have sufficient factors of safety against wave loads 

and are not at risk of becoming buoyant if submerged by tsunami inundation, which 

indicates that these bridges will likely survive a 100-year storm event.  
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1 Introduction 

 

 On March 11, 2011 a 9.0 magnitude earthquake generated a tsunami that struck 

the east coast of Japan. At the time of writing, it is estimated that the tsunami has 

caused over $300 billion in damages, which includes damages to more than 400,000 

homes and other structures [1]. In December of 2004, a similarly powerful earthquake, 

centered off the northeast coast of the Indonesian island of Sumatra caused a tsunami 

that killed 167,000 people, injured in excess of 500,000 and left many more homeless 

[2].  

 In 2005, Hurricane Katrina, a category 3 hurricane at landfall, hit southeast 

Louisiana, Mississippi and Alabama, flooding eighty percent of New Orleans and 

destroyed 100,000 homes [3]. Significant amounts of coastal infrastructure were 

damaged by inundation from storm surge and increased wave heights.   

 The aforementioned natural disasters have made it evident that coastal 

infrastructures are dangerously susceptible to damage by tsunamis and hurricane storm 

surge and waves, if they have not been designed for the increased loads experienced 

during such events. In particular, bridges and ports are lifelines and are of vital 

importance to coastal communities. Ports provide an important means of shipping 

goods to damaged areas. Also without bridges, the transport of goods to the 

surrounding communities is hindered. Moreover, the destruction of bridges can cut 

essential access to the injured that may need emergency medical aid.   

 The majority of Hawaii’s population resides near the coast due to its 

mountainous topography. On the most populated island of Oahu, there are over 26 

coastal bridges, some of which provide the only vehicle access route to remote 

communities.  Therefore a large hurricane or tsunami could have dire consequences for 

Hawaii if coastal bridges fail.  
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1.1 Research Objectives 

 

 The objectives of this study were to provide a procedure that facilitates the 

organization of survey data, determine the structural capacities of Oahu coastal bridges, 

calculate the buoyancy force acting on each bridge during tsunami inundation, and 

compare bridge capacities to storm wave loads calculated with established wave 

estimation methods.  

 

1.2 Overview 

 

 This report is part of an extensive research project by the University of Hawaii at 

Manoa Civil and Environmental Engineering and Ocean Resources Engineering 

Departments to analyze the vulnerability of Hawaii’s coastal bridges and ports to storm 

surge and tsunamis. The main objectives of this project are  

1) Survey the coastal bridges and commercial ports on the Islands of Oahu, Maui, 

Kauai, Hawaii, and Molokai to identify their exposure to inundation; 

2) Determine design flow parameters, such as water depth, and fluid loads for 

at-risk facilities; 

3) For bridges, evaluate the bridge designs for their resistance to the fluid loads, 

and recommend potential retrofit as needed; 

4) For ports, provide risk assessment of debris (ships and containers) based on 

the fluid studies; 

5) Document the methodology used so that it can be applied to other locations 

in the future. 
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 The main focus of this report is the structural evaluation of coastal bridges on 

the island of Oahu, where the bridge capacities and potential demand during hurricanes 

and tsunami inundation are compared for potentially at-risk bridges. In addition, a 

method has been developed to organize survey data. 

 Eleven bridges around the island of Oahu have been surveyed and analyzed 

through the course of this study. The main criteria for selection of the bridges were: the 

bridge location, number of communities in proximity to the bridge, and the critical 

service routes that the bridge provided. In addition, the bridges that were determined 

to be the most exposed to wave forces were favored during the selection process. Based 

on these criteria, the chosen bridges were: Kuliouou Stream Bridge, Kahaluu Stream 

Bridge, New South Punaluu Bridge, Ukoa Pond Bridge, Old Makaha #3A Bridge, New 

Makaha #3A Bridge, Maipalaoa (Maili Channel) Bridge, Moanalua Stream Bridge, Kalihi 

Stream Bridge, Nimitz Highway at Aloha Tower Slip Cover #2 and Nimitz Highway at 

Aloha Tower Slip Cover #3. 

 This study has utilized structural capacity computational methods developed by 

the American Institute of Steel Construction [4], the Precast/Prestressed Concrete 

Institute [5], and the American Concrete Institute [6]. The hydrodynamic wave forces 

have been calculated using the methods developed by Douglass et al. [10], McPherson 

[11], and AASHTO 2008 Guide Specifications for Bridges Vulnerable to Coastal Storms 

[9].  

 Chapter 2 presents a review of available literature on storm and wave loads on 

bridges and other coastal structures. Chapter 3 presents the organization and web-

based archival and documentation procedure for the survey data. To determine if a 

particular bridge will survive a storm or tsunami inundation event, the lateral and 

vertical connection capacities and the negative bending strength of the bridges’ decks 

and girders are calculated in Chapter 4. The capacities of each bridge are then compared 

against estimated storm wave forces calculated in Chapter 5. Chapter 6 presents, 

conclusions drawn regarding the bridges’ survivability during a storm or tsunami event. 
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2 Literature Review 

 

 Existing literature on post-disaster surveys, reports regarding failure mechanisms 

of coastal bridges and methods used to estimate wave loads on bridge structures have 

been investigated. It was hoped that the information gathered from these reports 

would aid in understanding the behavior of waves and how they affect coastal bridges. 

In addition, reports analyzing the structural capacity of bridge structures during storm 

events have been examined. The procedures, calculations, and checks developed in 

these reports have been used as a guideline for this study, and have been applied to the 

coastal bridges around the island of Oahu to estimate a bridge’s vulnerability to storm 

and tsunami wave forces. 

 

2.1 Robertson, et al. (2007): Coastal Bridge Performance during 

Hurricane Katrina [7] 

 Robertson, et al. [7], in a post-disaster survey, investigated the performance of 

bridges along the coast of the Gulf of Mexico during Hurricane Katrina. It was found that 

the main causes of damage to coastal infrastructures were a result of inundation due to 

storm surge and wave action. Inundation caused bridges to become submerged, 

resulting in an upward hydrostatic buoyancy force. Wave action caused both a 

hydrodynamic uplift and lateral load on the bridges. In the cases of the US90 Bridge over 

Biloxi Bay and the US90 Bridge approaching Pass Christian, air filled the voids under the 

bridge decks as the water levels rose. It was calculated that the volume of air decreased 

slightly due to the water head acting on the trapped air. The trapped air caused a 

greater volume of water to be displaced, increasing the hydrostatic uplift force 

experienced during inundation.    

 Because it is a low seismic zone, the Louisiana bridges were not designed to 

resist uplift forces and as a result did not have vertical restraints. In order to resist 
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lateral forces, many of the bridges relied on small connections and gravity load induced 

friction. However, once the bridges were subject to storm surge and wave loading, the 

bearing pads the bridges rested on provided little resistance to lateral movement.  

 The I-10 Onramp in Mobile, Alabama, was secured with steel angle restraints on 

either side of each exterior girder. However, the connections failed due to failure of 

anchor bolts, spalling of concrete around the anchor bolts, and poor construction. It was 

observed that the piles supporting a cast-in-place damaged section suffered no visible 

damage.  

 The only bridge reported to remain mostly intact was the Railroad Bridge over 

Biloxi Bay. The bridge deck had a small width and closely spaced girders. The smaller 

width of the bridge minimized the area on which wave loading could act, which reduced 

the hydrodynamic uplift force. The closely spaced girders minimized the amount of air 

trapped under the bridge, which reduced the hydrostatic uplift force. In addition, the 

bridge was built with large concrete shear keys to prevent lateral movement.  

 Based on the post-disaster survey of Hurricane Katrina and the Indian Ocean 

Tsunami, the authors recommended that low level bridges in danger of inundation 

should be restrained against uplift and be outfitted with shear keys in order to resist 

lateral forces. In addition, foundation pile designs must be reviewed in order to verify 

the adequacy of the bridge foundation to resist the hydrodynamic and hydrostatic uplift 

forces. 

 

2.2 Hayes (2008): Assessing the Vulnerability of Delaware’s Coastal 

Bridges to Hurricane Forces [8] 

 Hayes [8] analyzed the vulnerability of Delaware’s coastal bridges in accordance 

with the American Association of State Highway and Transportation Officials (AASHTO) 

Guide Specifications for Bridges Vulnerable to Coastal Storms [9]. Three Delaware 
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bridges were selected based on the bridge’s deck clearance above water, proximity to 

the coastline, proximity to wave forming area, and bridge structure type.  

 The author performed a level I analysis on each of the three bridges. If the wave 

heights were found to be high enough to impact the bridge, a more detailed analysis 

would have been undertaken to calculate wave force magnitudes.  

 According to the AASHTO specifications [9], a level I analysis is the simplest and 

most conservative method. The method requires wind speed, surge height, local wind 

speed set-up, astronomical tides, water current speeds, bridge elevation, water depth at 

bridge location and fetch angle/lengths. The majority of input data used in Hayes’ 

calculations were based on the 100-year storm criteria.  

 The author found that during a 100-year storm, storm waves did not impact any 

of the bridge decks. The author made no significant recommendations. However, a 

similar approach to the one observed in Hayes’ report may be taken to determine the 

wave forces on Hawaii’s coastal bridges using the AASHTO Guide Specifications for 

Bridges Vulnerable to Coastal Storms.  

 

2.3 Douglass et al. (2006): Wave Forces on Bridge Decks [10] 

 Douglass et al. [10], in a report prepared for the U.S. Department of 

Transportation, estimated the forces generated by storm waves and verified the 

damage mechanisms of coastal bridges during storms, by utilizing a combination of 

laboratory testing, post-storm bridge inspections, numerical models approximating 

wave/surge conditions during storms and existing methods for estimating wave loads.   

 The authors found wave loads to be the main source of bridge failure. Depending 

on the height of the waves and elevation of the bridge deck, the waves exhibited both 

an uplift and lateral force. The horizontal and vertical force components of the waves 

were enough to overcome the connections and self weight of the bridges. The repeated 

wave impacts caused the bridge decks to progressively slide, “bump,” or even “hop” 
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across the piles of the bridge until the decks flipped or slid off. As a secondary effect, the 

reduction of bridge self weight, due to buoyancy forces, was also found to be a 

contributing factor to bridge failure.  

 To estimate the magnitude of force produced by a wave impacting a bridge 

structure, Douglass assumed that wave forces are linearly proportional to the equivalent 

hydrostatic pressure load that an unbroken wave would impart on a bridge if there were 

air on the other side of the structure. The method requires the bridge deck cross 

section, bridge deck elevation and estimates of storm surge elevation and wave heights. 

The forces are given by 

           
      (2.3-1) 

                        
    (2.3-2) 

  
                 (2.3-3) 

  
                 (2.3-4) 

where 

    =  vertical wave-induced load [lbs] 

     =  horizontal wave-induced load [lbs] 

   
   =  a “reference” vertical load [lbs] 

   
  =  a “reference” horizontal load *lbs+ 

        =  an empirical coefficient for the vertical “varying” load   

   (recommended value is cv-va = 1 for non conservative, 2 for   

   conservative design) 

        =  an empirical coefficient for the horizontal “varying” load   

   (recommended value is ch-va = 1 for non conservative, 2 for  

   conservative design) 
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     =  a reduction coefficient for reduced horizontal load on the internal  

   girders (recommended value is Cr = 0.4) 

 N  =  the number of girders supporting the bridge span deck 

   = unit weight of salt water [64 lb/ft3] 

     = difference between the elevation of the crest of the maximum  

   wave and the elevation of the underside of the bridge deck  

   (magnitude of inundation) [ft] 

    = the area of the bridge contributing to vertical uplift, i.e. the  

   projection of the bridge deck onto the horizontal plane [ft2] 

     = difference between the elevation of the crest of the maximum  

   wave and the elevation of the centroid of Ah  [ft] 

    = the area of the projection of the bridge deck onto the vertical  

   plane [ft2] 

 ηmax = 1.3Hs (where the maximum wave above the storm surge elevation 

   can be no more than 0.8ds) [ft] 

 Hs = significant wave height [ft] 

 ds = still water level (including storm surge) [ft] 
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Figure 2-1: Douglass Wave Estimation Method Diagram [10] 

 

 According to Douglass, his method calculates wave forces at the most critical 

condition, where the storm surge elevation is roughly near the bridge deck. The author 

makes note that the developed method is not conservative and a factor of safety of “2” 

should be used during calculations. However, the calculated wave forces continue to 

increase as inundation levels increase, but in reality the forces should decrease after 

some inundation depth. The method also makes the assumption that wave forces act 

through the centroid of the bridge cross section, which may not always be the case.  

 As test cases, Douglass’ method was applied to the I-10 on ramp near Mobile, 

Alabama, during Hurricane Katrina, the I-10 Bridge across Escambia Bay, Florida, during 

Hurricane Ivan and the US 90 bridge spanning Biloxi Bay, Mississippi during Hurricane 

Katrina [10].  
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 The observed damage to the I-10 on ramp near Mobile, Alabama included 

northward movement of the lowest five simply supported spans.  Post-disaster surveys 

indicated the failures to be caused by concrete breaking around bolt connections. The 

estimated resistance provided by the bolt connections was calculated to range from 200 

- 400 kips. Wave forces were then computed for the five displaced decks and an 

additional non displaced deck. Based on Douglass’ equations, the displaced span having 

the lowest elevation experienced a maximum wave force of approximately 980 kips and 

the highest elevated displaced span experienced a maximum wave force of 

approximately 400 kips. The calculated forces both exceeded the capacity of the bolt 

connections, which corresponded to the observed displacement of the deck spans 

during Hurricane Katrina. The non displaced deck was subjected to a load of 

approximately 170 kips less than the maximum capacity of the bolt connections, which 

corresponded to the non-failure documented in the post-disaster survey.   

 Similar correlations between Douglass’ methodology and post-survey 

observations were found for both the I-10 Bridge across Escambia Bay and the US 90 

bridge spanning Biloxi Bay. Therefore, Douglass’ method is a viable preliminary guide to 

estimating storm surge wave forces on bridge decks that may be used to assist in the 

design and analysis of coastal bridges. 

 

2.4 McPherson (2008): Hurricane Induced Wave and Surge Forces on 

Bridge Decks [11] 

 McPherson [11], in a report continuing Douglass’ [10] research, used a large 3 

dimensional testing basin to determine the validity of existing wave estimation 

methods. In the testing basin, McPherson varied wave conditions and water depths. The 

associated wave forces on a 1:20 scale bridge model and flat plate model were then 

measured. Subsequently, the recorded experimental wave forces were compared to 

wave estimation methods. The methods analyzed included Kaplan et al. (1995), Bea et 

al. (2001), McConnell et al. (2004), and Douglass et al. (2006).     
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 McPherson found that none of the analyzed methods was able to properly 

estimate wave forces for all wave conditions. In addition, the author discovered that 

McConnell [12] and Douglass [10] overestimated the wave forces for a still water level 

at or above the bridge deck. However, overall, it was determined that Douglass’ method 

resulted in the closest estimated wave forces when compared to the experimental data.  

 Using Douglass’s method as a template, McPherson developed an improved 

method to estimate wave forces on a bridge structure. His method is as follows. 

The vertical wave force is estimated by 

                                               (2.4-1) 

                          (2.4-2) 

                        (2.4-3) 

                                 (2.4-4) 

 

if            , 

   
 

 
           (2.4-5) 

and if           , 

   
 

 
                     (2.4-6) 

 

The horizontal wave force is estimated by 

                                              (2.4-7) 

if           , 

                                                         (2.4-8) 
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and if           , 

                                                                        (2.4-9) 

 

if               , 

                         (2.4-10) 

and if              , 

                                
            (2.4-11) 

 

In the above equations 

    = unit weight of salt water [64 lb/ft3] 

      = distance from the top of the bridge deck to the top of the  

    wave [ft] 

     = height of the bridge girders [ft] 

      = height of wave overtopping the bridge deck [ft] 

     = area of bridge impacted by vertical wave force [ft2] 

      = cross sectional area of trapped air between girders [ft2] 

     = number of girders 

          = distance from ground elevation to top of deck [ft] 

     = height from the ground elevation to the top of the still  

    water level [ft] 

        = height of wave above the still water level [ft] 
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           = height from the ground elevation to the bottom of the  

    bridge girders [ft] 

          = height of bridge impacted by lateral wave forces [ft] 

          = length of bridge impacted by lateral wave forces [ft] 

       = still water level including storm surge [ft] 

 

Figure 2-2: McPherson Vertical Wave Estimation Method Diagram [11] 

 

 

Figure 2-3: McPherson Horizontal Wave Estimation Method Diagram [ 11] 
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 By including the upward buoyancy force and the downward force from 

overtopping waves, the author was able to recreate the non-linear variation in the 

vertical force observed in his experimental data. McPherson was also able to adjust 

Douglass’ overestimation of the horizontal forces by including the opposing hydrostatic 

force on the trailing edge of the bridge structure.  

   

2.5 Boon-intra (2010): Development of a Guideline for Estimating 

Tsunami Forces on Bridge Superstructures [13] 

 Boon-intra [13] synthesized relevant existing literature and numerical models to 

develop a method that estimates tsunami impact forces on bridge superstructures. 

Tsunami forces were formulated by combining equations used to calculate hydrostatic 

and hydrodynamic water pressure on a structure. The developed equations are as 

follows. 

 The horizontal tsunami force is estimated by 

                                                         (2.5-1) 

in which 

     = hydrostatic horizontal force [lbs] 

     = hydrodynamic horizontal force [lbs] 

     = reduction coefficient for internal girder pressure (0.4  

    recommended value) 

 N  = number of girders supporting deck 

     = empirical drag coefficient (1.0 for deck-girder bridge type) 

    = seawater mass density [slug/ft3] 

            = maximum flux momentum [ft3/sec2] 
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 The vertical tsunami force is estimated by 

              
 

 
         

         (2.5-2) 

in which 

          = adjusted horizontal wave velocity =           
   [ft/sec] 

       
   = horizontal wave velocity [ft/sec] 

 His method was validated by comparing values computed using the above 

equations to a finite element, two dimensional, compatible fluid dynamics model used 

to estimate tsunami impacts on full scale bridges.  

 The author notes that the horizontal force equation may underestimate or 

overestimate values because of the empirical coefficients, which are based on averaged 

data. For small vertical forces, the vertical equation was found to overestimate the 

potential tsunami force. The opposite was found for large vertical forces (i.e. 

underestimation of forces for large values). In addition, the equations are limited to 

deck-girder bridge types. The author recommends adding a factor of safety to 

accommodate for any uncertain forces that may develop during a tsunami. 

 Nonetheless, overall good agreement was found between the peak forces 

generated by the equations and the numerical model. Therefore, Boon-intra’s method is 

a feasible simplified guide to estimating tsunami wave forces on bridge decks that may 

be used to assist in the design and analysis of coastal bridges. 

 During numerical modeling, Boon-intra also observed bridge railings to be a 

significant factor in the magnitude of horizontal tsunami wave forces experienced by a 

bridge. The author found a 20% maximum increase in horizontal wave force for bridges 

with rigid railings as opposed to bridges without. The increase in force was likely caused 

by the cross sectional area the railings added to the bridges, which allowed a greater 

area to be impacted by a tsunami wave.  
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2.6 Bea et al. (1999): Wave Forces on Decks of Offshore Platforms [14] 

 Bea et al. [14], in a report seeking to refine the criteria used to estimate wave 

crest forces on lower decks of offshore platforms, analyzed the performance of oil 

platforms in the Gulf of Mexico during hurricane wave loading. Upon reviewing 

Hurricane Andrew, the authors found that wave crest impacts are isolated and an entire 

deck is not completely inundated by long-crested waves. This observation was 

reinforced by hurricane photographs, which depicted short-crested multidirectional 

waves impacting decks. The performance of three platforms in South Pass during 

Hurricane Camille and the failure of a UNOCAL platform during Hurricane Hilda provided 

Bea with cases to verify his proposed wave-in-deck horizontal force guidelines.  

 The modification proposed by Bea to the American Petroleum Institute (API) 

deck wave force guidelines was a culmination of laboratory data that measured wave 

forces on decks, columns and vertical walls. The total force (Ftw) can be estimated with 

the following equation 

                       (2.6-1) 

in which 

     = total force  

    = vertical buoyancy force  

    = horizontal slamming force =                            (2.6-2) 

    = horizontal drag force  =                            (2.6-3) 

    = vertical lift force  =                             (2.6-4)  

    = acceleration-dependent inertia force   =                   (2.6-5) 

    = slamming coefficient (range: π - 2π) 

   = mass density of sea water [slugs/ft3] 



 

 

 17 

 

   = vertical deck area subjected to wave crest [ft2] 

   = horizontal fluid velocity of the wave crest [ft/sec] 

    = inertia coefficient 

   = volume of the deck inundated [ft3] 

   = water acceleration [ft/sec2] 

 The effective slamming force equation is modified for impact durations (0.01 – 

0.1 seconds) that are short in relation to the natural period of the decks. The effective 

force can be calculated using the following equation 

  
               (2.6-6) 

in which 

    = dynamic loading factor =        
  

  
  

   =     (triangular loading) or 
 

 
 (half sine loading) 

    = impact duration [sec] 

    = natural period of deck [sec] 

 To verify his modifications to the API procedure, Bea used the ULSLEA (ultimate 

limit-state limit equilibrium analysis) computer program and data from four hurricanes 

and eight platforms. The details of the computer program are not pertinent to this 

report. However, the modified API procedure was able to produce results that closely 

match observed damage sustained by platforms during hurricanes. Previously, the API 

method was conservative and predicted a structure would fail even if only minor 

damage was documented.  
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2.7 Robertson, et al. (2007): Lessons from Hurricane Katrina Storm 

Surge on Bridges and Buildings [15] 

 Robertson et al. [15] presented a more in depth analysis of the failure 

mechanisms of engineered structures during Hurricane Katrina. Again the main causes 

of damage to coastal bridges were reported to be caused by hydrostatic uplift, 

hydrodynamic uplift/lateral loading, debris impact, and scour. The damage to structures 

during a hurricane and a tsunami has been found to be similar, making the methods 

described in this report, to some extent, applicable to both natural disasters.   

 To estimate the forces experienced during a hurricane, Bea et al. [14] proposed 

an equation that included the vertical buoyancy force, horizontal slamming force, 

horizontal hydrodynamic force, vertical hydrodynamic uplift force, and acceleration-

dependent inertia force. However, from conclusions drawn from Douglass’ *10] report 

on bridge performance and observations made in Robertson et al. [15], the equation can 

be simplified to only include the horizontal hydrodynamic force, the vertical 

hydrodynamic uplift force and buoyancy.  

 The hydrodynamic horizontal wave forces on the Louisiana bridges were 

estimated to range from 2000 lb/ft to 4500 lb/ft. The vertical hydrodynamic wave forces 

were calculated to range from 3500 lb/ft to 10600 lb/ft. The vertical hydrodynamic 

forces on the majority of the bridges exceeded the bridge self weights by more than 

30%. To withstand the hydrodynamic forces experienced during a hurricane, the authors 

suggested that low level bridges at risk of storm surge inundation be restrained against 

uplift and be provided with shear keys to resist lateral movements.  

 The vertical buoyancy force was reported to be a combination of the reduced 

self weight of concrete and the increased volume of displaced water caused by trapped 

air under the bridge decks. The volume of entrapped air was compressed due to 

differences in water pressure heads when the bridge was complete submerged, which 

reduced the air pocket slightly.  
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 The buoyancy force reduced the residual weight of the US 90 Bridge in Biloxi Bay 

to 1.21 lb/ft, a 98.7% reduction in self weight. In contrast, the Railroad Bridge over Biloxi 

Bay was the only reported bridge to have more than 28% of its residual self weight. It 

was also the only recorded bridge to survive Hurricane Katrina mostly intact. As a 

mitigation measure, the authors suggested designing low lying bridges with bulkheads 

that will allow air to escape from below bridge decks, reducing the volume of trapped 

air.  

 Of notable significance are the failures of prestressed double tee floor systems 

used in the construction of parking garages in the Biloxi Gulfport region. Some of the 

garages were protected from wave action, but were still inundated by storm surge. The 

double tee geometry lent itself to trapping a large volume of air, resulting in an uplift 

force much greater than the submerged self weight of the double tee and concrete 

topping slab. The uplift force caused negative bending to develop, causing compression 

in the bottom of the tee and tension in the top. In addition, the pre-stressing in the 

double tees caused an upward bend, normally used to negate the effects of gravity 

loads. The combination of the buoyancy uplift force and the prestressing effect caused 

the double tees to fail. To avoid the failure mechanism, it was recommended that 

prestresssed double tee systems, flat slab, and other concrete systems be designed to 

withstand the negative bending and shear caused by hydrodynamic and hydrostatic 

forces.   

 

2.8 Robertson et al.: Case Study of Concrete Bridge Subjected to 

Hurricane Storm Surge and Wave Action [16] 

 Robertson et al. [16] performed an in depth structural analysis of an onramp to 

the freeway in Mobile, Alabama. The onramp deck sections were secured with bolted 

angle connections to the supporting bents. The connections failed during Hurricane 

Katrina, which allowed the five lowest deck spans to move northward. The spans did not 
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completely fall off their supports due to a wedging effect caused by the curved 

geometry of the bridge.  

 Partial depth bridging was used to connect the bridge girders together, allowing 

air pockets to form under the deck of the bridge. The volume of air was likely decreased 

due to holes through the bridging elements. The two exterior girders of each span were 

connected to a supporting bent by the 10.5 inch long, 6 inch x 8 inch x 1 inch thick 

galvanized steel angle. The angles were secured to the concrete bents vertically using 

1.125 inch diameter bolts on either side of the girders and horizontally into the bulb of 

the girders using 0.875 inch diameter sleeve anchors. 

 Hurricane wave forces caused shear loads to develop in both the vertical and 

horizontal bolts of the connections. The shear loads caused the surrounding concrete to 

fail and spall off, which led to bolt pull outs, bolt bending and bolt rupture failures. A 

few angle connections were crushed by displaced decks. Due to the misalignment of 

bolt inserts, some connections were completely missing anchor bolts prior to hurricane 

damage. Poor field modifications to some connections resulted in enlarged bolt holes, 

allowing bolts to pull out without resistance.  

 The capacities of the observed failure mechanisms were then compared to 

forces computed using the equations developed by Douglass et al. [10+. The hurricane’s 

hydrodynamic lateral and vertical wave loads were estimated to be 183 kips and 388 

kips, respectively.  

 Horizontal forces on each deck span were resisted by tension pull out of four 

groups of two sleeve anchors, vertical concrete spalling of two groups of anchor bolts, 

and vertical bending of two connections. The total horizontal resistance provided was 

computed to be 217 kips, which is only 34 kips above the estimated horizontal hurricane 

wave force. Therefore it was likely that repeated wave forces would cause progressive 

damage to the connections, resulting in lateral movement of the decks. 
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 Vertical hydrodynamic wave forces on each deck span were resisted by the deck 

self weight and eight pairs of sleeve anchors. The total vertical resistance provided was 

calculated to be 400 kips. The vertical and horizontal resistances were only 3% and 19% 

greater than their respective hurricane wave force counterparts; as a consequence 

nearly no factor of safety was present to prevent failure.  

 During the event of complete submergence of a bridge, Douglass’ equations are 

no longer valid. Instead, hydrostatic buoyancy forces became more significant. The 

buoyancy force was computed by determining the volume of concrete and entrapped 

air between the girders. This volume was then multiplied by the specific weight of sea 

water (i.e. 64 lb/ft3). The buoyancy value was then subtracted from the self weight of 

the bridge deck resulting in the residual self weight. The residual self weight of a typical 

I-10 bridge span was computed to be 22.3% of its original self weight. Thus, the authors 

concluded that buoyancy alone would not have dislodged the bridge deck. 

