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CHAPTER 1
[bookmark: _Toc96768649][bookmark: _Toc96891439]INTRODUCTION AND BACKGROUND INFORMATION
After Hurricane Michael ravaged Mexico Beach and surrounding areas in October of 2018, a team from the Federal Emergency Management Agency (FEMA) documented the damage. The resultant Mitigation Assessment Team (MAT) report “Report No. FEMA P-2077” identified several places where concrete piles failed (FEMA 2020). In particular, the MAT observed several instances where scour and erosion exceeded the ability of the concrete pile/column foundations to remain vertical. Instances were also observed where lateral loads and bending moments exceeded the material properties of the concrete foundation piles/columns, causing them to crack and break. As pointed out by FEMA, concrete piles should not be failing in these manners. Further complicating matters, embedment depths for piles that failed these ways were often unknown. 
[bookmark: _Toc96768650][bookmark: _Toc96891440]1.1 Goals and Objectives
The overall goal of the research presented here was to determine which of these failure mechanisms or combinations thereof led to the structural failures described above and to develop preliminary mitigation measures to help prevent these sorts of failures from occurring in the future. 
[bookmark: _Toc96768651][bookmark: _Toc96891441]1.2 Scope of Work
To accomplish these goals, a series of research tasks were proposed. These tasks were as follows: 
Task 1 – Information gather and filed visit(s)
Task 2 – Determine maximum environmental loading conditions
Task 3 – Determine structural response to environmental loading
Task 4 – Develop and test mitigation measures
For details about each of these tasks as proposed, please refer to this project’s proposal submitted to the Florida Building Commission.
[bookmark: _Toc96768652][bookmark: _Toc96891442]1.3 Report Organization
Organization of this report is as follows: 
Chapter 2 discusses work conducted to complete the objectives associated with Task 1. As will be discussed, Task 1 has been completed. 
Chapter 3 discusses work conducted to complete the objects associated with Task 2. As will be discussed, Task 2 is mostly completed, although computational fluid dynamic (CFD) modeling results require further investigation to verify their validity. 
Chapter 4 discusses the current status of Task 3 and future work associated with this task. 
Chapter 5 discusses upcoming work associated with Task 4.  

CHAPTER 2
[bookmark: _Toc96768653][bookmark: _Toc96891443]TASK 1 – INFORMATION GATHERING AND FIELD VISIT
[bookmark: _Toc96768654][bookmark: _Toc96891444]2.1 Scope of Work
The objective of Task 1 was to collect necessary data for an in-depth foundation system analysis. Specific work items associated with Task 1 were as follows: 
Using Google (2022), investigators conducted a historical image search of Mexico Beach to better understand the structures whose concrete piles failed during Hurricane Michael in terms of their dimensions, locations relative to the water, and locations of other structural elements near the piles (i.e., slabs, grade beams, etc.). 
Two site visits to Mexico Beach were conducted to investigate debris and damage that remained from Hurricane Michael. 
Investigators contacted county building officials in Bay County to see if any construction drawings were available from permits. 
Investigators examined FEMA records to determine if any of the failed structures had elevation certificates and/or letters of map revision (LOMR) that may have been used to reduce flood insurance premiums. 
Once these tasks were completed, investigators chose a representative structure that would be used in subsequent analysis. 
[bookmark: _Toc96768655][bookmark: _Toc96891445]2.2 Google Maps Investigation 
Google (2022) records were available from October of 2018 and appeared to have been taken very shortly after Hurricane Michael affected the area on October 7, 2018, through October 11, 2018. Significant damage as observed along FL-30/US-98. Moving from southeast toward the northwest, most major damage was observed between approximately 700 FL-30/US-98 and the intersection of FL-30/US-98 with Salt Creek (see Fig. 2-1, below). Along this route, several failed structures with concrete foundations were observed. Some of the concrete foundations withstood the forces associated with Hurricane Michael, while others failed. Examples are illustrated below in Fig. 2-2 through Fig. 2-15. Unfortunately, it appears that the Google (2022) camera after Hurricane Michael only captured usable street data southeast of S 27th St. From S 27th St. northwest through S 42nd St., significant damage was observed, but it was not possible to isolate concrete foundations from other foundations using street data because the camera from Google did not appear to take data down these side streets. As such, images in these locations were only available from the beach-side where data were collected. It is possible that further inland, additional concrete foundation damage may have been present after the storm. 
[image: ]Approximate extents of major damage from Hurricane Michael

[bookmark: _Toc96772174][bookmark: _Toc96892224]Figure 2-1. Approximate major damage zone post Hurricane Michael 
[image: ]
[bookmark: _Toc96772175][bookmark: _Toc96892225]Figure 2-2. Evidence of structure with concrete foundations that failed during Hurricane Michael located at 719 FL-30/US-98 (former site of Toucan’s of Mexico Beach)
[image: ]
[bookmark: _Toc96772176][bookmark: _Toc96892226]Figure 2-3. Evidence of a structure with structural failure but little to no concrete foundation failure after Hurricane Michael located at 903 FL-30/US-98
[image: ]
[bookmark: _Toc96772177][bookmark: _Toc96892227]Figure 2-4. Evidence of a structure with concrete foundations that failed during Hurricane Michael located at 1101 FL-30/US-98
[image: ]
[bookmark: _Toc96772178][bookmark: _Toc96892228]Figure 2-5. Evidence of a structure with concrete foundations that partially failed during Hurricane Michael located at 1207 FL-30/US-98
[image: ]
[bookmark: _Toc96772179][bookmark: _Toc96892229]Figure 2-6. Opposite angle for 1207 FL-30/US-98; data were available from the beach side at this location


[image: ]
[bookmark: _Toc96772180][bookmark: _Toc96892230]Figure 2-7. Evidence of a structure with structural failure and partial concrete foundation failure after Hurricane Michael located at 1603 FL-30/US-98
[image: ]
[bookmark: _Toc96772181][bookmark: _Toc96892231]Figure 2-7. Evidence of a structure with concrete foundations with structural failure but no foundation failure during Hurricane Michael located at 101 S 25th Street
[image: ]
[bookmark: _Toc96772182][bookmark: _Toc96892232]Figure 2-8. Evidence of concrete foundation failure located at 106 S 25th Street and 107 S 27th Street 
[image: ]
[bookmark: _Toc96772183][bookmark: _Toc96892233]Figure 2-9. Evidence of concrete foundation failure located at 106 S 25th Street and 107 S 27th Street (different angle) 
[image: ]
[bookmark: _Toc96772184][bookmark: _Toc96892234]Figure 2-10. Evidence of a structure with concrete foundations that did not fail located at 108 S 27th Street
[image: ]
[bookmark: _Toc96772185][bookmark: _Toc96892235]Figure 2-11. Evidence of a structure with partial concrete foundation failure located at 108 S 29th Street
[image: ]
[bookmark: _Toc96772186][bookmark: _Toc96892236]Figure 2-12. Evidence of a structure with little apparent concrete foundation structural damage located at 112 S 30th Street

[image: ]
[bookmark: _Toc96772187][bookmark: _Toc96892237]Figure 2-13. Evidence of a structure with little apparent concrete foundation structural damage located at 112 S 31st Street

[image: ]
[bookmark: _Toc96772188][bookmark: _Toc96892238]Figure 2-14. Evidence of a structure with little apparent concrete foundation structural damage located at 114 S 33rd Street
[image: ]
Figure 2-15. Evidence of two structures with apparent concrete foundations and little observable damage located at 114 S 35 Street (right structure) and 117 S 36th Street (left structure)

[bookmark: _Toc96768656][bookmark: _Toc96891446]2.3 Site Visits 
Two site visits were conducted to assess remaining debris from Hurricane Michael. The focus of these visits was to obtain data from structures where usable Google (2022) data were available. While much of the debris from Hurricane Michael had been removed since the storm, at two locations, sufficient debris remained to estimate foundation plans. These locations were 1101 FL-30/US-98 (corresponding to Fig. 2-4) and 112 S 31st St. (corresponding to Fig. 2-13). 
[bookmark: _Toc96768657][bookmark: _Toc96891447]2.3.1 Data From 1101 FL-30/US-98
Site visit data from 1101 FL-30/US-98 are presented below in Fig. 2-15 through Fig. 2-23: 

[image: ]
[bookmark: _Toc96772189][bookmark: _Toc96892239]Figure 2-16. Site visit data from 1101 FL-30/US-98 showing overview of remaining debris

[image: ]
[bookmark: _Toc96772190][bookmark: _Toc96892240]Figure 2-17. Close-up of failed concrete pile at 1101 FL-30/US-98
[image: ]
[bookmark: _Toc96772191][bookmark: _Toc96892241]Figure 2-18. Close-up of another failed concrete pile at 1101 FL-30/US-98
[image: ]
[bookmark: _Toc96772192][bookmark: _Toc96892242]Figure 2-19. Close-up of second row of failed concrete piles at 1101 FL-30/US-98
[image: ]
Figure 2-20. Close-up of rebar in far-left pile shown in Fig. 2-19
[image: ]
[bookmark: _Toc96772193][bookmark: _Toc96892243]Figure 2-21. Another close-up of failed concrete piles at 1101 FL-30/US-98
[image: ]
[bookmark: _Toc96772194][bookmark: _Toc96892244]Figure 2-22. Beach-side overview of failed concrete piles at 1101 FL-30/US-98
[image: ]
[bookmark: _Toc96772195][bookmark: _Toc96892245]Figure 2-23. Close-up of timber pile cap that ran along the tops of the piles at 1101 FL-30/US-98. Also shown are anchor bolts that anchored the piles to the cap. Note that the anchor bolts are mostly intact
Measurements taken at this location showed the following: 
Concrete piles were 12-in. by 12-in. and reinforced with 4x0.5-in. rebar with a 2.75-in. concrete cover. 
Total exposed pile height was 11.5 ft. Based upon the paint patterns that were observed, it appears that approximately 2 to 3 ft. of scour occurred at this location. 
1-in. diameter anchor bolts were used to affix the piles to their timber pile caps. 
Pile spacing was approximately 12.5 ft. parallel to the roadway and 9 ft perpendicular to the roadway. 
These measurements were used to develop a sketch of 1101 FL-30/US-98 (Fig. 2-24). 
[image: ]
[bookmark: _Toc96772196][bookmark: _Toc96892246]Figure 2-24. Sketch of pile layout at 1101 FL-30/US-98
[bookmark: _Toc96768658][bookmark: _Toc96891448]2.3.2 Data from 112 S 31st St.
Since Hurricane Michael, the superstructure at 112 S 31st St. has been razed, but the concrete pile foundations remain (Fig. 2-25). 
[image: ]
[bookmark: _Toc96772197][bookmark: _Toc96892247]Figure 2-25. Remaining concrete pile foundations at 112 S 31st St. 
Measurements were taken of the remaining structure at this location. Measurements showed the following: 
Concrete piles were 12-in. by 12-in. It was not possible to determine how these piles were reinforced since no rebar was exposed. 
Total exposed pile height was 107 in. Atop the piles were 15.5-in. beams that ran perpendicular to the dunes. 
Pile spacing varied from bent to bent along the structure. Maximum spacing was 14-ft. while minimum spacing 10.42-ft. 
These measurements were used to develop a sketch associated with the structure’s foundation (Fig. 2-26). 
[image: ]
[bookmark: _Toc96772198][bookmark: _Toc96892248]Figure 2-26. Sketch of pile layout at 31 S 31st St. 
[bookmark: _Toc96768659][bookmark: _Toc96891449]2.4 Search for Local Government Records 
At this point in the forensic investigation, investigators chose to target the locations with the most available data – 1101 FL-30/US-98 and 112 S 31st St. Government officials were contacted in unincorporated Bay County to determine if permits were ever filed for either of these two locations. Officials in Bay County referred investigators to officials in Mexico Beach because Bay County does not keep permit records associated with incorporated Mexico Beach. Mexico Beach officials confirmed that permits were filed at both locations, but that in each case, the permits were so old that only paper records were kept. Unfortunately, in both cases, these paper records were destroyed during Hurricane Michael. 
[bookmark: _Toc96768660][bookmark: _Toc96891450]2.5 FEMA Record Search
FEMA records were examined to determine if any LOMR were filed for either 1101 FL-30/US-98 or 112 S 31st. Unfortunately, there were no LOMR records at either location. 
[bookmark: _Toc96768661][bookmark: _Toc96891451]2.6 Selection of Representative Structure
Similar data were available at both 1101 FL-30/US-98 and at 112 S 31st St. At the 112 S 31st St. location, there was some question about what the original structure’s configuration (this was not very clear from the historical image data). While the government record search did not yield any usable permit data, the search did reveal the identity of the previous homeowner, and these data were confirmed using a search on Zillow (2022) that showed that the property had been sold in 2019. The homeowner at 112 S 31st St. was located using several Google searches (he is now an optometrist in Arkansas) and contacted to see if he would assist with the investigation. The former homeowner was more than happy to confirm which structure was which, and he also confirmed that the remaining foundation was certified as “structurally competent” prior to the 2019 property sale. Interestingly then, these properties represent two datasets – one where the concrete pile foundations failed and another where the concrete pile foundations withstood the forces associated with Hurricane Michael. 
While either the 1101 FL-30/US-98 or the 112 S 31st St. properties could be used for subsequent analysis, investigators reasoned that the purpose of this project was to investigator “failure.” As such, subsequent investigation focused on the property located at 1101 FL-30/US-98. If time permits, investigators will attempt to also model the 112 S 31st St. property so that results from each of these locations may be compared and contrasted. For now though, the balance of this report focuses on the 1101 FL-30/US-98 location. 
Using Google (2022) historical image data, previous images of the structure at 1101 FL-30/US-98 were obtained (see Fig. 2-27 through Fig. 2-30). From these images, an approximate three-dimensional model of the structure was estimated and drawn using computer aided drawing (CAD). This model was used for subsequent analysis (Fig. 2-31 and Fig. 2-32). 
[image: ]
[bookmark: _Toc96772199][bookmark: _Toc96892249]Figure 2-27. 1101 FL-30/US-98 in November 2007 (Google 2022) 
[image: ]
[bookmark: _Toc96772200][bookmark: _Toc96892250]Figure 2-28. 1101 FL-30/US-98 in April 2009 (Google 2022)