 The authors concluded that the connections on the I-10 Freeway were not 

adequate to resist the hydrodynamic lateral and vertical wave loads generated by 

Hurricane Katrina. The authors provided connection revisions that could strengthen the 

connections against the failure mechanism observed during their inspections. 

 

2.9 Lehrman (2010): Laboratory Performance of Highway Bridge 

Girder Anchorages under Hurricane Induced Wave Loading [17] 

 Lehrman [17] focused his research on the failure mechanism of connections used 

to connect bridge superstructures to substructures. Full size AASHTO type III prestressed 

concrete girders were constructed and fitted with three different types of common 

anchors. The anchors selected were threaded insert/clip bolt anchorage (CB), headed 

stud anchorage (HS) and through bolt anchorage (TB).    

 The CB anchor fixed the bridge girder to a pile using an 8x6x1 inch steel angle. 

The girder bulbs were prefabricated with 7/8 inch diameter, 3 inch long threaded 
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inserts. A325 bolts were placed in the inserts through the vertical leg of the angle. The 

A325 bolts were then secured with 7/8 inch cap screws. Vertically the angles were 

secured to the pile using 1.25 inch diameter swedge bolts.     

 The HS anchor connected the girder of the bridge to a bearing plate by welding 

four-5/8 inch diameter, 6 inch long anchor studs to the plate. Note the studs were 

embedded in the bulb of the girder. The bearing plate was then secured to the pile using 

two-1 inch diameter, 15 inch long A307 bolts.   

 The TB anchor utilized threaded inserts that ran through the entire bulb of the 

girder. One inch diameter bolts were passed through the inserts and connected two 

8x6x1 inch angles on either side of the girder. The angles were then connected vertically 

to the pile using 1.25 inch diameter, 11 inch long swedge bolts.    

 To test the capacity of the anchors and to observe the failure mechanism of the 

girders, the author loaded each of the specimens with an equivalent bridge deck weight 

and attached actuators. To simulate vertical wave forces a vertical actuator was 

attached to the girder. To simulate horizontal wave forces an actuator was attached to 

the face of the girder.  Each anchor type was tested with four loading patterns, which 

were: vertical force only, horizontal force only, both vertical and horizontal forces, and 

real-time dynamic loading of horizontal and vertical components.  

 During the testing, concrete spalling was a common occurrence. The spalling led 

to the exposure of prestressing strands. Out of the three connection types, the author 

noted that the HS had the most robust performance. In addition, the failure of the HS 

connector was tied to the steel properties of the studs, making it easier to predict the 

failure mechanism and load.  

 The TB connector failed at higher loads than the CB; however the TB connector 

caused more damage to the concrete girder. In some tests, the TB caused the entire 

bottom of the concrete girder to break off, exposing much of the prestressing. Both 

anchor types experienced cracking throughout and strand slip. 
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 Through the study, the author found that if there is trapped air under a bridge 

deck, then all three anchor types (HS, CB, and TB) do not have enough capacity to resist 

wave loads estimated by the AASHTO Guide Specifications [9].   
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3 Organization of Survey Data 

 

3.1 Project Website 

 Bridges around the island of Oahu were surveyed to assess possible inundation 

and potential damage. The surveys consisted of on-site inspections, review of 

bathymetry, topography, and inundation studies for each of the bridge sites. To 

document the site investigations, hundreds of photographs were taken. These pictures 

depicted detailed bridge geometry, construction, and surrounding land and water 

features. During the survey of Oahu, 26 bridges were examined. With the large amount 

of information compiled, there was a need to organize the material and data into a 

usable and easily accessible form. Ultimately, a web based solution was chosen.   

 Drupal, an open source management platform, was selected as the content 

management system for the project website. All aspects of the project were uploaded 

to the website in order to share information and progress with each of the project’s 

members.  To facilitate management of the project, it was organized into several 

categories and divisions, which include: Overview, Description, Map of Oahu, Rapid 

Visual Assessment, Computational Modeling, Literature Database and Team.  

 The ‘Overview’ serves as the homepage of the website and provides a summary 

of the project (see Figure 3-1). Furthermore, the ‘Overview’ page introduces the user to 

the layout of the website, where links are provided both at the top and on the left of 

each page. The ‘Description’ page presents the project background, the project’s 

relevance/significance to the state of Hawaii, project objectives, and information 

regarding the documentation that has been developed during the project.  



 

 

 25 

 

 

Figure 3-1: Website Homepage 
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 The ‘Map of Oahu’ page was created to streamline the process of finding any 

bridge at a specific location. This page consists of a large map with color coordinated 

markers indicating the location of each of the surveyed bridges (see Figure 3-2). A green 

marker represents a surveyed site with no additional studies planned. A yellow marker 

indicates a surveyed site that will be structurally analyzed. A red marker indicates a 

surveyed site that will be hydrodynamically modeled in addition to being structurally 

evaluated. 

 When the cursor hovers over a marker, the name of the bridge is displayed (see 

Figure 3-2). When clicked, the user is linked to a webpage containing survey pictures 

and bridge information.  
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Figure 3-2: Map of Oahu 
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 The ‘Rapid Visual Assessment’ is the main organizational portion of the website, 

and arranges the bridge webpages into a usable catalog. To organize the photographs 

and information from the site inspections, a separate page was created for each of the 

surveyed bridges. The front page of this section provides a list of each bridge according 

to the date of survey (see Figure 3-3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3-3: Rapid Visual Assessment Front Page 
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 A list of the bridges is also provided in the left navigation bar (see Figure 3-3). 

After clicking the ‘Rapid Visual Assessment’ link, the navigation menu is expanded, 

revealing each of the bridge pages. 

 The bridges are organized geographically starting with the Alawai Canal Bridge, 

which is located near the South East coast of Oahu. The bridges are then listed in a 

counter clockwise order moving around the island. Organizing the bridges in 

geographical order helps the user achieve a better sense of the bridge locations.  

 On each of the bridge webpages, a dedicated map is provided showing the 

location of the site (see Figure 3-4). These dedicated maps were created to allow the 

user to see the location of the bridge without having to navigate away from the current 

page.  
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Figure 3-4: Mini Map Example 
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 Each page also contains the bridge name, survey date, information on further 

studies, the bridge road location, and the bridge global coordinates. Ocean bathymetry 

diagrams are also provided for the four sites that will be modeled hydrodynamically.  As 

seen in Figure 3-5, another navigation tool bar is provided (circled red), which allows the 

user to see the bridge map location and navigate to the ‘Map of Oahu’ page. The user is 

also given the option to move to the previous or next bridge, based on the counter 

clockwise geographical ordering.  Similar links are provided at the bottom of the page. 

This feature allows the user to access the navigation tools without having to return to 

the top of the page. 

 

Figure 3-5: Navigation Menu 



 

 

 32 

 

 Thumbnail versions of the survey pictures are provided to reduce the loading 

time of each page, while still displaying image previews. Each of the thumbnails can be 

clicked to open a larger full resolution version of the photo (see Figure 3-6).  All of the 

pictures taken during the site inspections are displayed on each page. However, in order 

to keep each webpage to a manageable size, additional pages were created if there 

were more than 30 pictures for a particular site. 

 

 During the surveys it was important to document the bridge’s surrounding, 

structure, layout and notable features. Careful attention was paid to the bridge girder 

seats, as in some situations the bridges were connected to the foundation at these 

locations. If possible, the undersides of the bridges were photographed. This was done 

to determine the possibility of air becoming trapped under the bridge during a rise in 

water level. Bridge abutments, railings, and any bridge damage were also 

photographed.  

Figure 3-6: Thumbnail Picture Example  
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 Bridge surroundings were photographed to document water levels, ocean 

proximity, coastal arrangement, and landscape. Some bridges spanned small rivers or 

culverts and were a distance away from the coast. In these cases, photographs were 

taken to record the terrain between the shoreline and these bridges. Any other objects 

that may influence the bridges or water movements were also noted.   

 

 

 

 

 

Figure 3-7: Survey Pictures 
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 The remaining pages, ‘Computational Modeling,’ ‘Literature Database,’ and 

‘Team,’ provide additional information about the project. The ‘Computational Modeling’ 

page explains the approach taken and methods used to determine the wave loads on 

coastal bridges during a natural disaster. The ‘Literature Database’ provides information 

about ‘Mendeley,’ a reference management application that the project uses to 

exchange reference material between members. The ‘Team’ page lists the project group 

members and their contact information. 

 A project timer is the last feature added to the website. At the bottom of each 

page the number of days until the project’s completion is displayed. The timer 

automatically updates every day, which serves as a reminder to the team of the amount 

of time left in the project. 

Figure 3-8: Project Timer 
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3.2 Organization of Survey Data General Procedure 

 The following is a generalized procedure that may be followed to organize data 

for a survey project.  This procedure is based on work done and lessons learned during 

the course of this report.  Note that this process will not cover all aspects of each and 

every survey, but it does provide a preliminary guideline. 

3.2.1 Pre-Survey 

1) Identify the sites to be inspected.  

2) Group the sites by geographical location.  

3) Create a table with the following information to be filled in during the surveys: 

a) Site Name 

b) Survey Date 

c) Time of Survey 

 This is important when dealing with water tide levels. 

d) Location 

e) Additional Information as needed 

 

3.2.2 During Survey 

1) Designate one person to photograph sites. 

 This is done so multiple copies of similar photos are not created. 

 This will also ensure consistent picture labeling notation. 

2) Photograph Structure: 

a) Photograph entire front, back, left side, and right side of structure if 

possible. 

 It may be beneficial to have a project member in each of the photos 

in order to give a sense of scale (record height of the member in the 

photo).   

3) Photograph key locations: 

a) Structural support system 
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b) Connections 

c) Visible damage 

d) Any points of interest 

 Example: For bridges, photograph underside of the bridge decks to 

determine potential air pocket locations.  

e) If the structure is to be structurally evaluated: 

 Photograph any form of lateral resistance.  

 Creep Blocks 

 Connections 

 Wing Walls 

 Support tie ins 

 Natural landscape 

 Etc. 

 Photograph any form of vertical resistance. 

 Connections 

 Additional loads placed on the structure 

 Support tie ins 

 Etc.  

4) Photograph surrounding area: 

a) Photograph the area to the north, south, east, and west. 

b) Photograph intermediate directions as needed. 

5) Photograph influential land marks: 

a)  Structures or vital buildings in close proximity. 

b)  Natural terrain that may inhibit water forces from impacting the site.  

6) Record site data: 

a) Measure as many dimensions of the structure as possible. 

 If construction drawings are not available, then it is suggested a 

laser range finder be used to determine overall bridge dimensions.  
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b) If water is in close proximity, measure water depths at various locations 

along/around the site. 

c) Measure the vertical distance from the still water level to the bottom of 

the structure. 

d) Record time of measurement. 

e) Make note of the condition of the structure. 

f) Make note of damaged areas. 

 Spalling 

 Cracked sections 

g) Note any potential failure mechanism 

 Broken connections 

 Improperly constructed areas 

 Scouring of foundation 

 Important for structures near the coast. 

h) If the structure is to be structurally evaluated: 

 Make note of all aspects of the structure that will increase its 

resistance to lateral displacement, vertical displacement, and 

overturning.  

 

3.2.3 Post Survey Organization (creation of a project website) 

1) Create a basic website structure by breaking the project into several sections. 

a) Create a separate webpage for each of the following: 

 Project Description 

 Project Purpose 

 Map of ‘Surveyed Area’ 

 Survey Data and Photographs 

b) Upload the survey photos to the server hosting the website. 

c) Create a link menu. 
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 Typically this is placed on the left hand side of each page.  See Figure 

3-1 for an example.  

2) Create a separate webpage for each of the investigated sites. 

a) Input the data of the site at the top of the page. 

 Name of site 

 Location (Global coordinates, area, road location) 

 Date and time of survey 

 Additional information recorded 

b) Organize the photographs for the site.   

 Create thumbnails for each photo. 

 Size the thumbnails appropriately.  The thumbnails should not 

be too small, as the intention is to provide a preview of each 

picture. 

 Place the photos in vertical columns. 

 Keep the amount of photos per page to a maximum of 30 to 

keep each page a manageable size. 

 If more photos exist, create additional webpages as needed.  

c) Place each of the newly created webpages under the ‘Survey Data and 

Photographs’ portion of the website.  

d) Organize each of the webpages in geographical order. 

 Choose a starting location. 

 Organize the sites in either a counter clockwise or clockwise order. 

e) Return to the webpages created for each surveyed location: 

 Create a navigation menu at the top and bottom of each site 

webpage (see Figure 3-5). 

 Provide a link to the next site in the geographical ordering. 

 Provide a link to the previous site in the geographical ordering. 

f) Create maps: 

 Find a map of the entire area containing all of the surveyed sites. 
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 Place markers at each of the surveyed locations. 

 Using an ‘image map,’ create a link at each of the markers.  

Link the marker to the appropriate webpage (see Figure 3-2). 

 Place the map in the Map of ‘Surveyed Area’ section of the 

website. 

 Create smaller maps for each of the surveyed sites. 

 Create a marker at the surveyed location. 

 Add a link to the map in the navigation menu of the 

appropriate webpage (see Figure 3-5). 

g) Check the website: 

 Check that all links work and that they are linked to the correct 

webpages. 

 Check that all photos work. 

 

 

3.3 Summary  

 The purpose of the Drupal website was to organize collected data, survey 

information and photographs into a usable, organized form that allows members of the 

project to easily access the information. This was accomplished by organizing webpages 

of each site by geographical location.  Links were provided to allow users to navigate 

between each of the sites as if they were traveling around the island of Oahu in a 

counterclockwise direction.  Menus, navigational links, maps, and additional site 

information are provided to create a functional, easy to use website. By generalizing the 

process, the same methodology described in section 3.2, can be applied to other 

surveys.   
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4 Bridge Structural Analysis 

 

4.1 Bridge Selection 

 Of the original 26 bridges surveyed, eleven were selected to be structurally 

evaluated. The bridges selected were the Makaha #3A Bridge, the New Makaha #3A 

Bridge, the Maipalaoa Bridge, the Kahaluu Bridge, the North Punaluu Bridge, Nimitz 

Highway at Aloha Tower, the Kuliouou Stream Bridge, the Ukoa Pond Bridge, the New 

South Punaluu Bridge, the Moanalua Bridge, and the Kalihi Bridge.  

 The main criteria for selection were: the bridge location, number of communities 

in proximity to the bridge, and the critical service routes that the bridge provided. In 

addition, the bridges that were determined to be the most exposed to wave forces were 

favored during the selection process.  

 The New Makaha #3A Bridge and the New South Punaluu Bridge were selected 

to determine the bridges’ vulnerability to storm and tsunami wave forces before the 

bridges are built. The Moanalua Bridge and the Kalihi Bridge were selected to evaluate 

bridge connections found during the site survey. 
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4.2 Calculation of Buoyancy Force 

4.2.1 Approach 

 During a tsunami or storm event, an abnormal rise in water level occurs. During a 

storm event, water levels rise due to low pressure and water being pushed toward the 

shore by strong winds. This phenomenon is known as “storm surge” [18]. Storm surge 

and tsunami inundation can cause low lying areas to become inundated, which may 

potentially submerge coastal bridges. If submerged, a bridge’s stabilizing self weight is 

reduced due to an upward hydrostatic buoyancy force [10]. Buoyancy force is a function 

of the volume of water displaced by the bridge and air trapped under the bridge deck. 

The upward buoyancy force is determined from the total submerged volume multiplied 

by the specific weight of sea water (64 lbs/ ft3).  

 For all calculations, the bridges were assumed to be submerged to the top of the 

bridge deck. The trapped air was assumed to fill the entire volume between the bridge 

girders to the bottom of the lowest bridge diaphragm as shown in Figure 4-1. This worst 

case scenario results in the largest buoyancy force possible, and is therefore a 

conservative calculation when designing for failure. 

 Due to water pressure, the volume of entrapped air is compressed once the 

bridge is submerged [15]. Based on hydrostatics and the ideal gas law, the volume of 

compressed air can be computed from the following equations  

         
 

   
       (4.2-1) 

    
     

  
       (4.2-2) 

in which,  

   = height from bottom of air pockets to water elevation [ft] 

 g = specific weight of water [64 lbs/ ft3] 

    = atmospheric pressure at the water surface [14.7 psi] 
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    = pressure at the bottom of air pocket [psi] 

     = cross sectional area between the bridge girders (air pocket) [ft2] 

     = compressed area of air pocket [ft2] 

 

 

 The bridge and air pocket volumes were computed from as-built drawings 

provided by the Hawaii Department of Transportation (HDOT). 

 To calculate the self-weight of each bridge, the volume of the bridge is multiplied 

by the specific weight of reinforced concrete (150 lbs/ft3). Any additional loads, such as 

bridge railings and road pavement, are added to the reinforced concrete weight, 

resulting in the total self-weight of the bridge superstructure.  

 If the buoyancy force is found to be greater than the self weight of the bridge 

then the bridge is considered buoyant. However, assuming that air fills the entire void 

under the bridge deck may not always be applicable. As water levels rise due to storm 

surge it is highly possible that a quantity of air will escape from under the bridge deck. 

  Therefore, if it is found that a particular bridge becomes buoyant with an 

assumed 100% air pocket, then a less conservative air volume of 50% is used [11]. The 

buoyancy force acting on the bridge is recalculated with only half of the previous air 

Figure 4-1: Air Pocket Diagram 
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pocket. If the bridge is still determined to be buoyant with air filling 50% of the volume 

under the bridge deck, then the bridge is deemed buoyant and therefore subject to 

possible failure. 

 The results of the buoyancy force calculations for each bridge can be found in 

the following section. 

 

 

4.2.2 Buoyancy Force Calculation Results 

 The dimensions for each bridge are given in Table 4.2-1. Table4.2-2 summarizes 

the calculated bridge superstructure volume, air volume, and submerged volume of 

each bridge. Table 4.2-3 summarizes the computed buoyancy force acting on each 

bridge with air filling 100% of the volume under the bridge. Table 4.2-4 summarizes the 

recalculated buoyancy force with a less conservative 50% air pocket. 
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Table 4.2-1: Bridge Dimensions 
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*Note: Air pocket volumes are compressed values  

Bridge Volumes:
Bridge Volume    

(cubic ft)

Air Pocket Volume 

(cubic ft)

Submerged Volume   

(cubic ft)

4825.18 6950.69 11489.90

23960.20 38322.20 60770.80

14662.83 8804.49 22264.30

17828.70 35445.60 51665.10

7745.12 0.00 7354.08

6933.77 2334.34 9002.97

8694.72 12485.40 20621.30

21900.94 22241.75 43362.10

25790.98 13717.98 38816.90

13797.00 0.00 13473.00

14499.00 0.00 14067.00

Moanalua Bridge:

Kalihi Bridge:

Nimitz Hwy. Slip Cover #2:

Nimitz Hwy. Slip Cover #3:

Kahaluu Stream Bridge:

New South Punaluu Bridge:

Ukoa Pond Bridge:

New Makaha Stream #3A Bridge:

Old Makaha Stream #3A Bridge:

Maipalaoa Bridge:

Kuliouou Bridge:

Table4.2-2: Calculated Bridge Volumes 
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Table 4.2-3: Buoyancy Force Results with 100% Air Volume  
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Table 4.2-4: Recalculated Buoyancy Force Results with 50% Air Volume 
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4.2.3 Buoyancy Force Calculation: Analysis of Results 

 Column 3 (Residual Weight) of Table 4.2- is computed by subtracting the 

Buoyancy Force (column 2) from the Self Weight (column 1). The residual weight 

represents a critical measure of a bridge’s stability, where a negative value indicates 

that the bridge is buoyant. Column 4 is the percentage of the Residual Weight (column 

3) divided by the original Self Weight (column 1). Again, a negative value indicates that 

the bridge has become buoyant and therefore further structural investigation is 

required.   

 After completing the initial buoyancy force calculations, it was found that the 

Kuliouou Stream Bridge, the Kahaluu Stream Bridge, the Ukoa Pond Bridge, and the Old 

Makaha Stream #3A Bridge all become buoyant once submerged (see Table 4.2-3). The 

air pocket volumes for each of these bridges were then halved. The buoyancy force 

acting on each bridge was recalculated with the reduced air volume (Table 4.2-4). After 

performing this less conservative calculation it was found that only the Old Makaha #3A 

Bridge remains buoyant. Nonetheless, in every situation the stabilizing self weight of 

each of these bridges is reduced due to buoyancy forces. The result is that much smaller 

wave forces can displace these bridges if they become submerged.  

 The buoyancy of the Old Makaha Stream #3A Bridge reveals an expected 

outcome, as the bridge is constructed mainly of Douglas fir wood. The Douglas fir wood 

used in Hawaii has a low specific gravity of 0.5. This indicates that, regardless of the 

amount of entrapped air under the bridge deck, the bridge will be buoyant once 

submerged. 

 The Ukoa Pond Bridge’s relatively large buoyancy force is attributed to the 

AASHTO Type III and Keehi Type IV girders used in the construction of the bridge deck. 

The two types of girders have differing heights of 3.75 feet and 4.83 feet, respectively. 

These tall girder heights allow large volumes of air to become trapped under the bridge 

deck, which causes large buoyancy forces to develop.  
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 During Hurricane Katrina, the Railroad Bridge over Biloxi Bay had more than 28% 

of its original self weight once submerged and as a consequence was table to survive 

structurally intact [15]. If 28% Retained Weight is used as an initial benchmark for 

survivability, then the Kuliouou Stream Bridge (26.6%) and the Kahaluu Bridge (27.59%) 

are both susceptible to failure during storm or tsunami inundation, even though they 

are not fully buoyant. 

 

  

4.3 Overview of Subsequent Bridge Analysis Process 

 To determine if a particular bridge will survive a storm or tsunami inundation 

event, the lateral and vertical connection capacity and the negative bending strength of 

the bridge decks and girders are calculated in the remainder of this chapter. The 

capacity of each bridge is then compared against estimated storm wave forces 

calculated in Chapter 5. Chapter 6 presents, conclusions drawn regarding the bridges’ 

survivability during a storm or tsunami event. 
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4.4 Bridge Resistances to Vertical and Horizontal Wave Loads 

4.4.1 Approach 

 Waves impart both a lateral force (horizontal force) and upward force (vertical 

force) on a bridge deck. These forces also produce an overturning moment. To estimate 

the worst case scenario, the overturning moment is calculated at the far edge of the 

bridge deck (i.e. opposite side of incoming waves). It is assumed that the bridge 

foundation (bridge substructure) will remain intact during a storm event and that failure 

will occur if the bridge deck (bridge superstructure) is displaced or severely damaged. 

Further information on wave force estimation calculations can be found in Section 5 of 

this report. 

 To determine the lateral and vertical capacities of each bridge, the plans 

provided by the HDOT were examined for connections and any other sources of vertical 

or lateral resistance. The strength of each structural component was calculated by 

utilizing structural capacity computational methods developed by the American Institute 

of Steel Construction [4], the Precast/Prestressed Concrete Institute [5] and the 

American Concrete Institute [6].    

 If the resistance provided by the bridge self weight, friction, connections, wing 

walls, or any other form of structural component, is greater than the estimated wave 

forces and associated overturning moment, then it is concluded that the bridge will 

survive the storm event. The results of the bridge capacity calculations for each bridge 

are shown in the following sections. 
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4.4.2 Kuliouou Stream Bridge Structural Analysis 

 The Kuliouou Stream Bridge is a simply supported single span bridge and is 

approximately 50 feet long and 68.75 feet wide. The bridge is located on the south east 

coast of Oahu and is part of the main route between Hawaii Kai and Honolulu. Figure 

4-2 shows the map location of the bridge and Figure 4-3 shows a picture of the bridge 

taken during the site survey. Figure 4-4, Figure 4-5 and Figure 4-6, show the 

construction drawings, where east of the bridge is denoted as ‘Koko Head’ and west of 

the bridge is indicated as ‘Diamond Head’. 

 The bridge deck is composed of three sections (Figure 4-4). The center portion 

was constructed in 1936, and was poured integrally in place with the reinforced 

concrete tee girders. To accommodate increasing traffic, the Kuliouou Stream Bridge 

was widened in 1963 through the construction of the outermost sections. The widened 

sections are composed of reinforced concrete decks attached to prestressed girders 

using #5 and #4 stirrups. After constructing the widened sections, the three separate 

bridge segments were connected using #4 reinforcing bars and epoxy. Throughout the 

calculations of the Kuliouou Stream Bridge, it was assumed that the bridge deck 

performed as an integrated single span. 

 The girders are supported at each of the abutments by reinforced concrete 

shelves. At the Koko Head abutment each girder rests on a 9” x ¾” x 19” neoprene pad. 

The neoprene pads provide a coefficient of friction of approximately 0.1, allowing the 

bridge to expand and contract without developing cracks. 
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Figure 4-3: Picture of Kuliouou Stream Bridge looking north  

Figure 4-2: Kuliouou Stream Bridge map location  



 

 

 53 

 

  

Figure 4-5: Kuliouou Bridge Plan View 

Figure 4-4: Kuliouou Bridge Profile View 
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4.4.2.1 Kuliouou Stream Bridge: Lateral Resistance  

 At the Diamond Head abutment, the girders are connected to the foundation 

shelves using ¾” thick galvanized steel plates (see Figure 4-6). A plate is attached 

directly to the bridge girder using two ¾” diameter x 6” long embedded steel studs. A 

similar plate is attached to the abutment with another pair of ¾” diameter x 6” long 

steel studs. The two plates are welded together on both sides of the girder using 3/8” by 

9” long fillet welds. There are a total of 8 bearing plates in total at the Diamond Head 

abutment.  

 

Figure 4-6: Diamond Head abutment bearing plates  (profile view) 

  Lateral resistance provided by the bearing plates is computed by determining 

the stud shear strength, weld strength, base metal shear strength, stud block shear, and 

weld block shear capacities. Concrete side break out was not considered because of 

sufficient reinforcement in the area of the studs in both the girder and the abutment 

(ACI 318-08 section RD 6.2.9). Results of the lateral resistance calculations are 

summarized in Table 4.4-1. 
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 The results in Table 4.4-1 show that the overall capacity of the bearing plates is 

dependent on the studs’ shear strength. The shear failure capacity of the two studs 

embedded into the abutment is calculated to be 43.2 kips. In total, the 8 bearing plates 

at the Diamond Head abutment provide 345 kips of lateral resistance.  

 At both abutments of the Kuliouou Stream Bridge, wing walls have been 

constructed to restrain lateral movement. The wing walls at each abutment vary in 

shape and length due to the offset of the bridge. Waves will only strike the south facing 

or ocean side of the bridge. Therefore, only the North facing wing walls will provide 

lateral resistance against displacement (see Figure 4-7). In the situation of drawdown 

after a tsunami inundation, loads will be applied towards the coast. In this case, only the 

South facing walls will provide lateral resistance 

Capacity Calculation: Capacity (kips) 

Stud Shear Strength (in abutment) 43.16 

Stud Shear Strength (in girder) 48.82 

Stud Block Shear 572.34 

Weld Strength 200.44 

Weld Block Shear 877.50 

Base Metal Shear Strength 394.00 

Table 4.4-1: Bearing Plate Lateral Capacity 

Figure 4-7: Lateral Wave Load Direction (profile view) 
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 The lateral capacity of the wing walls is calculated by computing the failure 

strength of two planes. The horizontal plane will most likely fail in shear, while the 

vertical plane will fail due to flexure. The failure planes can be seen in Figure 4-8 and 

Figure 4-9.  