[image: ]
[bookmark: _Toc96772201][bookmark: _Toc96892251]Figure 2-29. 1101 FL-30/US-98 in May 2011 (Google 2022)
[image: ]
[bookmark: _Toc96772202][bookmark: _Toc96892252]Figure 2-30. 1101 FL-30/US-98 in June 2015 (Google 2022)
[image: ]
[bookmark: _Toc96772203][bookmark: _Toc96892253]Figure 2-31. CAD approximation of 1101 FL-30/US-98 showing top-view (top-left), isometric view (top-right), front-view (bottom-left) and right-side view (bottom-right)
[image: ]
[bookmark: _Toc96772204][bookmark: _Toc96892254]Figure 2-32. CAD approximation of 1101 FL-30/US-98 showing detailed isometric view



CHAPTER 3
[bookmark: _Toc96768662][bookmark: _Toc96891452]TASK 2 – ENVIRONMENTAL LOADING 
Environmental loading at 1101 FL-30/US-98 during Hurricane Michael was caused by two factors: (1) wind; and (2) water loading associated with waves and storm surge. To determine loads associated with each of these mechanisms, two levels of analysis were performed. The first-level analysis consisted of using ASCE’s Minimum Design Loads and Associated Criteria for Buildings and Other Structure (2016) to estimate the wind loads upon the structure. Then, procedures detailed in Dean and Dalrymple’s Water Wave Mechanics for Engineers and Scientists (1991) were used to estimate the water forcing upon the structure. During second-level analysis, Siemens’ Star-CCM+, version 2021.1.1 (2021) was used to estimate both wind and water loading upon the structure. 
Prior to both the first-level and a second-level analyses, a representative beach was mapped using beach profile data that were collected from the Florida Department of Environmental Protection (FDEP) from December 2018. The worst-case post-storm beach profile was chosen because this represented the worst-case, post-storm scour conditions. During the upcoming work period, other representative beach profiles will be investigated so results from the worst-case profile may be compared and contrasted to other possible beach profiles that may have evolved during Hurricane Michael. 
A contour map of Mexico Beach is presented below in Fig. 3-1. Included in this figure is the location associated with 1101 FL-30/US-98. 
[image: ]
[bookmark: _Toc96772205][bookmark: _Toc96892255]Figure 3-1. Beach elevation data after Hurricane Michael showing location of 1101 FL-30/US-98

[bookmark: _Toc96768663][bookmark: _Toc96891453]3.1 First-Level Analysis
[bookmark: _Toc96768664][bookmark: _Toc96891454]3.1.1 Wind Loads
Wind loads were computed on the structure located at 1101 FL-30/US-98 using the procedure illustrated in ASCE (2017) and reproduced below (Fig. 3-2): 
[image: ]
[bookmark: _Toc96772206][bookmark: _Toc96892256]Figure 3-2. Wind load design procedure from ASCE (2017)
Computations associated with this flow charter were as follows: 
[bookmark: _Toc96768665][bookmark: _Toc96891455]3.1.1.1 Risk category
The structure is Risk Category II (Table 1.5-1)
[bookmark: _Toc96768666][bookmark: _Toc96891456]3.1.1.2 Basic wind speed
Fig. 26.5-1C in ASCE (2017) shows that the basic wind speed, V is 140 mph. 
[bookmark: _Toc96768667][bookmark: _Toc96891457]3.1.1.3 Wind load parameters 
Table 26.6-1 in ASCE (2017) shows that the wind directionality factor, 
Section 26.7.2 in ASCE (2017) indicates that the structure is in exposure category D because upwind of the structure is a flat open surface (i.e., the Gulf of Mexico). 
To compute the topographic factor, , it was assumed that the dune on which the structure was built constituted an escarpment. The dune height, H, was assumed to be 11 ft above mean sea-level. This led to a distance halfway up the escarpment,  equal to 250 ft. For an escarpment in in exposure category D: 
		(3-1)
Substituting and solving for  yields Then, from Fig. 26.8-1 in ASCE (2017)
		(3-2)
	where x is the distance upwind from the crest to the site of the building and  is the horizontal attenuation factor, which equals 4 for a two-dimensional escarpment. x was assumed to be equal to zero – i.e., the structure was built at the top of the dune. Solving for yields  Next,  is given as: 
			(3-3)
	where  and z is the heigh of the building above the ground surface. Based upon results from the site visits, it appears that  ft. Substituting and solving yields To compute :
			(3-4)
	Substituting and solving yielded . 
Section 26.9 in ASCE (2017) indicated that  for structures less than 1,000 ft in elevation. 
The gust factor, G was determined from ASCE (2017) Section 26.11 which says that to be conservative, using  is acceptable. 
Determination of the enclosure classification was ambiguous. If the structures windows broke during the storm, then the structure would be considered partially enclosed and . If the windows did not break during the storm, then the structure would be enclosed and . To be conservative, it was assumed that , although this can be easily modified in future analysis. 
[bookmark: _Toc96768668][bookmark: _Toc96891458]3.1.1.4 Pressure coefficients 
To determine the pressure coefficient , Table 26.10-1 in ASCE (2017) was used. According to the table, if z is less than 15 ft, then 
			(3-5)
where for exposure category D,  and . If z is greater than 15 ft, then: 
			(3-6)
Values of  were computed as a function of z using a step-size of 0.1 ft starting at a structural elevation of 9 ft above the dune-level and ending at a structural elevation of 25 ft above dune level. This led to a maximum  value of 1.12 and a minimum  value of 1.03. 
[bookmark: _Toc96768669][bookmark: _Toc96891459]3.1.1.5 Velocity pressure
The velocity pressure,  was computed as a function of z using the following expression: 
			(3-7)
The maximum  was 49.34 psf and the minimum  was 47.36 psf. 
[bookmark: _Toc96768670][bookmark: _Toc96891460]3.1.1.6 External pressure coefficients 
According to Fig. 27.3-1 in ASCE (2017), the structure of interest has a Mansard roof. Based upon the structure’s length-to-width ratio (which was measured during the site visit), this led to the following values for wall pressure coefficients, : 

Windward wall 
Leeward wall 
Sidewall 

The roof was assumed to be 6 ft above the top-floor elevation (this was based upon images from the Google Earth ® search), and the roof was assumed to be at a 33-degree angle. This led to the following roof pressure coefficients: 
Windward roof 
Leeward roof 

[bookmark: _Toc96768671][bookmark: _Toc96891461]3.1.1.7 Pressure on building surfaces
Pressures on the building surfaces were computed using Eq. 27.3-1 assuming a rigid building: 
		(3-8)
where q is denoted as either  for windward walls or  for leeward walls and the roofs in which  is q evaluated at pre-specified height, h, which is either the mean roof or wall height. In this study, the pressures of interest were pressures in the x-direction (i.e., perpendicular the road and dunes). In the x-direction, computed pressures were as follows: 
 psf; psf
 psf
 psf
 psf

Once pressure forces had been computed, they were used to find the total force on the structure due to wind in the x-direction by multiplying the pressures by the building dimensions (i.e., the height times the building length times the cosine of the appropriate angle for the cases of roofs). Then, the forces on the structure were added to find the total force on the structure. This led to a total computed force due to wind on the structure of approximately 55 kips. 
[bookmark: _Toc96768672][bookmark: _Toc96891462]3.1.2 Forces Due to Wave and Surge
Two methods were used to compute forces due to wave action and storm surge – both with their advantages and disadvantages. First, a Morison-style approach was used. Then, linear wave theory was used to integrate pressures around the structure.
[bookmark: _Toc96768673][bookmark: _Toc96891463]3.1.2.1 Morison-style approach
The Morison Equation for forces on any submerged or partially submerged body is as follows: 
		(3-9)
where  are the drag forces on the object given by: 
		(3-10)
where  is the drag coefficient; A is the cross-sectional area;  is the density of water (assumed to be saltwater with a density of 64 pcf); and u are the water velocities in the x-direction. Assuming linear (i.e., Stokes) wave theory: 
		(3-11)
where H is the wave height (distance from crest to trough or half the wave amplitude); h is the water depth, k is the wave number (i.e., ; L is the wavelength); ; T is the wave period; and z is an axis from the water surface upward. In Eq. 3-9,  represents the intertial forces and is given by: 
		(3-12)
in which  is the inertial coefficient;  is the affected volume; and  are the accelerations in the x-direction given by: 
		(3-12)
Based upon forensic reporting by FEMA (2020), the water surface elevation was assumed to be 15.6 ft above MSL; wave heights were assumed to be 26 ft; and the wave periods were assumed to be 10 s. Note however that 26-ft waves would have broken due to depth-limited conditions prior to reaching the structure. As such, a breaking criterion was used to limit the computed wave height. The breaking criterion was: 
	