 Figure 4-8: Wing Wall Horizontal Failure Plane (profile view)  

 

 

Figure 4-9: Wing Wall Vertical Failure Plane (plan view)  
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 The capacity of the horizontal plane is computed by determining the shear 

strength of the concrete in the cross-sectional area of the plane. The capacity of the 

vertical plane is determined by computing the moment capacity of the wing wall, as if it 

were a cantilever beam. The moment capacity of the simulated cantilever beam is then 

divided by the distance from the point where the girder will impact the wing wall to the 

abutment. The sum of the shear and flexure capacities results in the total strength of 

each of the wing walls. The results of these calculations are summarized in Table 4.4-2. 

 

Table 4.4-2: Summary of Wing Wall Capacities  

Wing Wall Capacity: Capacity (kips) 

Koko Head Horizontal Plane (Shear) 31.55 

Koko Head Vertical Plane (Flexure) 27.85 

Koko Head Total Capacity 59.40 

      

Diamond Head Horizontal Plane (Shear) 24.20 

Diamond Head Vertical Plane (Flexure) 41.76 

Diamond Head Total Capacity 65.96 

 

 As seen in Figure 4-4, the bridge deck is sloped toward the ocean to allow proper 

drainage of water. This causes the bridge to creep downward over time. To counteract 

the downward movement, 2 ‘creep blocks’ were installed at the Koko Head abutment 

(see Figure 4-10). As a secondary effect, the creep blocks also provide lateral resistance 

to wave impact forces.  
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Figure 4-10: Creep Block Diagram (profile view)  

 When the bridge deck is impacted, the wave loads are transferred to the bridge 

girders, which ultimately transfers the load to the creep blocks. The creep blocks 

provide lateral resistance through shear friction. These blocks were poured 

monolithically with the bridge foundation and were reinforced with 6 - #4 stirrups.  

 However, the bridge girder web may fail in transverse flexure before the creep 

blocks. A 45 degree line from the end of the creep block to the top of the beam web 

represents the most likely concrete cracking plane (see Figure 4-11).  



 

 

 59 

 

 

Figure 4-11: Concrete Cracking Plane 

 For simplicity, the wave load is applied at the creep block where a failure is most 

likely to occur (see Figure 4-12). Applying a lateral load causes the girder to bend at the 

top of the beam web.  The only reinforcement in the girders that provides flexural 

resistance in this orientation is the #5 shear stirrups in the web. The web was analyzed 

as a rectangular cantilever beam, with a width of 39.4 inches and a thickness of 6 inches. 

The width of the cantilever beam is taken as the distance from the end of the girder to 

the top of the cracking plane as seen in Figure 4-11. The cantilever beam thickness is 

taken as the thickness of the girder web.      
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Figure 4-12: Web Flexure Failure 

 The moment capacity of the beam web is then divided by the distance from the 

centroid of the creep block to the top of the girder web (see Figure 4-12). The results of 

the creep block calculations are summarized in Table 4.4-3.  

Table 4.4-3: Creep Block Region Capacities  

Capacity Calculation: Capacity (kips) 

Creep Block Shear Friction 134.40 

      

Girder Web Flexure  20.51 

 From Table 4.4-3, the total lateral resistance provided by a creep block, is limited 

by the beam web flexural capacity. For both creep block regions the total lateral 

resistance is 41.0 kips. 

 The total computed weight of the Kuliouou Stream Bridge is 724 kips. The 

bridge’s self weight creates a vertical stabilizing force against the upward wave force 

component. At the Koko Head abutment the bridge girders rest on neoprene pads. 

Therefore only half of the bridge’s self weight provides a horizontal frictional force, 

which was computed to be 36 kips. This frictional force provides an additional source of 

lateral resistance against the horizontal force of impacting waves. 
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4.4.2.2 Kuliouou Stream Bridge: Vertical Resistance 

 The vertical resistance provided by the bearing plates at the Diamond Head 

Abutment is determined from the following calculations: the concrete breakout tension 

strength, the stud pullout strength, the steel stud tension strength, and the flexural 

capacity of the steel plates. The results of these calculations are summarized in Table 

4.4-4.  

 

Table 4.4-4: Bearing Plate Vertical Capacity 

Capacity Calculation: Capacity (kips) 

Concrete Break Out in Tension (girder) 67.62 

Concrete Break Out in Tension (abutment) 54.18 

Pull Out Strength of Stud (girder) 169.65 

Pull Out Strength of Stud (abutment) 84.82 

Steel Strength of Stud in Tension 57.43 

Steel Plate Flexure Capacity 178.75 

  

 After completion of the vertical capacity calculations, the abutment tensile 

concrete breakout strength is found to be very close to the stud tensile strength. To be 

conservative, the lower of these two values is taken as the maximum vertical capacity of 

the bearing plates. Therefore, the vertical capacity of the bearing plates is controlled by 

the concrete strength of the abutment. The 8 bearing plates at the Diamond Head 

abutment are computed to provide a total of 433 kips of vertical resistance. 
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4.4.2.3 Discussion of Kuliouou Stream Bridge 

 The Kuliouou Stream Bridge is only restrained vertically at the Diamond Head 

abutment. If a vertical force impacts the bridge deck, the Koko Head side will lift, 

causing a large moment to occur at the opposite side. The moment will likely cause the 

bearing plates to fail. Therefore to be conservative, it is assumed that the bridge’s self 

weight is the only source of vertical resistance.  

 Additionally, since the bearing plates are only at the Diamond Head abutment, 

the Koko Head side will be free to rotate when impacted by a lateral force. The bridge 

will continue to rotate until it contacts the Koko Head wing wall. Because of the 

probable bridge rotation, the lateral resistance of the bridge is taken as a combination 

of the Koko Head wing wall, girder web flexure capacity at creep blocks, Diamond Head 

bearing plates, and the gravity load induced friction.   

 The resistance to an overturning moment was computed by multiplying the self 

weight of the bridge by the distance from the centroid to the far end of the bridge (see 

Figure 4-13).  

 

Figure 4-13: Stabilizing Moment Calculation Diagram 

  

 A summary of the estimated structural resistance of the Kuliouou Bridge is given 

in Table 4.4-5.  
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Table 4.4-5: Kuliouou Bridge Structural Resistance to Wave Loads  

Bridge Resistance: Capacity (kips) 

Bearing Plates 345.31 

Koko Head Wing Wall 59.40 

Girder Web Flexure 41.01 

Friction   36.19 

      

Total Lateral Resistance 481.91 

Total Vertical Resistance (self weight) 723.78 

Overturning Moment Resistance 24,879.9 kip-ft 
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4.4.3 Kahaluu Stream Bridge 

 The Kahaluu Stream Bridge is composed of three 106 ft long by 46 ft wide spans 

connected by #9 and #6 reinforcement bars. The center portion of the bridge is 

supported by two concrete pile caps spaced 106 ft apart. The bridge is located on the 

eastern coast of Oahu and provides the main route from Kaneohe to the North Shore of 

Oahu. Figure 4-14 shows the map location of the bridge. Figure 4-15 is a photo taken 

during the site survey.  

 The bridge superstructure is composed of a reinforced concrete deck attached to 

eight pre-stressed girders using #5 bent stirrups. Numerous reinforcements are used to 

connect each of the spans to the adjacent deck thus creating an integrated uniform 

span. Therefore for calculation purposes, it is assumed that the three bridge spans act as 

a continuous section over the center supports.   

 
Figure 4-14: Kahaluu Bridge Map Location 
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Figure 4-15: Photo of Kahaluu Bridge Looking East  

 

4.4.3.1 Kahaluu Bridge: Lateral Resistance 

 At both abutments the girders are supported by Flurocarbon uni-ton bearing 

pads (see Figure 4-16 and Figure 4-17). The bearing pad is a “pot bearing” type pad and 

is comprised of a neoprene disk confined on all sides by a shallow steel ring. The top 

plate is secured to the bottom of the girder using six ½” diameter x 8” long steel Nelson 

studs. The masonry plate is attached to the abutment using another set of six ½” 

diameter x 8” long steel Nelson studs.  
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Figure 4-16: Flurocarbon Uni-Ton Bearing Pads (profile view) 

 

 

Figure 4-17: Flurocarbon Uni-Ton Bearing Pad (close up view) 
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 The steel ring around the neoprene pad confines lateral movement and transfers 

the horizontal loads to the abutment and girders. The steel ring capacity, Nelson stud 

shear capacity, steel plate block shear, weld capacity, and concrete breakout strength 

were calculated to determine the lateral capacity of the bearing pads. The results of 

these calculations are summarized in Table 4.4-6.  

 

Table 4.4-6: Bearing Pad Lateral Capacity  

Capacity Calculation: Capacity (kips) 

Steel Ring Capacity   91.2 

Stud Shear Strength (6 studs)   47.89 

Steel Plate Block Shear 1067.1 

Weld Capacity   178.2 

Girder Combination Capacity 62.99 

Abutment Combination Capacity 48.14 

 

 As seen in Figure 4-18, the most likely failure mechanism of the bearing pads is a 

combination of concrete break out and stud shear. The capacity of this failure 

mechanism is labeled as “Abutment Combination Capacity” and “Girder Combination 

Capacity” in Table 4.4-6. However, this situation only applies to the two bearing pads on 

the West side of the bridge (i.e. opposite side of wave impact). The west side bearing 

pads have been constructed 8.5 inches away from the edge of the abutment, and are 

therefore susceptible to concrete break out. In contrast, the interior bearing pads have 

sufficient concrete to reduce the likelihood of concrete break out. Therefore the 14 

remaining bearing pads will fail due to shearing of all six Nelson studs.  

 There are 16 total bearing pads on the Kahaluu Bridge. The resulting lateral 

resistance provided by these bearing pads is computed to be 767 kips.    
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Figure 4-18: Bearing Pad Failure Mechanism 

 Similar to the Kuliouou Stream Bridge, wing walls were constructed on the 

Kahaluu Bridge to provide resistance against lateral movement. The same process 

described in section 4.4.2 was undertaken to compute the capacity of the wing walls.  

Again, the horizontal plane was computed to fail in shear, while the vertical plane was 

calculated to fail in flexure. The wing walls at each abutment have the same geometry, 

which results in the same computed capacities. The results of these calculations are 

summarized in the following table. 

Table 4.4-7: Kahaluu Bridge Wing Wall Capacity  

Wing Wall Capacity 

 

Capacity (kips) 

Horizontal Plane (Shear) 59.2 

Vertical Plane (Flexure) 90.43 

  

 

    

Total Capacity (per wing wall)   149.63 

 

4.4.3.2 Kahaluu Bridge: Vertical Resistance 

 In the vertical direction, the steel piston of the Flurocarbon uni-ton bearing pad 

is free to move vertically. Therefore the bearing pads do not provide any vertical 

resistance to upward wave loads. The only source of vertical resistance comes from the 
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bridge’s self weight, which was calculated to be 3,812 kips. The gravity induced lateral 

frictional force resulting from the neoprene pad interface was computed to be 382 kips.    

 

4.4.3.3 Discussion of Kahaluu Stream Bridge 

 The steel ring confining the piston of each bearing pad is only 0.5 inches high. 

Therefore it is possible that the bridge will be lifted out of the bearing pads. To be 

conservative, the lateral resistance provided by the bearing pads has been ignored. In 

addition, once the bridge is lifted out of the bearing pads, the top steel plate is no longer 

in contact with the neoprene pad.  Instead, the top steel plate will rest on the concrete 

abutment. This increases the coefficient of friction to 0.4 (i.e. steel to concrete 

interface), resulting in an increased lateral frictional force.   

 The lateral resistance provided by the Kahaluu Bridge was taken as the sum of 

the capacity of the wing walls and the gravity induced frictional force. In the vertical 

direction, only the self weight of the bridge provides resistance.  

 A summary of the estimated structural resistance of the Kahaluu Bridge can be 

found in Table 4.4-8.  

Table 4.4-8: Kahaluu Bridge Structural Resistance to Wave Loads  

Bridge Resistance 

 

Capacity (kips) 

Wing Walls (2)   299.26 

Friction 

 

  1,524.62 

  

 

    

Total Lateral Resistance  1,823.9 

Total Vertical Resistance (self weight) 3,811.5 

Overturning Moment Resistance  87,665.7 kip-ft 
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4.4.4 Ukoa Pond Bridge 

 The Ukoa Pond Bridge is a four span simply supported bridge. The bridge is 

located on the northern coast of Oahu and is sheltered from wave forces by thick brush. 

Due to its location, the Ukoa Pond Bridge may not be exposed to wave forces, but may 

become submerged by tsunami inundation. Therefore this bridge was structurally 

evaluated only to determine its vulnerability to buoyancy. 

 

Figure 4-19: Ukoa Pond Bridge Map Location 

    

 From section 4.2.2, the bridge’s self weight and buoyancy force with a 100% air 

pocket is computed to be 2,674 kips and 3,307 kips, respectively. This results in a 

negative residual weight, indicating that the bridge is buoyant.  The residual weight of 

the Ukoa Pond Bridge is computed to be -632 kips. This relatively large buoyancy force 

can be attributed to the large volume of air that may become trapped under the bridge 

deck (see Figure 4-20). To determine if the bridge would fail due to buoyancy the bridge 

plans were inspected for any sources of vertical resistance.     
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Figure 4-20: Photograph of Underside of Bridge Deck  

 The only source of vertical resistance, in addition to the bridge’s self weight, 

results from vertical hinge restrainers. At each abutment four vertical hinge restrainers 

are embedded into both the bridge superstructure and substructure. The restrainers are 

composed of 6 x 19 wire strands wound into a ¾ inch continuous looped galvanized 

cable (see Figure 4-21). The tensile breaking strength of the hinge restrainers is 

estimated to be 46 kips. In total there are 8 vertical hinge restrainers securing each 

bridge span to the foundation, which produces a total vertical capacity of 368 kips. The 

sum of the self weight and the tensile capacity of the hinge restrainers is computed to 

be 3,042 kips. However, the buoyancy force is still 264 kips greater than the total 

vertical bridge capacity. This indicates that, if air fills the entire volume of voids under 

the bridge, the resulting upward buoyancy force will break the hinge restrainers, and 

will likely cause the bridge deck to float off of its supports.  
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 As water levels rise due to storm surge or a tsunami, it is possible that a quantity 

of air will escape from beneath the bridge deck. For this reason, the buoyancy force 

calculation is performed again with a non conservative air volume of 50%. The 

recalculated buoyancy force is computed to be 2,275 kips, which is a 31.2% reduction 

from the previous force. The resulting buoyancy force is 767 kips less than the total 

vertical bridge capacity. Therefore, with the non conservative calculation, the bridge is 

not buoyant and not at risk of failing. However, because the bridge is approximately 

1,400 feet away from the shore, the rise in water elevation during a storm event will be 

gradual. The slow rise in water will likely cause more air to become trapped under the 

bridge deck. Therefore, an air volume of 50% may underestimate the volume of 

entrapped air. For the buoyancy force to exceed the total vertical bridge capacity, a 

minimum of 83.8% of the void volume under the bridge deck needs to be filled with air.   

 

Figure 4-21: Vertical Hinge Restrainer 
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4.4.4.1 Discussion of Ukoa Pond Bridge 

 The main concern with the Ukoa Pond Bridge is its potential buoyancy. Even 

though the bridge is sheltered from wave forces, storm surge or tsunami inundation 

may cause the water levels to rise in the area of the bridge. If the bridge becomes 

submerged, air will become trapped under the bridge deck, possibly making it buoyant.  

 The bridge will fail if 84% of the volume under the bridge deck is filled with air. 

Under this condition, the upward buoyancy force is greater than the total vertical bridge 

capacity. In addition, the vertical hinge restrainers will likely fail, which will allow water 

current to displace the bridge. As a consequence, if air fills 84% or more of the volume 

under the bridge deck during bridge submergence, then the Ukoa Pond Bridge may be 

unusable after a storm or tsunami event. 
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4.4.5 Old Makaha #3A Bridge 

 The Old Makaha #3A Bridge is a single span wood framed simply supported 

bridge and is approximately 79 ft long and 33 ft wide. The bridge is located along the 

western coast of Oahu on Farrington Highway (see Figure 4-22).   

 

Figure 4-22: Old Makaha #3A Bridge Map Location  

 

Figure 4-23: Photograph of Old Makaha #3A Bridge Looking South East  
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 The majority of the bridge was constructed using Douglas fir wood. Douglas fir 

wood in Hawaii has a typical specific gravity of 0.5. The underside of the bridge deck was 

reinforced with twenty W10x22 steel girders. The steel girders were added to provide 

additional structural capacity after existing 16 x 8 wood stringers developed horizontal 

cracks.   

 Small “L” shaped concrete abutments were constructed at both ends of the 

bridge.  Each abutment is connected to the bridge deck using ten ¾ inch diameter x 18 

inch long bolts. The concrete abutments are 3 feet tall by 2.25 feet wide, and are not 

secured to the ground (see Figure 4-24). The resistance to vertical displacement 

provided by the abutments is taken as the weight of the concrete. The abutment weight 

is added to the self weight of the bridge.   

 

Figure 4-24: Concrete Abutment 

 The center portion of the bridge deck is supported by two wooden bents, which 

rest on concrete footings (Figure 4-25). The bottoms of the bents are connected to the 

footings using four 7/8 inch diameter x 22 inch long drift bolts. The drift bolts provide 

both lateral and vertical resistance. 
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4.4.5.1 Old Makaha #3A Bridge: Vertical Resistance  

 The vertical resistance is computed by finding the ultimate withdrawal load of 

drift bolts in wood. The bolts are imbedded into the wood bents a depth of 6 inches. It 

was determined that the maximum withdrawal capacity of each bolt is 8.7 kips. In total 

there are 8 drift bolts, which results in a total vertical resistance of 69.3 kips.     

 

4.4.5.2 Old Makaha #3A Bridge: Lateral Resistance 

 The horizontal resistance is computed by determining the shear resistance 

provided by the bolts. The lateral resistance is computed to be 1.8 kips per bolt. In total 

the 8 bridge bolts provide 14.4 kips of lateral resistance.  

 

 

Figure 4-25: Wooden Bent 
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4.4.5.3 Discussion of Old Makaha #3A Bridge: 

 From Section 4.2.2 it was determined that the Old Makaha #3A Bridge is buoyant 

once submerged. Upon recalculating the buoyancy force with a reduced air pocket 

volume, the bridge was still found to be buoyant. This is an expected result as the 

specific gravity of the wood used to construct the bridge is 0.5. The buoyancy force 

exceeds the entire self weight of the bridge by 239 kips. The difference between the 

buoyancy force and self weight is far greater than the 69.3 kips of vertical resistance 

provided by the drift bolts. For this reason, once the bridge is submerged the drift bolts 

will fail, making the Old Makaha #3A Bridge very susceptible to failure due to buoyancy. 

 If the bridge is not fully submerged then the bridge will be impacted by lateral 

and vertical wave forces. In the horizontal direction the total resistance provided by the 

bridge is taken as the total of the gravity induced frictional force plus the shear 

resistance of the drift bolts. A coefficient of friction of 0.2 was used for the wood bent to 

wood plank interface (see Figure 4-25). In the vertical direction the total resistance 

provided by the bridge is taken as the sum of the bridge self weight plus the ultimate 

withdrawal load of the drift bolts. The overturning moment resistance is computed by 

multiplying the self weight of the bridge by half the bridge width. In addition, the 

vertical resistances provided by the bolts are added to the moment capacity. A summary 

of the calculations can be found in Table 4.4-9. 

Table 4.4-9: Old Makaha #3A Bridge Structural Resistance to Wave Loads  

Bridge Resistance: Capacity (kips) 

Bolt Shear Capacity 14.41 

Friction   55.97 

Total Lateral Resistance 70.37 

Self Weight 279.83 

Withdrawal Load 69.30 

Total Vertical Resistance 349.13 

Overturning Moment Resistance  5,731.55 kip-ft 
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4.4.6 New Makaha #3A Bridge 

 The New Makaha #3A Bridge was designed to replace the bridge described in 

section 4.4.5. The bridge deck will be constructed using 9 prestressed hollow core planks 

that span the entire 70 ft length of the bridge.  The planks are 4.83 ft wide by 2.33 ft 

high and have two 16 inch diameter void holes as shown in Figure 4-26. A 5.5 inch thick 

reinforced concrete topping will be secured to the top of the prestressed planks using 

#4 and #5 stirrups (see Figure 4-26). Due to the geometry of the hollow core planks, air 

will not become trapped under the bridge deck, reducing the buoyancy force acting on 

the bridge structure if it becomes submerged. 

 

Figure 4-26: Hollow Core Plank Cross Section  

 The bridge deck will be attached to reinforced concrete abutments using two 

layers of #6 bent reinforcement bars. These bars will be embedded into both the 

concrete deck and the abutment. This provides both lateral and vertical resistance to 

wave loads. Each abutment is heavily reinforced and will be connected directly to a 

concrete foundation buried a few feet underground. For this reason, it is assumed that 

wave forces will likely cause deck displacement before the abutments fail. 



 

 

 79 

 

 

Figure 4-27: Abutment Detail 

 The only source of lateral and vertical resistances is provided by the abutment to 

bridge deck interface.  

 

4.4.6.1 New Makaha #3A Bridge: Lateral Resistance 

 The abutment will provide horizontal resistance to wave loads through shear 

friction. Over the width of the bridge deck, there are 420 - #6 bent reinforcement bars 

connecting the deck to the two abutments. The resulting shear friction capacity for both 

abutments is 8,870 kips.  
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4.4.6.2 New Makaha #3A Bridge: Vertical Resistance 

 The vertical capacity is dependent on the tensile strength of the #6 

reinforcement. The minimum force needed to break all of the reinforcement bars at 

both abutments in tension was computed to be 16,630 kips; when added to the self 

weight of the bridge deck, the total vertical resistance results in a value of 17,800 kips. 

The overturning moment resistance provided by both the self weight and #6 rebars was 

computed to be 416,640 kip-ft.  

 

4.4.6.3 New Makaha #3A Bridge: Prestressed Deck Capacity 

 However, the hollow core planks may fail before they are displaced. The 

prestressing in the hollow core planks are designed with an upward camber (negative 

bending) normally used to negate the downward sag resulting from gravity loads. During 

a storm event, upward wave loads adversely cause an additive effect to the prestressing 

force, which increases the negative bending of the planks (see Figure 4-28). Due to 

buoyancy forces, the self weight of the bridge will be reduced. This reduction in self 

weight decreases the counteractive positive bending effect caused by dead loads. The 

combination of the associated storm wave forces and prestressing effect may ultimately 

cause the planks to fail in negative bending [15].  

 

Figure 4-28: Negative Bending 
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 Negative bending causes tensile stresses to develop in the top of the plank and 

compressive stresses in the bottom. To compute these stresses the following equations 

are commonly used [5]: 

      
  

  
   

    

    
  

  
     (4.4-1) 

  

    
  

  
   

    

    
  

  
     (4.4-2) 

In which 

      = stress at the top fibers [psi] 

     = stress at the bottom fibers [psi] 

    = effective prestressing force after losses [lbs] 

     = cross sectional area of concrete [in2] 

    = distance from centroid of prestressing to centroid of the plank [in] 

    = distance from top of plank to centroid (rectangular section = ½ h)  

   [in] 

     = distance from bottom of plank to centroid (rectangular section =  

   ½ h) [in] 

     = moment of inertia divided by the cross sectional area of concrete  

   [in2] 

     = Total moment acting at the center of the plank span [lb-in] 

    = moment of inertia divided by    [in3] 

     = moment of inertia divided by    [in3] 
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The maximum permissible tensile stress is taken as: 

           

The maximum permissible compressive stress is taken as: 

            
  

In which 

   
   = specified 28 day compressive strength of concrete [psi] 

 If the aforementioned stresses are exceeded, structural cracks will develop in the 

concrete. With repeated wave impacts the cracks will widen, which will likely lead to 

severe bridge damage. It should be noted that the hollow core planks are also 

reinforced with non-prestressed steel. The reinforcing steel will aid in controlling the 

size of the cracks and add to the bending resistance, but will not prevent cracks from 

developing [5]. 

 To determine the minimum wave load needed to cause deck failure, Equation 

4.4-1 was set equal to ft and Equation 4.4-2 was set equal to fc. Tensile stresses were 

taken as a positive value, and compressive stresses were taken as negative. Equation 

4.4-1 and Equation 4.4-2 were then rearranged to solve for MT.  

 To simplify calculations, individual planks were analyzed separately. A distributed 

upward wave load was applied to the underside of the hollow core plank and the sum of 

the dead loads was applied as a distributed downward load (see Figure 4-29).  

 

Figure 4-29: Distributed Loads Acting On Bridge Deck  
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 The maximum moment (MT) at the center of the span was computed as a 

function of the wave load. For distributed loads applied on the top and bottom of the 

bridge deck, the resulting MT is as follows: 

      
     

 
      (4.4-3) 

in which 

     = positive moment due to dead loads [lb-in] 

     = distributed dead load [lbs/in] 

 L = length of bridge [in] 

     = distributed wave load [lbs/in] 

 To determine the minimum wave load that will cause the stresses in the 

concrete to exceed the permissible limits, the stress limit equations and the moment 

equation were combined to solve for the wave loads. The following equations were 

developed as a result of this process:    

    
 

  
              

     

  
   

    

  
       (4.4-4: Tensile Limit) 

 

    
 

  
              

     

  
     

    

  
   (4.4-5: Compression Limit) 

 The resulting WFt and WFc are in units of pounds per inch. The lower of the two 

values controls the minimum wave load needed to cause failure. In other words, 

Equation 4.4-4 and Equation 4.4-5 determine the negative bending capacity of a 

prestressed concrete member.  

 To determine the negative bending capacity of the New Makaha #3A Bridge the 

water elevation was taken at the bottom of the hollow core planks. In this situation the 
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deck is not submerged and therefore buoyancy was not considered. Using Equation 4.4-

4, the wave load limit in tension is computed to be 149 lbs/inch per plank. Using 

Equation 4.4-5, the wave load limit in compression is computed to be 480 lbs/inch per 

plank. The lower of the two computed values is chosen as the capacity of the hollow 

core member.  

 It was found that in most cases the tensile limit (Equation 4.4-4) will control the 

capacity of a prestressed member. This is a reasonable result, as concrete is weak in 

tension while strong in compression. 

 To determine the capacity of the entire bridge deck, the 149 lbs/inch per plank 

capacity value is multiplied by the length of the bridge. This results in a value of 125 kips 

per plank. The deck of the New Makaha #3A Bridge is composed of 9 prestressed hollow 

core planks. Therefore, by combining the capacity of all 9 planks, the total negative 

capacity of the entire bridge deck is computed to be 1,127 kips.  

 The negative bending capacity must also be determined when the bridge is 

submerged. In this situation the bridge’s self weight is reduced. The buoyancy force 

computed in Section 4.2.2 is subtracted from the dead loads. This results in a smaller 

value of wD, effectively lowering the negative bending capacity of the deck. Using 

Equation 4.4-4, the wave load limit in tension is computed to be 86 lbs/inch per plank. 

Using Equation 4.4-5, the wave load limit in compression is computed to be 383 lbs/inch 

per plank. Again, the lower of the two computed values is chosen as the capacity of the 

hollow core member. The total negative bending capacity of the entire bridge deck 

when submerged is 654 kips.  

 In the final analysis, the resulting negative bending capacity of the bridge deck is 

far below the lateral and vertical resistance provided by the deck to abutment interface. 

Therefore, the bridge deck will likely fail in negative bending before it is displaced from 

the abutment supports.     
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4.4.6.4 Discussion of New Makaha #3A Bridge 

 The New Makaha #3A Bridge deck is properly restrained in both the lateral and 

vertical direction. However, it was found that the bridge deck will likely fail in negative 

bending before it is displaced from its supports.  

 Once submerged, the tensile stress limit negative bending capacity of the deck is 

reduced by 42% and the compressive stress limit negative bending capacity is reduced 

by 20% (see Table 4.4-11). As a consequence, if the bridge becomes submerged the 

bridge’s negative bending capacity is significantly reduced. This will allow much smaller 

forces to damage or even fail the bridge deck.   