where  and the computed water depth at the superstructure was 8 ft. The linear dispersion relationship was used to compute the wave number associated with this water depth/wave period combination and is given by: 
		(3-13)
where g is the acceleration due to gravity (i.e., 32.2 ft/s2). At the front face of the structure, the water surface elevation,  was assumed to be given by: 
		(3-14)
And, at the far face of the structure, the water surface,  was assumed to be given by: 
		(3-15)
where  is the structural dimension in the x-direction and x was assumed to be zero (i.e., space was fixed, and the wave was analyzed only as a function of time). Two scenarios are possible under these circumstances. First, below the elevation of the superstructure, water would not impact the superstructure and there would be no forces upon it (only forces would exist on the piles). But, when water elevations were above the elevation of the superstructure, both pile forces and superstructure forces needed to be considered. A Boolean logic sequence was written in MATLAB (Mathworks 2022) to address each of these scenarios. 
One of the limitations of linear wave theory is that depth-dependent quantities (i.e., u, , etc.) should only be integrated to the water surface because the solutions associated with linear wave theory are only valid in the domain bound by the water surface. But the scenario of interest is such where the water surface is always just below the elevation of the superstructure. As such, the depth-dependent quantities at the surface (i.e., z = 0) were computed and integrated upward over the inundated portion of the superstructure to develop a formulation for total superstructure force. The result of this computation is shown below in Fig. 3-3: 
[image: ]
[bookmark: _Toc96772207][bookmark: _Toc96892257]Figure 3-3. Wave loading on the superstructure as a function of time
As shown, the maximum total force on the structure appears to be a scenario that is both drag and inertially dependent and is approximately 15 kips. Of course, the weakness to any Morison-style approach is that its results are entirely dependent upon assumed values for drag and inertial coefficients. During the computations, it was assumed that the drag coefficient was equal to 1.0 and the inertial coefficient was equal to 0.5. These were best guesses based upon experience, but unfortunately, drag or inertial coefficients for a relatively long wave impacting a relatively wide-bodied structure are poorly established. Thus, while Fig. 3-2 gives an order-of-magnitude sort of check for forces upon the superstructure, these results should be treated skeptically. It is possible that actual forces on the superstructure could be as much as double (or as little as half) the values shown in Fig. 3-2. 
Computation of wave forces on the piles also followed a Morison-style approach. Unlike the superstructure computation, however, drag and inertial coefficients for flow around square inundated piles is very well established and, in both drag and inertial scenarios, assuming coefficients of 1.0 should be acceptable. To compute the drag and inertial forces, velocity and acceleration were computed as a function of depth; these values were used to compute forces as a function of depth; and the force as a function of depth was summed over the inundated pile length. Finally, force was multiplied by the number of piles associated with the structure (i.e., 25 piles). The result of this computation is shown below in Fig. 3-4, again assuming a 60-s forcing window: 
[image: ]
[bookmark: _Toc96772208][bookmark: _Toc96892258]Figure 3-4. Wave loading on piles as a function of time
As shown, the maximum force on the structure due to piles was approximately 19 kips. 
[bookmark: _Toc96768674][bookmark: _Toc96891464]3.1.2.2 Pressure integration approach
As discussed in Dean and Dalrymple (1991) assuming linear wave theory, the pressure force on a partially submerged structure is: 
		(3-16)
where  and  represent the water elevations associated with the beginning and end of inundation; and  is the width of the structure. As in the Morison-style approach, one cannot integrate linear wave theory above the water surface. Thus, like the previous set of computations, z was assumed to equal zero and the integral with respect to z in Eq. 3-16 was evaluated using the water surface and superstructure elevation as limits. Under the pressure integration approach, four scenarios are possible: 
The crest of the wave is moving through the structure, and as such, both the front face and the back face of the structure are inundated. Thus, a positive pressure is exerted on the front face of the structure while a negative pressure is exerted on the downstream face. 
The crest of the wave is just approaching the structure, and as such, the front face of the structure is inundated, but the back portion of the structure is not inundated. Thus, a positive pressure is exerted on the front face of the structure, but there is no counteracting pressure acting in the negative direction. 
The crest of the wave has moved through most of the structure, and as such, the back portion of the structure is inundated but the front portion of the structure is not inundated. Thus, only a negative pressure is exerted on the structure. 
None of the structure is inundated. Thus, the superstructure experiences no pressure due to wave action. 
Again, a Boolean logic sequence was coded using MATLAB (Mathworks 2022) to model these four scenarios; the same values for wave parameters (i.e., H, h, T, etc.) were used; and Eq. 3-16 was solved. The result of this computation is shown below in Fig. 3-5: 
[image: ]
[bookmark: _Toc96772209][bookmark: _Toc96892259]Figure 3-5. Wave forces on the superstructure using a pressure integration approach
As shown, using this approach, the total force on the structure due to surge/wave action was approximately double the computed force using the Morison-style approach. But, when one considers that the Morison-style approach is entirely based upon assumed, poorly understood values for drag and inertial coefficients, these results appear to be relatively comparable. Fig. 3-4 shows that the maximum force upon the superstructure was approximately 29 kips. 
Since a Morison-style approach for computing wave loads on inundated piles is very well established, there was no need to use a pressure integration approach to compute the forces upon the structure’s piles. In fact, using a pressure integration approach to compute forces upon the piles likely would have been incorrect because the pressure integration approach assumes that a very small wake develops downstream from the wave, and this is known to be incorrect around relatively slender piles.
[bookmark: _Toc96768675][bookmark: _Toc96891465]3.1.3 Total Force on the Structure Using First-Level Analysis
As discussed in Section 3.1.1, using the guidelines associated with ASCE (2017), the total wind load on the structure was approximately 55 kips. 
As discussed in Section 3.1.2, using Dean and Dalrymple (1991), the total force on the superstructure was somewhere between approximately 15 kips and approximately 30 kips depending on whether a pressure integration or Morison-style approach was used to compute forces. The total force on the structure’s piles was approximately 20 kips. Thus, the total loading on the structure in the x-direction due to wave action and surge was between 35 kips and 50 kips. 
The total load then on the structure then in the x-direction using a first-level analysis is somewhere between 85 kips and 105 kips. 
[bookmark: _Toc96768676][bookmark: _Toc96891466] 3.2 Second-Level Analysis
Siemens’ Star-CCM+ (2021) was used to perform a second-level analysis on the structure located at 1101 FL-30/US-98 via computational fluid dynamics (CFD). Details associated with this second-level analysis are discussed in this section. 
[bookmark: _Toc96768677][bookmark: _Toc96891467]3.2.1 The CFD Model
[bookmark: _Toc96768678][bookmark: _Toc96891468]3.2.1.1 Turbulence closure 
Most modeling choices were similar to modeling choices discussed in Crowley et al. (2014) in that a realizable, two-layer k- model with two-layer all-y+ wall treatment was used to model turbulence. Specifically, the standard transport equations in this model are:
	 
 	(3-17)

 
	 	(3-18)
with k, the turbulent kinetic energy; V, the cell volume; vg, the grid velocity; a, the face-area vector; , the dynamic viscosity of the fluid; t, the turbulent viscosity; k and , turbulent Schmidt numbers; , the turbulent dissipation rate; 0, the ambient turbulence value in the source terms that counteracts turbulence decay; M , the dilation dissipation coefficient; , the kinematic viscosity of the fluid; and Sk and S are user-specified source terms (Crowley et al. 2018; Siemens 2021). Turbulence terms, Gk and Gb, are given below:
		(3-19)
		(3-20)
with T, the temperature (although flow was assumed to be isothermal); , the coefficient of thermal expansion; g, the acceleration due to gravity; and S is the modulus of the mean rate of strain tensor, S (see [18] for details on S). The dilation coefficient is given by:
		(3-21)
where c is the speed of sound and CM = 2 (Siemens 2021). Turbulence viscosity was expressed as:
			(3-22)
			(3-23)
			(3-24)
			(3-25)
			(3-26)
		 	(3-27)
			(3-28)
		(3-29)
		(3-30)
		(3-31)
And the remainder of the model coefficients are defined as C2 = 1.9,  = 1.0, and  = 1.2 (Siemens 2021). 
As in Crowley et al. (2014), a two-layer approach was used to improve the turbulence model’s resolution in the viscous sublayer such that near the walls, and  were functions of the wall distance. Further from the walls,  was found by solving Equation 3-17, while Equation 3-18 was solved throughout the entire flow regime. A blending function (Jongen 1998) was used to smooth the values between the two styles of computation. 
[bookmark: _Toc96768679][bookmark: _Toc96891469]3.2.1.2 Volume of fluid model
To simulate the properties of the multicomponent, multiphase flow, a volume of fluid (VOF) model was used to capture the differences in fluid properties between water and air. The assumption of the VOF model is that both fluids share the same field values when evaluating velocity, pressure, and temperature terms. The assumption behind the use of this model is that a sufficiently fine mesh is used so that discretization errors associated with mixing are minimized. The equations governing the volume of fluid model of the phase are:
		(3-32)

		(3-33)

		(3-34)
		(3-35)

where  is the fluid’s specific heat (if calculating heat flux), and  is the phase volume fraction. The modified parameters are then used to create the new governing transport equation for multiphase flow as:
		(3-35)

where  is the phase source or sink term, and  is the material derivative of the phase densities, which was assumed to be zero because flow was assumed to be incompressible. 
[bookmark: _Toc96768680][bookmark: _Toc96891470]3.2.1.3 Wave generation and damping
Star-CCM+’s fifth order Stokes waves were specified at the incoming boundary (see below) in an effort to model realistic water surface elevations. For details about the Star-CCM+ fifth order Stokes wave model, please refer to Fenton (1985). 
At the boundary closet to the structure, wave damping was used using the built-in Star-CCM+ wave damping option by adding a resistance term to the equation for velocity in the z-direction. 
[bookmark: _Toc96768681][bookmark: _Toc96891471]3.2.1.4 Eulerian multiphase models
	Two fluid phases were defined – water and air. Water was assumed to have a constant density, (), dynamic viscosity (, molecular weight , specific heat , sound speed transmission velocity (, and thermal conductivity . Air was assumed to have a constant dynamic viscosity , molecular weight , specific height , and thermal conductivity . An ideal gas law was used to model the air’s compressibility:
			(3-36)

in which R is the specific gas constant defined by: 
			(3-37)

where  is the universal gas constant and M is the molecular weight. 

[bookmark: _Toc96768682][bookmark: _Toc96891472]3.2.1.5 Geometrical configuration and meshing	
The representative beach Fig. 3-1 was imported into CAD and converted to a surface mesh. Next, the structure was geo-located onto this surface mesh and an approximately 800-ft “strip” of this mesh was cut so that the structure was approximately centered in the y-direction with approximately 400-ft of undisturbed beach on either side. The strip of beach was projected upward approximately 75-ft and the gaps between the beach and the upward projection were filled with vertical planes to yield a closed flow domain (see Fig. 3-6 below). 
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[bookmark: _Toc96772210][bookmark: _Toc96892260]Figure 3-6. CFD flow domain (top hidden for clarity)
The dimensions of the flow domain were approximately 800-ft in the y-direction (i.e., parallel to the dunes) and approximately 3,500 ft. in the x-direction (i.e., perpendicular to the dunes). Once the flow domain had been established, an anisotropic meshing algorithm was developed using Star-CCM+’s built-in hexahedral meshing scheme (called the “trimmer” in Star-CCM+). Far from the free-surface, cell length was approximately 50 ft in the x and y directions; and approximately 6.5 ft in the z-direction. Closer to the free surface (i.e., plus or minus two wave heights), the x and y resolutions were reduced to approximately 25 ft in the x and y directions; and approximately 3 ft in the z-direction. Even closer to the free surface (i.e., plus or minus a wave height), the resolution was even further improved by reducing the x and y mesh dimensions to approximately 13 ft and by reducing the z mesh dimensions to approximately 1.5 ft. Then, close to the structure, two more refinement regions were added. Approximately half a structure width away from the structure, uniform mesh dimensions of 10 in. were used; and around the structure itself and approximately one-quarter of the structure width away from the structure, uniform mesh dimensions of approximately 5 in. were used. Because of the elevation change in the beach, the free surface refinement had the net effect of also continually improving resolution along the ground surface. In addition to this, a 7-cell thick prism layer was included throughout the domain using a minimum resolution of approximately 3 ft (adjusted proportionally in the refinement regions) Please see Fig. 3-7 through Fig. 3-9 for images associated with the mesh. 
[image: ]Structure Location

[bookmark: _Toc96772211][bookmark: _Toc96892261]Figure 3-7. Top view of the mesh showing the entire flow domain
[image: ]Structure Location

[bookmark: _Toc96772212][bookmark: _Toc96892262]Figure 3-8. Top view of mesh zoomed in closer to the structure 
[image: ]
[bookmark: _Toc96772213][bookmark: _Toc96892263]Figure 3-9. Side-view of mesh around structure 
[bookmark: _Toc96768683][bookmark: _Toc96891473]3.2.1.6 Boundary conditions
The domain’s vertical face on the left-hand-side of Fig. 3-6 (i.e., the vertical plane far from the structure) was specified as a “velocity inlet” where fifth-order wave boundary conditions were defined. The structure and bottom of the flow domain were considered “walls” where velocity components were set equal to zero and stresses were computed via the aforementioned all y+ wall treatment. The vertical face on the right-hand side of Fig. 3-6 (i.e., vertical plane close to the structure) was considered a “pressure outlet” where wave damping was specified. The planes of the domain perpendicular to the dune line and along the topside of the domain were considered symmetry planes. The model was initialized so that the front wave was approximately 300 ft from the structure – see Fig. 3-10 and Fig. 3-11. 
[image: ]
[bookmark: _Toc96772214][bookmark: _Toc96892264]Figure 3-10. Model at initialization showing the entire flow domain

[image: ]
[bookmark: _Toc96772215][bookmark: _Toc96892265]Figure 3-11. Model at initialization closer to the structure
[bookmark: _Toc96768684][bookmark: _Toc96891474]3.2.1.7 Run conditions
To provide a basis of comparison for the first-level analysis, the same conditions that were previously used in terms of wave periods, heights, water depths, etc. were used during CFD modeling. Star-CCM+’s implicit unsteady solver was used to solve the model using 5 iterations per timestep for a total of 60 second of total runtime per model. Results showed good preliminary residual convergence using an implicit timestep of 10 ms. In the upcoming work period, additional timesteps and mesh resolutions using the same refinement regions will be run to verify computational convergence. If convergence was achieved, then the results presented below should remain valid. If it is found that convergence was not achieved, then the results presented below may change. 
[bookmark: _Toc96768685][bookmark: _Toc96891475]3.2.2 Preliminary CFD Model Results 
Forces were computed in the x, y, and z-directions on several subdivided portions of the structure. These portions were the: 
Floor
Piles
Roof
2nd Floor Columns
Walls

These subdivisions are indicated below in Fig. 3-12 using Fig. 3-9 as a basis: 
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[bookmark: _Toc96772216][bookmark: _Toc96892266]Figure 3-12. Force tracking subdivisions
Force results on each of these subsections are presented below in Fig. 3-13 along with the total computed force and a 100 ms moving average computation associated with total force.  