 A summary of the results from section 4.4.6 can be found in the following tables.  

Table 4.4-10: New Makaha #3A Bridge Structural Resistance to Wave Loads  

Bridge Resistance 

 

Capacity (kips) 

Total Lateral Resistance (shear friction) 8,870.40 

Self Weight   1,161.80 

Tensile Strength of Rebar 16,632 

  

 

    

Total Vertical Resistance 17,793.80 

Overturning Moment Resistance 416,671.5 kip-ft 

 

Table 4.4-11: New Makaha #3A Bridge Negative Bending Capacity  

Deck Capacity 

 

Capacity (kips) 

Tensile Capacity    1,127.13 

Compressive Capacity 3,625.89 

  

 

    

Tensile Capacity (submerged) 653.572 

Compressive Capacity (submerged) 2,898.44 

  

 

    

Tensile % Loss once submerged 42.01% 

Compressive % Loss once submerged 20.06% 
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4.4.7 New South Punaluu Bridge 

 Originally, the existing North Punaluu Bridge was selected for structural 

evaluation. However, since as-built plans were not available for analysis, the New South 

Punaluu Bridge was chosen instead. Similar to the New Makaha #3A Bridge analyzed in 

section 4.4.6, the New South Punaluu Bridge is yet to be built and is planned to replace 

an existing bridge on the north east coast of Oahu.  

  The New South Punaluu Bridge will be constructed using 5 foot wide triple tee 

prestressed members (Tridecks). The bridge deck will be composed of three spans, with 

the center span being the longest. In total, the bridge will be 50 feet wide and 170 feet 

long.   

 The bridge will be supported by two abutments and two concrete piers. Figure 

4-30 shows a section of the heavily reinforced triple tees. The triple tee stems are 21 

inches in height, allowing air to be trapped beneath the bridge deck.      

 

Figure 4-30: Typical Triple Tee (Trideck) 

 The bridge superstructure will be secured to the abutments using #10 reinforcing 

bars, which will provide both lateral and vertical resistance against wave loads. The 

bridge will also be restrained laterally by wing walls and a precast tub. It is not likely that 
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the precast tub was designed for this purpose. However, being 2.5 feet wide and heavily 

reinforced, the tub will provide some lateral resistance (see Figure 4-31: Precast Tub) 

 

Figure 4-31: Precast Tub 

4.4.7.1 New South Punaluu Bridge: Negative Bending Capacity 

 Based on the results from section 4.4.6, it is concluded that the New South 

Punaluu Bridge is much more likely to fail in negative bending than being displaced. In 

addition, the triple tee girders are able to trap air, which will increase the upward 

buoyancy force acting on the bridge superstructure if it becomes submerged.    

 Each of the bridge spans will be constructed using 10 Tridecks (Figure 4-32). The 

center span is the most susceptible to failure, as it has the longest length. The longer 

length will cause a greater upward moment to develop at the middle of the span. 

Therefore, during calculations, only the center span is analyzed. If the center span fails, 

then so does the entire bridge.  
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Figure 4-32: New South Punaluu Bridge Layout  

 To determine the negative bending capacity of the New South Punaluu Bridge, 

the procedure developed in Section 4.4.6 was followed. Each of the Tridecks was 

analyzed separately, and recombined after completing the negative bending calculations 

to determine the total deck capacity. The dead load of each Trideck includes the deck 

self weight and the weight of an asphalt wearing surface. 

 When not submerged, the tensile capacity of the center span is reached when 

the uplift load is 1,263 kips. In compression, the capacity of the deck is reached when 

the uplift force is 3,777 kips. The resulting capacities indicate that the resultant of a 

distributed upward wave force will have to be greater than or equal to 1,263 kips to 

cause the stresses in the concrete to exceed the permissible values and fail the bridge.   

 Unlike the flat underside of the New Makaha #3A Bridge, the geometry of the 

prestressed triple tee members, used in the construction of the New South Punaluu 

Bridge, allows air pockets to form under the bridge deck. As a consequence a larger 

buoyancy force results when the bridge becomes submerged. To compute the negative 

bending capacity of the submerged case, an air pocket volume of 100% was assumed. 

Assuming that air will fill the entire volume under the bridge deck may not be realistic; 
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however, it will result in the greatest buoyancy force possible, and is therefore 

conservative.  

 The resulting buoyancy force, caused by the total submerged volume, is 

subtracted from the dead loads of the bridge. Again, Equation 4.4-4 and Equation 4.4-5 

are used to compute the negative bending capacities. For tension failure, the capacity of 

the center span is computed to be 813 kips. For compression failure, the capacity of the 

deck is computed to be 3,327 kips.   

  The results of the calculations are listed in the following table.  

Table 4.4-12: New South Punaluu Bridge Negative Bending Capacity 

(Center Span) 

Deck Capacity 

 

Capacity (kips) 

Tensile Capacity    1,262.99 

Compressive Capacity 3,777.11 

  

 

    

Tensile Capacity (submerged) 812.81 

Compressive Capacity (submerged) 3,326.98 

  

 

    

Tensile % Loss once submerged 35.64% 

Compressive % Loss once submerged 11.92% 
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4.4.7.2 Discussion of New South Punaluu Bridge 

 The New South Punaluu Bridge will be constructed using prestressed triple tee 

members. When the upward force caused by the prestressing tendons is combined with 

an upward wave load, the maximum stresses in the concrete may be exceeded. It was 

found that a wave force resultant of 1,263 kips is needed to cause the tensile stress limit 

at the top of the bridge deck to be exceeded. This will cause concrete cracks to develop. 

With repeated wave impacts the cracks will continue to widen, which may ultimately 

lead to failure of the bridge. 

 The New South Punaluu is constructed only 4.92 feet above the mean sea level. 

As a result, during a storm event, submergence of the bridge deck is highly probable. 

However, even with an assumed maximum air pocket volume, it was determined that 

the bridge will not fail due to upward buoyancy forces alone. 

 Nonetheless, failure of similarly constructed parking garages in the Biloxi 

Gulfport region was observed during a post disaster survey. The parking garages were 

constructed using prestressed double tees. Some of the garages were protected from 

wave action by surrounding structures, but were still inundated by storm surge. The 

double tee geometry lent itself to trapping a large volume of air, which resulted in an 

adverse uplift force much greater than the submerged self weight of the prestressed 

members. The uplift force caused negative bending to develop. The combination of the 

buoyancy uplift force and the prestressing effect caused the double tees to fail. To avoid 

the failure mechanism, it is recommended that any prestresssed double tee systems, 

flat slab, and other concrete systems be designed to withstand the negative bending 

and shear caused by hydrodynamic and hydrostatic forces [15].   
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4.4.8 Maipalaoa (Maili Channel) Bridge 

 The Maipalaoa Bridge is a simply supported bridge and has a north - south 

orientation. The bridge is approximately 64 feet wide and 101 feet long. The bridge is 

located along the south western coast of Oahu and provides the only regular access to 

the Nanakuli region and Waianae communities (see Figure 4-33). 

 

Figure 4-33: Maipalaoa Bridge Map Location 

 The bridge superstructure is a two span girder supported deck that is 101 feet 

long. It is supported at both ends by reinforced concrete abutments and at the center by 

a reinforced concrete pier. The bridge deck is reinforced with #6 rebars and #4 stirrups 

at the center pier. This center pier location serves as the transition zone between the 

two sets of girders (see Figure 4-34).  
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Figure 4-34: Maipalaoa Bridge Deck Span 

 The bridge superstructure is not secured to the foundation vertically or 

horizontally. The only resistance to vertical wave loads is provided by the self weight of 

the bridge. The resistance to lateral wave loads is provided by gravity induced friction 

and creep blocks constructed at the abutments 

 

Figure 4-35: Photograph of Maipalaoa Bridge Looking South East  

 

4.4.8.1 Maipalaoa Bridge: Vertical Capacity  

 The Maipalaoa Bridge is a gravity type bridge, where the self weight is the only 

source of vertical resistance to upward wave loads. The total self weight of the bridge is 

calculated to be 1,407 kips. 
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4.4.8.2 Maipalaoa Bridge: Lateral Capacity 

 The girders rest on neoprene pads at both abutments and at the center pier. The 

neoprene pads provide a coefficient of friction of 0.1. The resulting gravity induced 

lateral frictional resistance is computed to be 141 kips.  

 Similar to the Kuliouou Stream Bridge (section 4.4.2), creep blocks are 

constructed at each of the Maipalaoa Bridge abutments to prevent the bridge from 

moving laterally over time (see Figure 4-36). To determine the lateral capacity provided 

by the creep blocks, the failure capacities of the creep blocks and the prestressed tee 

girders were computed.  

 

Figure 4-36: Maipalaoa Bridge Creep Blocks 

 The creep blocks are reinforced with seven #5 U shape stirrups and were poured 

monolithically with the bridge foundation. The main source of lateral capacity is 

provided by shear friction. The resulting capacity for each of the creep blocks is 

computed to be 243 kips. There are 4 creep blocks at each abutment, which results in a 

total lateral capacity of 1,944 kips for the entire bridge.  

 Unlike the girders on the Kuliouou Stream Bridge; there are no obvious weak 

planes on the prestressed tee girders. For this reason, a number of different calculations 

were performed to determine the lateral capacity of the bridge girders.  

 To simplify calculations, the web of the girder is oriented horizontally and the 

wave loads were applied directly at the creep block (see Figure 4-37). In this orientation, 

it is possible to analyze the girder web as a prestressed/reinforced concrete slab.    
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Figure 4-37: Beam Web Horizontal Orientation 

  The first calculation assumes that the creep block will cause a punch out 

failure in the prestressed beam web. According to the American Concrete Institute, the 

critical failure area is determined by taking a distance dp/2 away from the edges of the 

column, where dp is the distance from the centroid of the prestressing strands to the 

tension surface of the web (see Figure 4-38). The punch out calculation resulted in a 

failure capacity of 137 kips per girder. 

 

 

Figure 4-38: Beam Web Critical Failure Area 
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 Because the prestressing will only provide structural support a set distance away 

from the jacking zone (i.e. tendon stressing location), a similar, more conservative 

calculation is performed, which determines the punch out failure of a concrete slab with 

no additional reinforcement. The resulting punch out capacity is computed to be 66.9 

kips.  

 The beam web capacity was also determined by summing the shear capacity of 

two failure planes (see Figure 4-39). The strength of the horizontal failure plane is 

determined by computing the shear capacity of the concrete in the cross sectional area 

of the plane. This calculation results in a value 24.8 kips. To determine the shear 

capacity of the vertical failure plane, the cross sectional area has to be analyzed as a 

rectangular prestressed beam. The resulting shear capacity of the pseudo prestressed 

beam is computed to be 21.7 kips. Due to the adjusted orientation of the beam web, the 

#4 stirrups used to connect the prestressed tee girders to the bridge deck, act as shear 

reinforcement. The total shear capacity provided by both planes and the #4 stirrups 

results in a value of 51.8 kips per girder.  

 

Figure 4-39: Failure Planes 

 However, after the vertical plane has sheared, it is possible that the horizontal 

plane will fail in flexure (see Figure 4-40). Again, the cross sectional area of the 

horizontal failure plane is analyzed as a rectangular prestressed beam. The resulting 

flexure capacity is calculated to be 61.6 kips. The sum of the shear capacity of the 
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vertical plane and the flexure capacity of the horizontal plane results in a value of 86.4 

kips per girder.  

 

Figure 4-40: Horizontal Plane Flexure Failure  

 The last calculation determines the flexure capacity at the top of the beam web. 

The top of the beam web represents the maximum moment location. A 45 degree angle 

line drawn from the end of the creep block to the top of the beam web represents the 

most likely concrete cracking plane (see Figure 4-41). The resulting flexure length is 

computed to be 48.5 inches from the end of the beam. Only the #4 stirrups attaching 

the prestressed tee girders to the bridge deck provide lateral flexure resistance. The 

resulting flexure capacity of the beam web is determined to be 15.3 kips per bridge 

girder.  

 The abovementioned flexure capacity is lower than the other calculated 

capacities. Therefore the capacity provided by the creep blocks is limited by the flexure 

capacity of the girder webs. The total resulting capacity provided by all 8 creep block 

regions is computed to be 123 kips.  

 A summary of the calculations performed to determine the capacity of the beam 

web can be found in the Table 4.4-13.    
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Table 4.4-13: Summary of Creep Block Region Calculations  

Capacity Calculation 

 

Capacity (kips) 

Creep Block Shear Friction 243.04 

        

Beam Web Prestressed Slab Punch Out 137.3 

Beam Web Non-reinforced Slab Punch Out 66.93 

Beam Web Independent Failure Plane (shear-shear) 50.48 

Beam Web Independent Failure Plane (shear-flexure) 86.35 

Beam Web Flexure    15.34 

 

 

 

Figure 4-41: Beam Web Cracking Plane 
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Figure 4-42: Beam Web Flexure 
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4.4.8.3 Discussion of Maipalaoa Bridge  

 The Maipalaoa Bridge is not secured to the center pier or abutments. The only 

source of vertical capacity results from the 1,407 kips of self weight. The lateral capacity 

provided by the creep blocks was determined to be limited by the transverse flexure 

strength of the girder webs. This resulted in a total capacity of 123 kips. 

 From the structural analysis of this bridge, it was concluded that the Maipalaoa 

Bridge is at risk of failing due to wave loads. The bridge has a limited amount of 

structural components securing the bridge against lateral and vertical displacement. 

What little resistances provided by the creep blocks and self weight can be overcome by 

wave loads and buoyancy forces.   

 A summary of the lateral and vertical resistances of the Maipalaoa Bridge are 

provided in Table 4.4-14. 

 

Table 4.4-14: Maipalaoa Bridge Structural Resistance to Wave Loads  

Bridge Resistance 

 

Capacity (kips) 

Total Vertical Resistance (self weight) 1,406.70 

        

Beam Web Flexure Capacity 122.68 

Gravity Induced Friction  140.67 

  

 

    

Total Lateral Resistance 263.35 

        

Overturning Moment Resistance  45,248.85 kip - ft 
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4.4.9 Moanalua Bridge 

 The Moanalua Bridge is located in the southern region of Oahu and is sheltered 

from direct ocean waves by Keehi Lagoon (see Figure 4-43). The bridge superstructure is 

composed of eight independent reinforced concrete spans (Figure 4-44). Each bridge 

span is evaluated as a separate structural element. Each span is approximately 64.33 

feet wide and 27 feet long and simply supported on reinforced concrete pier caps. 

 

Figure 4-43: Map Location of Moanalua Bridge 

 

 

Figure 4-44: Bridge Spans 
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 Originally, the Moanalua Bridge was chosen to be structurally evaluated because 

of connections found during the site survey. The connections shown in Figure 4-45 

appear to connect the bridge deck to its foundation, which potentially could provide 

lateral and vertical resistance to wave loads. However, upon further investigation and 

review of the as-built plans, these connections could not be found. It is feasible that the 

connections were added after the original construction of the bridge. Or possibly, 

modifications were made to a water main support connection seen in Figure 4-46 and 

Figure 4-47. Ultimately, the capacity of the connections could not be determined due to 

lack of available information and updated drawings.  

 

 

Figure 4-45: Moanalua Bridge Connections 
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Figure 4-46: Water Main Support Connection Detail  

 

 

Figure 4-47: Water Main Support Profile View 
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4.4.9.1 Moanalua Bridge: Vertical Capacity  

 Of the eight deck spans, spans 2 and 7 are the most vulnerable to failure. Two - 1 

inch diameter x 4 foot long steel dowels are used to connect each of the nine bridge 

girders to a supporting pier cap (see Figure 4-48). However, on spans 2 and 7, these 

dowels are only provided at one end.  If the unrestrained side of the span lifts due to a 

wave impact, a moment will be caused at the fixed end, which can fail the dowels. 

Therefore, any resistance provided by the dowels is ignored for spans 2 and 7. As a 

result the only source of vertical resistance to upward wave forces is provided by the 

self weight of each span, which is computed to be 417 kips. The associated overturning 

moment resistance resulting from the self weight is computed to be 13,421 kip – ft. 

 Spans 3, 4, 5, and 6 are restrained at both ends by eighteen - 1 inch diameter x 4 

foot long steel dowels. In total, there are 36 dowels connecting each span to the 

supporting pier caps. However, the pier caps themselves are not secured to the bridge 

foundation piles. Instead, the concrete pier caps have been constructed with female 

recesses, which allow the foundation piles to butt into the pier caps (see Figure 4-48). 

With this type of construction, if the deck spans are displaced upward, then so will the 

pier caps. Therefore additional resistance to vertical loads results from the self weight of 

the pier caps, which is computed to be 79.2 kips. The total vertical resistance to wave 

loads for spans 3, 4, 5, and 6 is the sum of the span self weight and the self weight of 

two supporting pier caps. This results in a value of 576 kips per span. The associated 

overturning moment resistance resulting from the total self weight is computed to be 

18,520 kip – ft. 
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Figure 4-48: Bridge Pier Cap Diagram 

 

4.4.9.2 Moanalua Bridge: Lateral Capacity 

 For spans 2 and 7, the only source of lateral resistance to wave loads is provided 

by gravity induced friction. Each of the girders is in contact with the pier caps, which 

forms a concrete to concrete interface. This interface has a coefficient of friction of 0.8. 

The resulting lateral capacity provided by friction is 334kips per span.   

 The steel dowels of spans 3, 4, 5, and 6 provide lateral resistance through shear 

friction.  The shear friction capacity is computed to be 1,593 kips. When this is added to 

the gravity induced frictional resistance of each span, the total lateral resistance is 

computed to be 1,926 kips.   
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4.4.9.3 Discussion of Moanalua Bridge 

 The Moanalua Bridge is located in a harbor area (see Figure 4-49). This 

sheltered location protects the bridge from direct storm ocean waves. However, during 

a storm event, the still water level may raise enough to submerge low lying areas that 

normally protect the region from wave action. Therefore, this will allow waves that 

develop in the open ocean to impact the normally sheltered bridge locations.  

 Reinforced concrete pedestrian bridges are in the path of the waves for both the 

Moanalua and Kalihi Bridges. The pedestrian bridges will provide some protection from 

wave loads to a certain extent. However, if wave loads are large enough, these 

pedestrian bridges will fail. Eventually the bridges may get pushed into the Moanalua 

and Kalihi Brides. It should also be noted that additional debris from the harbor may 

impact the bridge during a storm or tsunami event. The addition of wave and debris 

impact forces can potentially cause massive damage to the Moanalua Bridge, the Kalihi 

Bridge and the surrounding area.   

 

Figure 4-49: Moanalua Bridge Location  
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 The Moanalua Bridge, is composed of eight separate spans, of which spans 2 and 

7 are the most likely to fail for reasons explained above. The only source of resistance 

results from the self weight of the spans. In Section 4.2 the percent retained weight of 

the Moanalua Bridge when submerged was computed to be 16.87% (Table 4.2-). 

Ultimately, this reduction in self weight will allow much smaller wave forces to exceed 

the resistance of the bridge. In addition, with repeated wave impacts, it is likely that the 

deck spans will be displaced until removed completely from the pier cap supports [10]. 

If spans 2 and 7 fail, the entire Moanalua Bridge will be unusable.   

 A summary of the Moanalua Bridge structural calculations is provided in Table 

4.4-15. 

 

Table 4.4-15: Moanalua Bridge Structural Resistance to Wave Loads  

Spans 2 & 7 Resistance Capacity (kips) 

Total Vertical Resistance (self weight) 417.27 

Total Lateral Resistance (friction) 333.82 

Overturning Moment Resistance  13,422 kip - ft 

Spans 3, 4, 5, & 6 Resistance Capacity (kips) 

Total Vertical Resistance (total self weight) 575.67 

Total Lateral Resistance  1926.46 

Overturning Moment Resistance  18,517 kip - ft 
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4.4.10 Kalihi Bridge 

 The Kalihi Bridge is also located in Keehi Lagoon, and is approximately 1,500 feet 

east of the Moanalua Bridge. The bridge is composed of seven independent deck spans. 

Each span is a reinforced concrete deck poured integrally with 13 tee girders and is 88.3 

feet wide by 27 feet long. The spans are supported at both ends by reinforced concrete 

pier caps. All seven spans are very similar in construction and geometry.     

 Similar to the Moanalua Bridge, the Kalihi Bridge is connected to the pier caps 

using two - 1 inch diameter x 4 foot long steel dowels per girder. However, only three of 

the 13 girders are connected to the pier caps (Figure 4-50). The dowels at the opposite 

side of the wave load direction were likely installed to keep the bridge from sliding 

laterally over time.  If a large enough wave force impacts the underside of the bridge, its 

unrestrained side will lift. As the bridge lifts, a moment will be caused at the opposite 

edge of the bridge deck. The resulting moment will cause the dowels to yield or shear. 

Therefore, similar to spans 2 and 7 of the Moanalua Bridge, any lateral and vertical 

capacities provided by the dowels on the Kalihi Bridge are ignored.  

 Small, 4 inch high, unreinforced creep blocks were constructed at both 

abutments and at piers 2, 4, and 5. However, with such a low profile, it is possible that 

the bridge will be lifted over these creep blocks as the bridge is impacted by wave 

forces. For this reason and to be conservative, the lateral capacity provided by the creep 

blocks is ignored.  

 Therefore, the only resistance to vertical and lateral wave loads is provided by 

the self weight of each bridge span.   
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Figure 4-50: Kalihi Bridge Dowels 

 

4.4.10.1 Kalihi Bridge: Vertical Resistance  

 Since the steel dowels are at a risk of failing when storm waves impact the 

bridge, only the self weight of the Kalihi Bridge spans provides persistent vertical 

resistance. The resulting self weight of a single span is 565 kips and the associated 

overturning moment resistance is 24,950 kip-ft.   

  

4.4.10.2 Kalihi Bridge: Lateral Resistance  

 The only source of lateral resistance to wave loads is provided by friction. The 

girders rest directly on the pier caps, forming a concrete to concrete interface. The 

resulting gravity induced friction resistance is 452 kips.  

 

4.4.10.3 Discussion of Kalihi Bridge 

 The Kalihi Bridge’s primary source of resistance to lateral and vertical wave 

forces is provided by the self weight of each span. From Section 4.2 the percent retained 

weight of the Kalihi Bridge was computed to be 37.2% and is not at risk of being 

buoyant. However, if the self weight is reduced to 37.2%, it will significantly diminish the 

Kalihi Bridge’s only resistance to wave loads, making the bridge susceptible to failure. 

Careful considerations must be made if the Kalihi Bridge becomes submerged.        
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  A summary of the computed capacities of each bridge span is provided in Table 

4.4-16. 

 

Table 4.4-16: Kalihi Bridge Structural Resistance to Wave Loads  

Typical Span Resistance 
Capacity (kips) 

Total Vertical Resistance (self weight) 565.09 

Total Lateral Resistance (friction) 452.07 

Overturning Moment Resistance 24,958.14 kip-ft 
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4.4.11 Nimitz Highway at Aloha Tower Slip Cover #2 and Slip Cover #3 

 Slip Cover #2 and Slip Cover #3 are located in the southern region of Oahu and 

have a west-east orientation (see Figure 4-51). The slip covers are sheltered within a 

small harbor area and are part of Nimitz Highway. Nimitz Highway is a high traffic 

roadway that provides the main route from Honolulu International Airport, through 

Honolulu’s business area, industrial area, and most of Honolulu Harbor. Slip Cover #2 

and Slip Cover #3 are comprised of 10 and 12 separate spans respectively. For both slip 

covers, the spans are not significantly attached to one another. Therefore the spans are 

structurally analyzed individually. 

 

Figure 4-51: Nimitz Highway Slip Covers #2 & #3 Map Location 

 The slip covers are constructed of a reinforced concrete deck supported by 

reinforced concrete pier caps. The deck is connected to the pier caps using ¾ inch 

diameter by 2 foot long dowels spaced through the entire length of the pier caps. The 

concrete caps have been constructed with slots, which allow the foundation piles to rest 

within the caps. However, the caps are not connected to the foundation piles.  
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 The pier caps run in a north south orientation (see Figure 4-52 and Figure 4-53); 

that is, they run parallel to the wave direction. In addition, the geometry and 

configuration of the slip covers decks allows air to escape from underneath when 

inundated. This reduces the possibility of the slip covers becoming buoyant. 

 

Figure 4-52: Nimitz Highway Slip Cover #2 

 

Figure 4-53: Nimitz Highway Slip Cover #3 
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 A sea wall prevents waves from passing completely under the decks of the slip 

covers. As waves strike this sea wall, the wave heights will increase 2.0 to 2.3 times of 

the original wave height (see Figure 4-54). Therefore, even if the waves are too low to 

originally impact the bridge deck, the redirected wave will still cause an upward force on 

the far edge of the slip covers. Because the slip covers are not restrained vertically, the 

upward force of the redirected waves may cause the bridge deck to blow out, causing 

failure. 

 

Figure 4-54: Wave Direction 

 

4.4.11.1 Nimitz Highway at Aloha Tower Slip Cover #2 and Slip Cover #3: 

Vertical Resistance 

 Nimitz Highway at Aloha Tower Slip Covers #2 and #3 are both gravity type 

structures, where the only source of vertical resistance is provided by self weight. The 

self weight of each slip cover is the sum of the bridge deck, road way, side walk, and pier 

caps. The self weight of each of the 10 spans of Slip Cover #2 is computed to be 206.5 

kips. Similarly, the 12 spans of Slip Cover #3 are each computed to weigh 218 kips. The 

average associated overturning moment due to the self weight of each span of Slip 

Cover #2 and #3 are computed to be 12,390 kip-ft, and 7,450 kip-ft respectively.  
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4.4.11.2 Nimitz Highway at Aloha Tower Slip Cover #2 and Slip Cover #3: 

Horizontal Resistance 

 In the horizontal direction, each slip cover is restrained by existing sea walls and 

roadways. This provides a large resistance to lateral wave loads. Therefore, the exact 

lateral resistance of each slip cover was not calculated.  

 

4.4.11.3 Discussion of Nimitz Highway at Aloha Tower 

 Slip covers #2 and #3 are both gravity type structures, where the only source of 

vertical resistance is provided by the self weight of each bridge. Therefore the most 

likely failure mechanism of these slip covers will be due to uplift. The energy of each 

wave will be directed upward once the waves strike the sea wall. This will cause uplift 

wave forces and pressures to develop. The only means for the pressure to be relieved is 

for the slip covers to displace upward. With repeated wave impacts, the recurring uplift 

loads could cause the bridge decks to fail.   

 This type of failure was observed during a post-disaster survey of Japan after the 

Tohoku Tsunami of March 11, 2011. Many of the ports were constructed with access 

panels, which were placed between pile supported structures and a landside sea wall. 

When the tsunami impacted the port area the access panels acted as blow out panels. 

This allowed pressures under the structure to dissipate [19].  
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Figure 4-55: Photograph of failed access panels of port in Japan [19] 

 It is possible that the slip covers will behave in a similar fashion as the access 

panels described above. However, in the situation of the Japan ports, the failure of the 

panels relieved pressure and saved surrounding structures. If the slip covers blow out 

and fail due to a similar build up in pressure, then the Nimitz Highway will be unusable 

and cause major traffic disruptions.   
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4.5 Bridge Superstructure Capacity 

 As wave loads impact a bridge, two possible modes of failure can occur. The first 

type of failure is displacement of the bridge off of its foundation, which was previously 

analyzed in Section 4.4. The second mode of failure is the destruction of the bridge 

superstructure itself, which will primarily be caused by upward wave loads impacting 

the bottom of the bridge deck. The upward wave load will cause negative bending to 

occur in the deck and girders of the bridge. 