[image: ]
[bookmark: _Toc96772217][bookmark: _Toc96892267]Figure 3-13. Force on each subdivision and total force as a function of time showing forces in the x-direction (top), y-direction (middle), and z-direction (bottom)
[bookmark: _Toc96768686][bookmark: _Toc96891476]3.2.3 CFD Model Discussion
An examination of Fig. 3-13 appears to show that total forces in the x-direction may be significantly greater than the computed forces using ASCE (2017) and methods described by Dean and Dalrymple (1991). Recall from Section 3.1.3 that total force computed using first-level methodologies like these yielded a result somewhere between 85 and 105 kips in the x-direction. Conversely, the CFD results presented here show that forces may be as high as approximately 850 kips or as high as -775 kips. In addition, results presented here suggest that these forces in the x-direction are dominated by an apparent high-frequency oscillatory component that appears to manifest in all subdivided components but is particularly prominent along the underside of the structure. If this high-frequency oscillatory effect is relaxed via a moving average, the force in the x-direction is approximately 300 kips in the positive direction and relatively negligible in the negative direction. 
In the y-direction, very little force was observed. This was expected since only monochromatic waves from one direction were analyzed. 
The z-direction, significant uplift force was observed, primarily upon the structure’s underside (i.e., the floor). As shown, like forces in the x-direction, forces in the z-direction appeared to display a high-oscillatory component. Maximum computed uplift force in the z-direction was approximately 650 kips and when smoothed using moving averaging, this value reduced to approximately 370 kips. A simple buoyancy computation was conducted to determine how this value compared to a situation where the water elevation was at the height of the wave crest; this corresponds to a situation where approximately 2.25 ft of the superstructure was inundated. Multiplying by the superstructure’s length (64 ft) and width (45 ft) implies that 6,480 ft3 were inundated. Multiplying this by the density of water (64 pcf) implies that under this scenario, the buoyancy force upward is approximately 415 kips. This of course is an overestimation because the wave crest elevation was assumed throughout the computation, but it does provide a sort of “reality check” vis-à-vis the results from CFD and is relatively comparable to the smoothed 370 kips that were computed using CFD. The balance of the force – i.e., the high-frequency oscillatory force – requires further investigation that will be conducted during the upcoming work period. 
The increases in force upon the structure corresponded well to the time when the front edge of the wave approached the structure. Fig. 3-14 below shows t=11.48 s; this corresponds approximately to the large increase in force in the x-direction shown in the top portion of Fig. 3-9:
[image: ]
[bookmark: _Toc96772218][bookmark: _Toc96892268]Figure 3-14. CFD results at t=11.48 s approximately corresponding to first large increase in force upon the structure 
Fig. 3-15 shows the solution at t=13.8 s – as the wave continues to slowly pass through the structure and the computed forces in the x and z directions remain high:
[image: ]
[bookmark: _Toc96772219][bookmark: _Toc96892269]Figure 3-15. CFD results at t=13.8 s as the wave continues to pass through the structure. Note how computed forces in Fig. 3-13 remain relatively high
The second wave reached the structure at approximately t=25 s and is shown below in Fig. 3-16:

[image: ]
[bookmark: _Toc96772220][bookmark: _Toc96892270]Figure 3-16. CFD results at t=25.69 s showing the second wave move through the structure
Note that unlike the first wave, the second wave represented more of a tidal bore than a wave in the sense that its crest and trough were relatively difficult to define. This sort of bore-like behavior persisted over the balance of modeled time with alternating bore-like waves encountering the structure observed at approximately t=40 s and t=55 s. This bore-like behavior is due to wave breaking and associated depth limitations as the waves move forward across the sloping beach. This breaking/depth limitation may have been computed poorly using k-epsilon turbulence closure. The “cleanest” breaking incident occurred at approximately t = 8.5 s and is shown below in Fig. 3-17:
[image: ]
[bookmark: _Toc96772221][bookmark: _Toc96892271]Figure 3-17. “Breaking” wave at t ~ 8.5 s showing a discontinuity in the water surface (circled)
As shown, a discontinuity in the water surface was computed. A k-epsilon RANS model like the one used thus far may struggle to accurately describe a breaker line like this because a k-epsilon RANS model assumes a relative balance between turbulent production and dissipation. But, when such a breaker-line develops, it is impossible to balance turbulence because significant turbulence is being produced that is unbalanced by dissipation. As such, this potential source of error needs to be further investigated using alternative physics. Currently, such a model is running using physics associated with large eddy simulation (LES) in lieu of k-epsilon RANS turbulence closure. Results should be available within a week of this report. 
[bookmark: _Toc96768687][bookmark: _Toc96891477]3.3 Task 2 Summary and Preliminary Observations
To summarize: 

Winds upon the structure located at 1101 FL-30/US-98 were analyzed using guidelines from ASCE (2017). 
Surge and wave loads upon the structure located at 1101 FL-30/US-98 were analyzed using guidelines from Dean and Dalrymple (1991). 
A CFD model was prepared in Siemens (2021) using k-epsilon RANS modeling to analyze the wind and wave loads on the structure located at 1101 FL-30/US-98. The model was able to produce results, and preliminary analysis of these results appears to indicate that loads upon the structure may have been underestimated using guidelines from Dean and Dalrymple (1991) and ASCE (2017). These preliminary results are under further investigation and more definitive results should be available during the next work period. 

CHAPTER 4
[bookmark: _Toc96768688][bookmark: _Toc96891478]TASK 3 – PILE CAPACITIES 
[bookmark: _Toc96768689][bookmark: _Toc96891479]4.1 Pile Capacities
The scope associated with this project discussed assessing pile capacity using two mechanisms: 