 The capacity of a bridge superstructure has been broken into three calculations. 

The first calculation analyzes the bridge deck as a continuous one-way slab (Section 

4.5.1). The second calculation computes the strength of the connection between the 

deck and the bridge girders. The third calculation determines the negative bending 

capacity of the bridge girders (Section 4.5.3).  

 If the estimated upward wave load is greater than any of the calculated bridge 

capacities, then the bridge superstructure is at risk of failing.   
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4.5.1 Bridge Deck Capacity 

 The main source of damage to bridge decks will result from upward wave loads. 

Waves are assumed to impact the entire underside of the bridge, which will produce a 

distributed force. If a distributed wave load is able to cause a negative moment greater 

than the negative moment capacity of the deck, then the bridge will fail. Therefore, as 

part of the structural evaluation, the negative moment capacity of each bridge is 

computed.  

 The majority of the bridge decks are composed of reinforced concrete. The deck 

span between the bridge girders is analyzed as a continuous one way slab. Table 4.5-1 

and Table 4.5-2 summarize the dimensions and reinforcement used in the construction 

of each bridge deck, respectively. The negative moment capacities can be found in Table 

4.5-3.  

 The negative moment capacity is used to back calculate a distributed upward 

load. However, in order for a negative moment to develop, the upward wave load must 

be greater than the self weight of the bridge (see Figure 4-56). Therefore, the net 

upward wave load that will cause a moment greater than the negative moment capacity 

of the bridge deck, is the sum of the back calculated load plus the self weight of the deck 

slab. The result of this calculation for each bridge is in column 4 of Table 4.5-3.  

 

 

Figure 4-56: Loads Acting on Bridge Decks 
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Table 4.5-1: Bridge Deck Dimensional Properties  
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Table 4.5-2: Bridge Deck Reinforcing Properties  
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Table 4.5-3: Bridge Deck Capacities  
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4.5.2 Bridge Deck Capacity: Analysis of Results 

 It should be noted that during the calculation of the negative load capacities, the 

bridge deck was assumed to be simply supported, where the maximum moment is 

calculated by wL2/8, where ‘w’ is the distributed load and ‘L’ is the length of the bridge 

deck. In reality, the bridges are fixed at both ends, where the moment at the center is 

computed by wL2/24. As an effect, the true bridge deck capacities will be greater the 

values given in Table 4.5-3. Therefore, the listed capacities are conservative.  

 Column 4 of Table 4.5-3 summarizes the resultant load necessary to exceed the 

negative moment capacity of each bridge. Column 5 lists each bridge’s vertical 

resistance to displacement by wave loads, which were calculated from previous 

sections. Column 6 compares the negative load capacity (column 4) to the bridge 

vertical resistance (column 5). If column 4 is found to be greater than column 5, then it 

is more likely that the bridge will fail via displacement. If the opposite is true, then the 

bridge deck is more likely to fail due to a wave load causing a negative moment greater 

than its capacity.  

 From column 6 of Table 4.5-3, it is observed that in most cases, it is more likely a 

bridge will be displaced before its deck fails. Most of the analyzed bridges are gravity 

type structures, where the main source of vertical resistance is provided by the bridge 

self weight. As described in Section 4.5.1, the negative load capacity is determined by 

taking the sum of the self weight and the back calculated load. Therefore, if the self 

weight is the only source of vertical resistance to wave loads, then the negative load 

capacity will always be greater. Thus, the Kuliouou Bridge, the Kahaluu Bridge, the 

Maipalaoa Bridge, the Kalihi Bridge, and Slip Covers #2 and #3 are more likely to be 

displaced by vertical wave loads. 

 The Old Makaha #3A Bridge is determined to fail via deck failure before being 

displaced. The bridge has additional vertical resistance supplementing the resistance 

provided by the bridge self weight. This causes the vertical resistance of the bridge to be 

greater than the negative load capacity. Thus, if an upward wave load is not large 
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enough to displace the Old Makaha #3A Bridge, then the bridge deck may fail due to a 

negative moment.        

  

4.5.3 Bridge Negative Bending Capacity 

 The majority of the analyzed girders are comprised of prestressed concrete. The 

upward force produced by the prestressed tendons is of concern when the self weight 

of the bridge is reduced due to hydrostatic buoyancy forces. The combination of the 

reduction in self weight, upward storm wave forces and prestressing effect may 

ultimately cause the girders to fail in negative bending. If the girders fail, then so will the 

entire bridge.   

 The negative bending capacity of a girder is calculated under two conditions. The 

first case considered is when the bridge is not submerged and the full self weight of the 

bridge is present. The second case is when the bridge is submerged to the top of the 

deck. In the latter situation, buoyancy forces are included and a non-conservative 50% 

air pocket volume is assumed.  

 To determine the negative bending capacities of the prestressed girders, the 

same process developed in Section 4.4.6.3 is followed.  

 To determine the negative bending capacity of the reinforced concrete girders, 

the negative moment capacity of each girder is calculated and then converted into an 

equivalent distributed load. The self weight of the tributary area of each girder is then 

added to the negative moment capacity load.   

 Table 4.5-4 summarizes the girder properties and Table 4.5-5 summarizes the 

computed negative bending capacities.  
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Table 4.5-4: Girder Properties 
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Table 4.5-5: Girder Negative Bending Capacity 
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4.5.4 Bridge Negative Bending Capacity: Analysis of Results 

 Columns 1 and 2 of Table 4.5-5 list the tensile and compressive stress limit 

negative bending capacities of each girder when not submerged. Columns 3 and 4 list 

the tensile and compressive stress limit negative bending capacities when the bridge is 

submerged. Lastly, columns 5 and 6 list the reduction in the negative bending capacities 

once the bridge becomes submerged. Again it is observed that the tensile stress limit 

capacity controls the overall negative bending capacity of each prestressed girder. 

 Through the analysis of the prestressed girders, it is determined that only the 

AASHTO Type III girder used to support the Ukoa Pond Bridge deck are vulnerable to 

failure if the bridge is submerged. With a 50% air pocket, the buoyancy force is not large 

enough to cause the bridge to become fully buoyant. However, the upward buoyancy 

force is able to reduce the self weight of the bridge enough to cause the prestressing 

term in Equation 4.4-4 to be greater than the sum of MD
 and St*ft. This causes a negative 

capacity value of -1.07 kips, which indicates that the tensile stress limit will be exceeded 

if the bridge is submerged. As a result, concrete cracks may begin to develop, which can 

lead to failure of the girders. However, this type of failure will be resisted by the tension 

reinforcement in the girders. Therefore, the bridge girders are at risk of failing, but are 

by no means going to fail immediately under the aforementioned conditions.    

 As waves impact the underside of the bridge deck, only a portion of the entire 

wave load will affect a single girder. Therefore, the percentage of the wave load applied 

to each girder is taken as the tributary area of the girder divided by the plan view cross 

sectional area of the bridge deck. This results in a distributed load. The resultant of the 

distributed load is compared to the negative bending capacity of the girders. This 

comparison is made in Chapter 6.   
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4.5.5 Bridge Superstructure Capacity: Notes 

 The Kuliouou Bridge, the Kahaluu Bridge, the Ukoa Pond Bridge, and the 

Maipalaoa Bridge prestressed girders are connected to the bridge decks using #4 and #5 

stirrups. The stirrups are provided along the entire length of the girders. The stirrups 

cause the bridge deck and girders to behave as a composite. It was determined that the 

strength of the connection between the bridge deck and girders is not the limiting 

capacity of the bridge superstructure.   

 The lateral capacities of the bridge superstructures were also considered. 

However, it was found that the bridge decks will fail due to an upward wave load before 

failing due to lateral forces. Therefore, the lateral calculations were not included in this 

report.  
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4.6 Summary of Structural Capacity Calculations 

 Table 4.6-1 summarizes the structural capacities calculated in Chapter 4. 

Columns 1, 2, and 3 summarize the resistance to displacement of each bridge. Column 4 

lists the negative moment capacity of the bridge decks. Column 5 lists the total negative 

bending capacity of all girders for a particular bridge and is labeled as ‘Bridge Negative 

Bending Capacity.’   
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Table 4.6-1: Summary of Structural Capacities 
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4.7 Limitation of Structural Capacity Calculations: 

 In the preceding structural analyses, the bridges were assumed to be horizontal. 

In reality most of the bridge decks have a slight drainage slope.   Due to this slope, a 

small portion of the horizontal wave component will likely impact the top of the deck. If 

this occurs, a downward force will develop on the bridge, which may counteract a 

portion of the upward wave force.  

 Also, the increase in concrete strength due to concrete curing over time was not 

considered. As concrete ages, the strength of the concrete will continuously increase. 

For example, some bridges built in the 1940’s have concrete strengthened over an 

approximately 70 year period. However, the capacity calculations completed in this 

report uses the concrete strength listed on the as-built plans provided by the HDOT. If 

considered, the calculated capacities will increase. The increase in concrete strength will 

vary from bridge to bridge.   

 However, by not including the two abovementioned limitations, the resulting 

calculations in Chapter 4 are conservative and therefore provide a lower bound for the 

wave forces needed to cause deck failure, girder failure, or bridge superstructure 

displacement.  
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5 Wave Force Estimation 

 

5.1 Determination of Still Water Level Including Storm Surge 

 The still water level including the storm surge for a 100-year storm were 

determined from flood insurance studies conducted by the Federal Emergency 

Management Agency (FEMA) on the island of Oahu [20]. The flood elevations 

ascertained from the FEMA reports are known as the “base flood elevations,” which is 

comprised of both the still water level, which includes the storm surge, and the wave 

setup. The base flood elevations are measured from the ground elevation to the highest 

point on the waves (see Figure 5-1). 

 In order to separate the still water level from the wave amplitude, the base flood 

elevation values are used to back calculate the needed information. Based on the 

AASHTO Guide Specifications [9], the wave height is determined by taking 65% of the 

still water level (ds). Only 70% of the resulting wave height is above the still water level, 

which is typically denoted as the “crest” of the wave (η). The remaining 30% is the 

“trough” of the wave and is below the still water level (see Figure 5-1). Based on these 

wave height characteristics, the following equations were developed to determine the 

wave heights and still water level from the base flood elevations:  

   
                    

           
     (5.1-1) 

                              (5.1-2) 

in which 

     = still water level (including storm surge)  

    = wave amplitude above the storm surge depth  

 The FEMA data are summarized in Table 5.1-1. Table 5.1-2 compares the 

elevations of each bridge to the calculated still water levels (SWL). If the SWL is greater 

than the elevation of the top of the deck, then the bridge will be submerged during a 

100-year storm event. 
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Figure 5-1: Wave Profile 
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Table 5.1-1: Data from FEMA Flood Insurance Study  for a 100-year Storm 

 

Table 5.1-2: Comparison of Still Water Level to Bridge Elevations  

 

Base Flood Elevation 

(ft)

Still Water Level with 

Storm Surge: (ft) 

Wave height above surge 

elevation: (ft)

Elevation to 

bottom of bridge 

deck (ft)

Elevation to top of 

bridge deck (ft)

8.00 5.50 2.50 7.94 8.61

16.00 11.00 5.01 15.25 15.75

12.00 8.25 3.75 6.67 7.55

No data* No data* No data* NA NA

13.00 8.93 4.06 10.59 11.05

13.00 8.93 4.06 12.74 13.24

12.00 8.25 3.75 9.50 10.00

10.00 6.87 3.13 8.33 9.00

10.00 6.87 3.13 8.33 9.00

8.00 5.50 2.50 12.33 13.63

8.00 5.50 2.50 12.33 13.63

Kuliouou Bridge:

Kahaluu Stream Bridge:

New South Punaluu Bridge:

Ukoa Pond Bridge:

New Makaha Stream #3A Bridge:

Nimitz Hwy. Slip Cover #3:

Old Makaha Stream #3A Bridge:

Maipalaoa Bridge:

Moanalua Bridge: 

Kalihi Bridge:

Nimitz Hwy. Slip Cover #2:

Still Water Level with 

Storm Surge: (ft) 

Elevation to bottom of 

bridge deck (ft)

Elevation to top of bridge 

deck (ft)
Submerged?

5.50 7.94 8.61 No

11.00 15.25 15.75 No

8.25 6.67 7.55 Yes

No Data* NA NA NA

8.93 10.59 11.05 No

8.93 12.74 13.24 No

8.25 9.50 10.00 No

6.87 8.33 9.00 No

6.87 8.33 9.00 No

5.50 12.33 13.63 No

5.50 12.33 13.63 No

* Outside of FEMA Flood Area

Kuliouou Bridge:

Kahaluu Stream Bridge:

New South Punaluu Bridge:

Ukoa Pond Bridge:

New Makaha Stream #3A Bridge:

Nimitz Hwy. Slip Cover #3:

Old Makaha Stream #3A Bridge:

Maipalaoa Bridge:

Moanalua Bridge: 

Kalihi Bridge:

Nimitz Hwy. Slip Cover #2:
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 It should be noted that the still water level during a 100-year storm is above the 

deck of the New South Punaluu Bridge. Therefore, the methods used to estimate the 

wave forces in the following sections are not directly applicable. It is likely that the wave 

forces on the bridge deck will be smaller than the values calculated.  

 For the Nimitz Highway Slip Covers #2 and #3, a 4.33 foot clearance exists 

between the bottoms of the bridge decks to the highest point of the storm waves, 

indicating that storm waves will not directly impact the slip covers during a 100-year 

storm. However, as waves impact the existing sea wall at the far edge of the slip covers, 

the waves will be redirected upward. This will cause the wave heights to increase by 2.0 

to 2.3 times of the original wave height, causing an upward force at the far edge of the 

slip covers. The wave estimation methods used in this report are not applicable for this 

situation and therefore, the estimated wave forces on the slip covers calculated in the 

subsequent sections were determined to be zero.  
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5.2 Douglass [10] 

 The Douglass’ wave estimation method was described in Chapter 2 and is as 

follows: 

The wave forces are given by 

           
      (2.3-1) 

                        
    (2.3-2) 

  
                 (2.3-3) 

  
                 (2.3-4) 

in which 

    =  vertical wave-induced load  

     =  horizontal wave-induced load  

   
   =  a “reference” vertical load 

   
  =  a “reference” horizontal load  

        =  an empirical coefficient for the vertical “varying” load   

   (recommended value is cv-va = 1 for non conservative, 2 for   

   conservative design) 

        =  an empirical coefficient for the horizontal “varying” load   

   (recommended value is ch-va = 1 for non conservative, 2 for  

   conservative design) 

     =  a reduction coefficient for reduced horizontal load on the internal  

   girders (recommended value is Cr = 0.4) 

 N  =  the number of girders supporting the bridge span deck 

   = unit weight of salt water (10.06 kN/m3 or 64 lb/ft3) 
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     = difference between the elevation of the crest of the maximum  

   wave and the elevation of the underside of the bridge deck  

   (magnitude of inundation) 

    = the area of the bridge contributing to vertical uplift, i.e. the  

   projection of the bridge deck onto the horizontal plane 

     = difference between the elevation of the crest of the maximum  

   wave and the elevation of the centroid of Ah 

    = the area of the projection of the bridge deck onto the vertical  

   plane 

 

Figure 5-2: Douglass Wave Estimation Method Diagram [10] 

 

 The necessary bridge dimensions needed for Douglass’ method are summarized 

in Table 5.2-1 and Table 5.2-2. The resulting wave forces are summarized in Table 5.2-3. 
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Table 5.2-1: Bridge Dimensions 
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Table 5.2-2: Bridge Dimensions Continued 

 

 

  

 

 

 

 

 

 

 

Height of girders: (ft) Height of Deck: (ft) Height of Railing: (ft)

3.00 0.67 2.71

4.50 0.50 2.13

1.75 0.88 3.00

4.83 0.54 3.50

New Makaha Stream #3A Bridge: 2.33 0.46 1.17

1.50 0.50 0.00

3.00 0.50 2.00

1.83 0.67 3.73

1.83 0.67 3.73

(typical span)

2.50 1.29 1.67

2.50 1.29 1.67

Ukoa Pond Bridge:

Old Makaha Stream #3A Bridge:

Maipalaoa Bridge:

Moanalua Bridge: (single span)

Kalihi Bridge: (single span)

Nimitz Hwy. Slip Cover #2:

Nimitz Hwy. Slip Cover #3:

New South Punaluu Bridge:

Kuliouou Bridge:

Kahaluu Stream Bridge:
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Table 5.2-3: Douglass Estimated Wave Forces  

 

 Douglass’s method assumes that the wave load components act through their 

respective area centroids of the bridge superstructure (Figure 5-3). To estimate the 

largest overturning moment produced by the horizontal and vertical wave forces, the 

moment is computed at the far edge of the bridge superstructure. The results of this 

calculation are summarized in column 3 of Table 5.2-3. 

  

Vertical Wave Force 

(kips)

Horizontal Wave Force 

(kips)

Associated Overturning 

Moment (kip-ft)

332.19 52.34 11585.83

2808.58 929.86 67909.89

1125.70 1277.59 31735.61

NA NA NA

505.65 7.64 11855.76

43.07 41.41 749.38

1036.20 682.12 35206.78

185.28 17.42 6014.11

254.40 24.06 11310.94

(typical span)

0.00 0.00 0.00

0.00 0.00 0.00

Kuliouou Bridge:

Kahaluu Stream Bridge:

New South Punaluu Bridge:

Ukoa Pond Bridge:

New Makaha Stream #3A Bridge:

Nimitz Hwy. Slip Cover #3:

Old Makaha Stream #3A Bridge:

Maipalaoa Bridge:

Moanalua Bridge: (single span)

Kalihi Bridge: (single span)

Nimitz Hwy. Slip Cover #2:
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Figure 5-3: Douglass Method Resultant Force Locations  

 

 A limitation of Douglass’ method was observed during the calculation of the 

wave forces. The equations used to compute the horizontal and vertical wave forces 

each have a term that takes the difference between the centroid of the bridge and the 

highest point on the wave. If the highest point on the wave crest is not above the 

elevation of the centroid then a negative force will result from the equations.  

 To adjust for the negative forces in the horizontal direction, the height from the 

still water level to the center elevation of the wave crest was taken as    , as shown in 

Figure 5-4. 

 To adjust for the negative forces in the vertical direction, the vertical area 

centroid was taken at the mid elevation of the bridge girders. This elevation 

corresponds to a 50% air pocket. This was done because the entrapped air will transfer 

the force of the waves to the bottom of the bridge deck [11]. See Figure 5-4 for the 

adjusted centroids.  

 The horizontal modification was only necessary for the Kuliouou Bridge. The 

vertical modification was done for the Kuliouou Bridge and the Kahaluu Bridge.  
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Figure 5-4: Adjusted Bridge Centroids for Douglass' Method 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 140 

 

5.3 McPherson [11] 

 McPherson’s wave estimation method was described in Chapter 2 and is as 

follows: 

To estimate the vertical wave force 

The vertical wave force is estimated by 

                                               (2.4-1) 

                          (2.4-1) 

                        (2.4-2) 

                                 (2.4-3) 

if            , 

   
 

 
           (2.4-4) 

and if           , 

   
 

 
                     (2.4-5) 

 

The horizontal wave force is estimated by 

                                              (2.4-6) 

if           , 

                                                         (2.4-7) 

and if           , 

                                                                        (2.4-8) 
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if               , 

                         (2.4-9) 

and if              , 

                                
            (2.4-10) 

 

In the above equations, 

    = unit weight of salt water [64 lb/ft3] 

      = distance from the top of the bridge deck to the top of the  

    wave [ft] 

     = height of the bridge girders [ft] 

      = height of wave overtopping the bridge deck [ft] 

     = area of bridge impacted by vertical wave force [ft2] 

      = cross sectional area of trapped air between girders [ft2] 

     = number of girders 

          = distance from ground elevation to top of deck [ft] 

     = height from the ground elevation to the top of the still  

    water level [ft] 

        = height of wave above the still water level [ft] 

           = height from the ground elevation to the bottom of the  

    bridge girders [ft] 

          = height of bridge impacted by lateral wave forces [ft] 
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          = length of bridge impacted by lateral wave forces [ft] 

       = still water level including storm surge [ft] 

 

Figure 5-5: McPherson Vertical Wave Estimation Method Diagram [ 11] 

 

Figure 5-6: McPherson Horizontal Wave Estimation Method Diagram [11] 

 In McPherson’s method, the resultants of the wave forces are also assumed to 

act through the area centroids of the bridge superstructure. Again, the associated 

overturning moment was computed at the far edge of each bridge. The moment caused 

by the horizontal and vertical wave forces are listed in column 3 of Table 5.3-1. 
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Table 5.3-1: McPherson Wave Force Estimation  

 

 

 

 

 

 

 

 

 

Vertical Wave Force 

(kips)

Horizontal Wave 

Force (kips)

Associated Overturning 

Moment (kip-ft)

531.23 29.73 18355.91

2876.79 380.03 67519.95

1119.70 54.14 28144.71

NA NA NA

495.69 21.37 11649.65

518.46 8.88 8531.07

1309.70 87.61 42369.57

319.76 18.72 10343.86

374.83 24.63 16631.87

(typical span)

0.00 0.00 0.00

0.00 0.00 0.00

Kuliouou Bridge:

Kahaluu Stream Bridge:

New South Punaluu Bridge:

Ukoa Pond Bridge:

New Makaha Stream #3A Bridge:

Nimitz Hwy. Slip Cover #3:

Old Makaha Stream #3A Bridge:

Maipalaoa Bridge:

Moanalua Bridge: (single span)

Kalihi Bridge: (single span)

Nimitz Hwy. Slip Cover #2:
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5.4 AASHTO [9] 

 To properly use the AASHTO Guide Specifications, a design wave must be 

generated. To do so, Section 6.2.2.4 of the AASHTO guide is followed. To determine the 

design wave: the 100-year storm wind speed, wave development fetch length, and 

average water depth over the fetch length are needed.  

 The 100-year storm wind speed value is adjusted from a 50 year storm wind 

speed. The 50 year storm wind speed is determined from the AASHTO specifications 

figure 6.2.2.2-1b; for Hawaii the value is specified to be 105 miles per hour (154 ft/sec). 

The wind speed is adjusted to a 100-year wind speed by multiplying the value by 1.07 

[9]. It should be noted that the resulting 100-year wind speed is approximately equal to 

the wind speed of a category 3 hurricane (112 mph).  

 The fetch length is determined using fundamental hind casting methods [21]. 

The following equations are used to compute the fetch length 

    
       

 
   (5.4-1: Significant Wave Height) 

  

                    (5.4-2: Adjusted Wind Speed) 

  

   
     

  
  

     

           
        (5.4-3: Fetch Length) 

in which 

    = gravity [ft/sec2] 

 W = wind speed for a 100-year storm [ft/sec] 

     = adjusted wind speed [ft/sec] 

 F = fetch length [ft] 
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 Using Equations 5.4-1, 5.4-2, and 5.4-3, the fetch length is computed to be 903 

miles for each bridge location. For bridges that are sheltered in a harbored area, the 

fetch length was originally taken as the length of the harbor [8]. However, upon further 

analysis, the fetch lengths were increased to the computed 903 mile length. It was 

determined that during a storm event, the water levels will rise enough to submerge 

low lying areas that normally protect the region from wave action. Therefore, waves 

that develop in the open ocean will be able to impact the normally sheltered bridge 

locations.  

 To compute the average water depth over the fetch length Google Earth was 

used. The water depths provided by Google Earth are sufficiently accurate for the 

purposes of this report, where wave forces are needed in order to compare against the 

structural capacities computed in Chapter 4. 

 Oahu is a unique land mass where the continental shelf is relatively close to the 

island shores. After the continental shelf, the water depths increase rapidly. It was 

found that if the water depths after the continental shelf drop-off are used, 

unreasonably large waves are calculated. Therefore, the AASHTO method was adjusted 

for Hawaii’s ocean terrain. Instead of averaging the water depth over the entire fetch 

length, the distance from the continental shelf to the inland bridge location was used. 

Eight water depths were taken within the adjusted length and averaged.      

 The resulting wave parameters for each bridge location are summarized in Table 

5.4-1.  
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Table 5.4-1: Design Wave Parameters 
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 The AASHTO Guide Specification computes two sets of wave forces. The first set 

is the maximum quasi-static vertical force and associated forces and moments (AASHTO 

Section 6.1.2.2). The second set of wave forces is the maximum horizontal wave force 

and associated forces and moments (AASHTO Section 6.1.2.3). In each situation both 

horizontal and vertical wave forces are generated. The maximum of two cases is taken 

as the resulting wave forces. The AASHTO generated wave forces and associated 

overturning moments are summarized in Table 5.4-2. 

Table 5.4-2: AASHTO Estimated Wave Forces 

 

 

 

 

 

Vertical Wave Force 

(kips)

Horizontal Wave Force 

(kips)

Maximum Associated 

Overturning Moment (kip-

ft)

288.66 27.61 15,296.27

3737.39 647.40 112,176.33

1054.21 75.47 14,407.44

NA NA NA

402.79 53.80 13,197.16

175.75 34.95 4,371.66

1312.27 128.30 38,712.95

129.35 20.59 3,348.62

127.50 20.59 4,505.59

(typical span)

0.00 0.00 0.00

0.00 0.00 0.00Nimitz Hwy. Slip Cover #3:

Old Makaha Stream #3A Bridge:

Maipalaoa Bridge:

Moanalua Bridge: (single span)

Kalihi Bridge: (single span)

Nimitz Hwy. Slip Cover #2:

Kuliouou Bridge:

Kahaluu Stream Bridge:

New South Punaluu Bridge:

Ukoa Pond Bridge:

New Makaha Stream #3A Bridge:
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6 Comparison of Bridge Structural Capacities to 

Estimated Wave Forces 

   

6.1 Comparison of Results 

  The computed structural capacities from Chapter 4 are compared to the 

estimated wave forces from Chapter 5. If the structural capacities are found to be 

greater than the estimated wave loads then it can be concluded that the bridge will 

survive a 100-year storm event. The following tables are comparisons of the three wave 

estimation methods and the respective structural capacities. 