ACI (2014) was to be used to assess the piles’ capacities and compare these values to both the first-level and CFD analyses. 
A finite element model was to be prepared using ANSYS (2021) using both sets of loading computed during Task 2. In addition, a geotechnical analysis was to be performed using GEO5 PILE Fine software. 
The first subtask (the ACI analysis) has been completed as of the date of this report. The second subtask will begin during the next work period. 
[bookmark: _Toc96768690][bookmark: _Toc96891480]4.2 ACI Analysis
[bookmark: _Toc96768691][bookmark: _Toc96891481]4.2.1 Moment Capacity 
Since the piles at 1101 FL-30/US-98 were observed to have failed due to overturning moments, ACI analysis focused on computed these piles’ moment capacities and associated axial loading capacities. As discussed in Chapter 2, the piles at this location were 12-in. by 12-in. which leads to a neutral axis ( in the equations below) of 6-in. In addition, 2.75 in. of cover was observed (i.e.,  in the equations below). The area of the steel reinforcement,  was computed using the observed 4x0.5-in. diameter rebar; steel’s modulus of elasticity, , was assumed to be 29,000 ksi; and the compressive strength of concrete,  was assumed to be 4 ksi. The distance from the outer edge of the concrete to the steel was computed, and a row vector of c-values were setup from zero to the pile depth (i.e., 12 in.). Then, values were computed using the following expression: 
	 	(4-1)
Then, for each value of c: 
		(4-2)
And 
		(4-3)
Then: 
		(4-4)
where b is the pile width (i.e., 12 in.). Next:

	 	(4-5)	
		(4-6)
And finally: 
		(4-7)
in which P is the piles’ axial loading capacity. To compute the moment capacity of the piles: 
		(4-8)
		(4-9)
		(4-10)
where M is the moment capacity. By computing M and P for each value of c, an M-P curve was developed for the piles shown below in Fig. 4-1: 
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[bookmark: _Toc96772222][bookmark: _Toc96892272]Figure 4-1. M-P curve for piles at 1101 FL-30/US-98

[bookmark: _Toc96768692][bookmark: _Toc96891482]4.2.2 Comparison with Loading
To compare with loading, it was assumed that the axial load downward onto the piles was relatively negligible compared to the overturning moment (i.e., ). To compute overturning moment in the x-direction, it was assumed that the wind and wave loads imparted an overturning moment about the tops of the piles using the distance from the tops of the piles to the appropriate load component as the moment arm (see Fig. 4-2). Likewise (although not shown in Fig. 4-2 due to clarity) that the overturning moments upon the piles due to wave action was also equivalent to an overturning moment about the pile cap. This was computed by integrating the depth-dependent forces on the piles multiplied by their corresponding moment arm between their depth and the distance to the pile cap. The result of this computation led to an apparent overturning moment about the pile cap of approximately 351 kip-in. This is well within the M-P curve shown in Fig. 4-1 (see Fig. 4-3). 
[image: ]
[bookmark: _Toc96772223][bookmark: _Toc96892273]Figure 4-2. Schematic showing moment approximate locations of resultant forces and associated moment arms upon the structure; not to scale
[image: ]
[bookmark: _Toc96772224][bookmark: _Toc96892274]Figure 4-3. M-P curve for piles at 1101 FL-30/US-98 showing loading condition from first-level analysis 
As shown in Fig. 4-3, results appear to indicate that the piles had sufficient capacity using first-level analysis. However, if preliminary data from CFD were used as the loading condition, results would have been outside the M-P curve and indicated failure. This computation was not yet performed during this work period because investigators were focused on refining the physics associated with the CFD simulation. Once investigators are satisfied with the physics in CFD, this computation will be conducted to quantitatively demonstrate how CFD results compare to results from first-level analysis. 
[bookmark: _Toc96768693][bookmark: _Toc96891483]
4.3 Upcoming Work Associated with Task 3 
As noted, once investigators are satisfied with the CFD model, M-P quantitative analysis will be conducted using CFD results. In addition, the following tasks associated with Task 3 will be performed during the next work period: 
A finite element analysis (FEA) model will be developed to further analyze the structure located at 1101 FL-30/US-98. In addition, the aforementioned geotechnical analysis shall be performed using GEO5 PILE. 
The project’s scope indicated that an iterative method would be used if CFD/FEA did not induce failure. If necessary (preliminary CFD results are so high that this iterative process may not be necessary), this iterative process will be performed. 


CHAPTER 5 
[bookmark: _Toc96768694][bookmark: _Toc96891484]UPCOMING WORK ASSOCIATED WITH TASK 4
As noted in this project’s proposal, work associated with Task 4 will be as follows: 
UNF TERI/SoE shall model several failure mitigation alternatives using both CFD and FEA. Examples may include adding lateral bracing to a structure’s piles in the cross-shore direction, ground improvement, adding more piles to a structure, slightly raising the structural elevation, increasing embedment depth, or “venting” the structure to allow trapped air to escape from the structure’s underside. 
For each mitigation scenario, both Task 2 and Task 3 shall be repeated to determine the environmental loading associated with the new structural shape and the structural response to these loads. Results shall be presented as either “successful” or “unsuccessful,” and mitigation options shall be characterized in terms of their applicability for retrofitting existing structures or for building new structures. In addition, recommendations shall be provided about how to modify the Florida Building Code’s requirements for lateral resistance to coastal environmental loading. 
These tasks will be completed during the upcoming work period. 
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Table 27.2-1 Steps to Determine MWFRS Wind Loads for
Enclosed, Partially Enclosed, and Open Buildings of All Heights

Step 1: Determine Risk Category of building; see Table 1.5-1.
Step 2: Determine the basic wind speed, V, for the applicable Risk Category;
see Figs. 26.5-1 and 26.5-2.
Step 3: Determine wind load parameters:
* Wind directionality factor, K,; see Section 26.6 and Table 26.6-1.
* Exposure category; see Section 26.7.
* Topographic factor, K ,; see Section 26.8 and table in Fig. 26.8-1.
* Ground elevation factor, K,; see Section 26.9
* Gust-effect factor, G or Gy; see Section 26.11.
* Enclosure classification; see Section 26.12.
¢ Internal pressure coefficient, (GCp;); see Section 26.13 and
Table 26.13-1.
Step 4: Determine velocity pressure exposure coefficient, K or Kj; see
Table 26.10-1.
Step 5: Determine velocity pressure g, or g, Eq. (26.10-1).
Step 6: Determine external pressure coefficient, C, or Cy:
* Fig. 27.3-1 for walls and flat, gable, hip, monmlope or mansard roofs.
* Fig. 27.3-2 for domed roofs.
* Fig. 27.3-3 for arched roofs.
* Fig. 27.3-4 for monoslope roof, open building.
* Fig. 27.3-5 for pitched roof, open building.
* Fig. 27.3-6 for troughed roof, open building.
* Fig. 27.3-7 for along-ridge/valley wind load case for monoslope,
pitched, or troughed roof, open building.
Step 7: Calculate wind pressure, p, on each building surface:
* Eq. (27.3-1) for rigid and flexible buildings.
* Eq. (27.3-2) for open buildings.
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