  

Table 6.1-1: Vertical Wave Force Comparison 

 

 

 

 

Douglass Vertical 

Force (kips)

McPherson Vertical 

Force (kips)

AASHTO Vertical 

Force (kips)

Vertical Bridge 

Capacity (kips)

Bridge Deck 

Capacity (kips)

332.19 531.23 288.66 1157.23 740.23

2808.58 2876.79 3737.39 3811.55 3819.40

1125.70 1119.70 1054.21 NA 1262.99

NA NA NA NA 2752.11

505.65 495.69 402.79 NA 1127.13

43.07 518.46 175.75 349.13 303.37

1036.20 1309.70 1312.27 1406.69 1449.29

185.28 319.76 129.35 417.27 453.39

254.40 374.83 127.50 565.087 619.13

(typical span)

0.00 0.00 0.00 206.95 221.01

0.00 0.00 0.00 181.67 245.26

Kuliouou Bridge:

Kahaluu Stream Bridge:

New South Punaluu Bridge: (span #2)

Ukoa Pond Bridge:

New Makaha Stream #3A Bridge:

Nimitz Hwy. Slip Cover #3:

Old Makaha Stream #3A Bridge:

Maipalaoa Bridge:

Moanalua Bridge: (single span)

Kalihi Bridge: (single span)

Nimitz Hwy. Slip Cover #2:
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Table 6.1-2: Horizontal Wave Comparison 

 

 

Table 6.1-3: Overturning Moment Comparison 

 

Douglass Horizontal 

Force (kips)

McPherson Horizontal 

Force (kips)

AASHTO Horizontal 

Force (kips)

Horizontal Bridge 

Capacity (kips)

52.34 29.73 27.61 518.10

929.86 380.03 647.40 1823.88

1277.59 54.14 75.47 725.84

NA NA NA NA

7.64 21.37 53.80 9799.82

41.41 8.88 34.95 70.37

682.12 87.61 128.30 263.35

17.42 18.72 20.59 333.82

24.06 24.63 20.59 452.07

0.00 0.00 0.00 1655.56

0.00 0.00 0.00 1744.02Nimitz Hwy. Slip Cover #3:

Old Makaha Stream #3A Bridge:

Maipalaoa Bridge:

Moanalua Bridge: (single span)

Kalihi Bridge: (single span)

Nimitz Hwy. Slip Cover #2:

Kuliouou Bridge:

Kahaluu Stream Bridge:

New South Punaluu Bridge: (span #2)

Ukoa Pond Bridge:

New Makaha Stream #3A Bridge:

Douglass Overturning 

Moment (kip-ft)

McPherson 

Overturning Moment 

(kip-ft)

AASHTO Overturning 

Moment (kip-ft)

Overturning Moment 

Capacity (kip-ft)

11585.83 18355.91 15296.27 24879.90

67909.89 67519.95 112176.33 87665.70

31735.61 28144.71 14407.44 NA

NA NA NA NA

11855.76 11649.65 13197.16 NA

749.38 8531.07 4371.66 5731.55

35206.78 42369.57 38712.95 45248.85

6014.11 10343.86 3348.62 13422.19

11310.94 16631.87 4505.59 24958.14

0.00 0.00 0.00 12390.00

0.00 0.00 0.00 7448.30Nimitz Hwy. Slip Cover #3:

Old Makaha Stream #3A Bridge:

Maipalaoa Bridge:

Moanalua Bridge: (single span)

Kalihi Bridge: (single span)

Nimitz Hwy. Slip Cover #2:

Kuliouou Bridge:

Kahaluu Stream Bridge:

New South Punaluu Bridge: (span #2)

Ukoa Pond Bridge:

New Makaha Stream #3A Bridge:
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Table 6.1-4: Girder Negative Bending Capacity Comparison  

 

Table 6.1-4 compares the negative bending capacity of the bridge girders to the portion 

of the vertical wave force that will impact the tributary area of a single girder. The total 

wave magnitudes that were computed in Chapter 5 were divided by the area of the 

bridge contributing to vertical uplift (i.e. the projection of the bridge deck onto the 

horizontal plane). The resulting value was then multiplied by the area of the tributary 

area of the girder. The calculated values are summarized in columns 1, 2, and 3 of Table 

6-4. 

 The Old Makaha #3A Bridge is neglected from this calculation because the bridge 

girders are composed of wooden planks. It is more likely that the bridge will be 

displaced before the wooden girders fail due to a negative moment. The Ukoa Pond 

Bridge girders were determined to fail once the bridge becomes submerged, and 

therefore no further calculations were necessary for these girders.  

 Figures 6-1, 6-2, 6-3, 6-4, 6-5, and 6-6 are graphical representations of the values 

found in Table 6.1-1, Table 6.1-2, and Table 6.1-3. 

Douglass Vertical 

Force (kips)

McPherson Vertical 

Force (kips)

AASHTO Vertical 

Force (kips)

Girder Negative 

Bending Capacity 

(kips)

27.68 44.27 24.06 63.49

117.02 119.87 155.72 131.13

NA NA NA NA

NA NA NA NA

NA NA NA NA

NA NA NA NA

32.38 40.93 41.01 80.70

20.59 35.53 14.37 68.43

19.57 28.83 9.81 65.54

(typical span)

0.00 0.00 0.00 55.86

0.00 0.00 0.00 82.36Nimitz Hwy. Slip Cover #3:

Old Makaha Stream #3A Bridge:

Maipalaoa Bridge:

Moanalua Bridge: (single span)

Kalihi Bridge: (single span)

Nimitz Hwy. Slip Cover #2:

Kuliouou Bridge:

Kahaluu Stream Bridge:

New South Punaluu Bridge: (span #2)

Ukoa Pond Bridge:

New Makaha Stream #3A Bridge:
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  Figure 6-1: Graphical Comparison of Vertical Wave Forces 
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 Figure 6-2: Graphical Comparison of Vertical Wave Forces cont.  
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Figure 6-3: Graphical Comparison of Horizontal Wave Forces  
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Figure 6-4: Graphical Comparison of Horizontal Wave Forces cont.  
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Figure 6-5: Graphical Comparison of Overturning Moments  
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Figure 6-6: Graphical Comparison of Overturning Moments cont.  



 

 

 157 

 

6.2 Comparison of Bridge Structural Capacities to Estimated Wave 

Forces: Discussion of Results 

 The maximum wave forces produced by the three wave estimation methods are 

compared against the computed structural capacities as a preliminary check of the 

bridge’s vulnerability to failure. However, if a wave estimation method is not fully 

applicable or has been found to overestimate forces for the conditions of a particular 

bridge, then the wave forces estimated by the method are ignored. The bridge’s 

structural capacity must be greater than the vertical, horizontal and overturning 

moment in order to survive a 100-year storm event. If a bridge does not meet these 

criteria, then the bridge is at risk of failing during a storm event. If the bridge structural 

capacities are above the estimated wave forces then a factor of safety is computed. The 

purpose of the factor of safety is to illustrate the structural capacity of the bridge 

superstructure beyond the expected wave loads.  

 It should be noted that McPherson’s research found that the Douglass method 

increasingly over predicts the horizontal force as the water depth increases [11]. This 

overestimation is observed in the Maipalaoa Bridge and the New South Punaluu Bridge, 

where the base flood elevations are above the bridge decks. For this reason, the 

horizontal forces generated from Douglass’ method for these particular bridges have 

been ignored and were not included in Figure 6-3 and Figure 6-4. 

 In addition, each of the methods used to estimate the wave forces are not fully 

applicable when the bridges are completely submerged. Each method computes 

continuously increasing wave forces as water depths increase. In reality, the forces on 

the bridges should reach a maximum limit, and then decrease as water levels continue 

to rise. The New South Punaluu Bridge is the only locations where this condition is 

relevant, as the storm surge elevation is above the deck of the bridge. Therefore, the 

wave forces experienced by the bridge during a 100-year storm event will likely be 

smaller in magnitude than those computed in this report. 
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6.2.1 Bridge Negative Bending Capacity 

 It was determined that the upward wave force on the Kahaluu Bridge estimated 

by AASHTO exceeds the negative bending capacity of the girders (see Table 6.1-4). 

Therefore, the Kahaluu Bridge is at risk of failing due to negative bending of the bridge 

girders.  

 The bridge girders of the remaining bridges have a great enough negative 

bending capacity to resist the upward wave loads. Therefore, the girders of the Kuliouou 

Stream Bridge, the Maipalaoa Bridge, the Moanalua Bridge, the Kalihi Bridge, and the 

Nimitz Highway Slip Covers #2 and #3 will not fail during a 100-year storm event.  

  

6.2.2 Kuliouou Stream Bridge 

 The Kuliouou Stream Bridge is determined to survive a 100-year storm event. In 

the vertical direction, the factor of safety above the largest estimated wave force is 

computed to be 2.18. The factor of safety against horizontal wave forces and the 

associated overturning moments are 9.90 and 1.36, respectively. Even though the factor 

of safety to overturning moment is low, it is not likely that the combination of the 

horizontal and vertical wave loads will be great enough to completely flip the bridge 

deck over.   

 Additionally, the bridge deck and girders are not at risk of failing. Nor is it likely 

that the bridge will be buoyant if submerged by tsunami inundation.  

 

6.2.3 Kahaluu Bridge 

 The Kahaluu Bridge is at risk of failing during a 100-year storm event. Recall from 

Section 4.4.3, that the only source of vertical resistance to wave loads is provided by the 

self weight of the bridge. As a result, the factor of safety against vertical wave loads is 

computed to be 1.02. Therefore, with repeated wave impacts the bridge will be lifted 

out of the pot type bearing pads. In addition, the overturning moment estimated by the 
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AASHTO specifications is 28% above the overturning moment resistance of the bridge. 

Ultimately the bridge may be flipped over by wave forces, making the bridge unusable 

after a storm event.  

 The Kahaluu Bridge is also susceptible to negative bending failure. The upward 

wave force estimated by AASHTO for the Kahaluu Bridge exceeds the negative bending 

capacity of the girders. Therefore, the Kahaluu Bridge is also at risk of failing due to 

negative bending of the bridge girders.  

  

6.2.4 Ukoa Pond Bridge 

 The Ukoa Pond Bridge is at risk of failing if it is submerged by tsunami 

inundation. It was found that the Ukoa Pond Bridge is located outside of the FEEMA 

Flood Study. Therefore, if the bridge is submerged, it will be caused by a tsunami.  Wave 

forces were not estimated for the Ukoa Pond Bridge as it is sheltered from direct wave 

impacts by thick brush. However, the bridge will likely fail due to buoyancy forces. It was 

determined that the bridge will be fully buoyant if 84% of the volume under the bridge 

is filled with air. If this condition is met, then the bridge will break the vertical hinge 

restrainers connecting the bridge superstructure to its foundation. This will allow the 

bridge to be displaced by current and wind loads, making the bridge unusable during a 

storm event.    

  

6.2.5 Old Makaha #3A Bridge 

 The Old Makaha #3A Bridge is determined to fail during a 100-year storm event. 

The vertical wave force and overturning moment estimated by McPherson’s method 

were both computed to be greater than the bridge’s resistance. Therefore the bridge is 

at risk of failing during a 100-year storm event.  

 In addition, the bridge is fully buoyant if submerged by tsunami inundation. 
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6.2.6 New Makaha #3A Bridge 

 The New Makaha #3A Bridge is determined to survive a 100-year storm event. 

Bridge displacement is not of concern, as the bridge superstructure is securely attached 

to its reinforced concrete abutments.   

 The prestressed hollow core planks used in the construction of the bridge deck 

were determined to have a high enough capacity to resist the estimated vertical wave 

forces, and are therefore are not in danger of failing due to negative bending. It is 

calculated that the bridge deck has a 2.23 factor of safety against the largest estimated 

vertical wave force. Thus, it is likely that the New Makaha #3A Bridge will survive a 100-

year storm event.    

 Additionally, the New Makaha #3A Bridge will not be buoyant if submerged by 

tsunami inundation.  

 

6.2.7 New South Punaluu Bridge 

 The New South Punaluu Bridge is not at risk of failing during a 100-year storm 

event. The safety factor against the maximum vertical wave load estimated by Douglass 

method is calculated to be 1.12. Also, the New South Punaluu Bridge will not be buoyant 

if submerged by storm surge or tsunami inundation.  

 It should be noted that the still water level during a 100-year storm is above the 

deck of the bridge. Therefore, the methods used to estimate the wave forces are not 

directly applicable. It is likely that the wave forces on the bridge deck will be smaller 

than the values calculated in Chapter 5 of this report.   

 

6.2.8 Maipalaoa Bridge 

 The Maipalaoa Bridge is at risk of failing during a 100-year storm event. The 

factor of safety against vertical wave loads and the associated overturning moment are 



 

 

 161 

 

computed to be 1.07 and 1.07, respectively. The low factor of safety indicates that there 

exists a high chance that repeated wave impacts will be able to exceed the bridge’s 

resistance to wave loads. With no wing walls to stop lateral displacement, wave loads 

will be able to progressively “bump” the bridge until it is displaced off of the abutments. 

 

6.2.9 Moanalua Bridge 

 The Moanalua Bridge is determined to survive a 100-year storm event. The 

factors of safety against vertical wave loads, horizontal wave loads and the associated 

overturning moments are computed to be 1.30, 16.21, and 1.30 respectively.  

 The Moanalua Bridge is also not buoyant if it becomes submerged by tsunami 

inundation. 

 

6.2.10 Kalihi Bridge 

 The Kalihi Bridge is determined to survive a 100-year storm event. The factors of 

safety against vertical wave loads, horizontal wave loads and the associated overturning 

moments are computed to be 1.51, 18.36, and 1.50 respectively.  

 The Kalihi Bridge is also not buoyant if it becomes submerged by tsunami 

inundation.  

 

6.2.11 Nimitz Highway Slip Covers #2 and #3 

 Based on the data from the FEMA studies, the highest wave crest elevation 

during a 100-year storm is 4.33 ft below the deck of the bridges. Therefore, based on 

the analysis completed in this study, it is determined that the slip covers are sufficiently 

high enough, such that waves will not directly impact the bridge decks. Thus the slip 

covers are not in immediate danger of failing during a 100-year storm event.    
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6.3 AASHTO Guide Specifications 

 The AASHTO Guide Specifications for Bridges Vulnerable to Coastal Storms is the 

only method that is a specified guide used to estimate wave forces on bridge structures. 

Therefore, if the wave forces generated by the AASHTO guide are compared to the 

structural capacities, then only the Kahaluu Bridge will potentially fail due to an 

overturning moment. The forces computed to impact the other bridges are below the 

calculated structural capacities. Thus, based on the AASHTO guide, all of the analyzed 

bridges, except the Kahaluu Bridge, are not at risk of failing during a 100-year storm 

event.  

 The calculated factors of safety above the AASHTO wave forces are summarized 

in Table 6.3-1. If any of the factors of safety are below 1.0, then the wave force 

estimated by AASHTO exceeds the capacity of the bridge.  
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Table 6.3-1: Bridge Factor of Safeties above AASHTO Wave Forces  
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6.4 Summary of Bridges  

 Table 6.4-1 summarizes the wave estimation method that estimates the largest 

wave force for a particular bridge. Table 6.4-2 summarizes the calculate factors of safety 

for each bridge. The factors of safety were calculated by dividing the bridge’s capacity 

by the largest estimated wave load. The cells in Table 6.4-2 highlighted in pink are 

factors of safety that are less than one, which results if the bridge’s capacity less than 

the estimated wave load. This indicates that the bridge is at risk of failing.  

 Table 6.4-3 summarizes each of the bridges and their vulnerability to failure 

during a 100-year storm event or during tsunami inundation. Column 1 of Table 6.4-3 

summarizes the potential failure of each bridge. Colum 2 provides notes on each bridge, 

and if necessary gives a short description of the cause of the potential bridge failure. 

Column 3 provides the vulnerability of the bridge. If the bridge is determined to survive 

a 100-year storm event, then the vulnerability is listed as ‘OK.’ If the wave loads are 

greater than the estimated bridge capacities then the vulnerability is listed as ‘At Risk.’ 
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Table 6.4-1: Method Which Estimates the Largest Force  
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Table 6.4-3: Summary of Bridges 
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7 Conclusions/ Recommendations 

 

 Eleven bridges around the island of Oahu were structurally evaluated to 

determine their vulnerability to failure when impacted by storm waves or when 

submerged by tsunami inundation. As a preliminary check of the bridges vulnerability to 

failure, the structural capacities of each bridge were compared to wave forces 

generated by three different wave estimation methods. The storm waves were 

computed based on a 100-year storm. Through the structural analyses it was 

determined that the Kahaluu Bridge, Old Makaha #3A Bridge, and the Maipalaoa Bridge 

are all at risk of failing during a 100-year storm event. If submerged by tsunami 

inundation, the Ukoa Pond Bridge was determined to be at risk of failing due to 

buoyancy and negative bending of the bridge girders.  

 The Kuliouou Stream Bridge, the New Makaha #3A Bridge, the New South 

Punaluu Bridge, the Moanalua Bridge, the Kalihi Bridge, and the Nimitz Highway Slip 

Covers #2 and #3 are all determined to have sufficient factors of safety against wave 

loads and are not at risk of becoming buoyant if submerged by tsunami inundation, 

which indicates that the bridges will likely survive a 100-year storm event.   

Based on the results obtained, the following recommendations are made:  

 Many of the analyzed bridges are gravity type structures, where the main 

source of vertical and lateral resistance to wave loads is provided by the self 

weight of the bridge. It is recommended that connection retrofits should be 

added to secure the bridge girders to the bridge’s foundation and abutments. 

If possible, thru bolts passing through the bulb of the girders should be used to 

attach steel angle connections on either side of the girder. Stiffeners should be 

added to the connections to prevent angle bending failure [16].  

 Lehrman [17] performed extensive research on common anchors used in the 

construction of coastal bridges. Lehrman found that the anchors did not have 

sufficient strength to resist wave loads predicted by the AASHTO Guide 
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specifications if there is entrapped air under the bridge deck. Therefore, it is 

suggested that low lying bridges be designed with bulkheads that will allow air 

to escape from below the bridge decks, which will reduce the volume of 

trapped air [15]. This should be done in addition to providing proper 

anchorage. 

 It was determined that buoyancy forces can significantly reduce the self weight 

of a bridge superstructure, which in turn decreases the gravity induced 

horizontal frictional resistance. For this reason, it is recommended that shear 

keys be provided on low lying bridges to resist all anticipated lateral loads. The 

contributing resistance provided by gravity induced friction should be ignored 

when designing the shear keys [15].  

 It was determined that prestressed members are most likely to fail due to 

negative bending. Thus, it is recommended that prestresssed systems be 

designed to withstand the negative bending and shear caused by upward 

hydrodynamic and hydrostatic forces [11]. Possible design modifications 

include: increasing the strength of concrete or reducing the distance from the 

centroid of the prestressing tendons to the centroid of cross sectional area of 

the concrete. 

 If it is economically feasible and structurally possible, bridges should be raised 

to an elevation that will result in a one foot minimal clearance above the 

highest estimated storm wave crest elevation. If the bridge is sufficiently high, 

then waves will not be able to impact the bridge.  

 If a full hydrodynamic study is not possible, then it is suggested that 

McPherson’s *11+ method be used to estimate wave forces on bridge 

structures. When compared to the AASHTO Guide Specifications [9], both 

methods produce similar wave loads for the majority of cases. The advantage 

of McPherson’s method is that it requires less computational effort.  
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Old Makaha No. 3A Bridge 
Self Weight Calculations 

'Y = 31.2 lbs/cubic ft (G = 0.5 of water- Value for Hawaii Douglas Fir [12% moisture]) 

Timber: 
Member: No. Req. Width (in) Height (in) Length (ft) Volume (cubic ft) Total Volume Per Item (cubic ft) 

Sill 3 12 12 34 34.00 102.00 
Post 5 12 12 18 18.00 90.00 
Cap 3 12 12 34 34.00 102.00 
Solid Bridging 5 4 18 16 8.00 40.00 
Solid Bridging 5 4 18 10 5.00 25.00 
Stringers 48 6 18 20 15.00 720.00 
Decking (Floor) 566 8 6 26 8.67 4905.33 
Decking (Floor) 1 1 6 26 1.08 1.08 
Wheel Guard 4 8 8 20 8.89 35.56 
Deck Starter 2 6 6 26 6.50 13.00 
Wheel Guard 4 10 12 20 16.67 66.67 

Railing 8 4 8 20 4.44 35.56 
Railing 8 3 8 20 3.33 26.67 
Railing Post 13 8 8 12 5.33 69.33 
Sidewalk Joist Block 1 8 14 8 6.22 6.22 
Sidewalk Joist Block I 12 14 12 14.00 14.00 
Guard Rail 1 3 8 18 3.00 3.00 
Guard Posts 2 12 12 10 10.00 20.00 
GuardRail 1 10 12 18 15.00 15.00 
GuardRail 1 4 8 18 4.00 4.00 
Cross Bridging 14 2 4 16 0.89 12.44 
Sidewalk Planking 30 2 8 16 1.78 53.33 

Bracing 12 3 10 20 4.17 50.00 c? 

Comer Blocking 1 2 6 10 0.83 0.83 
N 

Splice Block 6 6 18 3 2.25 13.50 
Splice Block 3 8 18 3 3.00 9.00 
Sidewalk End Timber 1 8 8 8 3.56 3.56 
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Railing Post Blocks 
Wall Plate 

Steel Repair Beams: 
Member: 

W10x22 

Member: 

W10x22 

Asphalt: 
Member: 

Road Topping 

Bridge Total: 
Member: 

Timber 
Steel Repair Beams 
Asphalt 

Total 

10 
4 

No. Req. 

20 

No. Req. 

20 

y = 

8 
3 

8 
8 

Cross Sectional Area (sg ft) 

0.045 

Nominal Weight (lb/ft) 

22 

152 lbs/cubic ft 

1.46 
16 

0.65 
2.67 

Total Volume of Timber 
Total Weight of Timber 

Length (ft) Volume (cubic ft) 

20 0.901 

Length (ft) Weight (lbs) 

20 440 

(specific weight of asphalt) 

No. Req Width (ft) Thickness (in.) Length (ft) Volume (cubic ft) 

1 32.875 1 78.83 215.97 

Volume (ft/\3) Weight (lbs) 
6454.23 201372.02 

18.03 8800 
215.97 32827.51 
6688.23 242999.54 

6.48 
10.67 

6454.23 
201372.02 

Total Volume (cubic ft) 

18.03 

Total Weight (lbs) 

8800 

Total Weight (lbs) 

32827.51 

cubic ft 
lbs 

~ 
Vl 
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l(o ~ 

·~-~.,_~ .. 

• t, 
(!) 

0" 
ry 

~,- 't" 

s'I _A- 1'3ol-_£f _!);~!,~~ ____ 

~I 

A2.; 2[(Y,2)(j.,.))-= . Oif'l'-tft'' (-') 

A-s "' J. [ Yz ( Y.z X):' . .)J::. · 0 G2 S H, (-) 

A, "' 1. (1-.( '"·"1;/,'l.)(X'l.)] = o. 1112. fl' (-) 

-----

• AT ... A , - A 2 - A 3 - A 4 + A5 = q. 3G I "lb ff" 

[: = q. 3 t; ~ f};J A 1.- ( Ex;s ~"' Snh'on) 
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I '* ~0-/e..; r+ io Ct'O'OCAHtecJ fl,q~ }\,.e Jo,;JCJe ;r; SubWI~eJ 

fo He -lop of decJ, 

0 \J;Je-.,eJ 5ed-1o": 

• h_=(Ly.'z)+(~2)+(3)-::. 3.b:l.SU 
<---.---> ~ C-y.J 

A C. P« v<- Peck -lv lao{· of. 
C{;r pocte) 

.. f,2. = 11.7 + h. ( 6j{'!4) 
=- 14·1- + (3.~:zs)(':7{'+4) 

f,_ = I 0. ~II f6; 

• Az == P, A, = (14.if~S,fs''Bz) 
Pz. !G.. sill 

Az " '/5. Ollf1-'6 -ff 2 

0 t; g;5 k "15 S& t.·o.-. : 
• )., ,. -a.~ s t~ 

I) /+'L"' P, AI = (14·-:tXCf. U2) 

p,. !~. '3111 

A2. ~. 4:?>f-2g N- 2 

IAr ';:. ~.437- N
2

( Co!Mpvt)5tJ Arv (fx:s+,·VIJ Sec~'0'1) 

A. Co!ledton of Dc.k: 
0 AL Pttve>.MI?Ntf: (¥/tc..-= 110.2. 1 bftf~) 

A...et\. = c, .t-off ~ 

,AiMout-~ .f :: I 

Le.,~rl. = too. b r C.l· 

o Co"'c.-"ek.: (ORe.= r:Jo 1%.1,;) 
• T e.c 6-;vJe~ ; (Wide,eJ) 

A~Ut = :l.~of+' 
An-ou..,-1- = 1 

Lev1orh "' 1oo. c,--r fi-

Tee. C,.; vdw : (Ex: s.J; "'j) 

AvtCt:: -;1., &4 CI-L 

A 1'>'10<-!wl- :::; ~ 

Lll.illf:Jtl. ::' IOD. G 1 (l-

De<,j;: 
AV{to.. = 3(..Lfol'( .. 

Le>~r;t"' ~ (Do. q r ~ 

" ~Ci i 1;,.,~ : (w;Je .. eJ) 

Av~ct= 2.Jttf.l-"' 

A IN)ovH-1 f. ::: I 

Le.VJ~ tl-. == 100. r, t U 

• D;e~. P~f?"""' ~ (w;d,...,ed) 

AvefA = 7. 51 f-1 1 

A V"'Ovt~-1 :: b )( 5 ~ 3 0 

Le..v'j+ h =- I tr 

• Q;"'P).,'f)v"'"":(Fx>s-1-<..,JY 

A~ect-= -:;.., Cf-=1 f4'2 

A .... "oct.,+ "' ~ x s = 45 

Lew.J!-h ::: I t1-

A-103



en 
1-
w 
w 
:r: 
en 
0 

~ 
Cll 
CIO ... 
N .., .,. 
"' e 

I}Q 

) 
~ 
.. ~4: 

A ColluA10n of Q,..M Ca.a./.;nueJ: 
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A\IVlOVIYl+ = ~ 
L~W~j)i, = I oo. G 1 f-1-

Self W&t(:)l..J. == CC>V>cvt:fe. + AG l}nlew•t••~ 

"'" (i'OD 1~J~b(Ho)+'j(~·(.<~)-t3C..<++-=<.1'!] (loU. G=t) -1- (!so ''/{f3)(3o)(;.. t;":/)(1) 

t (lsol)i+>)(4sJ(=7.'Fl)(•) +(Is~ '?f't1)(t,.7oXJoo.,?) 

SIN "' 1.406b"fXIObfl:,s 
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S<A.bmev<jCd Vt>lu,.,e. == Aiv- Poclce+ + CoV>cvdc.. Volun,e.- + /lC F'ovew.ew.f Vo/uWJe 

=- (8,D!S)(r,)(loo.c,r) -t (8".45:t)(cl)(lOD.b7') 

+UCI?,&~(? )(:z.&o) + 0(~.CA) + 3&4- (Gj{<)('o/,~)J + (t/ro)(Joo.r.i'> ,__....,.._ __ } 
)".c.;scd C<AYb 

OVI ex ~·s~h~j c:.,:~d-r oYl 

13uotc.~+ rovce :: O'Stto.UJC<fv~ )< sv 
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~.g 5 (3)(314) 
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= (~)(f.o)('3ooc)Y.(~I4)(4.3) 
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v, ::: 14 ?. 1 lclf5 
¢ Vc = Ito. q bps 
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,~ ·' 

+'/ = '3ooops; 

fl :::4o,ooops; 
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~ &\ • .&4' _ (,,o)(qo) 

e>.ss Gr.' b o·'lS (3) (457) 

lA.== o.~os4<~f.;., 

o Nevc..flvc- Sb(b ... ; 

B Vc = .<.~ Vk' b.wd 
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Vc. :: le&i t~3lbs 
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¢ M.., '= 14o. qs"?- ·"· f..t 

~ Mn = As fy (d - ')",) 
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0 S~e~v- Fv;c-hoVl Cc.pttu!;y; (AGI 31~-0'i?: Sec I/.G.4) 

· V., = Ave J ;4 

:g A<Tf = (3)(:tts n) +(4)(*s n) 
= (3)(o.31)(2 ) + (4Xo·31)(~) 

A-.r+ = 4.34 ;.,z 

JD Cveep Block we.~ pov..,.ed WloVIoh+h:cc./J 
.. r == 1.4 ~ = l.t.f(J.o) 

J-'t=IA 

~ VVI ~ Av1 ')tr 
= (4.34)(ift.>,.De>o)(J,<f) 

V"' = ~43 D4o lbs 

'Jl9 chee,/c: 

+y ~ 1./o/ ooo ps: 

-('"' = 3, ooo J?5; 

0 0.2 t'c' A. = o.2(gooo)(LfoXr~)= 2.8'g 000 lbs > VV} (o./c.) 
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* The, we-b o+ He bee<m Is c"""' iyuJ 
t<.s tt +le..J- slc.b w:+~ p~-tslvr~si~ 
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rA,,, I Ff- dp = 4;., 

L IJ.. - ;{ ¢ '5-/Yol'l:is SfxsseJ -b :15·> ~')"S 
Des:~., = :/,0. /t. 1")'5 (s-h.tss 4~./w lo<«s) 
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c.,.,~-1.:,: 

.f'c.' == Gooops· 

f!c.: = 4ooops: 

.(!'- = O.<fS f/ = 2.~oo ps; 

f!c. i =- o. (, t,i = ;1_</-oo r•; 
~-b = I< Vfc' = "l~'l.5'p:;; 

£) J3p" o<sd + J,S 

bo 

13r = (~oX4) + J,S 

b., 

P ves-kss i "'b ·. 
AJ'"' =- o. 1:53 ;'jls-+."~cl 
.f!pe-=-(a.<>/1-o) = l3l7-6.'.7ps: 

0.153 

D bo= (G+J~-+dy{)(z)+(!2.+JI;/,:)(>J 

= c,l( -~-Yzx.,) +(12-+ %)c2 ) 

bo = t,g,., 
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=) l?>p = ~.c, -u, 

l1l) \)e.= Aps xt1,e- = (!2XQ.IS3)(1~!+&5) 
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~ t'c. = Pe ~ (:>.£!Jq:u) 

Ac (3o.s )(3') 

T!J Yc. = (f31' ~ +o.'3 f~) bod + Vp 
t pr"tr.f..t~S i<:. "'o-1. 

~"'1-e,J :, "0 

~ ( (~.(;:u,)(Gooo )Yz + O.J('/"1/.4~8) )(&g)(4) + 0 
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Ap< "' G xo. IS3 :: o. "'I'&' in' 

A c. == (14 X!i)"' 1/:l. iVI ~ 

X."' )/,:>.l,h3 = fi"(=!-.'6 .. , 4 

C : .Y.. ~ = 4;n 

'7 ~4o J::>: 

A :o . .zo 

1'-b· == sb ((;_A ~ +fee- fJ) 

~ .Pd =o (IJo c:bcl lot<d) 

~ = Yc. ~ j<Jq.3 iYl3 

r 2 = % ~ 5".'33;Vl• 

-,o 
~ .f!e" -Pe. ( J+%) :: (i.<o~ 

A r• 112. 

t'c = lols'o /'5; 

~ H,~ = Sb ((,) Vf:•-+ ~ ') 
= (i<.fC1,3X& ><I x (6ooo)/

1'+ /OS'O) 

/viLv = 2 3 6 6 '3:< II,- ;11 

Vc,; = O.{,orl i}f( hw-dp+ vJ + V; (M,.) 

H"""'l\ 

=9 V;=~.oF~ (r.,y~ci-/oCfd-o/~.o) 

F'J~ " fovce- (!.wm we, vt: 

M""'"' =: 1:1. (=<.o fll) =- 2<!./ ~"R 

~ Vc: = 0. bO ,..J J'{; b.w- J,, + V; (Mev) 

H...,.x 

=: O.(.o(i.o)(6ooo)1z (•4)(4) + (;z30(.3·z) 

/:l. 

~Check: 

1.~,--1 J'i:' bw-rlp =. '737-<!././(. Jl,, <. V0 ; (o~) 
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Ac. liz 
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''"I t==l ========0 Aps ==='-11/ 

1~----------------f 
14:., 

9 c..."' Aps Pes 
O.'b'5t<' b 
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= c~.'fJii)(,'f,;.t,'lt)( -T- :l.,'5,,Yz) 

Hn = J.jt(:<,S/b )<.-IV! 
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Kuliouou Bridge: 
Method For Estimating Wave Forces on Bridge Superstructures

Douglass (2006)
Vertical Force Equation: Horizontal Force Equation:

Constant Coefficients:
0.4
64 lb/cubic ft
1 Nonconserv.
2 Conserv.
1 Nonconserv.
2 Conserv.

♦ Vertical Force Calculations:
Bridge Deck Width = 68.75 ft Water Depth = 3.94 ft

Bridge Deck Length = 48.40 ft Water surface to bot. of girder = 1.00 ft
Height of girder = 3.00 ft

Av = 3327.21 sq ft Elevation to bot. of girder = 4.94 ft  
N = 12 girders Elevation to bot. of deck = 7.94 ft

Storm Surge Depth + Wave Height = 8.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 5.50 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 2.50 ft (above storm surge elevation)

● Resulting Vertical Force: 

Fv = 332.19 kips 166.09 tons (Non Conservative Value)

Fv = 664.38 kips 332.19 tons (Conservative Value)

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Self Weight = 723777 lbs 723.777 kips

Bearing Plates = 433453 lbs 433.453 kips

● Total Vertical Resistance:
Rv = 1157.23 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 332.19 kips < Rv = 1157.23 kips

Fv = 664.38 kips < Rv = 1157.23 kips

♦ Horizontal Force Calculations:
Railing Height = 2.708 ft Water Depth = 3.94 ft

Deck Height = 0.667 ft Water surface to bot. of girder = 1.00 ft
Girder Height = 3.000 ft

Bridge Total Height = 6.375 ft Elevation to bot. of girder = 4.94 ft
Bridge Length = 48.396 ft Elevation of centroid of Ah = 8.13 ft

Ah = 121.07 sq ft
N = 12 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Bridge Condition:
O.K.

O.K.
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Wave Height = 2.50 ft (above storm surge elevation)

● Resulting Horizontal Force: 

Fh = 52.34 kips 26.17 tons

Fh = 104.68 kips 52.34 tons

● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 723777 lbs

Girder Seat Interface = Neoprene Pads
μs = 0.1

Frictional Resistance = 72377.7 lbs

Bearing Plates = 345312 lbs

Beam Web Capacity = 41011.6 lbs

Koko Head wing wall = 59400 lbs

● Total Horizontal Resistance:
Rh = 518.10 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 52.34 kips < Rh = 518.10 kips

Fh = 104.68 kips < Rh = 518.10 kips O.K.

Bridge Condition:
O.K.
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Kahaluu Bridge:
Method For Estimating Wave Forces on Bridge Superstructures

Douglass (2006)
Vertical Force Equation: Horizontal Force Equation:

Constant Coefficients:
0.4
64 lb/cubic ft
1 Nonconserv.
2 Conserv.
1 Nonconserv.
2 Conserv.

♦ Vertical Force Calculations:
Bridge Deck Width = 46.00 ft Water Depth = 5.75 ft

Bridge Deck Length = 318.00 ft Water surface to bot. of girder = 5.00 ft
Height of girder = 4.50 ft

Av = 14628.00 sq ft Elevation to bot. of girder = 10.75 ft  
N = 8 girders Elevation to bot. of deck = 15.25 ft

Storm Surge Depth + Wave Height = 16.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 11.00 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 5.00 ft (above storm surge elevation)

● Resulting Vertical Force: 

Fv = 2808.58 kips 1404.29 tons (Non Conservative Value)

Fv = 5617.15 kips 2808.58 tons (Conservative Value)

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Self Weight = 3811550 lbs 3811.55 kips

● Total Vertical Resistance:
Rv = 3811.55 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 2808.58 kips < Rv = 3811.55 kips

Fv = 5617.15 kips > Rv = 3811.55 kips

♦ Horizontal Force Calculations:
Railing Height = 2.125 ft Water Depth = 5.75 ft

Deck Height = 0.500 ft Water surface to bot. of girder = 5.00 ft
Girder Height = 4.500 ft

Bridge Total Height = 7.125 ft Elevation to bot. of girder = 10.75 ft
Bridge Length = 318.000 ft Elevation of centroid of Ah = 14.31 ft

Ah = 2265.75 sq ft
N = 8 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 5.00 ft (above storm surge elevation)

Bridge Condition:
O.K.

Failure
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● Resulting Horizontal Force: 

Fh = 929.86 kips 464.93 tons

Fh = 1859.73 kips 929.86 tons

● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 3811550 lbs

Girder Seat Interface = Steel to Concrete
μs = 0.4

Frictional Resistance = 1524620 lbs

Wing Walls = 299260 lbs

● Total Horizontal Resistance:
Rh = 1823.88 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 929.86 kips < Rh = 1823.88 kips

Fh = 1859.73 kips > Rh = 1823.88 kips Failure

Bridge Condition:
O.K.
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New South Punaluu Bridge: (Span #2)
Method For Estimating Wave Forces on Bridge Superstructures

Douglass (2006)
Vertical Force Equation: Horizontal Force Equation:

Constant Coefficients:
0.4
64 lb/cubic ft
1 Nonconserv.
2 Conserv.
1 Nonconserv.
2 Conserv.

♦ Vertical Force Calculations:
Bridge Deck Width = 50.00 ft Water Depth = 4.92 ft

Bridge Deck Length = 66.00 ft Water surface to bot. of girder = 0.00 ft
Height of girder = 1.75 ft

Av = 3300.00 sq ft Elevation to bot. of girder = 4.92 ft  
N = 30 girders Elevation to bot. of deck = 6.67 ft

Storm Surge Depth + Wave Height = 12.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 8.25 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 3.75 ft (above storm surge elevation)

● Resulting Vertical Force: 

Fv = 1125.70 kips 562.85 tons (Non Conservative Value)

Fv = 2251.39 kips 1125.70 tons (Conservative Value)

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Deck Capacity = 1262990 lbs 1262.99 kips

● Total Vertical Resistance:
Rv = 1262.99 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 1125.70 kips < Rv = 1262.99 kips

Fv = 2251.39 kips > Rv = 1262.99 kips

♦ Horizontal Force Calculations:
Railing Height = 3.000 ft Water Depth = 4.92 ft

Deck Height = 0.875 ft Water surface to bot. of girder = 0.00 ft
Girder Height = 1.750 ft

Bridge Total Height = 5.625 ft Elevation to bot. of girder = 4.92 ft
Bridge Length = 66.000 ft Elevation of centroid of Ah = 7.73 ft

Ah = 371.25 sq ft
N = 30 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 3.75 ft (above storm surge elevation)

Bridge Condition:
O.K.

Failure
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● Resulting Horizontal Force: 

Fh = 1277.59 kips 638.79 tons

Fh = 2555.17 kips 1277.59 tons

● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 907306 lbs (for span #2)

Girder Seat Interface = Concrete to Concrete
μs = 0.8

Frictional Resistance = 725844.8 lbs

● Total Horizontal Resistance:
Rh = 725.84 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 1277.59 kips > Rh = 725.84 kips

Fh = 2555.17 kips > Rh = 725.84 kips Failure

Bridge Condition:
Failure
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New Makaha No. 3A Bridge:
Method For Estimating Wave Forces on Bridge Superstructures

Douglass (2006)
Vertical Force Equation: Horizontal Force Equation:

Constant Coefficients:
0.4
64 lb/cubic ft
1 Nonconserv.
2 Conserv.
1 Nonconserv.
2 Conserv.

♦ Vertical Force Calculations:
Bridge Deck Width = 46.83 ft Water Depth = 1.00 ft

Bridge Deck Length = 70.00 ft Water surface to bot. of girder = 9.59 ft
Height of girder = 2.33 ft

Av = 3278.33 sq ft Elevation to bot. of girder = 10.59 ft  
N = 1 girders Elevation to bot. of deck = 10.59 ft

Storm Surge Depth + Wave Height = 13.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 8.93 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 4.07 ft (above storm surge elevation)

● Resulting Vertical Force: 

Fv = 505.65 kips 252.83 tons (Non Conservative Value)

Fv = 1011.30 kips 505.65 tons (Conservative Value)

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Deck Capacity = 1127130 lbs 1127.13 kips

● Total Vertical Resistance:
Rv = 1127.13 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 505.65 kips < Rv = 1127.13 kips

Fv = 1011.30 kips < Rv = 1127.13 kips

♦ Horizontal Force Calculations:
Railing Height = 1.167 ft Water Depth = 1.00 ft

Deck Height = 0.458 ft Water surface to bot. of girder = 9.59 ft
Girder Height = 2.333 ft

Bridge Total Height = 3.958 ft Elevation to bot. of girder = 10.59 ft
Bridge Length = 70.000 ft Elevation of centroid of Ah = 12.57 ft

Ah = 277.08 sq ft
N = 1 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 4.07 ft (above storm surge elevation)

Bridge Condition:
O.K.

O.K.
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● Resulting Horizontal Force: 

Fh = 7.64 kips 3.82 tons

Fh = 15.28 kips 7.64 tons

● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 1161770 lbs

Girder Seat Interface = Concrete to Concrete
μs = 0.8

Frictional Resistance = 929416 lbs

Shear Friction = 8870400 lbs

● Total Horizontal Resistance:
Rh = 9799.82 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 7.64 kips < Rh = 9799.82 kips

Fh = 15.28 kips < Rh = 9799.82 kips O.K.

Bridge Condition:
O.K.
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Old Makaha No. 3A Bridge:
Method For Estimating Wave Forces on Bridge Superstructures

Douglass (2006)
Vertical Force Equation: Horizontal Force Equation:

Constant Coefficients:
0.4
64 lb/cubic ft
1 Nonconserv.
2 Conserv.
1 Nonconserv.
2 Conserv.

♦ Vertical Force Calculations:
Bridge Deck Width = 32.83 ft Water Depth = 4.00 ft

Bridge Deck Length = 78.83 ft Water surface to bot. of girder = 7.24 ft
Height of girder = 1.50 ft

Av = 2588.36 sq ft Elevation to bot. of girder = 11.24 ft  
N = 12 girders Elevation to bot. of deck = 12.74 ft

Storm Surge Depth + Wave Height = 13.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 8.93 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 4.07 ft (above storm surge elevation)

● Resulting Vertical Force: 

Fv = 43.07 kips 21.54 tons (Non Conservative Value)

Fv = 86.14 kips 43.07 tons (Conservative Value)

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Self Weight = 279830 lbs 279.83 kips

Drift Bolt Withdrawal Capacity = 69300 lbs 69.3 kips

● Total Vertical Resistance:
Rv = 349.13 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 43.07 kips < Rv = 279.83 kips

Fv = 86.14 kips < Rv = 279.83 kips

♦ Horizontal Force Calculations:
Railing Height = 0.000 ft Water Depth = 4.00 ft

Deck Height = 0.500 ft Water surface to bot. of girder = 7.24 ft
Girder Height = 1.500 ft

Bridge Total Height = 2.000 ft Elevation to bot. of girder = 11.24 ft
Bridge Length = 78.833 ft Elevation of centroid of Ah = 12.24 ft

Ah = 157.67 sq ft
N = 12 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Bridge Condition:
O.K.

O.K.
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Wave Height = 4.07 ft (above storm surge elevation)

● Resulting Horizontal Force: 

Fh = 41.41 kips 20.71 tons

Fh = 82.82 kips 41.41 tons

● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 279830 lbs

Girder Seat Interface = Wood to Wood (wet)
μs = 0.2

Frictional Resistance = 55966 lbs

Drift Bolts Lateral Capacity = 14405.4 lbs

● Total Horizontal Resistance:
Rh = 70.37 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 41.41 kips < Rh = 70.37 kips

Fh = 82.82 kips > Rh = 70.37 kips Failure

Bridge Condition:
O.K.
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Maipalaoa Stream Bridge: (Maili Channel)
Method For Estimating Wave Forces on Bridge Superstructures

Douglass (2006)
Vertical Force Equation: Horizontal Force Equation:

Constant Coefficients:
0.4
64 lb/cubic ft
1 Nonconserv.
2 Conserv.
1 Nonconserv.
2 Conserv.

♦ Vertical Force Calculations:
Bridge Deck Width = 64.33 ft Water Depth = 3.00 ft

Bridge Deck Length = 100.67 ft Water surface to bot. of girder = 3.50 ft
Height of girder = 3.00 ft

Av = 6476.22 sq ft Elevation to bot. of girder = 6.50 ft  
N = 16 girders Elevation to bot. of deck = 9.50 ft

Storm Surge Depth + Wave Height = 12.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 8.25 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 3.75 ft (above storm surge elevation)

● Resulting Vertical Force: 

Fv = 1036.20 kips 518.10 tons (Non Conservative Value)

Fv = 2072.39 kips 1036.20 tons (Conservative Value)

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Self Weight = 1406690 lbs 1406.69 kips

● Total Vertical Resistance:
Rv = 1406.69 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 1036.20 kips < Rv = 1406.69 kips

Fv = 2072.39 kips > Rv = 1406.69 kips

♦ Horizontal Force Calculations:
Railing Height = 2.000 ft Water Depth = 3.00 ft

Deck Height = 0.500 ft Water surface to bot. of girder = 3.50 ft
Girder Height = 3.000 ft

Bridge Total Height = 5.500 ft Elevation to bot. of girder = 6.50 ft
Bridge Length = 100.667 ft Elevation of centroid of Ah = 9.25 ft

Ah = 553.67 sq ft
N = 16 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 3.75 ft (above storm surge elevation)

Bridge Condition:
O.K.

Failure
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● Resulting Horizontal Force: 

Fh = 682.12 kips 341.06 tons

Fh = 1364.23 kips 682.12 tons

● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 1406690 lbs

Girder Seat Interface = neoprene pad
μs = 0.1

Frictional Resistance = 140669 lbs

Beam Web Flexural Capacity = 92016 lbs

● Total Horizontal Resistance:
Rh = 232.69 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 682.12 kips > Rh = 232.69 kips

Fh = 1364.23 kips > Rh = 232.69 kips Failure

Bridge Condition:
Failure
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Moanalua Stream Bridge: (Spans 3, 4, 5 & 6) *Note: The calculations that follow are for one span only, 
Method For Estimating Wave Forces on Bridge Superstructures therefore the bridge weight is divided by 8.

Douglass (2006)
Vertical Force Equation: Horizontal Force Equation:

Constant Coefficients:
0.4
64 lb/cubic ft
1 Nonconserv.
2 Conserv.
1 Nonconserv.
2 Conserv.

♦ Vertical Force Calculations:
Bridge Deck Width = 64.33 ft Water Depth = 2.50 ft

Bridge Deck Length = 27.00 ft Water surface to bot. of girder = 4.00 ft
Height of girder = 1.83 ft

Av = 1737.00 sq ft Elevation to bot. of girder = 6.50 ft  
N = 9 girders Elevation to bot. of deck = 8.33 ft

Storm Surge Depth + Wave Height = 10.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 6.87 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 3.13 ft (above storm surge elevation)

● Resulting Vertical Force: 

Fv = 185.28 kips 92.64 tons (Non Conservative Value)

Fv = 370.56 kips 185.28 tons (Conservative Value)

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Self Weight = 417270 lbs 417.27 kips

Pier Cap Weight = 158400 lbs

● Total Vertical Resistance:
Rv = 575.67 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 185.28 kips < Rv = 575.67 kips

Fv = 370.56 kips < Rv = 575.67 kips

♦ Horizontal Force Calculations:
Railing Height = 3.729 ft Water Depth = 2.50 ft

Deck Height = 0.667 ft Water surface to bot. of girder = 4.00 ft
Girder Height = 1.833 ft

Bridge Total Height = 6.229 ft Elevation to bot. of girder = 6.50 ft
Bridge Length = 27.000 ft Elevation of centroid of Ah = 9.61 ft

Ah = 168.19 sq ft
N = 9 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Bridge Condition:
O.K.

O.K.
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Wave Height = 3.13 ft (above storm surge elevation)

● Resulting Horizontal Force: 

Fh = 17.42 kips 8.71 tons

Fh = 34.85 kips 17.42 tons

● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 417270 lbs

Girder Seat Interface = concrete to concrete
μs = 0.8

Frictional Resistance = 333816 lbs

Dowel Shear Friction = 1592640 lbs

● Total Horizontal Resistance:
Rh = 1926.46 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 17.42 kips < Rh = 1926.46 kips

Fh = 34.85 kips < Rh = 1926.46 kips

*Note: Spans 2 & 7 are the weakest, as they are only tied at one pier, 
the other side of each span is on a concrete to concrete interface. 

O.K.

Bridge Condition:
O.K.
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Kalihi Stream Bridge: (Typical Span) *Note: The calculations that follow are for one span only, 
Method For Estimating Wave Forces on Bridge Superstructures therefore the bridge weight is divided by 7.

Douglass (2006)
Vertical Force Equation: Horizontal Force Equation:

Constant Coefficients:
0.4
64 lb/cubic ft
1 Nonconserv.
2 Conserv.
1 Nonconserv.
2 Conserv.

♦ Vertical Force Calculations:
Bridge Deck Width = 88.33 ft Water Depth = 2.50 ft

Bridge Deck Length = 27.00 ft Water surface to bot. of girder = 4.00 ft
Height of girder = 1.83 ft

Av = 2385.00 sq ft Elevation to bot. of girder = 6.50 ft  
N = 13 girders Elevation to bot. of deck = 8.33 ft

Storm Surge Depth + Wave Height = 10.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 6.87 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 3.13 ft (above storm surge elevation)

● Resulting Vertical Force: 

Fv = 254.40 kips 127.20 tons (Non Conservative Value)

Fv = 508.80 kips 254.40 tons (Conservative Value)

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Self Weight = 565087 lbs 565.087 kips

● Total Vertical Resistance:
Rv = 565.087 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 254.40 kips < Rv = 565.087 kips

Fv = 508.80 kips < Rv = 565.087 kips

♦ Horizontal Force Calculations:
Railing Height = 3.729 ft Water Depth = 2.50 ft

Deck Height = 0.667 ft Water surface to bot. of girder = 4.00 ft
Girder Height = 1.833 ft

Bridge Total Height = 6.229 ft Elevation to bot. of girder = 6.50 ft
Bridge Length = 27.000 ft Elevation of centroid of Ah = 9.61 ft

Ah = 168.19 sq ft
N = 13 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 3.13 ft (above storm surge elevation)

Bridge Condition:
O.K.

O.K.
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● Resulting Horizontal Force: 

Fh = 24.06 kips 12.03 tons

Fh = 48.12 kips 24.06 tons

● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 565087 lbs

Girder Seat Interface = concrete to concrete
μs = 0.8

Frictional Resistance = 452069.6 lbs

● Total Horizontal Resistance:
Rh = 452.07 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 24.06 kips < Rh = 452.07 kips

Fh = 48.12 kips < Rh = 452.07 kips O.K.

Bridge Condition:
O.K.
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Nimitz Highway at Aloha Tower Slip Cover #2:
Method For Estimating Wave Forces on Bridge Superstructures

Douglass (2006)
Vertical Force Equation: Horizontal Force Equation:

Constant Coefficients:
0.4
64 lb/cubic ft
1 Nonconserv.
2 Conserv.
1 Nonconserv.
2 Conserv.

♦ Vertical Force Calculations:
Bridge Deck Width (1) = 67 ft Water Depth = 5.33 ft
Bridge Deck Width (2) = 53.00 ft Water surface to bot. of girder = 4.50 ft

Bridge Deck Length = 178.41 ft Height of girder = 2.50 ft

Av = 10704.60 sq ft Elevation to bot. of girder = 9.83 ft  
N = 11 girders Elevation to bot. of deck = 12.33 ft

Storm Surge Depth + Wave Height = 8.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 5.50 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 2.50 ft (above storm surge elevation)

● Resulting Vertical Force: 

Fv = 0.00 kips 0.00 tons (Non Conservative Value)

Fv = 0.00 kips 0.00 tons (Conservative Value)

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Self Weight = 2069453 lbs 2069.45 kips

● Total Vertical Resistance:
Rv = 2069.45 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 0.00 kips < Rv = 2069.45 kips Note: With 100 year flood data from the NFIP,
the waves will miss the bottom elevation of the bridge

Fv = 0.00 kips < Rv = 2069.45 kips

♦ Horizontal Force Calculations:
Railing Height = 1.667 ft Water Depth = 5.33 ft

Deck Height = 1.292 ft Water surface to bot. of girder = 4.50 ft
Girder Height = 2.500 ft

Bridge Total Height = 5.458 ft Elevation to bot. of girder = 9.83 ft
Bridge Length = 178.410 ft Elevation of centroid of Ah = 12.56 ft

Ah = 973.82 sq ft
N = 11 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 2.50 ft (above storm surge elevation)

● Resulting Horizontal Force: 

Fh = 0.00 kips 0.00 tons

Fh = 0.00 kips 0.00 tons

● Horizontal Resistance: (from hand calculations)

Bridge Condition:
O.K.

O.K.
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● Sources of Horizontal Resistance:
Self Weight = 2069453 lbs

Girder Seat Interface = Concrete to Concrete
μs = 0.8

Frictional Resistance = 1655562 lbs

● Total Horizontal Resistance:
Rh = 1655.56 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 0.00 kips < Rh = 1655.56 kips Note: With 100 year flood data from the NFIP,
the waves will miss the bottom elevation of the bridge

Fh = 0.00 kips < Rh = 1655.56 kips O.K.

Bridge Condition:
O.K.
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Nimitz Highway at Aloha Tower Slip Cover #3:
Method For Estimating Wave Forces on Bridge Superstructures

Douglass (2006)
Vertical Force Equation: Horizontal Force Equation:

Constant Coefficients:
0.4
64 lb/cubic ft
1 Nonconserv.
2 Conserv.
1 Nonconserv.
2 Conserv.

♦ Vertical Force Calculations:
Bridge Deck Width (1) = 29 ft Water Depth = 5.33 ft
Bridge Deck Width (2) = 41.00 ft Water surface to bot. of girder = 4.50 ft
Bridge Deck Width (3) = 32.50 ft Height of girder = 2.50 ft

Bridge Deck Length (1) = 162.00 ft
Bridge Deck Length (2) = 78.00 ft

Av = 8536.50 sq ft Elevation to bot. of girder = 9.83 ft  
N = 13 girders Elevation to bot. of deck = 12.33 ft

Storm Surge Depth + Wave Height = 8.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 5.50 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 2.50 ft (above storm surge elevation)

● Resulting Vertical Force: 

Fv = 0.00 kips 0.00 tons (Non Conservative Value)

Fv = 0.00 kips 0.00 tons (Conservative Value)

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Self Weight = 2180023 lbs 2180.02 kips

● Total Vertical Resistance:
Rv = 2180.02 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 0.00 kips < Rv = 2180.02 kips Note: With 100 year flood data from the NFIP,
the waves will miss the bottom elevation of the bridge

Fv = 0.00 kips < Rv = 2180.02 kips

♦ Horizontal Force Calculations:
Railing Height = 1.667 ft Water Depth = 5.33 ft

Deck Height = 1.292 ft Water surface to bot. of girder = 4.50 ft
Girder Height = 2.500 ft

Bridge Total Height = 5.458 ft Elevation to bot. of girder = 9.83 ft
Bridge Length = 240.000 ft Elevation of centroid of Ah = 12.56 ft

Ah = 1310.00 sq ft
N = 13 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 2.50 ft (above storm surge elevation)

● Resulting Horizontal Force: 

Fh = 0.00 kips 0.00 tons

Fh = 0.00 kips 0.00 tons

Bridge Condition:
O.K.

O.K.
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● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 2180023 lbs

Girder Seat Interface = Concrete to Concrete
μs = 0.8

Frictional Resistance = 1744018 lbs

● Total Horizontal Resistance:
Rh = 1744.02 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 0.00 kips < Rh = 1744.02 kips Note: With 100 year flood data from the NFIP,
the waves will miss the bottom elevation of the bridge

Fh = 0.00 kips < Rh = 1744.02 kips O.K.

Bridge Condition:
O.K.
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Kuliouou Bridge:
Method For Estimating Wave Forces on Bridge Superstructures

McPherson (2008)
Vertical Force Equation: Horizontal Force Equation:

○ ○

○ If
If

If
If

If

○
If

○

Constant Coefficients:
64 lb/cubic ft

♦ Vertical Force Calculations:
Bridge Deck Width = 68.75 ft Water Depth = 3.94 ft

Bridge Deck Length = 48.40 ft Water surface to bot. of girder = 1.00 ft
Area (A) = 3327.21 sq ft Height of girder = 3.00 ft

Vol_bridge = 4825.18 cubic ft Deck Height = 0.667 ft
Vol_trapped air/2 = 3475.35 cubic ft Railing Height = 2.708 ft

n = 12 girders Elevation to bot. of girder = 4.94 ft  
Elevation to bot. of deck = 7.94 ft

Storm Surge Depth + Wave Height = 8.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 5.50 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 2.50 ft (above storm surge elevation)

● Equation Values:

δz = -0.61 ft (Difference between top of deck and highest point on wave)

Fw = 0 lbs
Fhydrostatic = 0 lbs 

Fbridge = 308811.52 lbs

Fair_entrapment = 222422.08 lbs

● Resulting Vertical Force: 

Fv = 531.23 kips 265.62 tons

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Self Weight = 723777 lbs 723.78 kips

Bearing Plates = 433453 lbs 433.45 kips

● Total Vertical Resistance:
Rv = 1157.23 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 531.23 kips < Rv = 1157.23 kips

♦ Horizontal Force Calculations:
Railing Height = 2.708 ft Water Depth = 3.94 ft

Deck Height = 0.667 ft Water surface to bot. of girder = 1.00 ft
Girder Height = 3.000 ft

Bridge Total Height = 6.375 ft Elevation to bot. of girder = 4.94 ft

Bridge Condition:
O.K.
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Bridge Length = 48.396 ft Elevation to bot. of deck = 7.94 ft

Ah = 308.52 sq ft
N = 12 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 2.50 ft (above storm surge elevation)

● Equation Values:

η_max = 2.50 ft (Wave height above storm surge elevation)
H_bridge = 6.38 ft

h = 5.50 ft (SWL)
h_girder = 4.94 ft

h_deck = 7.94 ft

F_hydrostatic_front = 30210.615 lbs η_max < h_deck

F_hydrostatic_back = 482.686 lbs SWL > h_girder

● Resulting Vertical Force: 

Fh = 29.73 kips 14.86 tons

● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 723777 lbs

Girder Seat Interface = Neoprene Pads
μs = 0.1

Frictional Resistance = 72377.7 lbs

Bearing Plates = 345312 lbs

Beam Web Capacity = 41010 lbs

Koko Head wing wall = 59400 lbs

● Total Horizontal Resistance:
Rh = 518.10 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 29.73 kips < Rh = 518.10 kips
Bridge Condition:

O.K.
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Kahaluu Bridge:
Method For Estimating Wave Forces on Bridge Superstructures

McPherson (2008)
Vertical Force Equation: Horizontal Force Equation:

○ ○

○ If
If

If
If

If

○
If

○

Constant Coefficients:
64 lb/cubic ft

♦ Vertical Force Calculations:
Bridge Deck Width = 46.00 ft Water Depth = 5.75 ft

Bridge Deck Length = 318.00 ft Water surface to bot. of girder = 5.00 ft
Area (A) = 14628 sq ft Height of girder = 4.50 ft

Vol_bridge = 23960.2 cubic ft Deck Height = 0.500 ft
Vol_trapped air/2 = 19161.1 cubic ft Railing Height = 2.125 ft

n = 8 girders Elevation to bot. of girder = 10.75 ft  
Elevation to bot. of deck = 15.25 ft

Storm Surge Depth + Wave Height = 16.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 11.00 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 5.00 ft (above storm surge elevation)

● Equation Values:

δz = 0.25 ft (Difference between top of deck and highest point on wave)

Fw = 117024 lbs
Fhydrostatic = 117024 lbs 

Fbridge = 1533452.8 lbs

Fair_entrapment = 1226310.4 lbs

● Resulting Vertical Force: 

Fv = 2876.79 kips 1438.39 tons

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Self Weight = 3811550 lbs 3811.55 kips

● Total Vertical Resistance:
Rv = 3811.55 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 2876.79 kips < Rv = 3811.55 kips

♦ Horizontal Force Calculations:
Railing Height = 2.125 ft Water Depth = 5.75 ft

Deck Height = 0.500 ft Water surface to bot. of girder = 5.00 ft
Girder Height = 4.500 ft

Bridge Total Height = 7.125 ft Elevation to bot. of girder = 10.75 ft
Bridge Length = 318.000 ft Elevation to bot. of deck = 15.25 ft

Bridge Condition:
O.K.
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Ah = 2265.75 sq ft
N = 8 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 5.00 ft (above storm surge elevation)

● Equation Values:

η_max = 5.00 ft (Wave height above storm surge elevation)
H_bridge = 7.13 ft

h = 11.00 ft (SWL)
h_girder = 10.75 ft

h_deck = 15.25 ft

F_hydrostatic_front = 380646 lbs η_max < h_deck

F_hydrostatic_back = 618.636 lbs SWL > h_girder

● Resulting Vertical Force: 

Fh = 380.03 kips 190.01 tons

● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 3811550 lbs

Girder Seat Interface = Steel to Concrete
μs = 0.4

Frictional Resistance = 1524620 lbs

Wing Walls = 299260 lbs

● Total Horizontal Resistance:
Rh = 1823.88 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 380.03 kips < Rh = 1823.88 kips
Bridge Condition:

O.K.
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New South Punaluu Bridge: (span #2)
Method For Estimating Wave Forces on Bridge Superstructures

McPherson (2008)
Vertical Force Equation: Horizontal Force Equation:

○ ○

○ If
If

If
If

If

○
If

○

Constant Coefficients:
64 lb/cubic ft

♦ Vertical Force Calculations:
Bridge Deck Width = 50.00 ft Water Depth = 4.92 ft

Bridge Deck Length = 66.00 ft Water surface to bot. of girder = 0.00 ft
Area (A) = 3300 sq ft Height of girder = 1.75 ft

Vol_bridge = 14662.83 cubic ft Deck Height = 0.875 ft
Vol_trapped air/2 = 4402.245 cubic ft Railing Height = 3.000 ft

n = 30 girders Elevation to bot. of girder = 4.92 ft  
Elevation to bot. of deck = 6.67 ft

Storm Surge Depth + Wave Height = 12.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 8.25 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 3.75 ft (above storm surge elevation)

● Equation Values:

δz = 4.46 ft (Difference between top of deck and highest point on wave)

Fw = 470448 lbs
Fhydrostatic = 470448 lbs 

Fbridge = 938421.12 lbs

Fair_entrapment = 281743.68 lbs

● Resulting Vertical Force: 

Fv = 1690.61 kips 845.31 tons

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Deck Capacity = 1262990 lbs 1262.99 kips

● Total Vertical Resistance:
Rv = 1262.99 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 1690.61 kips > Rv = 1262.99 kips

♦ Horizontal Force Calculations:
Railing Height = 3.000 ft Water Depth = 4.92 ft

Deck Height = 0.875 ft Water surface to bot. of girder = 0.00 ft
Girder Height = 1.750 ft

Bridge Total Height = 5.625 ft Elevation to bot. of girder = 4.92 ft
Bridge Length = 66.000 ft Elevation to bot. of deck = 6.67 ft

Bridge Condition:
Failure
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Ah = 371.25 sq ft
N = 30 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 3.20 ft (above storm surge elevation)

● Equation Values:

η_max = 3.20 ft (Wave height above storm surge elevation)
H_bridge = 5.63 ft

h = 8.25 ft
h_girder = 4.92 ft

h_deck = 6.67 ft

F_hydrostatic_front = 77522.0214 lbs η_max < h_deck

F_hydrostatic_back = 23383.518 lbs SWL > h_girder

● Resulting Vertical Force: 

Fh = 54.14 kips 27.07 tons

● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 907302 lbs

Girder Seat Interface = Concrete to Concrete
μs = 0.8

Frictional Resistance = 725841.6 lbs

Bearing Pads = 766770 lbs

● Total Horizontal Resistance:
Rh = 1492.61 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 54.14 kips < Rh = 1492.61 kips
Bridge Condition:

O.K.
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New Makaha No.3A:
Method For Estimating Wave Forces on Bridge Superstructures

McPherson (2008)
Vertical Force Equation: Horizontal Force Equation:

○ ○

○ If
If

If
If

If

○
If

○

Constant Coefficients:
64 lb/cubic ft

♦ Vertical Force Calculations:
Bridge Deck Width = 46.83 ft Water Depth = 1.00 ft

Bridge Deck Length = 70.00 ft Water surface to bot. of girder = 9.59 ft
Area (A) = 3278.33 sq ft Height of girder = 2.33 ft

Vol_bridge = 7745.12 cubic ft Deck Height = 0.458 ft
Vol_trapped air/2 = 0 cubic ft Railing Height = 1.167 ft

n = 1 girders Elevation to bot. of girder = 10.59 ft  
Elevation to bot. of deck = 12.92 ft

Storm Surge Depth + Wave Height = 13.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 8.93 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 4.07 ft (above storm surge elevation)

● Equation Values:

δz = -0.38 ft (Difference between top of deck and highest point on wave)

Fw = 0 lbs
Fhydrostatic = 0 lbs 

Fbridge = 495687.68 lbs

Fair_entrapment = 0 lbs

● Resulting Vertical Force: 

Fv = 495.69 kips 247.84 tons

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Deck Flexture Capacity = 1127130 lbs 1127.13 kips

● Total Vertical Resistance:
Rv = 1127.13 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 495.69 kips < Rv = 1127.13 kips

♦ Horizontal Force Calculations:
Railing Height = 1.167 ft Water Depth = 1.00 ft

Deck Height = 0.458 ft Water surface to bot. of girder = 9.59 ft
Girder Height = 2.333 ft

Bridge Total Height = 3.958 ft Elevation to bot. of girder = 10.59 ft
Bridge Length = 70.000 ft Elevation to bot. of deck = 12.92 ft

Bridge Condition:
O.K.
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Ah = 277.08 sq ft
N = 1 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 4.07 ft (above storm surge elevation)

● Equation Values:

η_max = 4.07 ft (Wave height above storm surge elevation)
H_bridge = 3.96 ft

h = 8.93 ft
h_girder = 10.59 ft

h_deck = 12.92 ft

F_hydrostatic_front = 21368.6667 lbs η_max < h_deck

F_hydrostatic_back = 0.000 lbs SWL < h_girder

● Resulting Vertical Force: 

Fh = 21.37 kips 10.68 tons

● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 1161770 lbs

Girder Seat Interface = Concrete to Concrete
μs = 0.8

Frictional Resistance = 929416 lbs

Shear Friction = 8870400 lbs

● Total Horizontal Resistance:
Rh = 9799.82 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 21.37 kips < Rh = 9799.82 kips
Bridge Condition:

O.K.
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Old Makaha No.3A:
Method For Estimating Wave Forces on Bridge Superstructures

McPherson (2008)
Vertical Force Equation: Horizontal Force Equation:

○ ○

○ If
If

If
If

If

○
If

○

Constant Coefficients:
64 lb/cubic ft

♦ Vertical Force Calculations:
Bridge Deck Width = 32.83 ft Water Depth = 4.00 ft

Bridge Deck Length = 78.83 ft Water surface to bot. of girder = 7.24 ft
Area (A) = 2588.36 sq ft Height of girder = 1.50 ft

Vol_bridge = 6933.77 cubic ft Deck Height = 0.500 ft
Vol_trapped air/2 = 1167.17 cubic ft Railing Height = 0.000 ft

n = 12 girders Elevation to bot. of girder = 11.24 ft  
Elevation to bot. of deck = 12.74 ft

Storm Surge Depth + Wave Height = 13.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 8.93 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 4.07 ft (above storm surge elevation)

● Equation Values:

δz = -0.24 ft (Difference between top of deck and highest point on wave)

Fw = 0.00 lbs
Fhydrostatic = 0.00 lbs 

Fbridge = 443761.28 lbs

Fair_entrapment = 74698.88 lbs

● Resulting Vertical Force: 

Fv = 518.46 kips 259.23 tons

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Self Weight = 279830 lbs 279.83 kips

Drift Bolt Withdrawal Capacity = 69300 lbs 69.3 kips

● Total Vertical Resistance:
Rv = 349.13 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 518.46 kips > Rv = 349.13 kips

♦ Horizontal Force Calculations:
Railing Height = 0.000 ft Water Depth = 4.00 ft

Deck Height = 0.500 ft Water surface to bot. of girder = 7.24 ft
Girder Height = 1.500 ft

Bridge Total Height = 2.000 ft Elevation to bot. of girder = 11.24 ft

Bridge Condition:
Failure
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Bridge Length = 78.833 ft Elevation to bot. of deck = 12.74 ft

Ah = 157.67 sq ft
N = 12 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 4.07 ft (above storm surge elevation)

● Equation Values:

η_max = 4.07 ft (Wave height above storm surge elevation)
H_bridge = 2.000 ft

h = 8.935 ft
h_girder = 11.240 ft

h_deck = 12.740 ft

F_hydrostatic_front = 8879.78667 lbs η_max < h_deck

F_hydrostatic_back = 0.000 lbs SWL < h_girder

● Resulting Vertical Force: 

Fh = 8.88 kips 4.44 tons

● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 279830 lbs

Girder Seat Interface = Wood to Wood (wet)
μs = 0.2

Frictional Resistance = 55966 lbs

Drift Bolts Lateral Capacity = 14405.4 lbs

● Total Horizontal Resistance:
Rh = 70.37 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 8.88 kips < Rh = 70.37 kips
Bridge Condition:

O.K.
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Maipalaoa Bridge: (Maili Channel)
Method For Estimating Wave Forces on Bridge Superstructures

McPherson (2008)
Vertical Force Equation: Horizontal Force Equation:

○ ○

○ If
If

If
If

If

○
If

○

Constant Coefficients:
64 lb/cubic ft

♦ Vertical Force Calculations:
Bridge Deck Width = 64.33 ft Water Depth = 3.00 ft

Bridge Deck Length = 100.67 ft Water surface to bot. of girder = 3.50 ft
Area (A) = 6476.22222 sq ft Height of girder = 3.00 ft

Vol_bridge = 7745.12 cubic ft Deck Height = 0.500 ft
Vol_trapped air/2 = 6242.7 cubic ft Railing Height = 2.000 ft

n = 16 girders Elevation to bot. of girder = 6.50 ft  
Elevation to bot. of deck = 9.50 ft

Storm Surge Depth + Wave Height = 12.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 8.25 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 3.75 ft (above storm surge elevation)

● Equation Values:

δz = 2.00 ft (Difference between top of deck and highest point on wave)

Fw = 414478.222 lbs
Fhydrostatic = 414478.222 lbs 

Fbridge = 495687.68 lbs

Fair_entrapment = 399532.8 lbs

● Resulting Vertical Force: 

Fv = 1309.70 kips 654.85 tons

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Self Weight = 1406690 lbs 1406.69 kips

● Total Vertical Resistance:
Rv = 1406.69 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 1309.70 kips < Rv = 1406.69 kips

♦ Horizontal Force Calculations:
Railing Height = 2.000 ft Water Depth = 3.00 ft

Deck Height = 0.500 ft Water surface to bot. of girder = 3.50 ft
Girder Height = 3.000 ft

Bridge Total Height = 5.500 ft Elevation to bot. of girder = 6.50 ft
Bridge Length = 100.667 ft Elevation to bot. of deck = 9.50 ft

Bridge Condition:
O.K.
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Ah = 553.67 sq ft
N = 16 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 3.75 ft (above storm surge elevation)

● Equation Values:

η_max = 3.75 ft (Wave height above storm surge elevation)
H_bridge = 5.50 ft

h = 8.25 ft
h_girder = 6.50 ft

h_deck = 9.50 ft

F_hydrostatic_front = 97445.3333 lbs η_max < h_deck

F_hydrostatic_back = 9836.296 lbs SWL > h_girder

● Resulting Vertical Force: 

Fh = 87.61 kips 43.80 tons

● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 1406690 lbs

Girder Seat Interface = neoprene pad
μs = 0.1

Frictional Resistance = 140669 lbs

Beam Web Flexural Capacity = 92016 lbs

● Total Horizontal Resistance:
Rh = 232.69 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 87.61 kips < Rh = 232.69 kips
Bridge Condition:

O.K.
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Moanalua Stream Bridge: (Spans 3, 4, 5 & 6) *Note: The calculations that follow are for one span only, 
Method For Estimating Wave Forces on Bridge Superstructures therefore bridge volumes are divided by 8.

McPherson (2008)
Vertical Force Equation: Horizontal Force Equation:

○ ○

○ If
If

If
If

If

○
If

○

Constant Coefficients:
64 lb/cubic ft

♦ Vertical Force Calculations:
Bridge Deck Width = 64.33 ft Water Depth = 2.50 ft

Bridge Deck Length = 27.00 ft Water surface to bot. of girder = 4.00 ft
Area (A) = 1737 sq ft Height of girder = 1.83 ft

Vol_bridge = 2737.62 cubic ft Deck Height = 0.667 ft
Vol_trapped air/2 = 1390.11 cubic ft Railing Height = 3.729 ft

n = 9 girders Elevation to bot. of girder = 6.50 ft  
Elevation to bot. of deck = 8.33 ft

Storm Surge Depth + Wave Height = 10.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 6.87 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 3.13 ft (above storm surge elevation)

● Equation Values:

δz = 1.00 ft (Difference between top of deck and highest point on wave)

Fw = 55584 lbs
Fhydrostatic = 55584 lbs 

Fbridge = 175207.537 lbs

Fair_entrapment = 88967 lbs

● Resulting Vertical Force: 

Fv = 319.76 kips 159.88 tons

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Self Weight = 417270 lbs 417.27 kips

Pier Cap Weight = 158400 lbs 158.4 kips

● Total Vertical Resistance:
Rv = 575.67 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 319.76 kips < Rv = 575.67 kips

♦ Horizontal Force Calculations:
Railing Height = 3.729 ft Water Depth = 2.50 ft

Deck Height = 0.667 ft Water surface to bot. of girder = 4.00 ft
Girder Height = 1.833 ft

Bridge Total Height = 6.229 ft Elevation to bot. of girder = 6.50 ft

Bridge Condition:
O.K.
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Bridge Length = 27.000 ft Elevation to bot. of deck = 8.33 ft

Ah = 168.19 sq ft
N = 9 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 3.13 ft (above storm surge elevation)

● Equation Values:

η_max = 3.13 ft (Wave height above storm surge elevation)
H_bridge = 6.23 ft

h = 6.87 ft
h_girder = 6.50 ft

h_deck = 8.33 ft

F_hydrostatic_front = 18837 lbs η_max < h_deck

F_hydrostatic_back = 120.112 lbs SWL > h_girder

● Resulting Vertical Force: 

Fh = 18.72 kips 9.36 tons

● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 417270 lbs

Girder Seat Interface = concrete to concrete
μs = 0.8

Frictional Resistance = 333816 lbs

Dowel Shear Friction = 1592640 lbs

● Total Horizontal Resistance:
Rh = 1926.46 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 18.72 kips < Rh = 1926.46 kips

*Note: Spans 2 & 7 are the weakest, as they are only tied at one pier, 
the other side of each span is on a concrete to concrete interface. 

Bridge Condition:
O.K.
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Kalihi Stream Bridge: (Typical Span) *Note: The calculations that follow are for one span only, 
Method For Estimating Wave Forces on Bridge Superstructures therefore bridge volumes are divided by 7.

McPherson (2008)
Vertical Force Equation: Horizontal Force Equation:

○ ○

○ If
If

If
If

If

○
If

○

Constant Coefficients:
64 lb/cubic ft

♦ Vertical Force Calculations:
Bridge Deck Width = 88.33 ft Water Depth = 2.50 ft

Bridge Deck Length = 27.00 ft Water surface to bot. of girder = 4.00 ft
Area (A) = 2385 sq ft Height of girder = 1.83 ft

Vol_bridge = 3684.43 cubic ft Deck Height = 0.667 ft
Vol_trapped air/2 = 979.86 cubic ft Railing Height = 3.729 ft

n = 13 girders Elevation to bot. of girder = 6.50 ft  
Elevation to bot. of deck = 8.33 ft

Storm Surge Depth + Wave Height = 10.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 6.87 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 3.13 ft (above storm surge elevation)

● Equation Values:

δz = 1.00 ft (Difference between top of deck and highest point on wave)

Fw = 76320 lbs
Fhydrostatic = 76320 lbs 

Fbridge = 235803.236 lbs

Fair_entrapment = 62710.784 lbs

● Resulting Vertical Force: 

Fv = 374.83 kips 187.42 tons

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Self Weight = 565087.1 lbs 565.09 kips

● Total Vertical Resistance:
Rv = 565.09 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 374.83 kips < Rv = 565.09 kips

♦ Horizontal Force Calculations:
Railing Height = 3.729 ft Water Depth = 2.50 ft

Deck Height = 0.667 ft Water surface to bot. of girder = 4.00 ft
Girder Height = 1.833 ft

Bridge Total Height = 6.229 ft Elevation to bot. of girder = 6.50 ft
Bridge Length = 27.000 ft Elevation to bot. of deck = 8.33 ft

Bridge Condition:
O.K.
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Ah = 168.19 sq ft
N = 13 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 4.225 ft (above storm surge elevation)

● Equation Values:

η_max = 4.23 ft (Wave height above storm surge elevation)
H_bridge = 6.23 ft

h = 6.87 ft
h_girder = 6.50 ft

h_deck = 8.33 ft

F_hydrostatic_front = 24745.6407 lbs η_max < h_deck

F_hydrostatic_back = 120.112 lbs SWL > h_girder

● Resulting Vertical Force: 

Fh = 24.63 kips 12.31 tons

● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 565087.1 lbs

Girder Seat Interface = concrete to concrete
μs = 0.8

Frictional Resistance = 452069.7 lbs

● Total Horizontal Resistance:
Rh = 452.07 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 24.63 kips < Rh = 452.07 kips
Bridge Condition:

O.K.
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Nimitz Highway Slip Cover #2:
Method For Estimating Wave Forces on Bridge Superstructures

McPherson (2008)
Vertical Force Equation: Horizontal Force Equation:

○ ○

○ If
If

If
If

If

○
If

○

Constant Coefficients:
64 lb/cubic ft

♦ Vertical Force Calculations:
Bridge Deck Width (1) = 67 ft Water Depth = 5.33 ft
Bridge Deck Width (2) = 53.00 ft Water surface to bot. of girder = 4.50 ft

Bridge Deck Length = 178.41 ft

Area (A) = 10704.6 sq ft Height of girder = 2.50 ft
Vol_bridge = 13797 cubic ft Deck Height = 1.292 ft

Vol_trapped air/2 = 0 cubic ft Railing Height = 1.667 ft

n = 11 girders Elevation to bot. of girder = 9.83 ft  
Elevation to bot. of deck = 12.33 ft

Storm Surge Depth + Wave Height = 8.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 5.50 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 2.50 ft (above storm surge elevation)

● Equation Values:

δz = -5.63 ft (Difference between top of deck and highest point on wave)

Fw = 0 lbs
Fhydrostatic = 0 lbs 

Fbridge = 0 lbs (bridge is not submerged, water level is too low)

Fair_entrapment = 0 lbs

● Resulting Vertical Force: 

Fv = 0.00 kips 0.00 tons

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Self Weight = 2069453 lbs 2069.453 kips

● Total Vertical Resistance:
Rv = 2069.453 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 0.00 kips < Rv = 2069.453 kips

♦ Horizontal Force Calculations:
Railing Height = 1.667 ft Water Depth = 5.33 ft

Deck Height = 1.292 ft Water surface to bot. of girder = 4.50 ft
Girder Height = 2.500 ft

Bridge Condition:
O.K.
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Bridge Total Height = 5.458 ft Elevation to bot. of girder = 9.83 ft
Bridge Length = 178.410 ft Elevation to bot. of deck = 12.33 ft

Ah = 973.82 sq ft
N = 11 girders

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 2.50 ft (above storm surge elevation)

● Equation Values:

η_max = 2.50 ft (Wave height above storm surge elevation)
H_bridge = 5.46 ft

h = 8.00 ft
h_girder = 9.83 ft

h_deck = 12.33 ft

F_hydrostatic_front = 0 lbs η_max < h_deck (bridge is not submerged)

F_hydrostatic_back = 0.000 lbs SWL < h_girder

● Resulting Vertical Force: 

Fh = 0.00 kips 0.00 tons

● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 2069453 lbs

Girder Seat Interface = Concrete to Concrete
μs = 0.8

Frictional Resistance = 1655562 lbs

● Total Horizontal Resistance:
Rh = 1655.56 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 0.00 kips < Rh = 1655.56 kips
Bridge Condition:

O.K.
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Nimitz Highway Slip Cover #3:
Method For Estimating Wave Forces on Bridge Superstructures

McPherson (2008)
Vertical Force Equation: Horizontal Force Equation:

○ ○

○ If
If

If
If

If

○
If

○

Constant Coefficients:
64 lb/cubic ft

♦ Vertical Force Calculations:
Bridge Deck Width (1) = 29 ft Water Depth = 5.33 ft
Bridge Deck Width (2) = 41.00 ft Water surface to bot. of girder = 4.50 ft
Bridge Deck Width (3) = 32.50 ft

Bridge Deck Length (1) = 162.00 ft Height of girder = 2.50 ft
Bridge Deck Length (2) = 78.00 ft Deck Height = 1.292 ft

Av = 8536.5 sq ft Railing Height = 1.667 ft

Vol_bridge = 14499 cubic ft Elevation to bot. of girder = 9.83 ft  
Vol_trapped air/2 = 0 cubic ft Elevation to bot. of deck = 12.33 ft

n = 13 girders Storm Surge Depth + Wave Height = 8.00 ft (from NFIP Flood Hazard Assessment Tool)
Storm Surge Depth = 5.50 ft

● Largest Unbroken Wave: (0.455*storm surge depth)

Wave Height = 2.50 ft (above storm surge elevation)

● Equation Values:

δz = -5.63 ft (Difference between top of deck and highest point on wave)

Fw = 0 lbs
Fhydrostatic = 0 lbs 

Fbridge = 0 lbs (bridge is not submerged, water level is too low)

Fair_entrapment = 0 lbs

● Resulting Vertical Force: 

Fv = 0.00 kips 0.00 tons

● Vertical Resistance: (from hand calculations)

● Sources of Vertical Resistance:
Self Weight = 2069453 lbs 2069.453 kips

● Total Vertical Resistance:
Rv = 2069.453 kips

● Comparison of Vertical Wave Force to Vertical Resistance: 

Fv = 0.00 kips < Rv = 2069.453 kips

♦ Horizontal Force Calculations:
Railing Height = 1.667 ft Water Depth = 5.33 ft

Deck Height = 1.292 ft Water surface to bot. of girder = 4.50 ft
Girder Height = 2.500 ft

Bridge Total Height = 5.458 ft Elevation to bot. of girder = 9.83 ft

Bridge Condition:
O.K.
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Bridge Length = 240.000 ft Elevation to bot. of deck = 12.33 ft

Ah = 1310.00 sq ft
N = 13 girders

● Largest Unbroken Wave: (0.78*storm surge depth)

Wave Height = 6.39 ft (above storm surge elevation)

● Equation Values:

η_max = 6.39 ft (Wave height above storm surge elevation)
H_bridge = 5.46 ft

h = 8.00 ft
h_girder = 9.83 ft

h_deck = 12.33 ft

F_hydrostatic_front = 0 lbs η_max < h_deck (bridge is not submerged)

F_hydrostatic_back = 0.000 lbs SWL < h_girder

● Resulting Vertical Force: 

Fh = 0.00 kips 0.00 tons

● Horizontal Resistance: (from hand calculations)

● Sources of Horizontal Resistance:
Self Weight = 2180023 lbs

Girder Seat Interface = Concrete to Concrete
μs = 0.8

Frictional Resistance = 1744018 lbs

● Total Horizontal Resistance:
Rh = 1744.02 kips

● Comparison of Horizontal Wave Force to Horizontal Resistance: 

Fh = 0.00 kips < Rh = 1744.02 kips
Bridge Condition:

O.K.
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